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Lecture 6: Memory, Latches and Clock Mode Circuits



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



Outline of lecture 6
<latexit sha1_base64="5RM3ezDosM+aDlRA0X71fT8AxRc="></latexit>↭ Memory – the SR latch

↭ Transparency

↭ Clocked master-slave flip-flop

↭ D-type latch

↭ Edge triggered D-type flip-flop

↭ Shift register

↭ Asynchronous counter

↭ D-type flip-flop with reset



Creating a memory: a simple latch

t

The feedback allows us to record an event 
(A changing from 0 to 1) … 
but we can’t set B back to 0!

B

A

OR gate with feedback

A

B

B changing depends on A

Timing diagram showing edge dependence
t

t

<latexit sha1_base64="foXyXS9zufxcIJVI1JNmeVq63OM="></latexit>

A B A+ B

0 0 0

0 1 1

1 0 1

1 1 1



<latexit sha1_base64="8REsB9Kfq6HjJGsi+qjB4FFBkuY="></latexit>

Bn+1 = Bn + RESET+ SET

S-R latch

SR latch is TRANSPARENT - outputs change (almost) immediately

<latexit sha1_base64="7V2t4Z2GpdqnrnQ0cnGtmAUJomM="></latexit>

B

<latexit sha1_base64="oj6XT0GZpEXh1T8kUOmu+cRnxqM="></latexit>

B
<latexit sha1_base64="iobZbLtFTRVFSSKQhI+KHQwnmH8="></latexit>

SET

tt

• 2 NOR gates
• inputs: Set and Reset
• outputs: Q and NOT Q

<latexit sha1_base64="rE0e+Qv0b9H1S2hqbTfO47GXARs="></latexit>

Qn+1 = Qn.RESET+ SET

Qn+1 = (Qn + RESET) + SET

t

t

<latexit sha1_base64="7wVNsDW0HuaG/KCKgETxHcDT8dw="></latexit>

RESET

<latexit sha1_base64="iobZbLtFTRVFSSKQhI+KHQwnmH8="></latexit>

SET

<latexit sha1_base64="7b5JbpAUF5Daw37oj6XRsvJdGPw="></latexit>

Q

<latexit sha1_base64="RfcFG0DvXmOt2QRr5qV+sfREfmM="></latexit>

Q

Not allowed!

Stay same

Record a 0

Record a 1

<latexit sha1_base64="yD9OrQn1/UkYm2tXL7njyzkl4lc="></latexit>

S R Qn+1

0 0 Qn

0 1 0

1 0 1

1 1 X



Clocked latches
<latexit sha1_base64="6gAPNjMXlq4Q5CUTNcBbO00CNpA="></latexit>

Transparent latches are useful, but have a drawback:

↭ the outputs change as soon as the inputs vary

↭ if the two inputs are coming from di!erent parts of a system, they may not
both change simultaneously

↭ need a method to synchronize transitions to a clock

time

R

S

Clock

Q

Q

<latexit sha1_base64="yD9OrQn1/UkYm2tXL7njyzkl4lc="></latexit>

S R Qn+1

0 0 Qn

0 1 0

1 0 1

1 1 X

Not allowed!



Clocked master-slave design
To decouple the input and output changes 
we could try linking two latches: 
one to store the bit, one to control changes

Gates added, with a 'clock' signal

Now inputs of both latches only change 
when a clock pulse arrives

Output Q2 only changes on a clock edge

But we need synchronisation



How it works.... Clock
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Q2

time
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Transitions are now 
synchronised

Complicated to implement as we need 
both the S and R signals



NAND SR latch

S

R

NAND SR latch Same topology as NOR SR latch, but
NAND SR latch has different truth table:

<latexit sha1_base64="l300a+RJRNtj9pNGqEkGqpphVpU="></latexit>

S R Qn+1

0 0 X

0 1 1

1 0 0

1 1 Qn

Compare 
NOR SR latch:

<latexit sha1_base64="yD9OrQn1/UkYm2tXL7njyzkl4lc="></latexit>

S R Qn+1

0 0 Qn

0 1 0

1 0 1

1 1 X



D-type latch

‘Data’

‘Clock’

S

R

NAND SR latch

The D type latch is 
transparent when the 
clock is high,

holds previous value if 
clock is low

<latexit sha1_base64="roIoXq3BTTEE2hzl6BEwOFHMwGk="></latexit>

D CLK Qn+1

X 0 Qn

0 1 0

1 1 1

<latexit sha1_base64="l300a+RJRNtj9pNGqEkGqpphVpU="></latexit>

S R Qn+1

0 0 X

0 1 1

1 0 0

1 1 Qn

<latexit sha1_base64="hLWwvbXiZPCMhNwLNHcWzTB+V3o="></latexit>

D C S R

0 0 1 1

0 1 1 0

1 0 1 1

1 1 0 1



The clock pulse

<latexit sha1_base64="EWYhwV/JZ9wgLzRpMDkb321v08s="></latexit>↭ We can build circuits with both positive and negative clock edge triggering

↭ The output changes shortly after the appropriate clock transition

↭ Edges are not infinitely steep hence slight delays always present



<latexit sha1_base64="DCPuXvUpMFyt/PwiVCT7VUAoSU4="></latexit>

D latch is a clocked device

ω transparent when clock is high

D-type flip-flop is also clocked

ω only changes on clock edge

ω both can store 1 bit of data

Edge triggered D-type flip-flop

<latexit sha1_base64="q2ViRcixrItgAKi0WAEyJPTolU4="></latexit>

Note the di!erence. . .

Latch – output changes when any input
changes (after propagation delay)

Flip-flop – output only changes when the
clock changes

We only get a 
transition in the 
output when a positive 
clock edge arrives

<latexit sha1_base64="56a3abHuXuJRdVBe9zehm+L0pC0="></latexit>

D C Qn+1

X 0 Qn

X 1 Qn

0 → 0

1 → 1



D-type flip-flop timing
<latexit sha1_base64="56a3abHuXuJRdVBe9zehm+L0pC0="></latexit>

D C Qn+1

X 0 Qn

X 1 Qn

0 → 0

1 → 1



Inside a D-type flip-flop
Input stage

Actually 3 SR latches - NAND version

Input stage processes clock and D signals to ensure 
correct signals at SR stage

If clock low, both input stage outputs are high: 
output maintains its last value

Output latch is only there to store state between 
clock transitions

On clock positive transition only one of the Input 
stage outputs change (depending on the value of D)

<latexit sha1_base64="oXPa/+scVedekvsTTFoTmwfI4PI="></latexit>

D = 0: output is set

D = 1: output is reset

Output stage

<latexit sha1_base64="/6afzkVJItoeh+yvqUsCKSu0XsE="></latexit>

S R Qn+1

0 0 X

0 1 1

1 0 0

1 1 Qn

<latexit sha1_base64="h0LuSs0fsg7wM+1JiG0ZOW2D0kg="></latexit>

A B A.B

0 0 1

0 1 1

1 0 1

1 1 0



The origins of programming
<latexit sha1_base64="VwNPPyG1zKxjsJeIPqiI36kLmFA="></latexit>

Babbage’s analytical engine:

ω mechanical general purpose computer

ω prototype for many of the features of modern computing

ω ALU, controller, conditional branching, loops



The origins of programming

https://commons.wikimedia.org/wiki/File:Ada_Lovelace_portrait.jpg

https://commons.wikimedia.org/wiki/File:Diagram_for_the_computation_of_Bernoulli_numbers.jpg

<latexit sha1_base64="iLH5x3zNWnDJbQqOgDU3vjczS+Q="></latexit>

The first computer programs

ω Ada Lovelace (1815-1852) published an article In 1843 in-
cluding an algorithm for calculating Bernoulli numbers

ω First realisation that computers could go beyond simple arith-
metic



Correspondence between Ada Lovelace and Augustus De Morgan (Bodleian Library)



<latexit sha1_base64="aRXNfZlSNz+zJo1+4YAYt3A9RYc="></latexit>

D C Qn+1

0 0 Qn

1 0 Qn

0 1 Qn

1 1 Qn

X → Dn

<latexit sha1_base64="t9+kpsUGstl9bmRZ1rza0ld3Vbw="></latexit>

D C Qn+1

0 0 Qn

1 0 Qn

0 1 Qn

1 1 Qn

X → Dn

D-type flip-flop in action: Shift register

A 3-bit shift register with D-type flip-flops



<latexit sha1_base64="t9+kpsUGstl9bmRZ1rza0ld3Vbw="></latexit>

D C Qn+1

0 0 Qn

1 0 Qn

0 1 Qn

1 1 Qn

X → Dn

D-type flip-flop in action: Shift register

A 3-bit shift register with D-type flip-flops

Negative edge triggered



Counting with flip-flops

D   Q

   
 C   Q

CLK

Q      Q

CLK
   
Q

 
Q

<latexit sha1_base64="c8njvjJ13Ab751g6cSsdXg6MHUo="></latexit>

D C Qn+1

0 0 Qn

1 0 Qn

0 1 Qn

1 1 Qn

X → Dn



Asynchronous
(ripple)
counter

Clock

b0

b1

b2

b3

01
00

00
11

00
10

00
01

11
11



<latexit sha1_base64="bc20BYoO21Rad7zjp0re1fvL6Rw="></latexit>

To count only from 0 to 9
we must activate reset

when b3 b2 b1b0 = 1010 = 1010

i.e. when b3.b2.b1.b0 = 1

Asynchronous counter

What if we don't want to 
count up to 15?

We need a way to reset the system 
when a lower number is reached



D-type with (synchronous) reset
<latexit sha1_base64="DXjgMLCUNNdXGV3b62Te1KFlcVg="></latexit>

D C Reset Qn+1

X 0 1 Qn

X 1 1 Qn

0 → 1 0

1 → 1 1

X X 0 0

<latexit sha1_base64="eWSwLJFtvfC4+fCD5A/uaxhipwE="></latexit>

D C Reset Qn+1

X 0 1 Qn

X 1 1 Qn

0 → 1 0

1 → 1 1

X X 0 0

<latexit sha1_base64="/6afzkVJItoeh+yvqUsCKSu0XsE="></latexit>

S R Qn+1

0 0 X

0 1 1

1 0 0

1 1 Qn



Modulo 10 counter
<latexit sha1_base64="u1Xw2ZpVmOTARIpKjjZoi3qIMjI="></latexit>

Modulo 10 = 0, 1, 2, . . . , 8, 9, 0, 1, . . .

Logic is needed to detect when
we reach 1010 = 10102 and reset
counter to zero

<latexit sha1_base64="Yvh6EnX78lHY2b2G+O4dP/l/7TU="></latexit>

Asynchronous feedback
Causes timing issues:
glitches or “runt pulses”

t

<latexit sha1_base64="5aOSusqENg8majlk85RgpKeo4bU="></latexit>

reset
<latexit sha1_base64="5aOSusqENg8majlk85RgpKeo4bU="></latexit>

reset
<latexit sha1_base64="5aOSusqENg8majlk85RgpKeo4bU="></latexit>

reset
<latexit sha1_base64="5aOSusqENg8majlk85RgpKeo4bU="></latexit>

reset

<latexit sha1_base64="hE8uiKeae+fdVOhGP3u+Zo359Ss="></latexit>

Logic function giving 1
when b3b2b1b0 = 1010:

R = b3.b2.b1.b0

→ R = b3 + b2 + b1 + b0



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


