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Lecture 2: Low level logic design



1. Logical functions and logic gates

2. Low level logic design

3. Binary number representation

4. Binary arithmetic

5. Integration of digital logic components

6. Memory and sequential circuits

7. Design of sequential logic

8. Data converters: analogue to digital / digital to analogue 

Overview of lectures

Please send feedback, comments and corrections to mark.cannon@eng.ox.ac.uk



<latexit sha1_base64="wie5KezgDxS1HO2LJzcr7tv8J7Q="></latexit>

X.Y = X AND Y X + Y = X OR Y X = NOT X

Axioms:

Boolean algebra

This lecture – how to simplify logical expressions and design simple logic circuits using
Boolean algebra, truth tables and Karnaugh maps

<latexit sha1_base64="feBmOCAgYV3aqpoyYFpoTCSuMfg="></latexit>

X + Y.Z = (X + Y )(X + Z) Distributive law 2

Commutativity (order of args)
<latexit sha1_base64="FfOqpEFnaw4dVXUU5HCPr9d/vDE="></latexit>

X + Y = Y +X
<latexit sha1_base64="Y6ZZc6Fik7EUj5i91D5rUlWG6nY="></latexit>

X.Y = Y.X

Associativity
<latexit sha1_base64="YM1FrLw2WFC5ELTsgB7QcJWc9oQ="></latexit>

(X + Y ) + Z = X + (Y + Z)
<latexit sha1_base64="snGp73abUqcbGZ8G8QHHNCYm1Z4="></latexit>

(X.Y ).Z = X.(Y.Z)

Dominance or identity
<latexit sha1_base64="ugbAAvV5EkAFrX9dFTeGwnz0vFA="></latexit>

X + 0 = X
<latexit sha1_base64="FWlI513TxLCHk56lPUAthFbOIM0="></latexit>

X + 1 = 1
<latexit sha1_base64="tURPSE0ip6rMz223cs1RHBs9xwk="></latexit>

X.0 = 0
<latexit sha1_base64="llSHDRt56xoyaxvDf+qnQByjv30="></latexit>

X.1 = X

Distributive law 1
<latexit sha1_base64="QvnU8GGtuyvbMpaGeRbj5GuyetM="></latexit>

X.(Y + Z) = X.Y +X.Z



<latexit sha1_base64="xMP0Us+9CRwugiS7T8gVS8L4H5A="></latexit>

• To implement logic circuits, we use CMOS FET (Complementary Metal-

Oxide-Semiconductor, Field E!ect Transistors) which are thermally stable and

power e”cient

• A logic level is represented by two transistors used as switches. The output

is controlled by deciding which switch is open or closed

Review: Logic as switches



Review: CMOS digital logic implementation

VSS = 0 volts

A A

CMOS NOT

VDD = +5 volts

CMOS AND gate?

p-MOS can’t pull down 
and n-MOS can’t pull up

p-MOSn-MOS



Boolean algebra

Truth tables and Karnaugh maps are limited to small numbers of variables (e.g. < 6).
Boolean algebra can handle more variables. We only need 3 theorems:

1. The Redundancy theorem: 

   

<latexit sha1_base64="P5oB3rBghC/JeFCe8y/GMSNy/Bg="></latexit>

A+A.B = A
<latexit sha1_base64="eoSj4adcGWEOvGhxVQl4UEYKmgs="></latexit>

Proof: A+A.B = A(1 +B) = A.1 = A

<latexit sha1_base64="/ONSohgbrr3cxNEElUS/BvkoBgI="></latexit>

A.B +A.B.C +A.B.C.D.E.F.G.H.I.J.K = A.BExample:

zap

in sum-of-products form, a product that contains all the factors of another product 
is redundant

<latexit sha1_base64="r6nmKmyUwsZJxOkQpgETU5vCxu0="></latexit>→



<latexit sha1_base64="iIiSAl/BmkjBLJbgY1PqNoPxnMw="></latexit>

A.B +A.C = A.B +A.C +B.C2. The Race-Hazard theorem: 

   

Boolean algebra

<latexit sha1_base64="06p2GvGBY9n5MpR5ezghyMYqcBo="></latexit>

Proof: A.B +A.C + (A+A)B.C = A.B +A.B.C +A.C +A.C.B

= A.B(1 + C) +A.C(1 +B) = A.B +A.C

Gets its name because an inverter introduces a delay in practice:

<latexit sha1_base64="Jq4vdzkxd/iJctz4PltFM7Gz+fk="></latexit>

A

<latexit sha1_base64="MbqV716t+fCfGPC48ayAXZCPdxk="></latexit>

A
<latexit sha1_base64="MbqV716t+fCfGPC48ayAXZCPdxk="></latexit>

A <latexit sha1_base64="MbqV716t+fCfGPC48ayAXZCPdxk="></latexit>

A
<latexit sha1_base64="q0K71ZUfQ0yPzBrpzjeUvuEAWBg="></latexit>

A+A
<latexit sha1_base64="v4S66/5f3KT0DsJBknpSZ+P9vIY="></latexit>

0

<latexit sha1_base64="O+0cPilPZAsn8kTiYwvVRuT/eMQ="></latexit>

1

glitch

<latexit sha1_base64="wKM7Wi5dSiwNcedaQNe/bpvnokM="></latexit>

A+A.B = A+A.B +B = A+ (A+ 1)B = A+B

Examples:

(i)

(ii)
<latexit sha1_base64="cvUzWCCAWeLXPs6JEmW9vHE/hvE="></latexit>

A.B +A.C +B.D.E + C.D.E = A.B +A.C +D.E



3. De Morgan’s theorem:

   

Boolean algebra
<latexit sha1_base64="i8CCRwHRNwK5naoIirBeWB7XtRk="></latexit>

A+B = A.B NOR → INVERT-AND

A.B = A+B NAND → INVERT-OR

Examples:

(i)

(ii)

<latexit sha1_base64="nMBIc9IVPiH2lIPGumiNXNsJH3Y="></latexit>

A.B.C = A.B + C

Useful for switching between sum-of-products and product-of-sums forms

<latexit sha1_base64="0D5W3p7slJstYX6RVjjNa+m4NJU="></latexit>

A.B +B.C +A.C = (A+B).(B + C).(A+ C)

<latexit sha1_base64="QPHJSNst2WBlgiPt5UM5S7LkleM="></latexit>

Proof: compare truth tables for A+B and A.B

A.B and A+B



<latexit sha1_base64="q1MFwqD9guSwSwj6JYc0YeesGTM="></latexit>

X.Y +X.Y = X.Y +X.Y + Y.Z

Boolean algebra

<latexit sha1_base64="feBmOCAgYV3aqpoyYFpoTCSuMfg="></latexit>

X + Y.Z = (X + Y )(X + Z) Distributive law 2

Commutativity (order of args)
<latexit sha1_base64="FfOqpEFnaw4dVXUU5HCPr9d/vDE="></latexit>

X + Y = Y +X
<latexit sha1_base64="Y6ZZc6Fik7EUj5i91D5rUlWG6nY="></latexit>

X.Y = Y.X

Associativity
<latexit sha1_base64="YM1FrLw2WFC5ELTsgB7QcJWc9oQ="></latexit>

(X + Y ) + Z = X + (Y + Z)
<latexit sha1_base64="snGp73abUqcbGZ8G8QHHNCYm1Z4="></latexit>

(X.Y ).Z = X.(Y.Z)

Dominance or identity
<latexit sha1_base64="ugbAAvV5EkAFrX9dFTeGwnz0vFA="></latexit>

X + 0 = X
<latexit sha1_base64="FWlI513TxLCHk56lPUAthFbOIM0="></latexit>

X + 1 = 1
<latexit sha1_base64="tURPSE0ip6rMz223cs1RHBs9xwk="></latexit>

X.0 = 0
<latexit sha1_base64="llSHDRt56xoyaxvDf+qnQByjv30="></latexit>

X.1 = X

Distributive law 1
<latexit sha1_base64="QvnU8GGtuyvbMpaGeRbj5GuyetM="></latexit>

X.(Y + Z) = X.Y +X.Z

<latexit sha1_base64="1LaHfvc2l2uaQKsvemoEJBnlHYY="></latexit>

X + Y = X.Y

<latexit sha1_base64="HVnLTyHb/8doujqa5OXiccDOGn8="></latexit>

X.Y = X + Y

De Morgan’s law 1

De Morgan’s law 2

Redundancy

Race-Hazard

<latexit sha1_base64="fKQVCcsNcD2UrmQW7V2hwvMMxYw="></latexit>

X +X.Y = X



<latexit sha1_base64="s5jpXRRzkBGSdoXQit6Kp7KxWHs="></latexit>

f = C + (B + C) De Morgan

= (C + C) +B Associativity

= 1 +B = 1 Dominance

Some Boolean algebra examples

<latexit sha1_base64="S+5Ssl2hDr+8uaFSd+Hgqo0CHQE="></latexit>

f = C +B.C1. Simplify

<latexit sha1_base64="nKcXva4GGfM5QHUC+ngqQfdwhrc="></latexit>

f = A.B(A+B)(B +B)2. Simplify
<latexit sha1_base64="ncGG1Q4GC2qgzsCpuOXnl7qCoPo="></latexit>

f = A.B(A+B) Redundancy

= (A.B).(A.B) De Morgan 1

= A.B +A.B De Morgan 2

= A.(B +B) = A Redundancy



<latexit sha1_base64="enzxMa9iPxZPV2VLw+2tCdak5z8="></latexit>

f = (A+ C)(A.D +A.D) + C Redundancy

= A(A.D +A.D) + C(A.D +A.D) + C Distributivity

= A(A.D +A.D) + C Redundancy

= A+ C Redundancy

Some Boolean algebra examples

<latexit sha1_base64="dWStOX6kAW0LjJHxhLfcV5ddkiw="></latexit>

f = (A+ C)(A.D +A.D) +A.C + C3. Simplify



Race-Hazard

<latexit sha1_base64="myhA9kEYEmvK+/BY8A4FYRdc8jI="></latexit>

f = X.Y +X.Z = X.Y +X.Z + Y.Z

Race-Hazard theorem (or Consensus theorem) 

<latexit sha1_base64="t4vGTBRU5Sz1Dwve/qMK6nV9WG8="></latexit>

X Y Z X.Y X.Z Y.Z f

0 0 0

0 0 1 1 1

0 1 0

0 1 1 1 1 1

1 0 0

1 0 1

1 1 0 1 1

1 1 1 1 1 1

Prove it using a truth table: or alternatively using algebra: 
<latexit sha1_base64="alb00xv5g3cSFaUIxxmvurKUAXU="></latexit>

f = X.Y +X.Z + (X +X)Y.Z

= X.Y +X.Y.Z +X.Z +X.Y.Z

= X.Y (1 + Z) +X.Z(1 + Y ) = X.Y +X.Z



Race-Hazard illustration

<latexit sha1_base64="JWRQLAjnCKcN02NwSVd+DfrpTtY="></latexit>

A
<latexit sha1_base64="xyPMUcRLVd33wT0mB45DUOw1y0w="></latexit>

B <latexit sha1_base64="XrWtSQ1xTf8x9dVIpoki/kqbXtY="></latexit>

B

<latexit sha1_base64="NQUfYHUlew3G+zWFw5jqzgN8kq4="></latexit>

!t1
<latexit sha1_base64="LpBOvIdd85PalTYW8TybxEjcB0M="></latexit>

!t2

Gate time 
delay:

<latexit sha1_base64="NQUfYHUlew3G+zWFw5jqzgN8kq4="></latexit>

!t1

<latexit sha1_base64="LpBOvIdd85PalTYW8TybxEjcB0M="></latexit>

!t2
<latexit sha1_base64="GphM99IgVU/P32ge2OSq/S2nM3o="></latexit>

!t1 +!t2

<latexit sha1_base64="JWRQLAjnCKcN02NwSVd+DfrpTtY="></latexit>

A

<latexit sha1_base64="xyPMUcRLVd33wT0mB45DUOw1y0w="></latexit>

B

<latexit sha1_base64="XrWtSQ1xTf8x9dVIpoki/kqbXtY="></latexit>

B

glitch

<latexit sha1_base64="/T7oDB4OtwSGkd10OJX7L8yinaY="></latexit>

f

<latexit sha1_base64="/T7oDB4OtwSGkd10OJX7L8yinaY="></latexit>

f

<latexit sha1_base64="3xtscpBnpCAZvXEZJ6vYdGVZ2Eg="></latexit>

C

Eliminate glitches using the Race-Hazard theorem:

<latexit sha1_base64="Vo0DYbX2Td6YXAwK5j3MAziQe74="></latexit>

g = A.B + C.B +A.C
<latexit sha1_base64="VAoq04srpvEVFl8b5wt4SqVxzy8="></latexit>

g = A.B + C.B

<latexit sha1_base64="JWRQLAjnCKcN02NwSVd+DfrpTtY="></latexit>

A
<latexit sha1_base64="xyPMUcRLVd33wT0mB45DUOw1y0w="></latexit>

B
<latexit sha1_base64="3xtscpBnpCAZvXEZJ6vYdGVZ2Eg="></latexit>

C

<latexit sha1_base64="JWRQLAjnCKcN02NwSVd+DfrpTtY="></latexit>

A
<latexit sha1_base64="xyPMUcRLVd33wT0mB45DUOw1y0w="></latexit>

B

<latexit sha1_base64="ck0BBamwy3E9L4zxGhzAhN/I41A="></latexit>g
<latexit sha1_base64="ck0BBamwy3E9L4zxGhzAhN/I41A="></latexit>g

Timing diagram: 



Equivalence of logic functions

If the truth tables of two functions are identical then they are said to be equivalent
<latexit sha1_base64="uRbHgMHZxzv+eDmqdplNvKsi64Y="></latexit>

e.g. f = a+ b and g = a.b+ a.b+ a.b

<latexit sha1_base64="mFMYDR8jcYSagH44Mn5p+nPv81o="></latexit>

f → g



g 𝐴, 𝐵, 𝐶 = 𝐴. 𝐶 + 𝐴. 𝐵. 𝐶 + 𝐴. 𝐵

“product” terms

g 𝐴, 𝐵, 𝐶 = 𝐴. 𝐵. 𝐶 + 𝐴. 𝐵. 𝐶 + 𝐴. 𝐵. 𝐶 + 𝐴. 𝐵. 𝐶

Canonical form: 
 all variables in all 

terms

OR of ANDs

MINTERMS
One term for each true (1) 
output generated by the 

function

Standard forms 1: Sum-of-Products (SOP)



<latexit sha1_base64="Q5k4K2PvMW7rmVt6W9gGYYKyU5w="></latexit>

The lift door closes (D = 1) if the timer has timed-out (T = 0) and the safety
light is not obstructed (S = 1) and a call-button on another floor has been pressed
(C = 1) or a floor-button inside the lift has been pressed (F = 1).

Sum-of-Products example

<latexit sha1_base64="f9yYyDTaunS47vO6wuEHW0f0v3A="></latexit>

→ D = TSFC + TSFC + TSFC

<latexit sha1_base64="INKB5lIAyGzNvU5aFF8BZk3lIyo="></latexit>}
→ D =

∑
m(5, 6, 7) ↑ MINTERM list

<latexit sha1_base64="g9EBHTAmmWfNPcssCZ4z04gx3aY="></latexit>

Truth table for D(T, S, F, C):
<latexit sha1_base64="F/rYdvxiss79M2osjkwDNzXqrx8="></latexit>

decimal
value

T S F C D

0 0 0 0 0 0
1 0 0 0 1 0
...

...
5 0 1 0 1 1
6 0 1 1 0 1
7 0 1 1 1 1
...

...
15 1 1 1 1 0



AND of ORs

Standard forms 2: Product-of-Sums (POS)

𝑔 𝐴, 𝐵, 𝐶 = 𝐴 + 𝐵 + 𝐶 . 𝐴 + 𝐶 . 𝐴 + 𝐵

“Sums”

𝑔 𝐴, 𝐵, 𝐶 = 𝐴 + 𝐵 + 𝐶 . 𝐴 + 𝐵 + 𝐶 . 𝐴 + 𝐵 + 𝐶 . 𝐴 + 𝐵 + 𝐶

Canonical POS form

MAXTERMS

one product term for each 
0 in truth table 
(by De Morgan)

(𝐴 + 𝐵 + 𝐶	)

𝐴 + 𝐵 + 𝐶

𝐴 + 𝐵 + 𝐶
𝐴 + 𝐵 + 𝐶



Standard forms 2: Product-of-Sums (POS)

<latexit sha1_base64="7l50zIKIKcDMfmNqTbgyPuBEuRw="></latexit>

= (A+B + C).(A+B + C).(A+B + C).(A+B + C)

SOP for <latexit sha1_base64="r0kWGlFBUijc9RdzlZjx7UREgzs="></latexit>

g

(De Morgan)
<latexit sha1_base64="FMf9W7kw2giAqRyNM9uHKw4pQJ8="></latexit>

g = (A.B.C).(A.B.C).(A.B.C).(A.B.C)

<latexit sha1_base64="8oXFDhokw+84kHH1lUcnhLq8YC0="></latexit>

g(A,B,C) =

(A+B + C).(A+ C).(A+B)

<latexit sha1_base64="a96qNY+b5o9kKcaXQm+4Xf3KKI8="></latexit>

A.B.C

A.B.C

A.B.C

A.B.C

A.B.C

A.B.C

A.B.C

A.B.C

<latexit sha1_base64="wVSK7UD/VTe3lLG4kxlIBCL2Bt0="></latexit>

A B C A+B + C A+ C A+B g g

0 0 0 1 1 1 1 0

0 0 1 0 1 1 0 1

0 1 0 1 1 1 1 0

0 1 1 1 1 1 1 0

1 0 0 1 1 1 1 0

1 0 1 1 0 1 0 1

1 1 0 1 1 0 0 1

1 1 1 1 0 0 0 1
<latexit sha1_base64="QkvZWaptrsif5acTA5w8gVU4qok="></latexit>

g = A.B.C +A.B.C +A.B.C +A.B.C

Truth table:

POS for <latexit sha1_base64="99rSqcVOUWBDiCeJK89EBRezXsA="></latexit>g



<latexit sha1_base64="B9ta0paIssXVkJ4ygIjx5IXbwyE="></latexit>

Poor logic design can be catastrophic

↭ Therac 25 radiation therapy machine (1985-7)
Software race hazards played role in accidents

↭ Northeast blackout: US/Canada (2003). 55 million people without power
Race hazard crashed a control system for power grid

Importance of logic design
<latexit sha1_base64="316T+T0dcy4KIbKPUSi0wmX7rog="></latexit>↭ Reducing complexity and minimizing gate count

(important for design of complex integrated circuits)

↭ Reducing cost
(manufacturing cost and power consumption)

↭ Increasing operating speed

↭ Avoiding safety problems due to poor design
(hardware glitches or software bugs)



<latexit sha1_base64="k1H4oxSL2eoXfzlJOj8L2NW49BM="></latexit> B
C

A
00 01 11 10

0

1

1 1

1

00

0 0 0

<latexit sha1_base64="qokm9+vFuNG2YwRRA74Wa3m7WZE="></latexit>

• An alternative truth table layout allowing simplification of Boolean expressions
for up to 4 variables in practice

• Terms are grouped in a particular way (using Gray code)

Karnaugh maps

<latexit sha1_base64="/Y5Ok4KNhEF/EsempBXW5Rw+yMk="></latexit>

B
C

A
00 01 11 10

0

1

1 1 0 0

0 0 0 1

B

C

A

<latexit sha1_base64="nS7Z8BYyNge7x7xl/LnynzBeQNQ="></latexit>

A B C f

0 0 0 1

0 0 1 1

0 1 0 0

0 1 1 0

1 0 0 0

1 0 1 0

1 1 0 0

1 1 1 1

Maurice Karnaugh



<latexit sha1_base64="ktmsfA7RP2dF9hK2wD6VJV+QUII="></latexit>

00 01 11 10

0

1

1 1

1

00

0 0 0

B

C

A

Karnaugh maps: simplifying logic expresssions

<latexit sha1_base64="DFYiL3OAXc5gFhUj1qb0RxY+pIY="></latexit>

f = A.B.C +A.B.C +A.B.C

<latexit sha1_base64="k1H4oxSL2eoXfzlJOj8L2NW49BM="></latexit> B
C

A
00 01 11 10

0

1

1 1

1

00

0 0 0

<latexit sha1_base64="vC65XffjNc8Ka6QSVFuzgFbZnEs="></latexit>

00 01 11 10

0

1

1 1

1

00

0 0 0

B

C

A

<latexit sha1_base64="gfsdnQQTokInyFxkyd7KKX/V3pU="></latexit> B
C

A
00 01 11 10

0

1

1 1

1

00

0 0 0

<latexit sha1_base64="rwqPVSVVl4YLn/cnjcbqu161TDE="></latexit>

→ f = A.B +A.B.C

OR



<latexit sha1_base64="junNUXEkQOi9qikrWCNurarSNmQ="></latexit>

f = C

<latexit sha1_base64="3bGpvNbBkbJF6xcVrVDWm2uN/uQ="></latexit> B
C

A
00 01 11 10

0

1

1 1

1 1

0 0

0 0
<latexit sha1_base64="WRAzSLtr+0SEulgMq+MXUj+pSLA="></latexit>

f = A.C

<latexit sha1_base64="RqkcAa88NvK9UxN5h37Dn8yoOJk="></latexit> B
C

A
00 01 11 10

0

1 1 1

0 0 00

0 0

<latexit sha1_base64="BpKRDx9fndF290KRl3iTdYynBEE="></latexit> B
C

A
00 01 11 10

0

1

1 1

1 1

00

00

<latexit sha1_base64="7ooDsaXX2tqZgB+akT9I6lIU6/k="></latexit> B
C

A
00 01 11 10

0

1

1 1 11

1 1 11

<latexit sha1_base64="ENC4hr5N8kHgB0MxIT9/QDMFRKU="></latexit>

f = 1

Karnaugh maps: grouping rules

<latexit sha1_base64="wd3qpKSYIoEJCp/EhLC0gxBevxI="></latexit>

f = B



<latexit sha1_base64="tB0r5f2cX6AtlRauX2XiDg1Uv4E="></latexit> C
DA

B
00 01 11 10

00

01

11

10

<latexit sha1_base64="f1zvMZMedtm2jAGZL81V2hL3u9Q="></latexit> C
DA

B
00 01 11 10

00

01

11

10

1 1

1 1

1 1 1

1

Karnaugh maps with four variables

<latexit sha1_base64="TkvaCLSG5LJfu/fAYZ7CX83IXtE="></latexit>

→ f = A.D + C.D +A.B.D

<latexit sha1_base64="ikqX+hNavYa0EyaXHAML0KsvjXs="></latexit>

f(A,B,C,D) = A.B.C.D +A.B.C.D

+A.B.C.D +A.B.C.D

+A.B.C.D +A.B.C.D

+A.B.C.D +A.B.C.D

Example:

<latexit sha1_base64="7pGknQxvM9leQEuvyJnUaOdR0mg="></latexit> C
DA

B
00 01 11 10

00

01

11

10

1 1

1 1

1

1 1 1

0 0

0 0

0

0 00

A.D

C.D

A.B.D



Karnaugh maps with five variables
<latexit sha1_base64="UQ1+gV2mjx2w8DQ7N0SDp6R54kQ="></latexit> D

EB
C

A= 0 A= 1

00 01 11 10 00 01 11 10

00

01

11

10

1

1

1

0 0 00

0 0 00

0 0 00

0 0 0

0 0 00

0 00

0 0 00

0 0 0

<latexit sha1_base64="wWWGdI2+fGjQSLYvekcBqhb06hg="></latexit>

f = A.B.C.D.E +A.B.C.D.E +A.B.C.D.E

= A.B.C.D.E +B.C.D.E



Prime implicants

<latexit sha1_base64="hwIaaEgVxRtefHmWJVc9J4ZelnY="></latexit> C
DA

B
00 01 11 10

00

01

11

10

1 1

1

1

1 1

1

0

0 0

0 0

0 0 00

Essential 
prime 
implicants

<latexit sha1_base64="SgtbAYnbF9kwkC8uQm0hKaaaFJg="></latexit>

f = A.D +A.B.D +B.C.D or

<latexit sha1_base64="b3JhBQhuqHKlnXTXtytB8dPV7dI="></latexit> C
DA

B
00 01 11 10

00

01

11

10

1 1

1

1

1 1

1

0

0 0

0 0

0 0 00

<latexit sha1_base64="C0mevBPifIo+be/Pv2aqYr8mOEY="></latexit>

f = A.D +A.B.D +A.B.C

Prime implicants are the simplest terms that describe the function uniquely



Don’t care states
Don’t care states: states that the system can never achieve
e.g. in a control system with START and END sensors that can’t both be TRUE 

at the same time

<latexit sha1_base64="GOTEMTy2URdbtC27rr7lK8V/vEM="></latexit>

A B C f(A,B,C)
0 0 0 0
0 0 1 1
0 1 0 0
0 1 1 1
1 0 0 0
1 0 1 X
1 1 0 1
1 1 1 X

<latexit sha1_base64="7SaOm/9eIW2s/tDuNXUSv1c2cV0="></latexit>

States involving A = C = 1
are don’t care states

<latexit sha1_base64="Dj1CLDpul1rUwbl+wcNXbqNAakw="></latexit> B
C

A
00 01 11 10

0

1

1 1

1X X

0 0

0

<latexit sha1_base64="Bj93CZN7/UzKAfD97iElzoyW3Gs="></latexit>

f = C +A.B

<latexit sha1_base64="8ah31RST84/vZJesrFjjGI7tfoU="></latexit>→



Example: circuit design

<latexit sha1_base64="riOAb4fFn5WqUPVucGSvARQ7nk0="></latexit>

A

<latexit sha1_base64="ShJnff8GFYelklsrlHB2annoroM="></latexit>

B

<latexit sha1_base64="xo1NhO9UzApgAE2Spf/bWaWe1lU="></latexit>

C

<latexit sha1_base64="2BfRtaLWg2pjmjZHGo5OR2CVKEs="></latexit>

f

<latexit sha1_base64="6EvZysOfj5v0KyFSFq3mDvOrimY="></latexit>

A B C f(A,B,C)
0 0 0 0
0 0 1 0
0 1 0 1
0 1 1 1
1 0 0 1
1 0 1 1
1 1 0 1
1 1 1 1

<latexit sha1_base64="moVJI+NWWIlHCg3RCovKY5XNS64="></latexit> B
C

A
00 01 11 10

0

1

11

1 1 1 1

0 0

<latexit sha1_base64="yReML3T2SRyMl3YVV3qcLJ5mZNE="></latexit>

f = A+B

<latexit sha1_base64="riOAb4fFn5WqUPVucGSvARQ7nk0="></latexit>

A

<latexit sha1_base64="ShJnff8GFYelklsrlHB2annoroM="></latexit>

B

<latexit sha1_base64="xo1NhO9UzApgAE2Spf/bWaWe1lU="></latexit>

C

<latexit sha1_base64="2BfRtaLWg2pjmjZHGo5OR2CVKEs="></latexit>

f



Example: exclusive-OR (XOR)

<latexit sha1_base64="pX7nlGZzZOYRdKTSfKCefLIOW/o="></latexit>

A B A→B
0 0 0
0 1 1
1 0 1
1 1 0

<latexit sha1_base64="U/WU3BPOC1AiZNNRvJZQUv1UoPc="></latexit>

B
A

0 1

0

1

1

1

0

0

<latexit sha1_base64="sk/tJ0411gGbQmjV1Lg6K3MoRW4="></latexit>

f = A→B

<latexit sha1_base64="F5GwAK4EytY2Pa4s6uszTqsUbyw="></latexit> B
C

A
00 01 11 10

0

1

1 1

1 1

0 0

0 0

<latexit sha1_base64="dFTEaG2Z1JQXDh9d66EMGaLVsB4="></latexit>

f = A→B → CThe XOR k-map has no group 
greater than 1 element

XOR therefore has the largest 
possible number of prime implicants



1. Logical functions and logic gates

2. Low level logic design

3. Binary number representation

4. Binary arithmetic

5. Integration of digital logic components

6. Memory and sequential circuits

7. Design of sequential logic

8. Data converters: analogue to digital / digital to analogue 

Overview of lectures

Please send feedback, comments and corrections to mark.cannon@eng.ox.ac.uk


