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Lecture 32 — Summary

Learning Objectives
1. Logic gates realized physically with BJT’s



Basic Inverter (NOT) implementation



Transistors are
like switches

VO —_ ].OV




Vgr(ON) = 0.7V Veg(sat) = 0.2V

+VCC: 10V

B =10




Vgr(ON) = 0.7V Veg(sat) = 0.2V

+VCC: 10V

10—-0.2

I-(sat) = %O = 9.8mA

Lo _10-07_

Vin Vo B= "1k o™
oV @ 10\/@ I = Blg = 93mA > I(sat)
1ov (1)0.2v(0) vo=o02v|(0) .




On the I-V curves
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Two transistors in cascade

Buffer implementation

Two NOT gates in series

A >R

oA



Vge(ON) = 0.7V Single BJT Inverter

Vee(sat) = 0.2V +Vee = 10V

g =10

Before connection
= - to 2" BJT
/

oFfF |10V (1)

©
10v (1)| SAT |0.2V (o)




Vge(ON) = 0.7V Two BJT’s in cascade

Vee(sat) = 0.2V +Vee =10V +Vee =10V

g =10

Before connection
= - to 2" BJT -
/

ov (0)| off [10v (D)

10v (1)| SAT |0.2V (o)

> See next
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VCE(Sat) =0.2V

g =10

Q1 = OFF

Two BJT’s in cascade

+VCC — 1OV
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Vge(ON) = 0.7V Two BJT’s in cascade

VCE(sat) =0.2V +VCC =10V
B =10 \
4.65V
Q1 = OFF v
VCl — 535V

Vee — (Rer + Rpa)Igz; —Vpg(ON) =0
Iy, = 9.3/2K = 4.65mA

Assuming forward-active mode

ICZ = 46.5mA 12



Vge(ON) = 0.7V Two BJT’s in cascade

VCE(sat) =0.2V +VCC =10V
B =10 \
4.65V
Q1 = OFF v
VCl — 535V

VCC T (RCl + RBZ)IBZ — VBE(ON) =0

10 —2kQ I, —0.7=0 T
Ig, =9.3/2k = 4.65mA I (sat) = TR 9.8mA

Assuming forward-active mode

I, = 46.5mA » = SATURATION )



VCE(Sat) =0.2V

Two BJT’s in cascade

+VCC —_ ].OV +VCC —_ 10V

B =10
Vin
Vin Q1 Ver Q; Vo
ov (o)| OfFf |535v(1) sAT [0.2V (o)
10v (1)| sAt |02V (o)| OFF |10V (1)

Two NOT gates in series




Two transistors in cascade

OR gate implementation
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OR Logic Gate OR A
0
Vge(ON) = 0.7V A 0
Vcep(sat) = 0.2V B Y 1
1

g =10
+VCC' % 10V

R; = 1kQ

R1 — SkQ
Va o/\/\/—
RZ - SkQ
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OR Logic Gate

Vep(sat) = 0.2V

g =10

R1 — Sk.Q.

Vlel—{ V4 N V015; Vg _ o

Vo1 = Va ‘; Vp

V,=0 Vg =0
Vo1 =0

Vi=10V Vg=0
Vo1 =5V

V,=0 Vg = 10V
Vo1 =5V
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Thevenin Equivalent base circuit for Q4

R1 — 5kﬂ
VQl
VyjorVpg i Rz = Ska
R1 — 5k.Q.
VQ1
R, = 5kQ
va@®) 2
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OR Logic Gate

Vcep(sat) = 0.2V

g =10

10V
1kQ
Vq
VQl Ql
san 21002 oo
c(sat) = —--—=9.8m

Vleo

V1:10V

VQl — 5V

[ = 5—-0.7

B~ 2.5kQ
Ic = BIg =17.2mA > I (sat)

= 1.72mA

I _1()—0.7_372 A
B= 55k /4™

I = BIg = 37.2mA > I (sat)
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OR Logic Gate

Vcep(sat) = 0.2V

g =10
1'1())V
1kQ 1kQ
5KQ Vo
Q;
Lsan 21002
c(sat) = —-—>—=9.8m

Q; OFF

10-0.7

Is = ko 15kq = 12°mA

I = BIg = 15.5mA > I (sat)

Q, SATURATION
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OR Logic Gate

Vcep(sat) = 0.2V

g =10

10V

1kQ

Q2

Q; SATURATION

Vi =Vcg(sat)

IB=O
IC=O
V():].OV

Q, OFF
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OR Logic Gate

Vcep(sat) = 0.2V

g =10

+VCC — 1OV

Va o~/\/\/—
Ve o—/\/\/—
Va
ov (o)lov (o)| OFF SAT 0.2V (0)
ov (o)|1ov (1)| SAT OFF |10V (1)
1ov (1)|ov (0)| SAT OFfF |10v (1)
1ov (1)|10v (1)| SAT oFf [10v (1)




OR Logic Gate

Vcep(sat) = 0.2V

p =10 R, = 5kQ

This is an inverter gate

<€
Vy Vp Q4
ov (0)ov (o) OFF
ov. (0)1ov (1) sar
1ov (Djov (o) sAr
1ov (1)1ov (1) sAT

>

After connection to Q,

V,=7.75V
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Other NOR implementations

R4
—GVO
R,
VA Ql QZ
Multi-transistor RTL Gate
R,
o}
Vv, R Vg R: v, R
Q1 Q; Qs
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NOR

VCC =10V
—GV{]
R, R,
VA Ql QE
V4 Vg Q1 Q. Vo
ov (0)lov (0)|] oFf | off [10v (1)
ov (0)|1ov ()| orf | sat |o2v (0
1ov (1)|ov (0)| sat | off [02v (o)
wov (1)|1ov ()| sat | sat |o2v (o)
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RTL-based NOR circuits were used in the Apollo
Guidance Computer that went to the moon (the first
computer using silicon integrated circuits)
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Silicon integrated circuit with
two 3-inputs NOR gates, used in
the Apollo Guidance computer.

computerhistory.org/blog/silicon-chips-take-man-to-the-moon/

SCHEMATIC

THIS SCHEMATIC 1S REPRESENTATIVE OF THE

ELECTRICAL CHARACTERISTICS ONLY. THE

PHYSICAL CIRCUITRY IS ENTIRELY CONTAINED 27
WITHIN A MICRO NOR GATE FLAT PACK
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MOS Technology

6502 8-bit microprocessor
(1975)

3510 transistors (MOSFET)

CPU of:

* Applell

e Atari 400 & 800

 BBC Micro

e Commodore PET & VIC-20

Photo: © Antoine Bercovici 28



Semiconductor chips in consumer
products have now billions of
transistors

Apple M2 Max has 67 billion MOSFETs (2023)
Apple M2 Ultra (2xM2 Max) has 134 billion MOSFETs

AMD’s MI300X has 153 billion MOSFETs (2023)

The Wafer Scale Engine 2 (WS2) deep-learning
processor by Cerebras has 2.6 trillion MOSFETs
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|
Cerebras WSE-2
46,225mm’ Silicon
2.6 Trillion transistors

850,000 cores
Memory bandwidth = 20 Petabytes/sec

https://www.cerebras.net/product-chip/

21.5cm



Moore’s Law — The number of transistors on integrated circuit chips (1971-2018)

Moore's law describes the empirical regularity that the number of transistors on integrated circuits doubles approximately every two years.

OurWorld
in Data

This advancement is important as other aspects of technological progress — such as processing speed or the price of electronic products — are

linked to Moore's law.
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The data visualization is availabie at QurWorldinData.org.
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e Estimated number of grains of sand on Earth

~ 7.5 x 108 (seven quintillion five hundred quadrillions grains)

 Estimated number of transistors fabricated since 1947
~ 2.9 x 10%* (2.0 sextillion transistors) [2014]
~ 1.3 x 1074 (13 sextillion transistors) [2022]

* Estimated number of stars in the Universe visible with the
Hubble telescope (2003)
* Estimated number of H,, molecules in 10 drops of water

~ 7.0 X 10%? (70 sextillions)



Two transistors in series

NAND gate implementation
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Two transistors in series

Vcep(sat) = 0.2V

g =10

+VCC — 10V
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SLIDE #4 AGAIN

Transistors are R, R,
like switches

Vo = 10V - OVy=0.2V
Ql Ql

35




Two transistors in series Ver(ON) = 0.7V g =10
Vcep(sat) = 0.2V
VA — OV VA — 10V
V,=Vg =0V V,=Vg =10V
VB =10V VB = 0V
+VCC =10V +VCC =10V +VC'C =10V +VCC =10V
R R
= 10V Vo = 10V Vo = 0.4V

—0 ——0
0O _

Ql Ql Ql Both OFF Ql
No path to
| | | ground for _
current in
QZ QZ QZ base-emitter QZ
\( junction of Q1 Q
Base-emitter

junction is 1
36
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Two transistors in series

Vge(ON) = 0.7V NAND

Vcep(sat) = 0.2V A
g =10 B — >‘Y

Va Vg Q1
ov (o)lov (o)| OFF oFf |10V (1)
ov (o)|1ov (1)| OFF SAT |10V (1)
10v (1)jov (0)| OFF OFfF |1ov (1)
1ov (1)|10v (1)| SAT SAT |0.4v (o)




NAND implementation with Diode-Transistor-Logic I
other BJT technologies DTL éﬁ
D,
L1
Direct-Coupled-Transistor-Logic Vae ;“ 1
2
DCTL Vee(+) Vg —F—
Dy
VC o Lr:]
'VBB
Vo Transistor-Transistor-Logic

TTL % é
§R1 R, R,




Alternative circuits — What logic gates are these?
VBE(ON) =0.7V VCE(Sat) =0.2V ﬁ =10

+VCC — 1OV

+VCC — 10V
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Alternative circuits — What logic gates are these?
VBE(ON) =0.7V VCE(Sat) =0.2V ﬁ =10

+VCC — 1OV

+VCC — 10V

AND 20



From Lecture 30 (A + B) (AB) A

XOR circuit realization with BJT D— Y
we | OR A

Q1
PN2222A B —

Q22 WCC AND
PN2222A o
'V 05
- EE(' S PN2222A
Vee = 5V OUTPUT: LED LIGHT with
NAND integrated current limiting
resistor
[W],]
vee w1 PN2222A /
L 5% . a3 — 5]
R10 D1 %
WwCC
¢ s “
SW_PUSH PN2222A

http://sullystationtechnologies.com/npnxorgate.html



http://sullystationtechnologies.com/npnxorgate.html
http://sullystationtechnologies.com/npnxorgate.html

Another Example

+VCC — 1OV

NAND

]

+VCC — 1OV
NOR
Rcr V,
—0
Rp3 Rp,
Q3 Q4 Ve
Y=AB+C
A
B




Y=AB+C
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What if we transform the circuit?

NAND =2 BJT’s

A
B J_DO_ NOR =2 BIT’s

Y

C-

TOTAL = 4 BJT’s

550

B
C—>of

NOT =1 BJT
Two 2-inputs NAND’s = 4 BJT’s
Two NOT’s to obtain AND’s =2 BJT

TOTAL =7 BJT’s

Y =AB + C

|

Using De Morgan’s theorem

|

Y = ABC

NOT =1 BJT

One 3-inputs NAND = 3 BJT’s
NOT to obtain AND =1 BJT

TOTAL = 5 BJT’s
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