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- Combinational vs. Sequential Circuits -

Logic circuits are classified as combinational or sequential.

A combinational circuit is one whose outputs depend only on its current
Inputs. Example: TV channel selector.

A sequential circuit is one whose outputs depend on its current inputs,
but also on the past sequence of inputs. Example: TV channel selector
with channel up/down buttons.

It is impossible to describe the behaviour of a sequential circuit by
means of a table that relates inputs with outputs.

To know where to go next, we need to know where we are now.
The state of the system must be memorised.
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- State (1) -

The state of a sequential circuit is a collection of state variables whose
values contain all the information about the past necessary to account
for the circuit’s future behaviour.

In the TV channel example, the current channel number is the current
state.

Given the current state, we can always predict the next state as a
function of the inputs.

In a digital circuit, state variables are binary values.
A circuit with n binary state variables has 2" possible states.
Sequential circuits are also called finite-state machines.
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- State (2) -

The state changes occur at times specified by a clock signal.

A clock signal is active high if state changes occur at the clock’s rising
edge or when the clock is HIGH. Otherwise, it is active low.

The clock period (T) is the time between successive transitions in the
same direction.

The clock frequency (f) is the reciprocal of the clock period (f=1/T).

Two types of sequential circuits:

- Feedback sequential circuits use ordinary gates and feedback loops to obtain
memory elements (latches and flip-flops).

- Clocked synchronous state machines use latches and flip-flops to create
circuits that are regulated by a controlling clock signal.
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- Bistable Elements (1) -
The simplest sequential circuit consists of a pair Q
of inverters forming a feedback loop.
The circuit is called a bistable, since a digital
analysis shows that it has two stable states. QL

If Q is HIGH, the bottom inverter has a LOW output, which forces the top
inverter to produce a HIGH output (as assumed initially).

If Q is LOW, the bottom inverter has a HIGH output, which forces the top
inverter to produce a LOW output (as assumed initially).

We can use a single state variable (signal Q) to describe the state of the
circuit. There are 2 possible states, Q=0 and Q=1.
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- Bistable Elements (2) -

The bistable element is so simple that it has no inputs, so its state cannot be

controlled.

When power is applied to the circuit, it randomly comes up in one state and

stays there forever.

The analysis of the bistable from an analog
perspective shows more aspects.

The bistable is in equilibrium if the input
and output voltages of both inverters are
constant values consistent with the loop
connections and the transfer functions.
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- Bistable Elements (3) -

The bistable is in equilibrium at the points
marked “stable”.

The third equilibrium point, labelled
“metastable”, occurs when 'V, and V4,
have no valid logic values.

If the circuit operates at the metastable
point, it could stay there indefinitely.

= The point is METAstable, because random

noise will tend to drive the circuit toward one
of the stable points.

Ball and hill analogy for metastable point.
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- Latches and Flip-flops (1) -

= Latches and flips-flops are the basic building blocks of most sequential
circuits.

« Aflip-flop is a sequential device that samples its inputs and changes its
outputs only at times determined by a clocking signal.

= A latch is a sequential device that watches all of its inputs continuously
and changes its outputs at any time.
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- Latches and Flip-flops (2) -

R

Q
An S-R latch can be built with NOR gates.
QN is usually the complement of Q. oN
=

If S and R are both 0, the circuit behaves
like the bistable element.

Either S or R may be asserted to force the i : m; ;ZN
feedback loop to a desired state. :f' ; :’ ;
S sets or presets the Q output to 1. 11 0 0
R resets or clears the Q output to 0.

s al—
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- Latches and Flip-flops (3) -

S L

= An S-R latch with active-low set and reset or S 3 ) Q
inputs may be built with NAND gates. ><l

= The operation of this latch is similar to the
previous one, with two major differences. Sf% 3 > WN
First, S_L and R_L are active low, so the
latch remembers its state, when S=R=1. SLRL Q ON
Second, when S_L and R_L are both o o 1
asserted, both outputs go to 1 (not 0). Co

1 1 last Q last QN
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- Latches and Flip-flops (4) -

« An S-Rlatch is sensitive to its inputs at all times.

It may be modified to be sensitive to these inputs only when an enabling input
C is asserted.

= The circuit behaves like an S-R latch when C=1.
= |t retains its state when C=0.

=
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- Latches and Flip-flops (5) -

Latches are needed to store  °—1
bits of information. .
= A D latch can be used for ¢
that purpose. N
The D latch can be built —Do—
from an S-R latch.
c D ] N
This latch eliminates the troublesome situation in S-R 1 0 o 1
latches, where S and R may be asserted ; 1 | 1(} | f‘am
simultaneously.
= When C=1, the latch is open and the Q output follows —{o  al—

the D input. When C=0, the latch is closed. —1°
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- Latches and Flip-flops (6) -
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= Delays exist for signals that propagate from the inputs to the Q output.

= There is a window of time (setup time and hold time) around the falling edge
of C when the D input must not change.

The latch’s output is unpredictable, if those times are not respected.
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- Latches and Flip-flops (7) -

« A positive-edge-triggered D flip-flop combines a pair of D latches to create a
circuit that samples its D input and changes its outputs only at the rising
edge of the CLK signal.

kA D CLK ] QN
)= D w0 D QF—aQ
0 ; 0 1
C G Q0N
1 _r 1 0
¥ 0 last & last GN
CLK
¥ 1 last O last GOMN

= The first latch is called the master and it is open when CLK=0.
= When CLK goes to 1, the master latch is closed.

« The second latch, the slave, is open while CLK=1, but changes only at the
begin of the interval, because the master is closed.
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- Latches and Flip-flops (8) -

= The triangle on the CLK input is a dynamic-input indicator and
indicates edge-triggered behaviour.
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= A negative-edge-triggered D flip-flop simply inverts the clock input and

actions occur on the falling edge of the clock signal.
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- Latches and Flip-flops (9) -

= Some D flip-flops have asynchronous inputs that are used to I péﬁ 1
force its state, independent of the CLK and D inputs. b ap

« These inputs (PR and CLR) behave like the set and reset cLA
inputs on an S-R latch. ?

= They should be used for initialisation and testing purposes.

«  Some D flip-flops have the possibility to hold the last value stored. This is
accomplished by adding an enable input.

; D ENCLK @ QN
D —
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- Latches and Flip-flops (10) -

« S-R latches are useful for control applications, where we may have
independent conditions for setting/resetting a control bit.

If the control bit is supposed to change only at certain times with respect to a
clock signal, we need an S-R flip-flop.

5 R C 8] CN
Oo—5 QM 5
> S oe——=T"1° a—8Q x x 0 lastQ lastQN S — .
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| | undef. undef.
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- Latches and Flip-flops (11) -

= The problem of what to do when S and R are both asserted is solved in a
master/slave J-K flip-flop.

The J and K inputs are analogous to S and R.
However, asserting J asserts the master's S input only if Q=0.
« Asserting K asserts the master’s R input only if Q=1.

« Thus, if J and K are asserted simultaneously, the flip-flop goes to the
opposite of its current state.

|_ J K C Q QN
J }5 a aMm _T's a oq x x 0 lastQ last ON B ra—
C OM L— © 0 0 [ lastQ last QN e
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- Latches and Flip-flops (12) -

« AT flip-flop changes state every tick of the clock.

— T o 416 \ A \ A \ 1{_
ao- q iy, 3 i/ N\

= The signal on the flip-flop’s Q output has half the frequency of the T input.

« D and J-K flip-flops can be used to build a T flip-flop.

O Q O Q L G—a G
TO > CLK
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- Latches and Flip-flops (13) -

= AT flip-flop can have an enable input.

= The flip-flop changes state at the triggering edge of the clock, only if the
enable signal EN is asserted.

—— EN Qpb— = I \
—b>1 g T \ \ \
Q f \\

= D and J-K flip-flops can be used to build a T flip-flop with enable.

5 Q—l—na ENo—y—]J d—no

END TO > CLK
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- State Machine Design (1) -

A finite state machine (FSM) can be formally defined as the quintuple
<s,I,0,F,G>, where:

- S represents the set of states.

- I represents the set of inputs.

- O represents the set of outputs.

- F represents the next-state function.

- G represents the output function.

The F function assigns to every pair of state and input combination another
state (F : SxI—S).

The G function determines the output values in the present state.
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- State Machine Design (2) -

« There are 2 types of FSMs, which correspond to 2 different definitions of the
output function G.

= For the Moore type, the G function is state-based (G : S—0).

= An output symbol is assigned to each state of the FSM.

« For the Mealy type, the G function is input-based (G : SxI—0).
= An output symbol is defined by a pair of state and input symbol.

= The FSM model assumes that time is divided into uniform intervals and that
transitions occur only at the beginning of each time interval.

= There is a clock signal that defines the time intervals, called clock cycles.
« Each FSM model can be implemented with flip-flops and logic gates.
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- State Machine Design (3) -

General structure of a clocked synchronous Mealy State Machine:

inputs —— ——»| Next-state
Logic

— E

axcitation

State
Memory

clock input

B—

current state
|

clock

signal

Output

, Logic

——» outputs

The State Memory is a set of flip-flops that store the current state of the
machine. The flip-flops are connected to a common clock signal.

Both F and G are strictly combinational circuits.
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- State Machine Design (4) -

General structure of a clocked synchronous Moore state machine:

nputs —————)| Next-state | aycitation State current state Cutput
Legic Memory S Ledic  P———% outputs
» F ]

clock input

clock
signal

The only difference between Mealy and Moore machines is in how the
outputs are generated.

To simplify the G block to just wires, we can use the output-coded state
assignment, where the state variables serve as outputs.
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- State Machine Design (5) -

= The steps to design a clocked synchronous state machine are:
- Read the natural language description or specification of the system.
- Draw a state diagram, using mnemonic names for the states.
- Construct a state/output table.
- (Optional) Minimise the number of states in the table.
- Choose a set of state variables and assign state combinations to each state.
- Substitute the state names for the corresponding state combinations in the table.
- Choose a flip-flop type for the state memory.

- Construct an excitation table that shows the excitation values required to obtain
the desired next state for each state/input combination.

- Derive excitation equations.
- Derive output equations.
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- State Machine Design (6) -

Example of a state machine problem:

Design a state machine with inputs A and B, and output Z that is 1 if:
- A had the same value at each of the two previous clock ticks, or
- B has been 1 since the last time that the first condition was true.

Otherwise, the Z output is 0.
Right now, the meaning of the specification may not be clear.

The designer has to transform an ambiguous specifications written in
natural language into an unambiguous state table.

The machine is of Moore type, since the output depends only on the
current state, that is, what happened in previous clock periods.
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- State Machine Design (7) -

AB AB
MMeaning 5 Qg al 11 14 £ MMeaning 3 Qg gl 11 14 £
Initial state INIT 0 Initial state INIT AO AO Al Al Q
Gotadon A AD 0
Gotaion A Al 0

3 S

AB AB
Meaning 5 o gl 11 10 £ Meaning 5 iy Jl 11 10 Z
Initial state INIT AO AO Al Al 0 Initial state INIT AO AD Al Al Q
Gotadon A AO ] Ok Al Al 0 GotaOon A AO ] ] Al Al Q
Gotalon A Al 0 Gotalon A Al A0 A QK Ik 0
Got two equal Ainputs QK 1 ot two aqual Ainputs QK 1

S S
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- State Machine Design (8) -

AB AB
Meaning 5 0o al 11 1a £ Meaning 5 Qa al 11 14 7
Initial state IMNIT A A Al Al §] Initial state IMNIT A A Al Al §]
Gotadon A A QK Ok Al Al 8] Gotadon A A QKO QKD Al Al 8]
Gotaton A Al A AO ok ] 8] Gotaton A Al A AO QK1 OKi 8]
Got two equal A inputs  OK T QK QK I 1 Two equal, A=D |ast kD 1
Two equal, A=1 last ] B 1

3 3

AB AB
Meaning & 0o al 11 14 £ Meaning & Qa al 11 1Q £
Intial stata INIT A A0 Al Al 0 Intial stata INIT A A0 Al Al 0
GotaOon A A QKO QKD Al Al 0 GotaOon A A QKO QKD Al Al 0
Gotalon A Al A A0 QK1 QKt 0 Gotalon A Al A A0 QK1 Okt 0
Two aqual, A=D [ast QKD OkD QR0 Ok Al 1 Two aqual, A=D [ast QKD QOkKo ako QK1 Al 1
Two aqual, A=1 [ast ok 1 Two aqual, A=1 [ast ok A oKD k1 QK 1

S S
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- State Machine Design (9) -

The next step is to determine how many binary variables are needed to
represent the states in the state table.

After that, specific combinations are assigned to each state.

The binary combination of state variables assigned to a particular state is a
coded state.

AQ

With n flip-flops, 2" states can be coded. s m®m @ n
The number of flip-flops needed to code s INT A0 A0 A1 A

AQ OkO QKA A Al

states is | log,s |. M A0 M OKI OK

In our problem, there are 5 states, so 3 flip- 2 2 o &

flops are required. P

= = =T I
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- State Machine Design (10) -

There are several alternatives to code the 5 states.

Assignment

State Simpiesi Decomposed One-hot Almost One-hot
Name Q133 q1—q3 Qa5 Q1M

IMIT Qo0 Qo0 Qo001 Qo0

A0 001 100 Qo010 Qo01

A 010 101 Qo100 Q010

kA 011 110 Q1000 0100

5] ,4 100 111 10000 1000

The simplest assignment of s coded states is to use the first s binary
Integers in binary counting order.

This assignment does not always lead to the simplest excitation equations,
output equations and resulting logic circuit.
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- State Machine Design (11) -

= The state assignment has a major impact on circuit cost.

It may interact with other factors, such as the choice of storage elements
and the realisation approach for excitation and output logic.

How to choose the best state assignment for a given problem?

In general, the only formal way to find the “BEST" assignment is to try ALL
the assignments.

= Thatis not possible to do by hand!!! For our example, there are 6.720

different ways to assign the 3-bit combinations to the 5 states.

Designers must rely on practical guidelines to achieve reasonable state
assignments.
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- State Machine Design (12) -

= Guidelines for state assignment:

- Choose an initial coded state into which the machine can easily be forced at reset
(typically, 000...0 or 111...1).

- Minimise the number of state variables that change on each transition.
- Maximise the number of state variables that don’t change in a group of related states.

- Exploit symmetries in the problem specification and the corresponding symmetries in the
state table. If one state or group means almost the same thing as another, once an
assignment is established for the first, a similar assignment (differing in one bit) should
be used for the second.

- Decompose the set of state variables into individual bits or fields, where each one has a
well defined meaning with respect to the input effects or the output behaviour.

- Consider using more than the minimum number of state variables to make possible a
decomposed assignment.
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- State Machine Design (13) -

«  Some of the previous guidelines were used in the

decomposed state assignment. State  Decomposed
INIT is 000, which is easy to force with the INTT 000

. . AQ 100
asynchronous CLR input of the flip-flops. . o1
INIT is never re-entered, once the machine is g;ﬂ if

working. Q1 is used to indicate whether or not the
actual state is INIT.

« Q2,Q3 are used to distinguished among the other 4 states.
= Q3 gives the previous value of A.
« Q2 indicates that the condition for a 1 output are satisfied in the current

state.
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- State Machine Design (14) -

Stato Ore-hot Almost Ore-haot

The one-hot state assignment can be adapted to any 2ame 9797 @74

. IMIT Qoo01 Qo0
state machine. v ooois oo
This assignment uses more than the minimum A 00100 0010
number of state variables: it uses 1 bit per state. oo oo 0100

] 10000 1000

This usually leads to small excitation equations,
since each flip-flop must be set to 1 for transitions into only one state.

The almost one hot assighment uses the no-hot combination for the initial
state.

This eases the reset of the machine, since the initial state is 00...0.
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- State Machine Design (15) -

There are unused state codes when the number of states is less than the
number of state variable combinations.

How to consider those unused states?

In a minimal risk approach, it is assumed that the machine may go to an
unused state, due to a hardware failure, for example.

For all the unused states, an explicit transition to a safe state is made.

In a minimal cost approach, it is assumed that the machine will never enter
an unused state.

The next state entries of the unused states can be marked as “don’t cares’.
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- State Machine Design (16) -

A transition table is obtained by substituting the state names by the
corresponding code states.

The transition table shows the next coded state for each combination of
current coded state and input.

For the state machine example, the ag
transition table is obtained by using the qieeGa o8 m 11w 2
decomposed state assignment. 000 100 100 101 101 O
) ) . . 100 110 110 101 101 ©
The next step is to write an excitation table 101 100 100 111 111 O
that shows the flip-flop excitation values o 1o 1ig iilodon i
. 111 100 110 111 111 1
needed to make the machine go to the T

desired next coded state.
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- State Machine Design (17) -

= The structure and content of the excitation table depend on the type of flip-

flop (D, J-K, T, etc.) being used.

Nowadays, most state-machine designs use D flip-flops, because of their
availability in both discrete packages and PLDs, and their ease of use.

= The characteristic equation of a D flip-flop is: A

Q*=D. QIGEGT M0 M 11
. . . : Qoo 100 100 101 101
For D flip-flops, the excitation table is 06 116 116 101 101

identical to the transition table, except for the 101 100 100 111 111
|abe|S 110 110 110 111 101

111 100 110 111 111
Cn Dz C4a

- - =1
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- State Machine Design (18) -

= The excitation table is like a truth table for 3 combinational functions

(D1,D2,D3) of 5 variables (A,B,Q1,Q2,Q3).

The information in the excitation table can be transferred to Karnaugh
maps, to find minimal expressions for each function.

= The excitation table does not specify functional values for all input

combinations, since the information for the unused states is not
specified.

For our example, we will take the two approaches previously referred:
minimal risk and minimal cost.
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- State Machine Design (19) -

In a minimal-risk approach, the
next state for each unused state
is 000.

From the maps the following

expressions can be obtained:
D1 =Q1+Q2’-Q3’
D2 = Q1-Q3-A’+Q1-Q3-A+Q1-Q2:B
D3 = Q1-A+Q2-Q3"-A
Z is active for states 110 and 111
Z=Q1-Q2-Q3 + Q1-Q2-Q3
=Q1-Q2

D1

A

A

AB AB —
QEQE\ oo o1 11 4o QEQE\ oo o1 11 40
oo|{1 | 1 |1 |1 qopge 001 |1 [ 1] 1)
01| o 0| o o1/ 1 [ 1 [ 1 |1
L3 3
11l oo |o|o 1111
=l R CEEEERE
olo|o|olo 0
. -\-\ Q1
| I | | I |
Q1=0 B Q=1 B
L2 Qa3 A Q1A
D3 A A
opoa™, 00 01 11 10 Qe Qa™ 00 01' 11 10
ool o | o |[{(T [ TF oo| o | o [f7 [ 1]
oo o |o|o o1 o | o | 1] 1
3 3
1o fofo|o 1o o |11
Q2 Q2
1o o o |o|o 100 |0 |1 |1
[ E—
|  —
Q1=0 B Q1=1 B
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- State Machine Design (20) -

In a minimal-cost approach, the
next state for each unused state
s a “dont-care”.

From the maps the following

expressions can be obtained:
D1=1

D2 =Q1-:Q3-A’+Q3-A+Q2:B

D3=A

Z is active for states 110 and 111
and don’t-care for the unused

states.
Z=Q2

D1 A A
AE — AB —
QEQB\ oo o1 11 1D QEQB\ 0 T T A e I
ooff[1 [1 |1 [1] ooff[1 [ 1 [1|1]
"“\-.___\_\_\__1_\_\-\_\!-%
oMi|d |d |d|d o1 |1 |1 |1
Q3
Mld |d |d | d "1 111 |1
Qp Q2
10d |d |d|d 1001 111
—_ 1 | I
G1=0 B Of=1
D3 A A
AB 1 AB 1
02 08 oo o 11D 02 08 oo o1 11 1D
e A e
oofo |0 1 1] — \\EE o |lo |1 |1
01| d | d ||d | d mlo o |1 ] 1
*%)
1|d |d|d|d "lo |o |1 |1
Q2 Q2
10/d | d ||d |d 1o |o |1 ]1
| NN T | NN T
| I | I
Q1=0 E Q=1 =
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- State Machine Design (21) -

O 1
1 D Q “
>CLK QlO—
CLA
af o)
o
= D2 Q2
D i
= +—I>CLK Qi0—
A ’ - CLA
= |
B ° D3 Q2
D i
—»clk QlD—
CLA
RESET L . ':F'
CLK
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- State Machine Design (22) -

State diagrams are often used to design state machines.
Designing a state diagram is similar, but simpler, to design a state table.

A state diagram can contain some ambiguities, which is not possible in a
state table.

In an improperly constructed state diagram, the next state for some input
combinations may be unspecified, which is undesirable.

It is also possible that multiple next states exist for the same input
combination.
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- State Machine Design (23) -

= The next example is a state machine that control the tail lights of a car.
= The machine has 2 input signals, LEFT and RIGHT.
It also has an emergency HAZ input that makes the 6 lights to flash.

ENEREN
UMINHO T
i) ‘\ il
(@)

LC

LA

HA

W

4 Y

P

W

’ b

W

W

'y w

W

’ h "




« Multiple inputs asserted simultaneously (LEFT
and HAZ at IDLE) are not handled.

/. Sequential Circuits

State diagram and Output table for the car

lights controller.

- State Machine Design (24) -

Cutput Table

State LC LE LA RA HE RC

IDLE
L1
L2
L3
R
Re
Ra

LR3

0
0
0
1
0
0
0
1

o 0

P o T o T - R W S Y
—4 & & Q3 O 3O 3O 3
- & O 3 O O O 3

- O O >33 4 4 O 3O
T = = I

LRa
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- State Machine Design (25) -

Priority was given to the HAZ input.

When LEFT and RIGHT are asserted
simultaneously, it is assumed that an
emergency Is requested.

The new state diagram is unambiguous.

The transition expressions on the arcs
leaving the same state are mutually
exclusive and all-inclusive.

- No two expressions are 1 for the same input
combination.

- Some expression is 1 for every input
combination

HAZ + LEFT -RIGHT

=] LH3
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- State Machine Design (26) -

= Once a left- or right-turn cycle has begun, if
must be finished even if an emergency is
requested.

= |tis safer to have the machine go into LR3
state as soon as possible.

= There are 8 states, so 3 flip-flops are
needed to synthesise the circulit.

Slale Q2

IDOLE 0
L 0
Lz 0

L3 0

1
1
1
1

2
|
=

R1

Rz
Ra
LR3

0O = = O = = D& D
O O = = O = = D
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5 F Q1 Qf TensilonExpression 5+ G2 QJiv Qe
IDLE 0 0 0 [LEFT+RAIGHT+HAL IDLE 0 0 0
IDLE 0 0 0  LEFT-HAZ - AIGHT 1 0 ¥ 1
IDLE 0 0 0 HAZ4LEFT- RAIGHT LR3 1 ¥ 0
IDLE 0 0 0  RIGHT- HAE - LEFT A1 1 ¥ 1
L ] ] 1 HAD Le 0 1 1
L 0 ] 1 HAZ LR3 1 ¥ 0
L= ¥ 1 1 HAD (e ] 1 0
L= ¥ 1 1 HAZ LR3 1 ¥ 0
L3 ¥ 1 | IDLE ¥ ¥ 0
R 1 0 1 HAE Rz 1 1 1
R 1 ¥ 1 HAZ LR3 1 0 0
Rz 1 1 1 HAE R 1 1 0
Rz 1 1 1 HAZ LR3 1 0 0
Fa 1 1 o 1 IDLE 0 0 0
LR3 1 0 o 1 IDLE 0 0 0
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= VHDL does not provide any special language constructs for specifying
state machines.

Most of the VHDL features that are needed to support clocked synchronous
state machines were already introduced.

= A VHDL process and the simulator’'s mechanism for tracking signal
changes form the basis for handling sequential circuits in VHDL.

= The event attribute can be attached to a signal name to yield a value that
IS true if the signal has changed value.

= This allows edge-trigger behaviour to be modelled.

= The usage of enumerated types and CASE statements is also popular for
describing state machines.
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Positive-edge-triggered D flip-flop
with asynchronous clear.

The CLR input overrides any
behaviour on the CLK inpult.

CLK’ event IS true for any
change on CLK.

Two other ways to construct
processes or statements with
edge-triggered behaviour.

library IEEE;
use IEEE.zstd _logic 1164 _411;

entity VporsDEf iz
port (CLE, CLE, D: in S5TL_LOGIC;
2, QH: ocut STD _LOGSIC ] ;5
end VpozDEE;

&ar chitecture VporDEff _sarch of VporzDEf Hiz
Eergin
proceszs [CLE, CLE]
begin
if CLE='1'" then Q <= '0'; QH = '1';
elzif CLE'mwent a&and CLE='l' then Q <= L0; QH <= not O;
end if;
=nd proceszy
=nd VposDEE sarch;

Process
wait until CLE 'swent s&and CLE='1' ;
Q <= Dj

=ud processy

3 <= D0 when CLE '=wvent sand CLE=']l' sl=ze Q;
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= There are many possible ways of writing a VHDL program that meets the

stated requirements.

The first approach is to construct a state and output table by hand and the
manually convert it into a corresponding program.

= The first thing is to create an enumerated type (Sreg—-type), whose

values are identifiers corresponding to the state names.

It then declares a signal of that enumerated type , which is used to hold the
machine’s current state.

The statement part of the architecture, has two concurrent statements.

= The process is sensitive only to CLOCK and establishes all of the state

transitions.

= The selected-assignment statement handles the machine’s Moore output z.




library IEEE;
tse IEEE.std_logic_1164.=211;
[ |

entity smexamp 1is
port { CLOCE, A, B: in STD_LOGIC;

Sequential .. e |

architecture smexamp_srch of smexamp is

] ]
type Sreg_type is (IMNIT, RO, A1, OEO, OEl);
I r‘ l I I S signel Sreg: Srec_types;

begin
- I/HDL (4) - process (CLOCE) -- state-machine states and transitions
becin
if CLOCK'event and CLOCK = 'l' then
cese Sreg is
when INIT => if A='0" then Sreg <= AD;
elsif AZ='l"' then Sreg <= Al; end 1f;
AB when AD =X> if A='0" then Sreg <= QOKO;
elsif A='l' then Sreg <= A1; end 1if;
5 L b1 1 1 Z when Al => if A='0" then Sreg <= A0;
INIT An AR A Al 0 elsif Z='l"' then Sreg <= 0Kl; end if;
when OKD => 1f A="'0" then Sreg <= 0QKO;
AQ QKD oKD A Al . el=if 2='1" and B='D' then Sreg <= Al1;
Al AQ AQ QK1 OK1 0 elsif A='1" and B='l" then Srec <= 0Kl; end if;
Ok QEg ko QK A 1 when OK1 => 1f A='0" and B="'0" then Sreg <= AD;
K AD Ak Akl oKl 1 Els?f A='0D'" and B="1" Fhen Sreg <= 0QED; .
elsif A="'1" then Sreg == CKl1; end 1f;
= when others => Sreg <= INIT;
end case;
end 1f;
end process;
with Sreg select -- output wvalues based on state

Z <= '0" when INIT | A0 | A1,
"l'" when OEO0O | OFEKL,
'0' when others;

end smexamp_arch;
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What about the state-assignment problem?

A synthesis tool is free to assign any integer values (or binary combinations)
it likes with the identifiers of an enumerated type.

The typical assignment is the “simplest”, using the order in which the states

are listed.

However, designers can force a different assignment.

One way is to use VHDL's
attribute statement.

The VHDL language processor
ignores this value, but passes this
information to the synthesis tool.

library IEEE;

use IEEE.=std logic_1164.all;
library SYNOPEYS;

use SYMNOPSYS.attributes.all;

architecture smexampe_arch of smexamp is

type ESreg_type is (IMNIT, AD, A1, OKD, OKLl);

attribute enum encoding of Sreg_type: type 1s
"oooo 0001 0010 0OlOo0 1o0oM;

signal Sreg: Sreg_tyoe;
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= Another way to force a state assignment is to define the state register more
explicitly using standard logic data types.

library IEEE;
use IEEE.std_logic_1164.all;

architecture smexampc_arch of smexamp is
subtype Sreg_type is STD_LOGIC_VECTOR (1 to 4);

constant IINIT: Sreg_type := "0000O";
constant A0 : Sreg_type = "0001";
constant Al : Sreg_type := "0010";
constant OK0O : Sreg_type := "0100";
constant OKl : Sreg_type := "1000";

signal Sreg: Sreg_type;
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« Car’s light problem:
state machine
specified in VHDL.

eatity Vitbird i=

then
then
then

LIGHTS

LIGHTS

LIGHTS
LIGHTS

sort ( CLOCK, RESET, LEFT, RIGHT, HAZ: in STD_LOGIC;
LIGHTS: buffer STD_LOGIC_VECTOR (1 to &) §;
aad;
architecturs Vtbhird_arch of Vthird i=
coastant IDLE: STD_LOGIC_VECTOE (1 teo &) = "000000";
coastant L2 : STD_LOGIC_VECTORE (1 to &) Tlllagon;
coastant L2 STD _LOGIC_VECTOR (1 to &) = "1ll0000";
coastant L1 STD LOGIC_VECTOR (1 to &) = "10000o";
coastant E1 STD _LOGIC_VECTOR (1 to &) = "00000L1";
coastant R2 STD LOGIC_VECTOR (1 to &) = "O00OoLl"™;
coastant R2 STD LOGIC_VECTOR (1 to &) L
coastant LE2 STD LOGIC_VECTOR (1 to &) = "111111";
begin
Trocess (CLOCE)
begin
if CLOCE'ewveat and CLOCE = "l' then
1if EESET = 'l'" thea LIGHTS <= IDLE; =l==
caze LIGHTS i=
when IDLE => 1f HAE='l"'" or (LEFT='l' and RIGHT='"l"])
el=if LEFT='L1"
2l=1f RIGHT='1l"
el==
ead 1f;
when L1 => 1f HAZ='l" then LIGHTS == LE3; =l==
when L2 => 1f HAZ='l" then LIGHTS == LE3; =l==
whena L2 =» LIGHTSZ <= IDLE;
whena R1 =>» 1f HAZ='l" thea LIGHTS <= LE3; =l==
when R2 => 1f HAZR='l" then LIGHTS == LE3; =l==
when R3 => LIGHTS <= IDLE;
when LRX = LIGHTS <= IDLE;
when others => auall;

ead case;
end 1f;
ead 1f;
end procsss;
zad Vtbhird _arch;

LIGHTS <==
LIGHTE ==
LIGHTE ==
LIGHTSE ==

=ncd
=ncd

== Li;
== L3i;

<= R2;
== R3;

aad
=

LE3;
Ll;
El;
IDLE;

if;
if;

1f;
if;




