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Soluzione di problemi non lineari in elettronica: 
il metodo della retta di carico

VG = IR +Vd
Vd = IcRc
I = Id + Ic
Vd =Vd (Id )
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Gli inventori del transistor bipolare (premi Nobel nel 1956): da sinistra; e
John Bardeen, William P. Shockley, e Walter H. Brattain (il primo ha vinto
un secondo premio Nobel nel 1972 insieme a Cooper e Schrieffer per la
teoria della superconduttività).
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Diodo a vuoto
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Triodo
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Buona parte della corrente di emettitore 
va nel collettore

IC =α IE

α ≈ 0.99
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IE = IB + IC    e inoltre   IC =α IE

⇒ IE =
1

1−α
IB     e      IC = α

1−α
IB = β IB
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transistor bipolare 
PNP

transistor bipolare 
NPN

Le regole basilari del funzionamento dei transistor npn sono le seguenti:

1. Il collettore deve essere "più positivo" dell'emettitore

2. Le giunzioni base-emettitore e base collettore sono due diodi (e quindi VB ≈ VE + 0.6 

Volt)

3. IB, IC, IE hanno dei valori massimi che non possono superare, pena la distruzione del 

transistor

4. IC = α
1−α

IB = β IB
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ΔVin +V EE= REIE +VBE
Vout = RCIC
RCIC −VBC =VCC
IC = IE − IB =α IE

Configurazione a base comune

ΔIC =αΔIE =α
ΔVin
RE

ΔVout = RCΔIC =α RC
RE

ΔVin
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VCC =VCE + ICRC
IC = IC IB ,VCE( )

Configurazione a emettitore comune e curve caratteristiche

soluzione con il metodo della 
retta di carico
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Emitter follower 

Vin −Vout =VBE ≈ 0.6V
IE = IB + IC = 1+ β( ) IB

ΔVin ≈ ΔVout
ΔIE = 1+ β( )ΔIB

Zin =
ΔVin
ΔIB

≈ 1+ β( )ΔVout
ΔIE

= 1+ β( )Zout

applicazioni: adattamento di impedenza, aumento della potenza del segnale
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Illustrazione della differenza tra quantità statiche e dinamiche
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Amplificatore ad emettitore comune

Vout =VC =VCC − ICRC
ΔVin = ΔVB ≈ ΔVE
ΔVE = REΔIE ≈ REΔIC

ΔVout = ΔVC = −RCΔIC

G = ΔVout
ΔVin

≈ − RC
REamplificatore invertente!
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Progetto di un amplificatore a transistor 
nella configurazione a emettitore comune 
con un transistor 2N3904
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1999 Apr 23 2

Philips Semiconductors Product specification

NPN switching transistor 2N3904

FEATURES

• Low current (max. 200 mA)
• Low voltage (max. 40 V).

APPLICATIONS

• High-speed switching.

DESCRIPTION

NPN switching transistor in a TO-92; SOT54 plastic
package. PNP complement: 2N3906.

PINNING

PIN DESCRIPTION
1 collector
2 base
3 emitter

Fig.1 Simplified outline (TO-92; SOT54)
and symbol.

handbook, halfpage1

3
2

MAM279

1

2

3

LIMITING VALUES
In accordance with the Absolute Maximum Rating System (IEC 134).

Note
1. Transistor mounted on an FR4 printed-circuit board.

SYMBOL PARAMETER CONDITIONS MIN. MAX. UNIT
VCBO collector-base voltage open emitter − 60 V
VCEO collector-emitter voltage open base − 40 V
VEBO emitter-base voltage open collector − 6 V
IC collector current (DC) − 200 mA
ICM peak collector current − 300 mA
IBM peak base current − 100 mA
Ptot total power dissipation Tamb ≤ 25 °C; note 1 − 500 mW
Tstg storage temperature −65 +150 °C
Tj junction temperature − 150 °C
Tamb operating ambient temperature −65 +150 °C
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Nel circuito possiamo isolare una parte (segnata nel tratteggio) che rappresenta un partitore 
che costituisce la rete di polarizzazione della base: la scelta delle resistenze del partitore 
seleziona il punto di lavoro dell’amplificatore. 
In modo del tutto analogo le resistenze RL, RE e il transistor costituiscono una specie di 
partitore con una resistenza variabile (il transistor): la conseguenza è che la tensione di 
uscita può variare tra 0V e la tensione di alimentazione +V.
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ΔVin = ΔVB ≈ ΔVE = REΔIE ≈ REΔIC
ΔVout = ΔVC = −RLΔIC

G = ΔVout
ΔVin

≈ − RL

RE

⎛
⎝⎜

⎞
⎠⎟
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Definizione dei parametri del circuito 

• la prima scelta l’abbiamo già fatta: abbiamo preso una 
configurazione di amplificatore a emettitore comune.

• a questo punto scegliamo la tensione di alimentazione: come si 
è visto questo determina l’escursione massima in tensione del 
segnale amplificato. Questa scelta dipende da molti fattori, tra 
cui il tipo di alimentatore disponibile e le caratteristiche dei 
transistor che abbiamo a disposizione: in pratica si tratta 
sempre di una tensione dell’ordine della decina di volt. 
Noi scegliamo una tensione di 10V che è compatibile con la 
tensione massima emettitore-collettore di questo transistor 
(40V) ed è facile da ottenere con gli alimentatori normalmente 
disponibili in laboratorio. 
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• scegliamo ora la corrente quiescente della maglia di uscita. Questa corrente 
viene determinata a partire dalle caratteristiche del transistor. In questo caso la 
corrente di collettore massima accettabile è di 200 mA, mentre la dissipazione 
termica massima è di 500 mW. Così con una tensione (massima) emettitore-
collettore di 10V si ottiene la dissipazione (massima) di 0.5W con una corrente di 
50 mA. 

Questo sta all’interno del limite di 200 mA, ma è una corrente piuttosto alta se 
prendiamo delle resistenze di polarizzazione dell’ordine del kOhm (non possiamo 
prendere delle resistenze troppo piccole se non vogliamo che un carico tra quelli 
ordinariamente disponibili modifichi eccessivamente la rete di polarizzazione del 
transistor). Infatti la dissipazione di potenza su 1 kOhm diventa in questo caso 
2.5 W, una potenza piuttosto elevata, che comporta l’utilizzo di componenti 
meccanicamente piuttosto grandi.

Se vogliamo utilizzare le normali resistenze da 1/4 W o da 1/2 W, dobbiamo 
abbassare la corrente: prendiamo un valore più piccolo, IC = 4 mA. Con questa 
corrente il “partitore” di uscita (transistor + resistenza di emettitore) si comporta 
in modo che la resistenza equivalente totale sia 10V/4mA = 2.5 kOhm. La tensione 
quiescente di uscita viene posta allora a V/2  (= 5V) se si prende RL = 2.5 kOhm /2 
= 1.25 kOhm.

23Edoardo Milotti - Breve introduzione all'elettronica



È buona pratica prendere la resistenza di emettitore grande almeno 
RL/10: qui noi prendiamo RE=RL/3, vale a dire RE ≈ 417 Ohm. Questo 
significa che l’amplificatore ha guadagno G=3 e che la tensione di 
emettitore è 

e la tensione di base è circa 0.6V più alta, vale a dire circa VB ≈ 2.3V.

VE ≈ 417Ω⋅4mA ≈1.7V
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• per completare la scelta delle resistenze dobbiamo determinare i 
valori delle resistenze R1 e R2: per farlo in modo corretto 
dovremmo conoscere l’esatto valore di beta del nostro transistor, 
ma dal datasheet si trova che esso varia tipicamente tra 70 e 300, e 
per questo noi prendiamo il valore beta = 100. 

Questo vuol dire che la corrente di base è 100 volte più piccola 
della corrente di collettore, e quindi vale 40µA. 
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La figura mostra come si divide la corrente nel partitore di ingresso; devono valere 
quindi le seguenti equazioni:

!

I1 = I2 + IB
I1R1 =V −VB
I2R2 =VB

I1 =
VB
R2

+ IB

I1 =
V −VB
R1

I2 =
VB
R2
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Il sistema non si può risolvere per trovare le correnti e le resistenze a meno che 
non si imponga una condizione aggiuntiva. Adesso però si può notare che la 
corrente nella resistenza R2 deve essere molto maggiore della corrente di base, 
in modo che un cambiamento della corrente di base non influenzi il 
comportamento della rete: prendiamo dunque I2 = 10 IB, allora

VB
R2

≈ 2.3V
R2

≈ 0.4mA; R2 ≈ 5.75kΩ

I1 ≈ 0.44mA ≈ V −VB
R1

= 10V − 2.3V
R1

= 7.7V
R1

; R1 ≈17.5kΩ

I1 =
VB
R2

+ IB

I1 =
V −VB
R1

I2 =
VB
R2
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• la scelta del condensatore di disaccoppiamento dipende dalla 
resistenza R2 (che mette a terra il segnale in ingresso): insieme il 
condensatore e R2 costituiscono un filtro RC passa alto con una 
frequenza di taglio  1/R2C ; ad esempio, se si prende un comune 
condensatore (non polarizzato) da 4.7 µF si ottiene una frequenza di 
taglio di 12 Hz; questa frequenza è adeguata per un amplificatore 
audio. 
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R1 = 18 kΩ
R2 = 6 kΩ
RL = 1.25 kΩ
RE = 420 Ω
C   = 4.7 µF

Q = 2N3904
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L’amplificazione non è elevata e potrebbe essere necessario 
aggiungere degli ulteriori stadi di amplificazione, come nella figura 
seguente, simile al circuito che abbiamo discusso, che mostra due 
emitter follower in cascata
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http://ngspice.sourceforge.net
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http://ngspice.sourceforge.net/


https://www.macspice.com
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Spice models

File per il transistor 2N3904

Idea per possibile presentazione per l'esame... utilizzare Spice con i modelli di resistenze, 
condensatori e transistor per costruire una simulazione del circuito amplificatore
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Triodo
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I transistor a effetto di campo (FET)
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Litografia ad alta risoluzione

richiede l’uso di sorgenti ultraviolette a piccola lunghezza
d’onda ( < 200 nm )

• laser ad eccimeri oppure 
lampada a plasma

• focalizzazione per mezzo di 
elementi ottici riflettenti asferici

• nel caso di radiazione EUV 
(11-13 nm) gli specchi devono
essere lavorati con una 
tolleranza di  ~0.1 nm
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Strutture da 100 nm costruite 
con litografia interferometrica
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La struttura dei microcircuiti è realmente tridimensionale ... 
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Il processo Czochralski per la crescita dei cristalli di silicio
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La prima calcolatrice tascabile (1967) 
inventata alla TI da Jack Kilby, Jerry 
Merryman, e James Van Tassel

Jack S. Kilby premio Nobel 
per la Fisica 2000
(con Zhores e Alferov)

Il primo IC
(1958)

Jack Kilby mentre esamina un 
wafer da 300 mm
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La tecnologia CMOS

Invertitore MOS

+ Vcc

X

Y

+ Vcc

- Vcc

p

n

X Y

Invertitore CMOS
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"A transistor is a three-connection device: one
input is connected to the gate signal, one to
ground, and the other to a positive voltage via a
resistor. The central property of the transistor is
that if the gate has a distinctly positive voltage
the component conducts, but if the gate is zero or
distinctly negative, it does not. Now look at the
behavior of the output voltage as we input a
voltage to the gate. If we input a positive voltage,
which by convention we label a 1, the transistor
conducts: a current flows through it, and the
output voltage becomes zero, or binary 0. On the
other hand, if the gate was a little bit negative, or
zero, no current flows, and the output is the same
as + V, or 1. Thus, the output is the opposite of
the input, and we have a NOT gate."

(descrizione tratta da R. P. Feynman: "Feynman 
Lectures on Computation",  Addison-Wesley, 
1996)

Invertitore MOS

+ Vcc

X

Y
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Velocità relative di servers basati su transistors bipolari e CMOS
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Tempi di transito estremamente brevi nei transistor da 30 nm
Frequenza di funzionamento di un singolo transistor almeno 500 MHz
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Gordon Moore

(si veda https://www.sciencehistory.org/historical-profile/gordon-e-moore
per un breve film biografico su Gordon Moore)
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the architecture designs that deliver more complex, powerful, and energy-efficient chips that transform the way we work, live, and play.

Die not shown to scale. Copyright © 2012 Intel Corporation. All rights reserved. Intel, Intel logo, Celeron, Centrino, Intel386, Intel486, Intel Atom, Intel Core, Intel Xeon, Itanium, and Pentium are trademarks of Intel Corporation in the U.S. and other countries. *Other names and brands may be claimed as the property of others. 327635-001US

 1 
 1971  

Intel® 4004  
processor

 Initial clock speed:  
108KHz 

 Transistors:  
2,300

 Manufacturing technology:  
10 micron 

 2

 1972  
Intel® 8008  
processor

 Initial clock speed:  
800KHz  

 Transistors:  
3,500

 Manufacturing technology:   
10 micron 

 3

 1974  
Intel® 8080  
processor

 Initial clock speed:  
2MHz 

 Transistors:  
4,500

 Manufacturing technology:  
6 micron 

 4

 1978  
Intel® 8086  
processor

 Initial clock speed:  
5MHz 

 Transistors:  
29,000

 Manufacturing technology: 
3 micron 

 9

 1995  
Intel® Pentium®  
Pro processor

 Initial clock speed:   
200MHz 

 Transistors:  
5.5 million 

 Manufacturing technology:  
0.35 micron 

 10

 1997  
Intel® Pentium® 
processor

 Initial clock speed:   
300MHz 

 Transistors:  
7.5 million

 Manufacturing technology: 
0.25 micron 

 11

 1998  
Intel® Celeron®  
processor

 Initial clock speed:  
266MHz 

 Transistors:  
7.5 million

 Manufacturing technology: 
0.25 micron 

 12 

 1999  
Intel® Pentium® III 
processor

 Initial clock speed:  
600MHz 

 Transistors:  
9.5 million 

 Manufacturing technology: 
0.25 micron 

 17

 2008 
Intel® Core™2 Duo 
processor 

 Initial clock speed:   
2.4GHz 

 Transistors:  
410 million

 Manufacturing technology: 
45nm

 18

 2008 
Intel® Atom™  
processor

 Initial clock speed:  
1.86GHz 

 Transistors:  
47 million

 Manufacturing technology: 
45nm

 19

 2010  
2nd generation Intel® 
Core™ processor

 Initial clock speed:   
3.8GHz 

 Transistors:  
1.16 billion

 Manufacturing technology: 
32nm

 20

 2012  
3rd generation Intel® 
Core™ processor

 Initial clock speed:  
2.9GHz 

 Transistors:  
1.4 billion

 Manufacturing technology: 
22nm

 6

 1985  
Intel386™  
processor

 Initial clock speed:   
16MHz 

 Transistors:  
275,000 

 Manufacturing technology: 
1.5 micron 

 5

 1982  
Intel® 286™  
processor

 Initial clock speed:  
6MHz 

 Transistors:  
134,000

 Manufacturing technology: 
1.5 micron 

  7

 1989 
Intel486™  
processor

 Initial clock speed:  
25MHz 

 Transistors:  
1.2 million

 Manufacturing technology: 
1 micron

 8

 1993  
Intel® Pentium®  
processor

 Initial clock speed:  
66MHz 

 Transistors:  
3.1 million 

 Manufacturing technology:  
0.8 micron 

 14

 2001  
Intel® Xeon®  
processor

 Initial clock speed:  
1.7GHz 

 Transistors:  
42 million

 Manufacturing technology:  
0.18 micron 

  13

  2000  
 Intel® Pentium® 4  
 processor

 Initial clock speed:  
1.5GHz 

 Transistors:  
42 million  

 Manufacturing technology: 
0.18 micron 

 15

 2003  
Intel® Pentium® M 
processor

 Initial clock speed: 
1.7GHz 

 Transistors:  
55 million

 Manufacturing technology:  
90nm

 16

 2006  
Intel® Core™2 Duo 
processor 

 Initial clock speed::  
2.66GHz 

 Transistors:  
291 million 

 Manufacturing technology:   
65nm
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Decades of Intel chips, including the 22nm 3rd generation Intel® Core™ processor with its revolutionary 3-D Tri-Gate transistors, illustrate Intel’s unwavering 
commitment to delivering technology and manufacturing leadership to the devices you use every day. As you advance through the chart, the benefits of 
Moore’s Law, which states that the number of transistors roughly doubles every couple of years, are evident as Intel increases transistor density and innovates 
the architecture designs that deliver more complex, powerful, and energy-efficient chips that transform the way we work, live, and play.
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 1 
 1971  

Intel® 4004  
processor

 Initial clock speed:  
108KHz 

 Transistors:  
2,300

 Manufacturing technology:  
10 micron 

 2

 1972  
Intel® 8008  
processor

 Initial clock speed:  
800KHz  

 Transistors:  
3,500

 Manufacturing technology:   
10 micron 

 3

 1974  
Intel® 8080  
processor

 Initial clock speed:  
2MHz 

 Transistors:  
4,500

 Manufacturing technology:  
6 micron 

 4

 1978  
Intel® 8086  
processor

 Initial clock speed:  
5MHz 

 Transistors:  
29,000

 Manufacturing technology: 
3 micron 

 9

 1995  
Intel® Pentium®  
Pro processor

 Initial clock speed:   
200MHz 

 Transistors:  
5.5 million 

 Manufacturing technology:  
0.35 micron 

 10

 1997  
Intel® Pentium® 
processor

 Initial clock speed:   
300MHz 

 Transistors:  
7.5 million

 Manufacturing technology: 
0.25 micron 

 11

 1998  
Intel® Celeron®  
processor

 Initial clock speed:  
266MHz 

 Transistors:  
7.5 million

 Manufacturing technology: 
0.25 micron 

 12 

 1999  
Intel® Pentium® III 
processor

 Initial clock speed:  
600MHz 

 Transistors:  
9.5 million 

 Manufacturing technology: 
0.25 micron 

 17

 2008 
Intel® Core™2 Duo 
processor 

 Initial clock speed:   
2.4GHz 

 Transistors:  
410 million

 Manufacturing technology: 
45nm

 18

 2008 
Intel® Atom™  
processor

 Initial clock speed:  
1.86GHz 

 Transistors:  
47 million

 Manufacturing technology: 
45nm

 19

 2010  
2nd generation Intel® 
Core™ processor

 Initial clock speed:   
3.8GHz 

 Transistors:  
1.16 billion

 Manufacturing technology: 
32nm

 20

 2012  
3rd generation Intel® 
Core™ processor

 Initial clock speed:  
2.9GHz 

 Transistors:  
1.4 billion

 Manufacturing technology: 
22nm

 6

 1985  
Intel386™  
processor

 Initial clock speed:   
16MHz 

 Transistors:  
275,000 

 Manufacturing technology: 
1.5 micron 

 5

 1982  
Intel® 286™  
processor

 Initial clock speed:  
6MHz 

 Transistors:  
134,000

 Manufacturing technology: 
1.5 micron 

  7

 1989 
Intel486™  
processor

 Initial clock speed:  
25MHz 

 Transistors:  
1.2 million

 Manufacturing technology: 
1 micron

 8

 1993  
Intel® Pentium®  
processor

 Initial clock speed:  
66MHz 

 Transistors:  
3.1 million 

 Manufacturing technology:  
0.8 micron 

 14

 2001  
Intel® Xeon®  
processor

 Initial clock speed:  
1.7GHz 

 Transistors:  
42 million

 Manufacturing technology:  
0.18 micron 

  13

  2000  
 Intel® Pentium® 4  
 processor

 Initial clock speed:  
1.5GHz 

 Transistors:  
42 million  

 Manufacturing technology: 
0.18 micron 

 15

 2003  
Intel® Pentium® M 
processor

 Initial clock speed: 
1.7GHz 

 Transistors:  
55 million

 Manufacturing technology:  
90nm

 16

 2006  
Intel® Core™2 Duo 
processor 

 Initial clock speed::  
2.66GHz 

 Transistors:  
291 million 

 Manufacturing technology:   
65nm
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Leggi di scala nei microcircuiti
il problema delle interconnessioni

4004 (1971) 16 terminali
Pentium 4 (2001)  423 terminali
Pentium 4 (2003) 478 terminali

Regola di Rent (Rent's rule):

numero di terminali esterni µ Nr

N = numero di componenti interni
r ≈ 0.65 - 0.7
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Nel 2000 Christie e Strooband hanno prodotto una dimostrazione euristica della regola di 
Rent (Christie e Strooband , IEEE Transactions on Very Large Scale Integration (VLSI) Systems · December 2000)

IEEE TRANSACTIONS ON VLSI SYSTEMS 2

T terminals

G gates

G
ΔΤ
Δ

Fig. 1. Perturbation of a bounding box to assess the change in terminals re-
quirement.

where is generated as a constant of integration. This constant
is interpreted as the average number of terminals required by a
single gate since when .
This analysis is somewhat pessimistic in its estimate of the

number of terminals required for communication since it does
not allow for the optimization of the gate placement. Proce-
dures based on the Fiduccia-Mattheyses [2] and simulated an-
nealing [3] algorithms, for example, are commonly employed to
rearrange gate positions in a manner which favors short- over
long-range communication. The fact that the incremental re-
gion containing gates is contiguous with the larger region
containing gates is therefore not accurately reflected in the
analysis. After optimization, it is much more likely that wires
leaving the perturbed region will implement short-range com-
munication links within the original bounded region, and these
nets will not contribute to an increase in the number of terminals
for the circuit as a whole.
The level of optimization present within the boundary is char-

acterized by a parameter , which modifies our estimate of the
number of extra terminals required by the addition of gates

(4)

Values of less than unity represent some level of placement
optimization within the circuit which favors short over long-
range communication. It should also be noted that the level of
placement optimization, and hence the parameter , largely de-
pends on the topology of the circuit’s interconnection structure
since this topology can make optimizations either easy or very
hard to obtain. Approximating the modified difference equa-
tion (4) by its corresponding differential equation and applying
the boundary condition used previously yields

(5)

which we recognize as Rent’s rule, with the (internal) Rent
exponent representing the level of placement optimization
within a statistically homogeneous circuit characterized by a
certain interconnection topology with an average of terminals
per gate. For , there is no placement optimization, and
the circuit is interpreted as a random gate arrangement.1 This
is also the upper bound for since the maximum number of
terminals for any region containing gates in a homogeneous
system is given by Eq. (3). The lower bound on is defined

The interpretation of as a random gate arrangement is only valid
for an infi nite region. For a fi nite region, the topology of the circuit defi nes an
upper bound to smaller than 1. However, experiments show that this value is
already very close to 1 for relatively small circuits.
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Fig. 2. Terminal-gate relationship for a hierarchical bi-partitioning of a bench-
mark netlist (ISCAS89 ‘s953’). The diameters of the circles correspond to
the percentage of partitioning modules that have terminals out of all mod-
ules around an average number of gates .

by the interconnection topology since it generally is not possi-
ble to place all connected gates close together however optimal
the placement scheme is. We will denote this lower bound by
and call it the intrinsic Rent exponent, a notion first introduced
by [4].
Fig. 2 shows typical Rent data extracted from a benchmark

netlist. The terminal-gate relationship was obtained using a re-
cursive bi-partitioning process (which corresponds to an opti-
mization of a partitioning based placement) with data collected
at each partition level. The geometric average of the data is ac-
curately represented by Eq. (5) for the majority of gate sizes,
and this region of the graph is labeled region I. However, as the
number of gates approaches the total number of gates on the
chip, the number of terminals becomes constrained by the lim-
ited number of input/output terminals at the chip periphery. This
results in a rapid decrease in the number of estimated terminals,
and this region is defined as region II [1]. It is possible to define
an external, or package level, Rent exponent

io T (6)

where io is the number of input/output pins and T is the total
number of gates on the chip. Of course, the statistical meaning
of the external Rent exponent is open to question since each chip
can only provide one data point. Nevertheless, it was recently
shown [5] that if one plots the number of pins on the X86 se-
ries of Intel microprocessors versus the number of gates on each
chip, an external Rent exponent of is obtained. It is
important to note that this external Rent exponent is very dif-
ferent from the (internal) Rent exponent (a distinction that often
has been omitted in literature!).

III. RENT EXPONENT PREDICTION

Given its definition as an exponent, small variations in the
Rent exponent can have disproportionate effects on secondary,
derived quantities, such as average wire length. It is therefore
important to have accurate estimates for the internal and external
Rent exponents. However, as will be discussed in Section IV,
current placement models are not yet at a level of sophistication
which allows them to utilize the information contained in re-
gion II of the Rent graph. Only an estimate of the internal Rent

Nella regione iniziale ci sono G porte 
logiche e il circuito globale richiede T 
terminali, così che la "densità di terminali" 
è T/G (terminali per gate).

Se si perturba questa regione aggiungendo 
un piccolo numero di porte logiche, e 
assumendo una semplice dipendenza 
lineare
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T = tG

si trova allora il numero di nuovi terminali

Se ora si assume anche che ci sia una certa ottimizzazione del circuito, si deve 
presumere che il numero di terminali aggiunti sia inferiore al numero dei terminali di 
una singola porta 
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Possiamo schematizzare i transistor e le connessioni nei circuiti CMOS per mezzo
di piccole capacità che dobbiamo caricare e scaricare. 

La scarica avviene in modo da dissipare l’energia contenuta nel condensatore che 
viene convertita in calore.

Un bit viene immagazzinato in una capacità (associata ad un transistor MOS) del valore di 
circa  10-18 F, e quindi l’energia accumulata con una tensione di  alimentazione di 1 V è

Se ci sono ~ 20 miliardi di transistor che scaricano questa energia ad ogni ciclo di  clock
e se si prende una frequenza di clock di 1 GHz si vede che la potenza  dissipata dal 
circuito è 

che è un valore vicino al consumo reale dei processori Intel I9.

Leggi di scala nei microcircuiti
la dissipazione di potenza
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V diminuisce meno velocemente della lunghezza caratteristica dei 
componenti circuitali perchè:

1. a causa del limite del rumore imposto dalle fluttuazioni termiche kBT/e ≈ 0.026 V a  
temperatura ambiente

2. c’è una tensione caratteristica del semiconduttore (la tensione di gap) Vg ≈ 1 V

... e inoltre

• lo spessore del gate è limitato dalla tensione di rottura del dielettrico. Si può diminuirlo 
se si aumenta il drogaggio e si diminuisce la tensione (limite di Hoeneisen e Mead) 

• l’energia immagazzinata dipende dalla capacità e questa è inversamente proporzionale 
allo spessore del gate

Leggi di scala nei microcircuiti
la tensione di funzionamento
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European Commission - Press release

State of the Union: Commission sets out new ambitious mission to lead on

supercomputing

Brussels, 18 September 2020

Today, the Commission takes further steps in the Digital Decade agenda to strengthen Europe's

digital sovereignty, as announced by President Ursula von der Leyen in her State of the Union

Address on Wednesday.

The Commission has proposed a new Regulation for the European High Performance Computing Joint

Undertaking to maintain and advance Europe's leading role in supercomputing and quantum

computing. It will support research and innovation activities for new supercomputing technologies,

systems and products, as well as foster the necessary skills to use the infrastructure and form the

basis for a world-class ecosystem in Europe. The proposal would enable an investment of €8 billion in

the next generation of supercomputers – a substantially larger budget compared to the current one.

Building on Europe's success in next-generation high-performance computing, supercomputing will

play a key role in Europe's path towards recovery. It has been identified as a strategic investment

priority, and will underpin the entire digital strategy, from big data analytics and artificial intelligence

to cloud technologies and cybersecurity. In addition, in a Recommendation also adopted today, the

Commission calls on Member States to boost ultra-fast network connectivity and develop a joint

approach to 5G rollout.    

Executive Vice-President for A Europe Fit for the Digital Age, Margrethe Vestager, said: “High-

performance computing is an essential digital capacity for Europe. As we have seen in the fight

against the coronavirus pandemic, supercomputers are already assisting in the search of therapies,

recognising and forecasting the infection spread, or supporting decision-making on containment

measures. Data, in combination with artificial intelligence and supercomputers, are also a major

asset in detecting patterns of ecosystems, helping us to mitigate changes in climate, and to work on

solutions to avoid disasters and fight climate change. Our proposal today will foster increased

investment in supercomputing infrastructure, in view of its enormous potential to improve quality of

life, boost industrial competitiveness, and advance science.”

Commissioner for Internal Market, Thierry Breton, added: “Together with data and connectivity,

supercomputing is at the forefront of our digital sovereignty, encompassing industrial, technological

and scientific challenges. Keeping up in the international technological race is a priority, and Europe

has both the know-how and the political will to play a leading role. Our objective is to rapidly reach

the next standard of computing with exascale computers – but also and foremost to already

integrate quantum accelerators to develop hybrid machines and position Europe very early on this

disruptive technology.”

The Regulation aims to update the previous Council Regulation that established the EuroHPC Joint

Undertaking in October 2018. It will enable Europe to uphold a leading role in the technological race

towards the next supercomputing frontier, notably:

exascale supercomputers that will perform more than one billion billion (1018) operations per

second;

quantum computers and hybrid computers, combining elements of quantum and classical

computing, that will be able to perform operations that no supercomputer is currently capable

of doing.

The EuroHPC Joint Undertaking will make accessible existing European supercomputing and quantum

computing resources to all users across Europe, including the public sector and industrial users, in

particular small and medium businesses (SMEs), no matter where they are located. The new budget
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ENI Green Data Center
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+ Vcc

A

Y?

Esercizio: se A, B, segnali logici (ossia segnali che possono essere alti – a tensione Vcc –
oppure bassi – a tensione 0), che tipo di funzione logica viene eseguita da questo circuito 
in tecnologia MOS? Come si potrebbe costruire un equivalente circuito in tecnologia 
CMOS?

B
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Over the past half century, the amount of
information that computers are capable of
processing and the rate at which they process
it has doubled every 18 months, a
phenomenon known as Moore’s law. A variety

of technologies — most recently, integrated circuits —
have enabled this exponential increase in information
processing power. But there is no particular reason why
Moore’s law should continue to hold: it is a law of human
ingenuity, not of nature. At some point, Moore’s law will
break down. The question is, when? 

The answer to this question will be found by applying the
laws of physics to the process of computation1–85. Extrapola-
tion of current exponential improvements over two more
decades would result in computers that process information
at the scale of individual atoms. Although an Avogadro-scale
computer that can act on 1023 bits might seem implausible,
prototype quantum computers that store and process 
information on individual atoms have already been demon-
strated64,65,76–80. Existing quantum computers may be small
and simple, and able to perform only a few hundred 
operations on fewer than ten quantum bits or ‘qubits’, but 
the fact that they work at all indicates that there is nothing 
in the laws of physics that forbids the construction of an 
Avogadro-scale computer.

The purpose of this article is to determine just what limits
the laws of physics place on the power of computers. At first,
this might seem a futile task: because we do not know the
technologies by which computers 1,000, 100, or even 10 years
in the future will be constructed, how can we determine the
physical limits of those technologies? In fact, I will show that a
great deal can be determined concerning the ultimate physi-
cal limits of computation simply from knowledge of the
speed of light, c = 2.9979 ! 108 m s–1, Planck’s reduced 
constant, " = h/2# = 1.0545 ! 10–34 J s, and the gravitational
constant, G = 6.673 ! 10–11 m3 kg–1 s–2. Boltzmann’s con-
stant, kB = 1.3805 ! 10–23 J K–1, will also be crucial in translat-
ing between computational quantities such as memory space
and operations per bit per second, and thermodynamic
quantities such as entropy and temperature. In addition to
reviewing previous work on how physics limits the speed and
memory of computers, I present results — which are new
except as noted — of the derivation of the ultimate speed
limit to computation, of trade-offs between memory and
speed, and of the analysis of the behaviour of computers at
physical extremes of high temperatures and densities.

Before presenting methods for calculating these limits, it
is important to note that there is no guarantee that these 
limits will ever be attained, no matter how ingenious 

computer designers become. Some extreme cases such as the
black-hole computer described below are likely to prove
extremely difficult or impossible to realize. Human ingenu-
ity has proved great in the past, however, and before writing
off physical limits as unattainable, we should realize that 
certain of these limits have already been attained within a
circumscribed context in the construction of working quan-
tum computers. The discussion below will note obstacles
that must be sidestepped or overcome before various limits
can be attained.

Energy limits speed of computation
To explore the physical limits of computation, let us calculate
the ultimate computational capacity of a computer with a
mass of 1 kg occupying a volume of 1 litre, which is roughly
the size of a conventional laptop computer. Such a computer,
operating at the limits of speed and memory space allowed by
physics, will be called the ‘ultimate laptop’ (Fig. 1).

First, ask what limits the laws of physics place on the
speed of such a device. As I will now show, to perform an 
elementary logical operation in time $t requires an average
amount of energy E % #"/2$t. As a consequence, a system
with average energy E can perform a maximum of 2E/#"
logical operations per second. A 1-kg computer has average
energy E = mc2 = 8.9874 ! 1016 J. Accordingly, the ultimate
laptop can perform a maximum of 5.4258 !1050 operations
per second.
Maximum speed per logical operation
For the sake of convenience, the ultimate laptop will be taken
to be a digital computer. Computers that operate on non-
binary or continuous variables obey similar limits to those
that will be derived here. A digital computer performs 
computation by representing information in the terms of
binary digits or bits, which can take the value 0 or 1, and then
processes that information by performing simple logical
operations such as AND, NOT and FANOUT. The operation,
AND, for instance, takes two binary inputs X and Y and
returns the output 1 if and only if both Xand Yare 1; otherwise
it returns the output 0. Similarly, NOT takes a single binary
input X and returns the output 1 if X = 0 and 0 if X = 1.
FANOUT takes a single binary input Xand returns two binary
outputs, each equal to X. Any boolean function can be con-
structed by repeated application of AND, NOT and
FANOUT. A set of operations that allows the construction of
arbitrary boolean functions is called universal. The actual
physical device that performs a logical operation is called a
logic gate.

How fast can a digital computer perform a logical opera-
tion? During such an operation, the bits in the computer on

Ultimate physical limits to computation
Seth Lloyd

d’Arbeloff Laboratory for Information Systems and Technology, MIT Department of Mechanical Engineering, Massachusetts Institute of
Technology 3-160, Cambridge, Massachusetts 02139, USA (slloyd@mit.edu)

Computers are physical systems: the laws of physics dictate what they can and cannot do. In particular, the
speed with which a physical device can process information is limited by its energy and the amount of
information that it can process is limited by the number of degrees of freedom it possesses. Here I explore
the physical limits of computation as determined by the speed of light c, the quantum scale " and the
gravitational constant G. As an example, I put quantitative bounds to the computational power of an 
‘ultimate laptop’ with a mass of one kilogram confined to a volume of one litre.
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which the operation is performed go from one state to another. The
problem of how much energy is required for information processing
was first investigated in the context of communications theory by
Levitin11–16, Bremermann17–19, Beckenstein20–22 and others, who
showed that the laws of quantum mechanics determine the 
maximum rate at which a system with spread in energy !E can move
from one distinguishable state to another. In particular, the correct
interpretation of the time–energy Heisenberg uncertainty principle
!E!t " # is not that it takes time !t to measure energy to an accuracy
!E (a fallacy that was put to rest by Aharonov and Bohm23,24), but
rather that a quantum state with spread in energy !E takes time at
least !t = $#/2!E to evolve to an orthogonal (and hence distinguish-
able) state23–26. More recently, Margolus and Levitin15,16 extended this
result to show that a quantum system with average energy E takes
time at least !t = $#/2E to evolve to an orthogonal state.
Performing quantum logic operations
As an example, consider the operation NOT performed on a qubit
with logical states %0& and %1&. (For readers unfamiliar with quantum
mechanics, the ‘bracket’ notation % & signifies that whatever is con-
tained in the bracket is a quantum-mechanical variable; %0& and %1&
are vectors in a two-dimensional vector space over the complex 
numbers.) To flip the qubit, one can apply a potential H = E0%E0&'E0% +
E1%E1&'E1% with energy eigenstates %E0& = (1/!2")(%0& + %1&) and 
%E1& = (1/!2")(%0& – %1&). Because %0& = (1/!2")(%E0& + %E1&) and %1& =
(1/!2")(%E0& – %E1&), each logical state %0&, %1& has spread in energy !E =
(E1 – E0)/2. It is easy to verify that after a length of time !t = $#/2!E
the qubit evolves so that %0& → %1& and %1& → %0&. That is, applying the
potential effects a NOT operation in a time that attains the limit given
by quantum mechanics. Note that the average energy E of the qubit in
the course of the logical operation is '0%H %0& = '1%H %1& = (E0 + E1)/2 =
E0 + !E. Taking the ground-state energy E0 = 0 gives E = !E. So the
amount of time it takes to perform a NOT operation can also be writ-
ten as !t = $#/2E. It is straightforward to show15,16 that no quantum
system with average energy E can move to an orthogonal state in a
time less than !t. That is, the speed with which a logical operation can
be performed is limited not only by the spread in energy, but also by
the average energy. This result will prove to be a key component in
deriving the speed limit for the ultimate laptop.

AND and FANOUT can be enacted in a way that is analogous to
the NOT operation. A simple way to perform these operations in a
quantum-mechanical context is to enact a so-called Toffoli or con-
trolled-controlled-NOT operation31. This operation takes three
binary inputs, X, Y and Z, and returns three outputs, X′, Y′ and Z′.

The first two inputs pass through unchanged, that is, X′ = X, Y′ = Y.
The third input passes through unchanged unless both X and Y are 1,
in which case it is flipped. This is universal in the sense that suitable
choices of inputs allow the construction of AND, NOT and
FANOUT. When the third input is set to zero, Z = 0, then the third
output is the AND of the first two: Z′ = X AND Y. So AND can be 
constructed. When the first two inputs are 1, X = Y = 1, the third 
output is the NOT of the third input, Z′ = NOT Z. Finally, when the
second input is set to 1, Y = 1, and the third to zero, Z = 0, the first and
third output are the FANOUT of the first input, X′ = X, Z′ = X. So
arbitrary boolean functions can be constructed from the Toffoli
operation alone.

By embedding a controlled-controlled-NOT gate in a quantum
context, it is straightforward to see that AND and FANOUT, like
NOT, can be performed at a rate 2E/$# times per second, where E is
the average energy of the logic gate that performs the operation. More
complicated logic operations that cycle through a larger number of
quantum states (such as those on non-binary or continuous 
quantum variables) can be performed at a rate E/$# — half as fast as
the simpler operations15,16. Existing quantum logic gates in
optical–atomic and nuclear magnetic resonance (NMR) quantum
computers actually attain this limit. In the case of NOT, E is the aver-
age energy of interaction of the qubit’s dipole moment (electric
dipole for optic–atomic qubits and nuclear magnetic dipole for NMR
qubits) with the applied electromagnetic field. In the case of multi-
qubit operations such as the Toffoli operation, or the simpler two-bit
controlled-NOT operation, which flips the second bit if and only if
the first bit is 1, E is the average energy in the interaction between the
physical systems that register the qubits.
Ultimate limits to speed of computation
We are now in a position to derive the first physical limit to computa-
tion, that of energy. Suppose that one has a certain amount of energy
E to allocate to the logic gates of a computer. The more energy one
allocates to a gate, the faster it can perform a logic operation. The total
number of logic operations performed per second is equal to the sum
over all logic gates of the operations per second per gate. That is, a
computer can perform no more than

#
!

1/!t! (#
!

2E!/$# = 2E/$#

operations per second. In other words, the rate at which a computer
can compute is limited by its energy. (Similar limits have been 
proposed by Bremmerman in the context of the minimum energy

Figure 1 The ultimate laptop. The ‘ultimate laptop’ is
a computer with a mass of 1 kg and a volume of 1 l,
operating at the fundamental limits of speed and
memory capacity fixed by physics. The ultimate laptop
performs 2mc2/$# = 5.4258 ) 1050 logical
operations per second on ~1031 bits. Although its
computational machinery is in fact in a highly
specified physical state with zero entropy, while it
performs a computation that uses all its resources of
energy and memory space it appears to an outside
observer to be in a thermal state at ~109 degrees
Kelvin. The ultimate laptop looks like a small piece of
the Big Bang. 
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