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AGH Digital circuits:
combinational and sequential circuits

COMBINATIONAL
SEQUENTIAL CIRCUITS

COMBINATIONAL CIRCUITS — is a type of logic circuit whose output depends only on the present value of its input
signals. Combinational cicruits are eg. adders, substractors, multiplexers, comparators, transcoders, etc.

SEQUENTIAL CIRCUITS — is a type of logic circuit whose output depends on the present value of its input signals and
on the sequence of past inputs (previous state of the circuit), eg. counters, state machines.

Sequential circuits contain elements that store the current state.

Flip-flops are used to store the current state.

In sequential circuits, the flip-flop serves as a 1-bit memory.

The flip-flop state (stored value) in synchronous systems is updated on each rising (or falling) edge of

the clock.
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AGH Flip-flop

Flip-flops are systems that have two stable states in which information can be stored.
The system can change state using signals applied to one or more control (data) inputs.
Flip-flop is the basic memory element

. . . Input . ess
in sequential logic. symbol Input definition
Preset Static input
(asynchronous) with active state 1
input

Data input

Output Static input

with active state 0

Q

Clock input

| g Dynamic input with active
_ ) nverted output _| > state change Oto 1
Data input Q (rising edge)

Dynamic input with active
state change from 1to 0
(falling edge)

Clear
(asynchronous)
input
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AGH Special flip-flop inputs

EN (enable), G (gate), STB (strobe), LE (lach enable) — gating flip-flop input
CE (clock enable) — clock signal blocking input

PRE (preset), AS (asynchronous set) — asynchronous input setting the flip-flop
CLR (clear), AR (asynchronous reset) — asynchronous flip-flop reset input

S (set), SET, SS (synchronous set) — synchronous input setting the flip-flop

R (reset), RES, SR (synchronous reset) — synchronous flip-flop reset input

OE (output enable) — input blocking the flip-flop output
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AGH

RS - Flip_flop (asynchronous)

RO
RO—R Q 0 °
so——s Q O -
SO ¢
S R Qn 611 SeR=10 Qn—l _>Qn S R
0 0 Qn—l an—] 0—0 0 X
0 1 0 1 0—1 | 0
] 0 | 0 1 —0 0 |
| | 0 0 | —1 X 0
SR
_ 00 (01 11 10
Forbidden state —
in the forbidden state, 0| O 0 |
both outputs are '0’ 1l 1 0 1
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AGH RS - Flip_flop (asynchronous)

SO—s ob—o0a =€ Q
RO N

§ E Qn 611 §V§= 1 Qn—l _>Qn § ﬁ

0 0 ] | 0—0 | X

0 | | 0 0—1 0 |

| 0 | | 0

] ] X |

Forbidden state —

in the forbidden state,
both outputs are ‘1
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AGH RS - Latch (asynchronous)
Circuit
g —D‘ S Truth table
Logic symbol — 0 Enable S R Q @
r 0 0 0 Latch
g Y E—s 0 0 1 Latch
ko 0 1 0 Latch
_3 Q’ 0 1 1 Latch
R — R’ 1 0 0 Latch
1 0 1 0 1
1 1 0 1 0

INVALID
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AGH D-Latch (Data-Latch)
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AGH Master-Slave D Flip-flop

C @ —.} q C D Q
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CLR Q ZS Master Slave

www.agh.edu.p



_ _ S |7 I [X]X]—]|<e
IW._...U] -
No =2 B .
— || —|X| <
— lolo
vIo|—|o|— i
o |[o]— OmOlOl
S
et IEHEEE
—lo|le|—]|— = Qu\
o

JK = Flip-flop

w
€
)
%
oy
2
S
s
S
<
Q
S
S
s
S
Q
R
<
S
()]
S
w
<
U
)
)
=
-
S
S
-
Q
<

AGH



—_——— = — p— —_ ——— "
==

— ——— — e ———— —— —— —— — |
Re
=
=
=
1]
I~

—_ Y ] ) — — —— —_— - =
S

T — Flip-flop

w
€
)
%
oy
2
S
s
S
<
Q
S
S
s
S
Q
R
<
S
()]
S
w
<
U
)
)
=
-
S
S
-
Q
<

Lk
=
=
o
=
=11}
1]

S
R

AGH




Actuating, Sensing and Control Mechatronic Systems

AGH Toggle mode
e
1w
L s
CLR FRE
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PRE CLA
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AGH Metastability

All registers in digital systems have defined signal timing requirements that allow each register to
correctly capture data at its inputs and produce output signals. To ensure correct operation, the input
to a register must be stable for a minimum time before the clock edge and for a minimum time after
the clock edge (these times are assigned as setup time t;, and hold time t,). Then, the register output
is available after a specified delay assigned as clock-to-output delay (t.).

Logic 1 Metastable output A : ;
Logic 0 (resolves to new data aftertg) I

‘ A
Logic 1 Metastable output B T :
|

Logic 0 (resolves to old data after ;) : / \
0 l |
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AGH

Metastability

If a data signal transition don't meet these requirements, the output signals can go to a metastable
state. In a metastable state, the register output hovers at a value between the high and low states for
some period of time. This means that the output transition to a defined high or low state is delayed
beyond the specified clock-to-output delay (t.,). For this reason, the phenomenon of metastability is

very dangerous.

In synchronous systems, the input
signals always meet the register
timing requirements, SO
metastability = doesn't  appear.
Metastability problems commonly
appear when a signal is transferred
in asynchronous clock domains (for
example it is input signal from
another device). In that case, the
designer cannot guarantee that the
signal will meet timing
requirements, because the signal
can arrive at any time relative to
the destination clock.
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AGH Metastability

When a signal is transferred between circuits in asynchronous clock domains, it is necessary to
synchronize this signal to the new clock domain before it can be used. The first register in the new
clock domain acts as a synchronization register.

To minimize the failures due to metastability in asynchronous signal transfers, circuit designers
typically use a sequence of registers (a synchronization register chain or synchronizer) in the
destination clock domain to resynchronize the signal to the new clock domain. These registers allow
additional time for a potentially metastable signal to resolve to a known value before the signal is
used in the rest of the design.

Synchronization Chain

Data
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AGH Moore State Machine
nput Input
Input
@ State
w Outpu
Input

Generic Moore model

The most frequently used form of description (behavior) of state machine is a diagram.
The states of the machine are represented by circles.

Transitions between states are represented by arrows.

The transition conditions (combinations of inputs) are placed on the arrows.

= In a Moore machine, the state of the outputs is clearly related to the state of the
machine. The status of the outputs is placed inside the circles.
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AGH Moore State Machine

Q - machine state

(An-1s -+ 91 o) p .
X —inputs o a %1
(XM'l’ ces Xl’ Xo); —> Q—
. . Yo
_ d1 ol @ \ ¥ :
Y outputs 7 Combinational Combinational _
(Vp.1r - Y1 Yo / logic T logic - v
= < for . for
.. . 1 >\ next state : output
Transition logic: | \ .
ol - > dy-1 ql V-1
Qn+:|_ = f(xl Qn);
> Q—
Output logic: S
Y =1f(Q,);
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AGH Automat Mealy’ego
Input/Output
Input/Output
Input/Output
Input/Output

Generic Mealy model

The most frequently used form of description (behavior) of state machine is a diagram.
The states of the machine are represented by circles.

Transitions between states are represented by arrows.

The transition conditions (combinations of inputs) are placed on the arrows.

In a Mealy machine, the state of the outputs is a function of the state of the machine and
the inputs. The status of the outputs is placed on the arrows next to the status of the

inauts. \
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AGH Automat Mealy’ego
( N
Q — machine state “
(qN_ll e g1,y qo); /\/\ do b o %4
X —inputs —
) dy - al &
(XM-lr eee Xq XO); —/ Combinational
logic T
20 ';\ for .
Y — outputs : _>\ next state : Combinational W
(yP—ll cee yll yO); C— . ’w iy s - Jav Iof(g}:c y1 >
. Yyp-1
a— output >
Transition logic:
CLK /
O~n+1 = f(xl O~n); . .
L )
L i
Output logic:

Y =1(X, Q,);
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AGH

U G S o A

Synthesis of State Machines

Drawing a diagram describing the state machine.

Based on the diagram of the machine, draw a transition table and output table.
Simplify the machine if possible.

Encoding states.

Selecting a flip-flop.

Synthesis of combinational logic of transitions based on the transition table of the
machine and the excitation table of the flip-flop.

Synthesis of combinational logic of outputs based on the machine's output table.

Drawing a complete diagram with gates and flip-flops.
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Example of State Machine synthesis - Guarded railway crossing

AGH

TASK: Design a control system for raising/lowering railway barriers, based on
the signal from three train position sensors.

www.agh.edu.p
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Example of State Machine synthesis - Guarded railway crossing

AGH

TASK: Design a control system for raising/lowering railway barriers, based on the signal from three train position
sensors.

I d=a+c

d v d

Y Y Y Y Y Y Y

bd bd bd bd bd bd bd
B F
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AGH Example of State Machine synthesis - Guarded railway crossing

Diagram
bd/Y
‘)
_ bd/Y - >A6 bd/Y
bd/Y i " \}
k\._ - \/ h
Y ‘B bd/Y
%J x__)
llllll
bd/Y| bd/Y
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Example of State Machine synthesis - Guarded railway crossing
Transition and output table

AGH

S, X (wejscia) S, S, X (wejscia) '
(Stan aktualny) b d (Stan nastepny) (Stan aktualny) b d (Wyjscie)

0 0 A 0 0 0

0 1 B 0 1 1
A A

1 0 1 0

1 1 1 1 -

0 0 0 0 1

0 1 0 1 1
B B

1 0 1 0

1 1 - 1 1 -

0 0 C 0 0 1

0 1 - 0 1 -
C C

1 0 D 1 0 1

1 1 - 1 1 -

0 0 E 0 0 0

0 1 - 0 1 -
D D

1 0 D 1 0 1

1 1 - 1 1 -

0 0 E 0 0 0

0 1 F 0 1 0
E E

1 0 1 0

1 1 - 1 1 -

0 0 A 0 0 0

0 1 F 0 1 0
F F

1 0 1 0

1 1 1 1
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Example of State Machine synthesis - Guarded railway crossing
Rreduction of the number of states

AGH

B + C => BC bd/Y D +E => DE
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AGH Example of State Machine synthesis - Guarded railway crossing
Rreduction of the number of states

B+C=>BC D+ E=>DE

S, X (wejscia) S, S, X (wejscia) Y
(Stan aktualny) b d (Stan nastepny) (Stan aktualny) b d (Wyjscie)

0 0 A 0 0 0

0 1 BC 0 1 1

A 1 0 - A 1 0 -
1 1 - 1 1 -

0 0 BC 0 0 1

0 1 BC 0 1 1

BC 1 0 DE BC 1 0 1
1 1 - 1 1 -

0 0 DE 0 0 0

0 1 F 0 1 0

DE 1 0 DE DE 1 0 1
1 1 - 1 1 -

0 0 A 0 0 0

0 1 F 0 1 0

F 1 0 - F 1 0 -
1 1 - 1 1 -
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Example of State Machine synthesis - Guarded railway crossing

AGH
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Example of State Machine synthesis - Guarded railway crossing

AGH

bdl 00 | 01 | 11 | 10
9,

o|lololf-]-)
o1lo ol -1
11 | 1 (1 ] 1
oo [ 1
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bdl 00 [ 01 | 11 | 10
CR:A
00| o ( 1 f-) )
#
01| 1 Ll i J 1
111 o ll- |1
10l 0] o0]ll-]-
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Example of State Machine synthesis - Guarded railway crossing

AGH

Output logic
bdl 00 [ 01 | 11 | 10
9,
00| o (1 “-1 )
o [ 1]
11lololl- 1|1
10lo0o|oll-1]-
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Example of State Machine synthesis - Guarded railway crossing
Full diagram

AGH

r> U— r> U—
CLK

AW .:_ g'r: .El:ll -F
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