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MOS Transistors

• Four terminal device: gate, source, drain, body

• Gate – oxide – body stack looks like a capacitor

– Gate and body are conductors (body is also called the substrate)

– SiO2 (oxide) is a “good” insulator (separates the gate from the body

– Called metal–oxide–semiconductor (MOS) capacitor, even though 

gate is mostly made of poly-crystalline silicon (polysilicon)

n+

p

GateSource Drain

bulk Si

SiO2

Polysilicon

n+

SiO2

n

GateSource Drain

bulk Si

Polysilicon

p+ p+

NMOS PMOS



NMOS Operation

• Body is commonly tied to ground (0 V)

• Drain is at a higher voltage than Source

• When the gate is at a low voltage:

– P-type body is at low voltage

– Source-body and drain-body “diodes” are OFF

– No current flows, transistor is OFF
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NMOS Operation Cont.

• When the gate is at a high voltage: Positive charge 
on gate of MOS capacitor

– Negative charge is attracted to body under the gate

– Inverts a channel under gate to “n-type” (N-channel, hence 

called the NMOS) if the gate voltage is above a threshold 

voltage (VT)

– Now current can flow through “n-type” silicon from source 

through channel to drain, transistor is ON
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PMOS Transistor

• Similar, but doping and voltages reversed

– Body tied to high voltage (VDD)

– Drain is at a lower voltage than the Source

– Gate low: transistor ON

– Gate high: transistor OFF

– Bubble indicates inverted behavior
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Power Supply Voltage

• GND = 0 V

• In 1980’s, VDD = 5V

• VDD has decreased in modern processes

– High VDD would damage modern tiny transistors

– Lower VDD saves power

• VDD = 3.3, 2.5, 1.8, 1.5, 1.2, 1.0, 

• Effective power supply voltage can be lower 

due to IR drop across the power grid.



Transistors as Switches

• In Digital circuits, MOS transistors are 
electrically controlled switches

• Voltage at gate controls path from 

source to drain

g

s

d

g = 0

s

d

g = 1

s

d

g

s

d

s

d

s

d

nMOS

pMOS

OFF
ON

ON
OFF



CMOS Inverter
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CMOS Inverter
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CMOS Inverter
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Device. Hence PMOS 
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Power & energy
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Power & energy
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Power & energy
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Power & energy
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Power & energy
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DVS

Dynamic Voltage Scaling must 

be along with Vth scaling!



17

DVS

Dynamic Voltage Scaling must 

be made with trade-off between 

ENERGY and speed! 

NOT power v.s. Speed
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DVS

Which one is better?



19

DVS



CMOS Gate Design

• A 4-input CMOS NOR gate
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Complementary CMOS

• Complementary CMOS logic gates
• nMOS pull-down network
• pMOS pull-up network
• a.k.a. static CMOS
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Series and Parallel

• nMOS: 1 = ON

• pMOS: 0 = ON

• Series: both must be ON

• Parallel: either can be ON
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Conduction Complement

• Complementary CMOS gates always produce 0 or 1

• Ex: NAND gate
• Series nMOS: Y=0 when both inputs are 1

• Thus Y=1 when either input is 0

• Requires parallel pMOS

• Rule of Conduction Complements
• Pull-up network is complement of pull-down

• Parallel -> series, series -> parallel
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Compound Gates

• Compound gates can do any inverting function

• Ex: AND-AND-OR-INV (AOI22)
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Pass Transistors

• Transistors can be used as switches
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Pass Transistors

• Transistors can be used as switches
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Signal Strength

• Strength of signal
• How close it approximates ideal voltage source

• VDD and GND rails are strongest 1 and 0

• nMOS pass strong 0
• But degraded or weak 1

• pMOS pass strong 1
• But degraded or weak 0

• Thus NMOS are best for pull-down network

• Thus PMOS are best for pull-up network



Transmission Gates

• Pass transistors produce degraded outputs

• Transmission gates pass both 0 and 1 well



Transmission Gates

• Pass transistors produce degraded outputs

• Transmission gates pass both 0 and 1 well
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Tristates

• Tristate buffer produces Z when not enabled
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Nonrestoring Tristate

• Transmission gate acts as tristate buffer
• Only two transistors

• But nonrestoring
• Noise on A is passed on to Y (after several stages, 

the noise may degrade the signal beyond 
recognition)
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Tristate Inverter

• Tristate inverter produces restored output

• Note however that the Tristate buffer
• ignores the conduction complement rule because we want 

a Z output
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Tristate Inverter

• Tristate inverter produces restored output

• Note however that the Tristate buffer
• ignores the conduction complement rule because we want 

a Z output
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CMOS NAND Gate
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CMOS NAND Gate
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CMOS NAND Gate
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CMOS NAND Gate
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CMOS NAND Gate
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CMOS NOR Gate
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3-input NAND Gate

• Y pulls low if ALL inputs are 1

• Y pulls high if ANY input is 0



3-input NAND Gate

• Y pulls low if ALL inputs are 1

• Y pulls high if ANY input is 0

A

B

Y

C



Complex Gate



• The Karnaugh map is 

completed by entering a '1‘(or 

‘0’) in each of the appropriate 

cells. 

• Within the map, adjacent cells 

containing 1's (or 0’s) are 

grouped together in twos, 

fours, or eights. 

Karnaugh maps



Example
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2-variable Karnaugh maps are trivial but can be used to introduce 
the methods you need to learn. The map for a 2-input OR gate 
looks like this:
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Example
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HALF ADDER



FULL ADDER







Full Adder Design I

• Brute force implementation from eqns
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Full Adder Design II

• Factor S in terms of Cout

S = ABC + (A + B + C)(~Cout)

• Critical path is usually C to Cout in ripple adder
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Full Adder Design III

• Complementary Pass Transistor Logic (CPL)
• Slightly faster, but more area
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PGK

• For a full adder, define what happens to carries
• Generate: Cout = 1 independent of C

• G =

• Propagate: Cout = C
• P =

• Kill: Cout = 0 independent of C
• K =



PGK

• For a full adder, define what happens to carries
• Generate: Cout = 1 independent of C

• G = A • B

• Propagate: Cout = C
• P = A  B

• Kill: Cout = 0 independent of C
• K = ~A • ~B













PG Logic
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Carry-Ripple Revisited
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Carry-Ripple PG Diagram
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Carry-Ripple PG Diagram

D
e
la

y

0123456789101112131415

15:0 14:0 13:0 12:0 11:0 10:0 9:0 8:0 7:0 6:0 5:0 4:0 3:0 2:0 1:0 0:0

Bit Position

ripple xor( 1)pg AOt t N t t   



PG Diagram Notation
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Carry-Skip Adder

• Carry-ripple is slow through all N stages

• Carry-skip allows carry to skip over groups of n bits
• Decision based on n-bit propagate signal
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Carry-Skip PG Diagram

For k n-bit groups (N = nk)
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Carry-Skip PG Diagram

For k n-bit groups (N = nk)
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Variable Group Size

Delay grows as O(sqrt(N))
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Carry-Lookahead Adder

• Carry-lookahead adder computes Gi:0 for many bits in parallel.

• Uses higher-valency cells with more than two inputs.
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CLA PG Diagram
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Higher-Valency Cells
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Brent-Kung
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Sklansky
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Kogge-Stone
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Summary

Adder architectures offer area / power / delay tradeoffs.

Choose the best one for your application.
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End

Thank you very much.


