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Chapter 7: Sequential Logic Design

In this chapter we begin looking at sequential logic design. Sequential logic design differs from
combinational logic design in that the outputs of the circuit depend not only on the current values of the
inputs but also on the past values of the inputs. This is different from the combinational logic design
where the output of the circuitry depends only on the current values of the inputs. The ability of a
sequential logic circuit to base its outputs on both the current and past inputs allows more sophisticated
and intelligent systems to be created. We begin by looking at sequential logic storage devices, which are
used to hold the past values of a system. This is followed by an investigation of timing considerations of
sequential logic circuits. We then look at some useful circuits that can be created using only sequential
logic storage devices. Finally, we look at one of the most important logic circuits in digital systems, the
finite-state machine. The goal of this chapter is to provide an understanding of the basic operation of
sequential logic circuits.

Learning Outcomes—After completing this chapter, you will be able to:

71 Describe the operation of a sequential logic storage device.

7.2 Describe sequential logic timing considerations.

7.3 Design a variety of common circuits based on sequential storage devices (toggle flops,
ripple counters, switch debouncers, and shift registers).

7.4 Design a finite-state machine using the classical digital design approach.

7.5 Design a counter using the classical digital design approach and using an HDL-based,
structural approach.

7.6 Describe the finite-state machine reset condition.

7.7 Analyze a finite-state machine to determine its functional operation and maximum clock
frequency.

7.1 Sequential Logic Storage Devices

7.1.1 The Cross-Coupled Inverter Pair

The first thing that is needed in sequential logic is a storage device. The fundamental storage device
in sequential logic is based on a positive feedback configuration. Consider the circuit in Fig. 7.1. This
circuit configuration is called the cross-coupled inverter pair. In this circuit if the input of U1 starts with a
value of 1, it will produce an output of Q = 0. This output is fed back to the input of U2, thus producing an
output of Qn = 1. Qn is fed back to the original input of U1, thus reinforcing the initial condition. This
circuit will hold, or store, a logic 0 without being driven by any other inputs. This circuit operates in a
complementary manner when the initial value of U1 is a 0. With this input condition, the circuit will store a
logic 1 without being driven by any other inputs.
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Storage using a Cross-Coupled Inverter Pair
Storinga 0 Storing a 1

Fig. 7.1
Storage using a cross-coupled inverter pair

7.1.2 Metastability

The cross-coupled inverter pair in Fig. 7.1 exhibits what is called metastable behavior due to its
positive feedback configuration. Metastability refers to when a system can exist in a state of equilibrium
when undisturbed but can be moved to a different, more stable state of equilibrium when sufficiently
disturbed. Systems that exhibit high levels of metastability have an equilibrium state that is highly
unstable, meaning that if disturbed even slightly the system will move rapidly to a more stable point of
equilibrium. The cross-coupled inverter pair is a highly metastable system. This system actually contains
three equilibrium states. The first is when the input of U1 is exactly between a logic 0 and logic 1 (i.e.,
Vcc/2). In this state, the output of U1 is also exactly Vcc/2. This voltage is fed back to the input of U2, thus
producing an output of exactly Vcc/2 on U2. This in turn is fed back to the original input on U1 reinforcing
the initial state. Despite this system being at equilibrium in this condition, this state is highly unstable.
With minimal disturbance to any of the nodes within the system, it will move rapidly to one of the two more
stable states. The two stable states for this system are when Q = 0 or when Q = 1 (see Fig. 7.1). Once
the transition begins between the unstable equilibrium state toward one of the two more stable states, the
positive feedback in the system continually reinforces the transition until the system reaches its final
state. In electrical systems, this initial disturbance is caused by the presence of noise, or unwanted
voltage in the system. Noise can come from many sources including random thermal motion of charge
carriers in the semiconductor materials, electromagnetic energy, or naturally occurring ionizing particles.
Noise is present in every electrical system so the cross-coupled inverter pair will never be able to stay in
the unstable equilibrium state where all nodes are at Vcc/2.

The cross-coupled inverter pair has two stable states; thus it is called a bistable element. In order to
understand the bistable behavior of this circuit, let’s look at its behavior when the initial input value on U1
is set directly between a logic 0 and logic 1 (i.e., Vcc/2) and how a small amount of noise will cause the
system to move toward a stable state. Recall that an inverter is designed to have an output that quickly
transitions between a logic LOW and HIGH in order to minimize the time spent in the uncertainty region.
This is accomplished by designing the inverter to have what is called gain. Gain can be thought of as a
multiplying factor that is applied to the input of the circuit when producing the output (i.e., Vout = gain-Vi,).
The gain for an inverter will be negative since the output moves in the opposite direction of the input. The
inverter is designed to have a very high gain such that even the smallest change on the input when in the
transition region will result in a large change on the output. Consider the behavior of this circuit shown in
Fig. 7.2. In this example, let’s represent the gain of the inverter as —g and see how the system responds
when a small positive voltage noise (V,) is added to the V¢¢/2 input on U1.
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simplicity.

(1) A small amount of
noise is added to Vcc/2
at the input of U1. This

pushes it slightly
toward a logic 1.

(3) The amplified noise is
fed to the input of U2.

(5) When the noise is fed
back to the input of U1, it
pushes it even more
toward a logic 1.

(7) The amplified noise is
fed to the input of U2.

state and will store Q=0.

The system reaches
stability once the input of
U1 cannot be increased
any further.

Examining Metastability — Moving Toward the State Q=0.

Let's consider how this circuit responds when its initial value at the input to U1 is directly in
betweenaOand a 1 (e.g., Vcc/2).

The input to U1 is Vcc/2, which creates an output of

Veel2.

The output of U1 is fed to the input of U2, again

producing an output of Vee/2 on U2,

The output of U2 is fed to the input of U1, thus

reinforcing the original value of V¢c/2. We can say
that the circuit is in an equilibrium state.

—
Q
P
—  -g-Vn i +g*Vn
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Now let's consider how this circuit responds when a small amount of positive noise (V,) is
added to the input of U1 when it is at Vc/2. The Veo/2 component is not shown for

(2) This noise is amplified by
the inverter with a negative
gain, pushing it slightly
toward a logic 0.

(4) The noise is amplified
again, thus creating an even
larger, positive voltage that is
fed back to the original input
of U1.

(6) The noise is amplified
further, pushing the output
even more toward a logic 0.

(8) The noise is amplified
again, thus creating an even
larger, positive voltage that is
fed back to the original input
of U1.

This process continues until the voltage at the input of U1 reaches V¢ and cannot be
increased further. Simultaneously, the voltage at the input to U2 is decreased until it
reaches GND and cannot be decreased further. At that point, the system is at a stable

In this stable state, the
system is holding, or
storing a value of Q=0.

Fig. 7.2

Examining metastability moving toward the state Q = 0
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Figure 7.3 shows how the system responds when a small negative voltage noise (—V,,) is added to

the Vcc/2 input on U1.

simplicity.

(1) A small amount of
negative noise is added
to Vcc/2 at the input of
U1. This pushes it
slightly toward a logic 0.

(3) The amplified noise is
fed to the input of U2.

(5) When the noise is fed
back to the input of U1, it
pushes it even more
toward a logic 0.

(7) The amplified noise is

and will store Q=1.

-V

Examining Metastability — Moving Toward the State Q=1.

+g-Vn

fed to the input of U2. ——

+g"Vn

Now let's consider how this circuit responds when a small amount of negative noise (-V,) is
added to the input of U1 when it is at Vcco/2. The Vec/2 component is not shown for

(2) This noise is amplified by
the inverter with a negative
gain, thus creating a positive
voltage and pushing it slightly
toward a logic 1.

(4) The noise is amplified
again, thus creating an even
more negative voltage that is
fed back to the original input
of U1.

(6) The noise is amplified
further, pushing the output
even more toward a logic 1.

(8) The noise is amplified
again, thus creating an even
more negative voltage that is
fed back to the original input
of U1.

This process continues until the voltage at the input of U1 reaches GND and cannot be
decreased further. Simultaneously, the voltage at the input to U2 is increased until it
reaches V¢c and cannot be increased further. At that point, the system is at a stable state

The system reaches —  GND Vee  ¢—— |n this stable state, the
stability once the input of Q system is holding, or
U1 cannot be decreased b storing a value of Q=1.

any further.
Vce >GND Qn
u2

Fig. 7.3

Examining metastability moving toward the state Q = 1

7.1.3 The SR Latch

While the cross-coupled inverter pair is the fundamental storage concept for sequential logic, there
is no mechanism to set the initial value of Q. All that is guaranteed is that the circuit will store a value in
one of the two stable states (Q = 0 or Q = 1). The SR Latch provides a means to control the initial values
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in this positive feedback configuration by replacing the inverters with NOR gates. In this circuit, S stands
for set and indicates when the output is forced to a logic 1 (Q = 1), and R stands for reset and indicates
when the output is forced to a logic 0 (Q = 0). When both S = 0 and R = 0, the SR Latch is putinto a store
mode, and it will hold the last value of Q. In all of these input conditions, Qn is the complement of
Q. Consider the behavior of the SR Latch during its store state shown in Fig. 7.4.

SR Latch Behavior — Store State (S=0, R=0)
To understand the operation of an SR latch, recall the truth table for a NOR gate:

R For a NOR gate, anytime there is a 1 on an
Q input, the output is a 0 regardless of the value
of the other input. The only time the output is
a 1is when both inputs are both 0's.

Qn
s NOR
u2

of 1
01| 0
1 0] 0
11] 0

Storing Q=0, Qn=1: (S=0, R=0)

If Q starts at a 0, it will be fed back to U2 creating an
output of @Qn=1. This 1 will be fed back to the input of
U1 creating an output of Q=0, thus reinforcing the initial
state and storing Q=0, Qn=1.

A B
00

NOR 0 1| 0 (U1)
10| 0
1 1] 0

If Q starts at a 1, it will be fed back to U2 creating an
output of Qn=0. This 0 will be fed back to the input of
U1 creating an output of Q=1, thus reinforcing the initial
state and storing Q=1, Qn=0.

A B |Out

0 0 1 (U1
NOR 0 11 0

10| 0 (U2)

1:1] 0

Fig. 7.4
SR Latch behavior: store state (S =0, R = 0)

The SR Latch has two input conditions that will force the outputs to known values. The first condition
is called the set state. In this state, the inputs are configured as S = 1 and R = 0. This input condition will
force the outputs to Q = 1 (e.g., setting Q) and Qn = 0. The second input condition is called the reset
state. In this state the inputs are configured as S = 0 and R = 1. This input condition will force the outputs
to Q = 0 (i.e., resetting Q) and Qn = 1. Consider the behavior of the SR Latch during its set and reset
states shown in Fig. 7.5.
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SR Latch Behavior — Set (S=1, R=0) and Reset (S=0, R=1) States
Setting Q=1: (S=1, R=0)

If S=1, it will force an output on U2 of Qn=0. This
will be fed back to U1 creating an output of Q=1.
This is fed back to U2 reinforcing the original
output of Qn=0. This state will have outputs of
Q=1, Qn=0.

R=0

NOR

0
0
1
1

Resetting Q=0: (S=0, R=1

RN s PN o |
o

If R=1, it will force an output on U1 of Q=0. This _~* R=1
will be fed back to U2 creating an output of

Qn=1. This is fed back to U1 reinforcing the

original output of Q=0. This state will have

outputs of Q=0, Qn=1.

A

B [ Out

of 1 (U2
1

0

1

S=0

NOR

=00

0 (U1)

Fig. 7.5
SR Latch behavior: set (S =1, R =0) and reset (S =0, R = 1) states

The final input condition for the SR Latch leads to potential metastability and should be avoided.
When S =1 and R = 1, the outputs of the SR Latch will both go to logic 0’s. The problem with this state is
that if the inputs subsequently change to the store state (S = 0, R = 0), the outputs will go metastable and
then settle in one of the two stable states (Q = 0 or Q = 1). The reason this state is avoided is because
the final resting state of the SR Latch is random and unknown. Consider this operation shown in Fig. 7.6.

SR Latch Behavior — Don't Use State (S=1, R=1)
S=1, R=1
When both S=1 and R=1, it forces the outputs of
both U1 and U2 to 0. These 0's are fed back to
the U2 and U1 but have no impact on the
outputs. This input condition results in Q=0 and
Qn=0.

The problem with this state is that if the inputs are changed to the store state (S=0, R=0),
the outputs will go metastable and then ultimately go to one of the two stable states (Q=0
or Q=1). The problem is that the final state is random and unknown.

Fig. 7.6
SR Latch behavior: don’t use state (S=1and R = 1)
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Figure 7.7 shows the final truth table for the SR Latch.

SR Latch Truth Table
The following is the final truth table for the SR Latch.

R
Q SRl Q an
0 0| LastQ LastQn Hold or Store
01 0 1 Reset
1. O 1 0 Set
11 0 0 Don't Use
s Qn

uz

Fig. 7.7
SR Latch truth table

The SR Latch has some drawbacks when it comes to implementation with real circuitry. First, it takes
two independent inputs to control the outputs. Second, the state where S = 1 and R = 1 causes
problems when real propagation delays are considered through the gates. Since it is impossible to
match the delays exactly between U1 and U2, the SR Latch may occasionally enter this state and
experience momentary metastable behavior. In order to address these issues, a number of
improvements can be made to this circuit to create two of the most commonly used storage devices in
sequential logic, the D-Latch and the D-flip-flop. In order to understand the operation of these storage
devices, two incremental modifications are made to the SR Latch. The first is called the S’R’ Latch, and
the second is the SR Latch with enable. These two circuits are rarely implemented and are only
explained to understand how the SR Latch is modified to create a D-Latch and ultimately a D-flip-flop.

7.1.4 The S’'R’ Latch

The S’R’ Latch operates in a similar manner as the SR Latch with the exception that the input codes
corresponding to the store, set, and reset states are complemented. To accomplish this complementary
behavior, the S'R’ Latch is implemented with NAND gates configured in a positive feedback configura-
tion. In this configuration, the S’R’ Latch will store the last output when S’ = 1, R’ = 1. It will set the output
(Q=1)when 8 =0, R = 1. Finally, it will reset the output (Q = 0) when S’ = 1, R’ = 0. Consider the
behavior of the S'R’ Latch during its store state shown in Fig. 7.8.
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S'R' Latch Behavior — Store State (S'=1, R'=1)

To understand the operation of an SR latch, recall the truth table for a NAND gate:
For a NAND gate, anytime there is a 0 on an

input, the output is a 1 regardless of the value

of the other input. The only time the output is NAND
a 0 is when both inputs are both 1's.

Storing Q=0, Qn=1: (S'=1. R'=1)

If Q starts at a 0, it will be fed back to U2 creating an
output of @Qn=1. This 1 will be fed back to the input of
U1 creating an output of Q=0, thus reinforcing the initial
state and storing Q=0, Qn=1.

A

NAND 1 (U2)

0 (U1)

B
0
1
0
1

N Y=}

If Q starts at a 1, it will be fed back to U2 creating an
output of Qn=0. This 0 will be fed back to the input of
U1 creating an output of Q=1, thus reinforcing the initial
state and storing Q=1, Qn=0.

R'=1

Fig. 7.8
S’'R’ Latch behavior: store state (S’ = 1, R’ = 1)

Just as with the SR Latch, the S’'R’ Latch has two input configurations to control the values of the
outputs. Consider the behavior of the S’'R’ Latch during its set and reset states shown in Fig. 7.9.
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S'R' Latch Behavior — Set (S'=0, R'=1) and Reset (S'=1, R'=0) States
Setting Q=1: (§'=0, R'=1)

If §'=0, it will force an output on U1 of Q1=1. S=0
This will be fed back to U2 creating an output of
Qn=0. This is fed back to U1 reinforcing the
original output of Q=1. This state will have
outputs of Q=1, Qn=0.
R'=1

NAND

Resetting Q=0: (S'=1. R'=0)
If R'=0, it will force an output on U2 of Qn=1. S'=1
This will be fed back to U1 creating an output of
Q=0. This is fed back to U2 reinforcing the
original output of Qn=1. This state will have
outputs of Q=0, Qn=1.

T

1 (U2) R'=0
1

B
0
1
0
1

1
0 (U1)

Fig. 7.9
S’R’ Latch behavior: set (S'=0, R" = 1) and reset (S’ = 1, R' = 0) states

And finally, just as with the SR Latch, the S’'R’ Latch has a state that leads to potential metastability
and should be avoided. Consider the operation of the S’R’ Latch when the inputs are configuredas S’ =0
and R’ = 0 shown in Fig. 7.10.

S'R’ Latch Behavior — Don't Use State (S'=0, R'=0)
'=0, R'=0
When both $'=0 and R'=0, it forces the outputs of /l §'=0
both U1 and U2 to 1. These 1's are fed back to
the U2 and U1 but have no impact on the
outputs. This input condition results in Q=1 and
Qn=1.

Ny

R'=

Again, the problem with this state is that if the inputs are changed to the store state (S'=1,
R'=1), the outputs will go metastable and then ultimately go to one of the two stable states
(Q=0 or Q=1). The final state is random and unknown.

Fig. 7.10
S’R’ Latch behavior: don'’t use state (S’ =0 and R’ = 0)

The final truth table for the S’'R’ Latch is given in Fig. 7.11.
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S'R’ Latch Truth Table
The following is the final truth table for the S'R’ Latch.
s
Q SRl Q an
v 00 1 1 Don't Use
01 1 0 Set
u2 10 0 1 Reset
o 1 1] LastQ LastQn Hold or Store
R

Fig. 7.11
S'R’ Latch truth table

7.1.5 SR Latch with Enable

The next modification that is made in order to move toward a D-Latch and ultimately a D-flip-flop is to
add an enable line to the S’R’ Latch. The enable is implemented by adding two NAND gates on the input
stage of the S’R’ Latch. The SR Latch with enable is shown in Fig. 7.12. In this topology, the use of NAND
gates changes the polarity of the inputs, so this circuit once again has a set state where S=1,R =0 and
areset state of S = 0, R = 1. The enable line is labeled C, which stands for clock. The rationale for this
will be demonstrated upon moving through the explanation of the D-Latch.

SR Latch with Enable
o >—
Q
u3 C S Rl Q Qn
= 0 X X| LastQ LastQn Store
C 1 0 0| LastQ LastQn Don'tUse
- U2 10 1 0 1 Reset
an 1 4.0 1 0 Set
= f 111 1 1 Don't Use

Fig. 7.12
SR Latch with enable schematic

Recall that any time a 0 is present on one of the inputs to a NAND gate, the output will always be a
1 regardless of the value of the other inputs. In the SR Latch with enable configuration, any time C = 0,
the outputs of U3 and U4 will be 1’s and will be fed into the inputs of the cross-coupled NAND gate
configuration (U1 and U2). Recall that the cross-coupled configuration of U1 and U2 is an S'R’ Latch and
will be put into a store state when S’ =1 and R’ = 1. This is the store state (C = 0). When C = 1, it has the
effect of inverting the values of the S and R inputs before they reach U1 and U2. This condition allows the
set state to be entered when S =1, R =0, C = 1 and the reset state to be entered when S =0,R =1,
C = 1. Consider this operation in Fig. 7.13.
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SR Latch with Enable Behavior

Q=Last Q

u3

When C=0, the outputs of U3
and U4 are 1's, regardless of
the values of S and R

Setting Q=1: (S=1, R=0, C=1)

NAND

D
uz2
(L2

This portion of the circuit
is an 8'R’ Latch. Withinputs _, 0 0 1 1

Qn=Last Qn

"S'R’ Latch Truth Table”
SR|_Q Qn

of $'=1 and R'=1, the S'R’ 0 1 1 0
Latch is put into “store” mode. 10 0 1
1 1| LastQ LastQn

5 — 0
)’ 0 Q=1
u3

u

I

0
e —
uz2
U4

Qn =0
v “S'R’ Latch Truth Table"
e SR|] aQ Qn
S'R' Lalch 0 0 1 1
0 1 1 0
10 0 1
1 1] LastQ LastQn
Q=0
u
Qn =1
"S'R' Latch Truth Table”
: S'R| Q Qn
“SR'Latch® — 0 0 1 1
01 1 0
10 0 1
1 1] LastQ LastQn

Fig. 7.13

SR Latch with enable behavior: store, set, and reset

Again, there is a potential metastable state when S = 1, R = 1 and C = 1 that should be avoided.
There is also a second store state when S =0, R =0, and C = 1 that is not used because storage is to be

dictated by the C input.

7.1.6 The D-Latch

The SR Latch with enable can be modified to create a new storage device called a D-Latch. Instead
of having two separate input lines to control the outputs of the latch, the R input of the latch is instead



224 -+ Chapter 7: Sequential Logic Design

driven with an inverted version of the S input. This prevents the S and R inputs from ever being the same
value and removes the two “Don’t Use” states in the truth table shown in Fig. 7.12. The new, single input
is renamed D to stand for dafa. This new circuit still has the behavior that it will store the last value of Q
and Qn when C = 0. When C = 1, the output willbe Q = 1 when D = 1 and willbe Q =0 when D =0. The
behavior of the output when C = 1 is called fracking the input. The D-Latch schematic, symbol, and truth
table are given in Fig. 7.14.

D-Latch Schematic, Symbol and Truth Table
D —D Ql—
i —C Qn—
.
i cCD| Q Qn
] 0 X | LastQ LastQn Store
; 'Do' i 10 0 1 Track
: Us i 11 1 0 Track

Fig. 7.14
D-Latch schematic, symbol, and truth table

The timing diagram for the D-Latch is shown in Fig. 7.15.

D-Latch Timing Diagram

—C QnI—

D . ﬁ “ Notice this transition

: : does not impact Q

i, : immediately because the

Cl. | | | | D-Latch is in hold mode.
| Q is only updated once it

enters track mode.

Hold Track | Hold | Track

Qn will always be the

Qn 1 | | | I < inversion of Q.

When C=1, When Cgoestoa0,Q
Q will track D. will hold its last value.

| | 1 | | | 1 3

Fig. 7.15
D-Latch timing diagram
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7.1.7 The D-Flip-Flop

The final and most widely used storage device in sequential logic is the D-flip-flop. The D-flip-flop is
similar in behavior to the D-Latch with the exception that the store mode is triggered by a transition, or
edge on the clock signal instead of a level. This allows the D-flip-flop to implement higher frequency
systems since the outputs are updated in a shorter amount of time. The schematic, symbol, and truth
table are given in Fig. 7.16 for a rising edge-triggered D-flip-flop. To indicate that the device is edge
sensitive, the input for the clock is designated with a “>.” The U3 inverter in this schematic creates the
rising edge behavior. If U3 is omitted, this circuit would be a negative edge-triggered D-flip-flop.

D-Flip-Flop (Rising Edge Triggered) Schematic, Symbol, and Truth Table
- D —
Data ———D Q D QEl—aQ #
C Qn C Qnf—aQn —>  an—
u1 uz
Clock Ck D] Q Qn
us us 0 X | LastQ LastQn Store
1 X | LastQ LastQn Store
A0 0 1 Update
1 1 0 Update
Fig. 7.16

D-flip-flop (rising edge triggered) schematic, symbol, and truth table

The D-flip-flop schematic shown above is called a master/slave configuration because of how the
data is passed through the two D-Latches (U1 and U2). Due to the U4 inverter, the two D-Latches will
always be in complementary modes. When U1 is in hold mode, U2 will be in track mode and vice versa.
When the clock signal transitions HIGH, U1 will store the last value of data. During the time when the
clock is HIGH, U2 will enter track mode and pass this value to Q. In this way, the data is latched into the
storage device on the rising edge of the clock and is present on Q. This is the master operation of the
device because U1, or the first D-Latch, is holding the value, and the second D-Latch (the slave) is simply
passing this value to the output Q. When the clock transitions LOW, U2 will store the output of U1. Since
there is a finite delay through U1, the U2 D-Latch is able to store the value before U1 fully enters track
mode. U2 will drive Q for the duration of the time that the clock is LOW. This is the slave operation of the
device because U2, or the second D-Latch, is holding the value. During the time the clock is LOW, U1 is
in track mode, which passes the input data to the middle of the D-flip-flop preparing for the next rising
edge of the clock. The master/slave configuration creates a behavior where the Q output of the D-flip-flop
is only updated with the value of D on a rising edge of the clock. At all other times, Q holds the last value
of D. An example timing diagram for the operation of a rising edge D-flip-flop is given in Fig. 7.17.
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D-Flip-Flop (Rising Edge Triggered) Timing Diagram

: D1
Data ——ao—1D Q D Q Q
' o] c2 ' —D Q}—
C Qn C Qn Qn
ut u2
_> Qnl—
Clock
u3 u4
1 i
Data I | : | | l (D On this rising edge of clock, Q is
y updated with the value of D (Q=1).

0 0
SRR s D S

Track

Hold

Clock
Latch Latch
C1] 1) | [ [ |
Track Hold Track Hold
cz2| w2 | | [ |
0
B e B i A
Hold Track : Hold Track
: !
D1 : I | I
0 h

To accomplish this, U1 goes into hold
mode when the clock goes HIGH,
which stores the input 1. U2 goes into
track mode, passing the 1 to the
output Q. This configuration keeps
Q=1 for the first part of the clock
cycle.

(@ When the clock goes LOW, U2 goes
into hold mode, which stores the 1
from U1 and drives Q=1 for the rest
of the clock period.

U1 goes into track mode to get ready
for the next rising edge of the clock.

Y

Fig. 7.17

D-flip-flop (rising edge triggered) timing diagram

active LOW preset.

D-flip-flops often have additional signals that will set the initial conditions of the outputs that are
separate from the clock. A reset input is used to force the outputs to Q = 0, Qn = 1. A preset input is used
to force the outputs to Q = 1, Qn = 0. In most modern D-flip-flops, these inputs are active LOW, meaning
that the line is asserted when the input is a 0. Active LOW inputs are indicated by placing an inversion
bubble on the input pin of the symbol. These lines are typically asynchronous, meaning that when they
are asserted, action is immediately taken to alter the outputs. This is different from a synchronous input in
which action is only taken on the edge of the clock. Figure 7.18 shows the symbols and truth tables for
two D-flip-flop variants, one with an active LOW reset and another with both an active LOW reset and
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D-Flip-Flop with Asynchronous Reset and Preset
D-Flip-Flop with Active

D-Flip-Flop with Active LOW Reset and Active LOW Preset
LOW Reset (J)
Preset
—D QF— —D Ql
— Qnf— — -
Reset Reset

T T

RCk D| Q Qn R PCk D| Q Qn

0 X X 0 1 Reset 0 X X X 0 1 Reset

1 0 X |LastQ LastQn Store 1 0 X X 1 0 Preset

1 1 X | LastQ LastQn Store 1 1 0 X |LastQ LastQn Store

1 .F: 0 0 1 Update 1 1 1 X |LastQ LastQn Store

1 £ 1 1 0 Update 11 F 0 0 1 Update
1 1 £ 1 1 0 Update

Fig. 7.18

D-flip-flop with asynchronous reset and preset

D-flip-flops can also be created with an enable line. An enable line controls whether or not the output
is updated. Enable lines are synchronous, meaning that when they are asserted, the outputs will be
updated on the rising edge of the clock. When de-asserted, the outputs are not updated. This behavior in
effectignores the clock input when de-asserted. Figure 7.19 shows the symbol and truth table for a D-flip-
flop with a synchronous enable.

D-Flip-Flop with Synchronous Enable
Préset R PCKkEND]| Q Qn
—p al— 0 X X X X 0 1 Reset
1 0 X X X 1 0 Preset
— EN 1 1 0 X X |LastQ LastQn Store
_> Qnl— 1 1 1 X X |LastQ LastQn Store
1 1 §£ 0 X |LastQ LastQn Disabled (ignore clock)
Reset 1 1 £ 10 0 1 Update
‘|’ 11 F 1 1 1 0  Update

Fig. 7.19
D-flip-flop with synchronous enable

The behavior of the D-flip-flop allows us to design systems that are synchronous to a clock signal. A
clock signal is a periodic square wave that dictates when events occur in a digital system. A synchronous
system based on D-flip-flops will allow the outputs of its storage devices to be updated upon a rising edge
of the clock. This is advantageous because when the Q outputs are storing values, they can be used as
inputs for combinational logic circuits. Since combinational logic circuits contain a certain amount of
propagation delay before the final output is calculated, the D-flip-flop can hold the inputs at a steady
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value while the output is generated. Since the input on a D-flip-flop is ignored during all other times, the
output of a combinational logic circuit can be fed back as an input to a D-flip-flop. This gives a system the
ability to generate outputs based on the current values of inputs in addition to past values of the inputs
that are being held on the outputs of D-flip-flops. This is the definition of sequential logic. An example
synchronous, sequential system is shown in Fig. 7.20.

An Example Synchronous System Based on a D-Flip-Flop

The output of this system
depends on the current
/ values of the inputs AND the

past values of the inputs.
Input 1 Comb, D Q This is the definition of
Logic - ? A
Input 2 sequential logic”.
|—> Qn
Clock The outputs of the system are

e updated based on a transition on the
Clock signal. This is the definition of
a “synchronous system”.

Fig. 7.20
An example synchronous system based on a D-flip-flop

CC7.1(a) What will always cause a digital storage device to come out of metastability and settle
in one of its two stable states? Why?

A) The power supply. The power supply provides the necessary current for the
device to overcome metastability.

B) Electrical noise. Noise will always push the storage device toward one state
or another. Once the storage device starts moving toward one of its stable
states, the positive feedback of the storage device will reinforce the transi-
tion until the output eventually comes to rest in a stable state.

C) Areset. A reset will put the device into a known stable state.

D) A rising edge of clock. The clock also puts the device into a known stable
state.

CC7.1(b) What was the purpose of replacing the inverters in the cross-coupled inverter pair
with NOR gates to form the SR Latch?

A) NOR gates are easier to implement in CMOS.
B) To provide the additional output Qn.
C) To provide more drive strength for storing.

D) To provide inputs to explicitly set the value being stored.
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7.2 Sequential Logic Timing Considerations

There are a variety of timing specifications that need to be met in order to successfully design
circuits using sequential storage devices. The first specification is called the setup time (tsewp Or ts). The
setup time specifies how long the data input needs to be at a steady state before the clock event. The
second specification is called the hold time (thoiq OF tn). The hold time specifies how long the data input
needs to be at a steady state after the clock event. If these specifications are violated (i.e., the input
transitions too close to the clock transition), the storage device will not be able to determine whether the
input was a 1 or 0 and will go metastable. The time a storage device will remain metastable is a
deterministic value and is specified by the part manufacturer (teta). In general, metastability should be
avoided; however, knowing the maximum duration of metastability for a storage device allows us to
design circuits to overcome potential metastable conditions. During the time the device is metastable,
the output will have random behavior. It may go to a steady state 1, a steady state 0, or toggle between a
0 and 1 uncontrollably. Once the device comes out of metastability, it will come to rest in one of its two
stable states (Q = 0 or Q = 1). The final resting state is random and unknown. Another specification for
sequential storage devices is the delay from the time a clock transition occurs to the point that the data is
present on the Q output. This specification is called the clock-to-Q delay and is given the notation tcq.
These specifications are shown in Fig. 7.21.

Sequential Storage Device Timing Specifications

The data cannot transition
Data D Q— during the setup/hold timing
tsetup thota specifications or the device
— o
] Qnb— H } will not be able to
Clock > Clock QQtermine whether the
@ inputwas a 1 or 0.
-1
Data
T0
+1
Clock
T0
<1
Q
40
| | | | | -

@ The first transition on Data from a @ The second transition on Data from a 1 to a 0 violates the

0to a 1 meets the setup/hold setup/hold specifications for the D-Flip-Flop. This sends
specifications for the D-Flip-Flop. the device into metastability. The D-Flip-Flop will remain
This allows the dewce to metastable for tyea. During this time, the value of the
successfully latch in the correct output is unknown. It may go to a steady state 1, a steady
value. state 0 or toggle uncontrollably.

@ The value of Data will show up @ After coming out of its metastable state, the D-Flip-Flop
on Q after the tcq delay of the D- output will go to one of two stable states, Q=0 or Q=1.
Flip-Flop. The final resting state is random and unknown.

Fig. 7.21

Sequential storage device timing specifications
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CC7.2 Which D-flop-flop timing specification requires all of combinational logic circuits in the
system to settle on their final output before a triggering clock edge can occur?

A) tsetup B) thold C) tCQ D) tmeta

7.3 Common Circuits Based on Sequential Storage Devices

Sequential logic storage devices give us the ability to create sophisticated circuits that can make
decisions based on the current and past values of the inputs; however, there are a variety of simple yet
useful circuits that can be created with only these storage devices. This section will introduce a few of
these circuits.

7.3.1 Toggle Flop Clock Divider

A toggle flop is a circuit that contains a D-flip-flop configured with its Qn output wired back to its D
input. This configuration is also commonly referred to as a T-flip-flop or T-flop. In this circuit, the only input
is the clock signal. Let's examine the behavior of this circuit when its outputs are initialized to Q = 0,
Qn = 1. Since Qn is wired to the D input, a logic 1 is present on the input before the first clock edge. Upon
a rising edge of the clock, Q is updated with the value of D. This puts the outputs at Q = 1, Qn = 0. With
these outputs, now a logic 0 is present on the input before the next clock edge. Upon the next rising edge
of the clock, Q is updated with the value of D. This time the outputs go to Q = 0, Qn = 1. This behavior
continues indefinitely. The circuit is called a toggle flop because the outputs simply toggle between a
0 and 1 every time there is a rising edge of the clock. This configuration produces outputs that are square
waves with exactly half the frequency of the incoming clock. As a result, this circuit is also called a clock
divider. This circuit can be given its own symbol with a label of “T” indicating it is a toggle flop. The
configuration of a toggle flop (T-flop) and timing diagram are shown in Fig. 7.22.
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Toggle Flop Clock Frequency Divider Optional Symbol for a Toggle-
I—li' Flop or “T-Flip-Flop™
D QF—— Q T QF—— Q
Clock—> Qn Qn — anf—an
®

Clock S f | f | f |

@ Q and Qn will always be at opposite logic values.

@ When a rising edge of a clock occurs, Q will be updated with the value present on D. Since in this
configuration the value on D will always be the opposite of the current value of Q, the outputs will
toggle. The outputs will change, or toggle, every time there is a rising edge on the clock. This has
the effect of creating a square wave on the output that has % the frequency of the clock.

Fig. 7.22
Toggle flop clock frequency divider

7.3.2 Ripple Counter

The toggle flop configuration can be used to create a simple binary counter called a ripple counter. In
this configuration, the Qn output of a toggle flop is used as the clock for a subsequent toggle flop. Since
the output of the first toggle flop is a square wave that is 1/2 the frequency of the incoming clock, this
configuration will produce an output on the second toggle flop that is 1/4 the frequency of the incoming
clock. This is by nature the behavior of a binary counter. The output of this counter is present on the Q
pins of each toggle flop. Toggle flops are added until the desired width of the counter is achieved with
each toggle flop representing one bit of the counter. Since each toggle flop produces the clock for the
subsequent latch, the clock is said to ripple through the circuit, hence the name ripple counter. A 3-bit
ripple counter is shown in Fig. 7.23.
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3-Bit Ripple Count
TURRER ot Count(0) Count(1) Count(2)

L5 TLDQ L5

Clock—> aQn > an > Qnf-*

u uz2 u3
Clock f | f | f | f | f | f f | f |
como [T [ [ L[ 1
Count(1) L | | B
| f 0]
Count(2)] | | |

= ;
Count [ [*000"| “001" | 010 ] 011" | *100" | *101" | *110" [ *111” | 000" |

| | | | | | | | o
I | I | I | | | e

@ When the Q output of U1 transitions from a 1 to 0, the Qn output of U1 transitions froma 0 to 1,
thus producing a rising edge that is used to clock U2. This rising edge causes U2 to toggle.

@ When the Q output of U2 transitions from a 1 to 0, the Qn output of U2 transitions froma O to 1,
thus producing a rising edge that is used to clock U3. This rising edge causes U3 to toggle.

Fig. 7.23
3-Bit ripple counter

7.3.3 Switch Debouncing

Another useful circuit based on sequential storage devices is a switch debouncer. Mechanical
switches have a well-known issue of not producing clean logic transitions on their outputs when pressed.
This becomes problematic when using a switch to create an input for a digital device because it will
cause unwanted logic level transitions on the output of the gate. In the case of a clock input, this
unwanted transition can cause a storage device to unintentionally latch incorrect data.

The primary cause of these unclean logic transitions is due to the physical vibrations of the metal
contacts when they collide with each other during a button press or switch actuation. Within a mechanical
switch, there is typically one contact that is fixed and another that is designed to move when the button is
pressed. The contact that is designed to move can be thought of as a beam that is fixed on one side and
free on the other. As the free side of the beam moves toward the fixed contact in order to close the circuit,
it will collide and then vibrate just as a tuning fork does when struck. The vibration will eventually
diminish, and the contact will come to rest, thus making a clean electrical connection; however, during
the vibration period, the moving contact will bounce up and down on the destination contact. This
bouncing causes the switch to open and close multiple times before coming to rest in the closed position.
This phenomenon is accurately referred to as switch bounce. Switch bounce is present in all mechanical
switches and gets progressively worse as the switches are used more and more.
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Figure 7.24 shows some of the common types of switches found in digital systems. The term pole is
used to describe the number of separate circuits controlled by the switch. The term throw is used to
describe the number of separate closed positions the switch can be in.

Common Types of Mechanical Switches
Single Pole, Single Throw (SPST) Single Pole, Double Throw (SPDT)
press 1 _\L;E
Fa - Gl 4 3
2 —0
Double Pole, Single Throw (DPST) Double Pole, Double Throw (DPDT)
press 1 _Kzi
1—0 O—2 2—o0 i
3—0 O— 4 4 —Q\o_
» 6
Pole = the number of separate circuits controlled by the switch. S 0 !
Throw = the number of separate closed positions the switch can be in.

Fig. 7.24
Common types of mechanical switches

Let’s look at switch bounce when using a SPST switch to provide an input to a logic gate. A SPST
requires a resistor and can be configured to provide either a logic HIGH or LOW when in the open
position and the opposite logic level when in the closed position. The example configuration in Fig. 7.25
provides a logic LOW when in the open position and a logic HIGH when in the closed position. In the
open position, the input to the gate (SW) is pulled to GND to create a logic LOW. In the closed position,
the input to the gate is pulled to V¢ to create a logic HIGH. A resistor is necessary to prevent a short
circuit between V¢ and GND when the switch is closed. Since the input current specification for a logic
gate is very small, the voltage developed across the resistor due to the gate input current is negligible.
This means that the resistor can be inserted in the pull-down network without developing a noticeable
voltage. When the switch closes, the free-moving contact will bounce off of the destination contact
numerous times before settling in the closed position. During the time while the switch is bouncing, the
switch will repeatedly toggle between the open (HIGH) and closed (LOW) positions.
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Open, SW=0
Vee

~GND SW

-
When the switch is open, the resistor pulls the
input to GND. Since very little current flows from
the input of the gate through the resistor, the
voltage developed across the resistor is

Switch Bouncing in a Single Pole, Single Throw Switch

Closed, SW=1

VCC

press

When the switch is closed, the input of the gate
is tied directly to V¢ setting SW to a logic HIGH.
The resistor is necessary in this configuration so
that Vcc and GND are not shorted together.

negligible so SW is effectively at GND.
LI LUl

| 1 l | | l | |
1 1 f 1 ] 1 T T o

SW

>
-
-~
-
-~

(D Atthis point, SW is
being pulled to a logic
LOW through the
resistor to GND.

(@ During this time, the free-
moving contact is bouncing off
of the destination contact
causing the switch to open and
close repeatedly.

(® Atthis point, the contact has
stopped bouncing, allowing
SW to be pulled to a solid
logic HIGH by the V¢
connection.

Fig. 7.25
Switch bouncing in a single pole, single throw switch

A possible solution to eliminate this switch bounce is to instead use a SPDT switch in conjunction
with a sequential storage device. Before looking at this solution, we need to examine an additional
condition introduced by the SPDT switch. The SPDT switch has what is known as break-before-make
behavior. The term break is used to describe when a switch is open, while the term make is used to
describe when the switch is closed. When a SPDT switch is pressed, the input will be floating during the
time when the free-moving contact is transitioning toward the destination contact. During this time, the
output of the switch is unknown and can cause unwanted logic transitions if it is being used to drive the
input of a logic gate.

Let’s look at switch bounce when using a SPDT switch without additional circuitry to handle
bouncing. A SPDT has two positions that the free-moving contact can make a connection to (i.e., double
throw). When using this switch to drive a logic level into a gate, one position is configured as a logic HIGH
and the other a logic LOW. Consider the SPDT switch configuration in Fig. 7.26. Position 1 of the SPDT
switch is connected to GND, while position 2 is connected to Vcc. When unpressed the switch is in
position 1. When pressed, the free-moving contact will transition from position 1 to 2. During the
transition, the free-moving contact is floating. This creates a condition where the input to the gate
(SW) is unknown. This floating input will cause unpredictable behavior on the output of the gate. Upon
reaching position 2, the free-moving contact will bounce off of the destination contact. This will cause the
input of the logic gate to toggle between a logic HIGH and floating repeatedly until the free-moving
contact comes to rest in position 2.
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Switch Bouncing in a Single Pole, Double Throw Switch

npress W=0 Pressing. SW=??7? r =
Vee Vee Vee
2 2 2] %
VCC
QOutput * sw Output SW Output
?7?
GND unpressed 1Y pressing 1 | pressed
When the switch is unpressed, During a press, the free- When the switch is pressed,
the free-moving is making a moving contact is floating so the free-moving contact makes
connection with position 1, the logic value of SW is a connection with position 2,
creating a logic LOW on SW. unknown. The switch is in the creating a logic HIGH on SW.
“break” condition. Initially, the contact will

“bounce”, creating unwanted
transitions on the output.

+— unpressed —s—— pressing +e pressed
sw [ | 277 | | ? ] u HH
0
® >4 ® »

-
-

At this point, SW is being pulled to a @ During this time, the free-moving contact is
logic LOW (e.g., GND). bouncing off of the destination contact. The
switch toggles between a logic HIGH and

@ During this time, the free-moving floating repeatedly.

contact is floating. The input to SW is @ At this point, the contact has stopped

unknown, resulting in unpredictable bouncing, allowing SW to be pulled to a solid
behavior on the output. logic HIGH by the Ve connection.

Fig. 7.26
Switch bouncing in a single pole, double throw switch

The SPDT switch is ideal for use with an S’'R’ Latch in order to produce a clean logic transition. This
is because during the break portion of the transition, an S’'R’ Latch can be used to hold the last value of
the switch. This is unique to the SPDT configuration. The SPST switch in comparison does not have the
break characteristic; rather it always drives a logic level in both of its possible positions. Consider the
debounce circuit for a SPDT switch in Fig. 7.27. This circuit is based on an S'R’ Latch with two pull-up
resistors. Since the S'R’ Latch is created using NAND gates, this circuit is commonly called a NAND-
debounce circuit. In the unpressed configuration, the switch drives S’ = 0, and the R2 pull-up resistor
drives R’ = 1. This creates a logic 0 on the output of the circuit (Qn = 0). During a switch press, the free-
moving contact is floating; thus it is not driving in a logic level into the S’R’ Latch. Instead, both pull-up
resistors pull S’ and R’ to 1’s. This puts the latch into its hold mode, and the output will remain at a logic
0 (Qn = 0). Once the free-moving contact reaches the destination contact, the switch will drive R’ = 0.
Since at this point the R1 pull-up is driving S’ = 1, the latch outputs a logic 1 (Qn = 1). When the free-
moving contact bounces off of the destination contact, it will put the latch back into the hold mode;
however, this time the last value that will be held is Qn = 1. As the switch continues to bounce, the latch
will move between the Qn = 1 and Qn = “Last Qn” states, both of which produce an output of 1. In this
way, the SPDT switch in conjunction with the S’R’ Latch produces a clean 0 to 1 logic transition despite
the break-before-make behavior of the switch and the contact bounce.
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Unpressed Vcc
Vee
I ? R2
Pressing Vee
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Pressed Vee
R1
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NAND-Debounce Circuit for a SPDT Switch

(Qn)

Out
SR|] Q Qn
00 1 1
0 1 1 0
170 0 1
1 1| LastQ LastQn

@ The switch connects S’ to GND
and R2 pulls R' to V¢, thus
creating a solid Out=0.

Out

Out
SR|] Q Qn
00 1 1
0 1 1 0
10 0 1
1 1| LastQ LastQn

Out \while the contact is floating, the SR’ latch
will hold its last value of Out=0 because
S'=R'=1 due to the pull-up resistors.
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SR| Q Qn

00 1 1

0 1 1 0

®1o0 0 1
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Out /
@ Once the free-moving contact reaches the
destination contact, it will bounce between
these two states, thus holding a solid Out=1.

+— unpressed —s—— pressing pressed
1
Out I
—o0 ® ® ®
L L L L L L L L -
] L L} L L] Lt
Fig. 7.27

NAND-debounce circuit for a SPDT switch
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7.3.4 Shift Registers

A shift register is a chain of D-flip-flops that each is connected to a common clock. The output of the
first D-flip-flop is connected to the input of the second D-flip-flop. The output of the second D-flip-flop is
connected to the input of the third D-flip-flop and so on. When data is present on the input to the first
D-flip-flop, it will be latched upon the first rising edge of the clock. On the second rising edge of the clock,
the same data will be latched into the second D-flip-flop. This continues on each rising edge of the clock
until the data has been shifted entirely through the chain of D-flip-flops. Shift registers are commonly
used to convert a serial string of data into a parallel format. If an n-bit, serial sequence of information is
clocked into the shift register, after n clocks the data will be held on each of the D-flip-flop outputs. At this
moment, the n-bits can be read as a parallel value. Consider the shift register configuration shown in
Fig. 7.28.

4-Bit Shif i
Bit Shift Register out(3) 03}(2} Out(1) Out(0)

Input D Q D Q D Q D Q
D an D an D Qn D Qn
r u3 |_ u2 |_ ut |_ uo
Clock

Clcck‘flflflflflflflfl

mput | [[oo [ o1 | o2 | o3 | o4 | o5 | o6 | o7 |
ou() || [Do [ o1 [ 02 | 03 | 0a | o5 | o6 | o7 |
Out(2) ' | o | o1 | o2 | b3 | pa | D5 | D6 |
Out(1) | bo [ ot | b2 [ b3 | pa | ps |
Out(0) : [0 | o1 | o2 | o3 | oa |

@

| | | | | | | | =
1 1 1 I 1 I 1 1

@ After the first four clock edges, the first sequence of bits are held by the shift register and can be
read out as a 4-bit value.

Fig. 7.28
4-Bit shift register
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CC7.3 Which D-flip-flop timing specification is most responsible for the ripple delay in a ripple
counter?

A) tsetup B) thold C) tCQ D) tmeta

7.4 Finite-State Machines

Now we turn our attention to one of the most powerful sequential logic circuits, the finite-state
machine (FSM). A FSM, or state machine, is a circuit that contains a predefined number of states (i.e., a
finite number of states). The machine can exist in one and only one state at a time. The circuit transitions
between states based on a triggering event, most commonly the edge of a clock, in addition to the values
of any inputs of the machine. The number of states and all possible transitions is predefined. Through the
use of states and a predefined sequence of transitions, the circuit is able to make decisions on the next
state to transition based on a history of past states. This allows the circuit to create outputs that are more
intelligent compared to a simple combinational logic circuit that has outputs based only on the current
values of the inputs.

7.4.1 Describing the Functionality of a FSM

The design of a state machine begins with an abstract word description of the desired circuit
behavior. We will use a design example of a push-button motor controller to describe all of the steps
involved in creating a finite-state machine. Example 7.1 starts the FSM design process by stating the
word description of the system.

Example: Push-Button Window Controller - Word Description
Design a system that will allow a user to open and close a window with the push of a button.
The window is connected to a motor that has two inputs. The first input to the motor is
asserted when the motor needs to spin in a clockwise (CW) direction to open the window,
while the second input is asserted when the motor needs to spin in a counterclockwise
(CCW) direction to close the window. The signals to the motor do not need to be held for the
duration of the window opening/closing. Once the motor observes an assertion on one of its
inputs, it will spin until the window is in the correct position and then stop. The inputs are not
allowed to be asserted at the same time. The user will press a single button to either open
or close the window so the system must keep track of whether the window is in the open or
closed position in order to send the correct signals to the motor when the button is pressed.

< “Finite State Machine”
: - cw CW = Open
Button Press Open_CW
P 1 Window g;j
ress = Motor
CCW
No Press = 0 — Close_CCW
CCW = Close
Example 7.1

Push-button window controller: word description
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7.4.1.1 State Diagrams

A state diagram is a graphical way to describe the functionality of a finite-state machine. A state
diagram is a form of a directed graph, in which each state (or vertex) within the system is denoted as a
circle and given a descriptive name. The names are written inside of the circles. The transitions between
states are denoted using arrows with the input conditions causing the transitions written next to them.
Transitions (or edges) can move to different states upon particular input conditions or remain in the same
state. For a state machine implemented using sequential logic storage, an evaluation of when to
transition states is triggered every time the storage devices update their outputs. For example, if the
system was implemented using rising edge-triggered D-flip-flops, then an evaluation would occur on
every rising edge of the clock.

There are two different types of output conditions for a state machine. The first is when the output
only depends on the current state of the machine. This type of system is called a Moore machine. In this
case, the outputs of the system are written inside of the state circles. This indicates the output value that
will be generated for each specific state. The second output condition is when the outputs depend on
both the current state and the system inputs. This type of system is called a Mealy machine. In this case,
the outputs of the system are written next to the state transitions corresponding to the appropriate input
values. Outputs in a state diagram are typically written inside of parentheses. Example 7.2 shows the
construction of the state diagram for our push-button window controller design.
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Example: Push-Button Window Controller - State Diagram

1) Defining the States - For this design, we will define two finite states. The first state is
when the window is in the closed position. Let's call this state “w_closed”. The second
state is when the window is in the open position. Let's call this state “w_open”. Each of
these two states will be represented in the state diagram as circles. The names of the
states are written inside of the circles.

w_closed w_open

2) Defining the Transitions - We now describe the transitions between states using arrows
and labeling the arrows with the input conditions that trigger each transition. For this
design, when the machine is in the "w_closed” state, a button press (Press=1) will cause a
transition to the “w_open” state. When the button is not pressed, the machine will remain
in the “w_closed" state (Press=0). When the machine is in the “w_open” state, a button
press (Press=1) will cause a transition to the “w_closed” state, while the button not being
pressed (Press=0) will keep the machine in the “w_open” state.

Press=1
Press=0 - w_open Press=0
Press=1
3) Defining the Outputs — We now describe the outputs of the system. For this design, the

system will output the appropriate motor control signals upon a button press. This means
that the outputs depend on both the current state and the current inputs. This is by
definition a Mealy Machine. As such, the outputs are listed next to the state transitions. By
listing the outputs in this location, both the current state and the input values producing the
outputs are indicated. When this machine is in either the w_closed or w_open states and
the button is NOT pressed, the outputs Open_CW and Close_CCW are both 0's. When
the machine is in w_closed state and the button is pressed, the Open_CW output is
asserted to rotate the motor clockwise and open the window. When the machine is in
w_open state and the button is pressed, the Close_CCW output is asserted to rotate the
motor counterclockwise and close the window. The final state diagram for this system is
shown below. Press=1
(Open_CW=1,
Close_CCW= 0

Press=0 w_closed Press=0
(Open_CW=0, (Open_CW=0,
Close_CCW=0) Close_CCW=0)

Press=1
(Open_CW=0,
Close_CCW=1)

Example 7.2
Push-button window controller: state diagram

7.4.1.2 State Transition Tables

The state diagram can now be described in a table format that is similar to a truth table. This puts the
state machine behavior in a form that makes logic synthesis straightforward. The table contains the
same information as in the state diagram. The state that the machine exists in is called the current state.
For each current state that the machine can reside in, every possible input condition is listed along with
the destination state of each transition. The destination state for a transition is called the next state. Also
listed in the table are the outputs corresponding to each current state and, in the case of a Mealy
machine, the output corresponding to each input condition. Example 7.3 shows the construction of the
state transition table for the push-button window controller design. This information is identical to the

state diagram given in Example 7.2.
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Example: Push-Button Window Controller - State Transition Table
A state transition table contains the same information as the state diagram but in a tabular
format. This format is similar to a truth table and makes logic synthesis straight forward.
Each state and input condition is listed in the table along with the corresponding next state
and outputs. (]r‘lpul) (Outputs)
Current State | Press | Next State | Open_CW | Close_CCW

w_closed 0 w_closed 0 0

w_closed 1 w_open 1 0

w_open 0 w_open 0 0

w_open 1 w_closed 0 1

Example 7.3

Push-button window controller: state transition table

7.4.2 Logic Synthesis for a FSM

Once the behavior of the state machine has been described, it can be directly synthesized. There
are three main components of a state machine: the state memory, the next state logic, and the output
logic. Figure 7.29 shows a block diagram of a state machine highlighting these three components. The
next state logic block is a group of combinational logic that produces the next state signals based on the
current state and any system inputs. The state memory holds the current state of the system. The current
state is updated with next state on every rising edge of the clock, which is indicated with the “>” symbol
within the block. This behavior is created using D-flip-flops where the current state is held on the Q
outputs of the D-flip-flops, while the next state is present on the D inputs of the D-flip-flops. In this way,
every rising edge of the clock will trigger an evaluation of which state to move to next. This decision is
based on the current state and the current inputs. The output logic block is a group of combinational logic
that creates the outputs of the system. This block always uses the current state as an input and,
depending on the type of machine (Mealy vs. Moore), uses the system inputs. It is useful to keep this
block diagram in mind when synthesizing finite-state machines as it will aid in keeping the individual
design steps separate and clear.
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Main Components of a Finite State Machine

Mealy Machine — The output(s) depend on both the current state and system input(s).

Output

— Output(s)

Next
Next State 224  State
Input(s) Logic >Memor}' Current
2 |_ 1 State
Clock 7 |

The next state logic creates
the signal “next state” based
on the current state and any
system inputs. This block is
implemented with
combinational logic.

The state memory holds the

current state. The current state

is updated with “next state” on
the rising edge of the clock.
This block is implemented with
D-Flip-Flops.

Logic

'\\
The output logic creates the
system outputs. The output
logic always depends on the
current state of the machine
and optionally (Meally vs.
Moore) the inputs of the

system.
Moore Machine — The output(s) depends only on the current state.

L Next
NextS_tate State ¥ State Output Output(s)
Input(s) ——|  Logic _>Memory Current| Logic
State
Clock
Fig. 7.29

Main components of a finite-state machine

7.4.2.1 State Memory

The state memory is the circuitry that will hold the current state of the machine. Upon a rising edge of
a clock, it will update the current state with the next state. At all other times, the next state input is ignored.
This gives time for the next state logic circuitry to compute the results for the next state. This behavior is
identical to that of a D-flip-flop; thus the state memory is simply one or more D-flip-flops. The number of
D-flip-flops required depends on how the states are encoded. State encoding is the process of assigning
a binary value to the descriptive names of the states from the state diagram and state transition tables.
Once the descriptive names have been converted into representative codes using 1’s and Q’s, the states
can be implemented in real circuitry. The assignment of codes is arbitrary and can be selected in order to
minimize the circuitry needed in the machine.

There are three main styles of state encoding. The first is straight binary encoding. In this approach
the state codes are simply a set of binary counts (i.e., 00, 01, 10, 11...). The binary counts are assigned
starting at the beginning of the state diagram and incrementally assigned toward the end. This type of
encoding has the advantage that it is very efficient in minimizing the number of D-flip-flops needed for the
state memory. With n D-flip-flops, 2" states can be encoded. When a large number of states are required,
the number of D-flip-flops can be calculated using the rules of logarithmic math. Example 7.4 shows how
to solve for the number of bits needed in the binary state code based on the number of states in the
machine.
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Solving For the Number of Bits Needed for Binary State Encoding

Problem: You are designing a state machine that has 41 unique states and are going to
encode the states in binary. How many D-Flip-Flops do you need?

Solution: Each D-Flip-Flops will hold one bit of the state code. If the state memory has n-
bits, it can encode 2" states using binary encoding. We can use logarithms in order to
solve for the n in the exponent.

2" = (# of states)

log(2") = log(# of states)

n-log(2) = log(# of states)

n = log(# of states)
log(2)

n =log(41)
log(2)

n="5.36

Rounding up to the next whole number means that we need 6 bits, or 6-D-Flip-Flops to
encode 41 states in binary.

Check: To check this, let's plug 6 back into the original expression. If we have 6 bits, we
can encode 2° states, or 64 states. This is enough to encode our 41 states. If we had 1
less bit (e.g., 5), we could only encode up to 2°=32 states, so we require 6 bits for this state
encoding. Note that not all of the possible binary values are used as state codes.

Example 7.4
Solving for the number of bits needed for binary state encoding

The second type of state encoding is called gray code encoding. A gray code is one in which the
value of a code differs by only one bit from any of its neighbors, (i.e., 00, 01, 11, 10...). A gray code is
useful for reducing the number of bit transitions on the state codes when the machine has a transition
sequence that is linear. Reducing the number of bit transitions can reduce the amount of power
consumption and noise generated by the circuit. When the state transitions of a machine are highly
nonlinear, a gray code encoding approach does not provide any benefit. Gray code is also an efficient
coding approach. With n D-flip-flops, 2" states can be encoded just as in binary encoding. Figure 7.30
shows the process of creating n-bit, gray code patterns.
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Creating an n-bit Gray Code Pattern

A gray code sequence begins with the
known 2-bit pattern of 00, 01, 11, 10.

In order to increase the number of bits,
the existing pattern is mirrored across an
imaginary horizontal axis below the
existing pattern. The bits above the axis
are padded with leading 0's, and the bits
below the axis are padded with leading
1's. This turns a 2-bit gray code pattern
into a 3-bit pattern preserving the
characteristic that each code only differs
by its neighbor by one bit.

This process is repeated to create a 4-bit
gray code pattern.

2-bit Gray Code Pattern

00
01
11
10

3-bit Gray Code Pattern

000

Pad the upper 001

bits with —» 011
leadingO's 010... '\ Mirror across

110 this axis

Pad the lower 11

bits with s 101

leading 1's 100

Fig. 7.30
Creating an n-bit gray code pattern

The third common technique to encode states is using one-hot encoding. In this approach, a
separate D-flip-flop is asserted for each state in the machine. For an n-state machine, this encoding
approach requires n D-flip-flops. For example, if a machine had three states, the one-hot state codes
would be “001”, “010,” and “100.” This approach has the advantage that the next state logic circuitry is
very simple; further, there is less chance that the different propagation delays through the next state logic
will cause an inadvertent state to be entered. This approach is not as efficient as binary and gray code in
terms of minimizing the number of D-flip-flops because it requires one D-flip-flop for each state; however,
in modern digital integrated circuits that have abundant D-flip-flops, one-hot encoding is commonly used.

Figure 7.31 shows the differences between these three state encoding approaches.

Comparison of Different State Encoding Approaches

A state machine has eight unique states named S0, S1, ... S7. The following is an
example of how these states can be encoded using binary, gray code and one-hot.

State Name Binary Gray Code One-Hot

SO 000
S1 001
S2 010
S3 011
S4 100
S5 101
S6 110
S7 111

000 00000001
001 00000010
011 00000100
010 00001000
110 00010000
111 00100000
101 01000000
100 10000000

Fig. 7.31
Comparison of different state encoding approaches

Once the codes have been assigned to the state names, each of the bits within the code must be
given a unique signal name. The signal names are necessary because the individual bits within the state
code are going to be implemented with real circuitry, so each signal name will correspond to an actual




7.4 Finite-State Machines + 245

node in the logic diagram. These individual signal names are called state variables. Unique variable
names are needed for both the current state and next state signals. The current state variables are driven
by the Q outputs of the D-flip-flops holding the state codes. The next state variables are driven by the
next state logic circuitry and are connected to the D inputs of the D-flip-flops. State variable names are
commonly chosen that are descriptive both in terms of their purpose and connection location. For
example, current state variables are often given the names Q, Q_cur, or Q_current to indicate that
they come from the Q outputs of the D-flip-flops. Next state variables are given names such as Q¥,
Q_nxt, or Q_next to indicate that they are the next value of Q and are connected to the D input of the
D-flip-flops. Once state codes and state variable names are assigned, the state transition table is
updated with the detailed information.

Returning to our push-button window controller example, let's encode our states in straight binary
and use the state variable names of Q_cur and Q_nxt. Example 7.5 shows the process of state encoding
and the new state transition table.

Example: Push-Button Window Controller - State Encoding

This state machine contains two states, w_closed and w_open. The following are the three
possible ways these states could be encoded.

State Name Binary Gray Code One-Hot
w_closed 0 0 01
w_open 1 1 10

Since this machine is so small, there is no difference between the binary and gray code
approaches. Both of these technigues will require one D-Flip-Flop to hold the state code.
The one-hot approach will require two D-Flip-Flops. Let's choose binary state encoding for
this example. Let's use the state variable names Q_cur and Q_nxt.

Once the state codes and state variables are chosen, the state transition table is updated
with the new detailed information about the design.

Current State Input Next State Outputs
Q_cur | Press Q_nxt| Open_CW | Close_CCW
w_closed 0 0 w_closed 0 0 0
w_closed 0 1 w_open 1 1 0
w_open 1 0 w_open 1 0 0
w_open 1 1 w_closed 0 0 1

Example 7.5
Push-button window controller: state encoding

7.4.2.2 Next State Logic

The next step in the state machine design is to synthesize the next state logic. The next state logic will
compute the values of the next state variables based on the current state and the system inputs. Recall
that a combinational logic function drives one and only one output bit. This means that every bit within the
next state code needs to have a dedicated combinational logic circuit. The state transition table contains
all of the necessary information to synthesize the next state logic including the exact output values of each
next state variable for each and every input combination of state code and system input(s).
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In our push-button window controller example, we only need to create one combinational logic
circuit because there is only one next state variable (Q_nxt). The inputs to the combinational logic circuit
are Q_cur and Press. Notice that the state transition table was created such that the order of the input
values are listed in a binary count just as in a formal truth table formation. This makes synthesizing the
combinational logic circuit straightforward. Example 7.6 shows the steps to synthesize the next state
logic for this the push-button window controller.

Example: Push-Button Window Controller - Next State Logic

We need to synthesize the combinational logic circuit that will create the next state logic for
Q_nxt. The behavior of this combinational logic circuit is described in the state transition
table. In order to visualize where this information is within the table, let's pull it out and put it
into a traditional truth table format.

Current State Input Next State Outputs
Q_cur | Press Q_nxt| Open_CW | Close_CCW
w_closed 0 0 w_closed 0 0 0
w_closed 0 1 w_open 1 1 0
w_open 1 0 w_open 1 0 0
w_open 1 1 w_closed 0 0 1
T T T
These columns are the This column is the desired output for
inputs to the next state logic. the next state logic variable Q_nxt.
Q_cur Press | Q_nxt Q_cur

Press 0 1

0 0 0 i
¢ el —  °[v]O
1 1 0 1@0\

Q_nxt = (Q_cur' - Press) + (Q_cur - Press’)
ar
Q_nxt = Q_cur @ Press

Example 7.6
Push-button window controller: next state logic

7.4.2.3 Output Logic

The next step in the state machine design is to synthesize the output logic. The output logic will
compute the values of the system outputs based on the current state and, in the case of a Mealy
machine, the system inputs. Each of the output signals will require a dedicated combinational logic
circuit. Again, the state transition table contains all of the necessary information to synthesize the output
logic.

In our push-button window controller example, we need to create one circuit to compute the output
“Open_CW” and one circuit to compute the output “Close_ CCW.” In this example, the inputs to these
circuits are the current state (Q_cur) and the system input (Press). Example 7.7 shows the steps to
synthesize the output logic for the push-button window controller.
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Example: Push-Button Window Controller - Output Logic
We need to synthesize the combinational logic circuits that will create the output logic for the
signals “Open_CW" and "Close_CCW". The behavior of this combinational logic circuit is
described in the state transition table. Again, in order to visualize where this information is
within the table, let's pull it out and put it into traditional truth table formats.
Current State Input Next State Outputs
Q_cur | Press Q_nxt| Open_CW | Close_CCW
w_closed 0 0 w_closed 0 0 0
w_closed 0 1 w_open 1 1 0
w_open 1 0 w_open 1 0 0
w_open 1 1 w_closed 0 0 1
T T T T
These columns are the These columns are the desired
inputs to the output logic. behavior of the outputs.
Q_cur Press | Open_CW Q_cur
0 0 0 Floss L A
? {1) a —_— o(o|o —— Open_CW =Q_cur' - Press
1 1 0 @ 0
Q_cur Press | Close_CCW Q_cur
0 0 0 Press 0 ) 1
? {1) g —_— 0({0]|0| —, Close_CCW = Q_cur - Press
1 1 1 0 @

Example 7.7
Push-button window controller: output logic

7.4.2.4 The Final Logic Diagram

The final step of the design of the state machine is to create the logic diagram. It is useful to recall the
block diagram for a state machine from Fig. 7.29. A logic diagram begins by entering the state memory.
Recall that the state memory consists of D-flip-flops that hold the current state code. One D-flip-flop is
needed for every current state variable. When entering the D-flip-flops, it is useful to label them with the
current state variable they will be holding. The next part of the logic diagram is the next state logic. Each
of the combinational logic circuits that compute the next state variables should be drawn to the left of D-
flip-flop holding the corresponding current state variable. The output of each next state logic circuit is
connected to the D input of the corresponding D-flip-flop. Finally, the output logic is entered with the
inputs to the logic coming from the current state and potentially from the system inputs.

Example 7.8 shows the process for creating the final logic diagram for our push-button window
controller. Notice that the state memory is implemented with one D-flip-flop since there is only 1-bit in the
current state code (Q_cur). The next state logic is a combinational logic circuit that computes Q_nxt
based on the values of Q_cur and Press. Finally, the output logic consists of two separate combinational
logic circuits to compute the system outputs Open_CW and Close_ CCW based on Q_cur and Press. In
this diagram the Qn output of the D-flip-flop could have been used for the inverted versions of Q_cur;
however, inversion bubbles were used instead in order to make the diagram more readable.
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Example: Push-Button Window Controller - Logic Diagram
Press
—d 04:)—— Open_CW
Q_nxt Q_cur
» D Q ) Close_CCW
I (Q_cur)
|—> Qn
Clock
“Next State Logic” “State Memory” “Output Logic”
Example 7.8

Push-button window controller: logic diagram

7.4.3 FSM Design Process Overview

The entire finite-state machine design process is given in Fig. 7.32.

Word Description

Y

State
Diagram

Y

State Transition
Table

Y

State Memory
Synthesis

Y

Next State Logic
Synthesis

Y

Output Logic
Synthesis

Y

Final Logic
Diagram

Finite State Machine Design Flow

- The initial design begins with a word description of the desired
behavior.

- The behavior is then modeled with a state diagram containing a set of
states and transitions. Each state is given a descriptive name to make
the behavior understandable.

- The state diagram is then put into table format. This lists the
behavior in a style similar to a truth table and makes direct synthesis
straightforward.

- Each state is encoded and state variable names are assigned for
both the current state and next state signals. The state transition table
is updated with the state variable names and values. Each bit of the
state code requires one D-Flip-Flop.

- A combinational logic circuit is designed for each of the next state
variables based on the current state and system inputs.

- A combinational logic circuit is designed for each system output
based on the current state and, potentially, the system inputs.

- The final logic diagram consists of D-Flip-Flops for the state memory
and combinational logic circuits for the next state and output logic. The
Q outputs of the D-Flip-Flops hold the current state variables while the
D inputs receive the next state variables.

Fig. 7.32

Finite-state machine design flow
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7.4.4 FSM Design Examples
7.4.4.1 Serial Bit Sequence Detector

Let's consider the design of a 3-bit serial sequence detector. Example 7.9 provides the word
description, state diagram, and state transition table for this finite-state machine.

Example: Serial Bit Sequence Detector (Part 1)
Word Description

We are going to design a circuit that will monitor an incoming serial bit —1 Din
stream. The information in the bit stream represents data in groups of three ERRI—
bits. The code “111" represents that an error has occurred in the e
transmitter. Our system needs to monitor the incoming bit stream and
assert a signal called “ERR" if the sequence “111" is detected. At all other
times and for all other incoming codes, ERR=0.

Clock 1

DinL|Do|D1]dz]ﬁo]d1|oz[oo|n1|02["

Bit Sequence #1 Bit Sequence #2 Bit Sequence #3
State Diagram & State Transition Table

To implement this design, we need a machine that can keep track of the number of incoming
bits. In this way, the machine will know once the three bits within a sequence have been
received. The machine must also track if the sequence of incoming bits are 1's. In order to
do this, let's create a sequence of states that will be traversed when Din=1. We also need a
parallel sequence of states that will be traversed if an incoming bit is ever a 0. Each of these
parallel paths must contain enough states to track that three bits of the sequence have been
received before starting over and monitoring the next incoming sequence. The only time the
output ERR will be asserted is when three 1's are received within one three bit data
sequence. To simplify the state diagram, the output of ERR=1 is only listed once next to the
corresponding transition in the diagram. It is assumed that at all other times, ERR=0.

(Input) (Output)
Current State| Din | Next State | ERR

Start 0 DO_not_1 0

Start 1 DO _is_1 0
DO _is_1 0 D1_not_1 0
DO_is_1 1 D1_is_1 0
D1_is_1 0 Start 0
D1_is_1 1 Start 1
DO_not_1 0 D1_not_1 0
DO _not_1 1 D1_not_1 0
D1_not_1 0 Start 0
D1_not_1 1 Start 0

(ERR=1)
Example 7.9

Serial bit sequence detector (part 1)

Example 7.10 provides the state encoding and next state logic synthesis for the 3-bit serial bit
sequence detector.
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Example: Serial Bit Sequence Detector (Part 2)

State Encodin
Let's encode the states in binary in order to minimize the number

State ~ Code

of D-Flip-Flops. Encoding in Gray Code will not benefit this design  Start = “000"
since the state transitions are not linear. Since there are 5 unique DO0_is_1  ="001"
states, we'll need 3 bits to encode all of the states. Atthis point, ~ D1.is_ 1 ="010"
we also need to assign the state variable names. Let's call the DO_not_ 1 ="011"
three variables for the current state Q2_cur, Q1_cur, and Q0_cur. D1_not 1 ="100"
Let's call the three variables for the next state Q2_nxt, Q1_nxt,
and QO0_nxt. After the state codes are assigned, we can update
the state transition table.
Current State Input Next State Output
Q2_cur|Q1_cur|QO_cur Din Q2_nxt|01_nxt|00_nxt ERR
Start 0 0 0 0 | DO_not_1 0 1 1 0
Start 0 0 0 1 | DO_is_1 0 0 1 0
DO_is 1| O 0 1 0 | D1not 1| 1 0 0 0
DO _is_1 0 0 1 1 D1_is_1 0 1 0 0
D1_is_1 0 1 0 0 Start 0 0 0 0
D1_is_1 0 1 0 1 Start 0 0 0 1
DO_not_1| 0 1 1 0 | D1_not_1 1 0 0 0
DO not 1| O 1 1 1 D1_not_1 1 0 0 0
D1 _not 1| 1 0 0 0 Start 0 0 0 0
D1_not_1 1 0 0 1 Start 0 0 0 0
Next State Logic
Q2 nxt Q1_nxt QO0_nxt
Q2_cur Q2_cur Q2_cur
Q0_cur\ @'-°vr Q0 cur \Q1_cur Q0 cur\ Q1_cur
DNOD 01 11 10 T opin\_ 00 01 11 10 T Din™\_ 00 01 11 10
wl[o]o|x]| wl®|o[x]|o o[ 0[x]o
/0|0 ofo]o[x]o o[ o[x [0
1|0 |A iWDlo x|~ w[ofo[x[x
10l@ 1 ofofo[x[x wlofo|[Xx]|x
' |
L. QO0_nxt =(Q2_cur' - Q1_cur' - Q0_cur’)
Q1_nxt =(Q2_cur' - Q1_cur' - Q0_cur' - Din") + (Q1_cur' - Q0_cur - Din)
— Q2_nxt=(Q1_cur - Q0_cur) + (Q0_cur - Din")
Example 7.10

Serial bit sequence detector (part 2)

Example 7.11 shows the output logic synthesis and final logic diagram for the 3-bit serial bit
sequence detector.
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Example: Serial Bit Sequence Detector (Part 3)

Q2_cur

QO0_cur Q1_cur
Din 00 01 11 10
wlolo[x]|o
ol 0 []X)] 0
wloo|x]|x
wofo|o[X]|X

Logic Diagram

—+ ERR=Q1_cur-Q0_cur' - Din

whether a wire is drawn.

Q1_cur j
Q2

G Q2nxt |[D Q =
Q0 _cur Q2_cur

i P an—=--

(Q2_cur)

Q2_cur’ —
Q1_cur' —
QO0_cur' —

Din" — Q1_nxt D Q Q1_cur Q1_cur _|
Q1_cur _] QO_cur'— — ERR
Q0_cur — Q1 cur Din —7

Din - Qnp—----

(Q1_cur)
Q2_cur — \ Qo_nxt Qo_cur

Q1 _cur' — — D Q

QO0_cur' = S

QO0_cur'
> Qnf—----

Ll B (Q0_cur)

Clock
“Next State Logic” “State Memory” “Output Logic”

Note that many of the wires are not drawn in to make the diagram readable. This is a
common practice. Nodes with the same name are assumed to be connected regardless of

Example 7.11
Serial bit sequence detector (part 3)

7.4.4.2 Vending Machine Controller

Let’s now look at the design of a simple vending machine controller. Example 7.12 provides the word
description, state diagram, and state transition table for this finite-state machine.
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Example: Vending Machine Controller (Part 1)
Word Description

We are going to design a simple vending machine controller. The vending machine will
sell bottles of water for 75¢. Customers can enter either a dollar bill or quarters. Once a
sufficient amount of money is entered, the vending machine will dispense a bottle of water.
If the user entered a dollar it will return one quarter in change. A “Money Receiver” detects
when money has been entered. The receiver sends two logic signals to our circuit
indicating whether a dollar bill or quarter was received. A “Bottle Dispenser” system holds
the water bottles and will release one bottle when its input signal is asserted. A “Coin
Return” system holds quarters for change and will release one quarter when its input signal
is asserted. The money receiver will reject money if a dollar and quarter are entered
simultaneously or if a dollar is entered once the user has started entering quarters.

“Bottle Dispenser”

Dispense -

Lo §) o Dollar D_in —— 1 LIy
@ - Quarter Q_In

—P Change

“Money Receiver” “Finite State Machine” Dispense=1

State Diagram and State Transition Table

To implement this state machine, we will need an initial state that the machine will wait in
until a customer enters money (Wait). If a dollar is entered, the machine will assert the
“Dispense” signal to release a bottle of water and assert the “Change” signal to give one
quarter in change. We do not need an additional state for the condition of when a dollar is
entered because the machine will simply assert the output signals and return to the Wait
state. When the customer pays with quarters, our machine needs to keep track of how
many quarters have been received. We'll need two interim states that keep track of how
many quarters have been entered (25¢ and 50¢). Once the third quarter has been entered,
our machine will assert the “Dispense” signal and return to the Wait state.

(Inputs) (Outputs)
Current State|Q_in|D_in |Next State| Dispense |Change
Wait o0 Wait 0 0
D_in=1 Wait 0 1 Wait 1 1
(g:::g”::; Wait 110 25¢ 0 0
25¢ 0| X 25¢ 0 0
25¢ 1 X 50¢ 0 0
50¢ 0| X 50¢ 0 0
W 50¢ 1| x| wait 1 0
Q_in=1 State diagrams can be simplified by only drawing
(Dispense=1) transitions when a signal is asserted.

Example 7.12
Vending machine controller (part 1)

Example 7.13 provides the state encoding and next state logic synthesis for the simple vending
machine controller.
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Example: Vending Machine Controller (Part 2)

State Encodin
Let's encode the states in binary and name the current state variables Q1_cur and Q0_cur
and the next state variables Q1_nxt and Q0_nxt. In this table we list out all possible values
the current state and the inputs to make the table more complete.

Current State Input Next State Qutputs
Q1_cur |Q0_cur[Q in|D in Q1_nxt [ Q0_nxt | Dispense |Change
State Code [Waitt] 0 0 | 0[O0 [Wat] 0 0 0 0
Wait 0 0 0 1 |Wait| 0 0 1 1
Wait =00 Wait 0 0 1 0 | 25¢ 0 1 0 0
25¢ ="“01" Wait| 0 0 1 1 |Wait| 0 0 0 0
50¢ =*“10" 25¢ 0 1 0 0 | 25¢ 0 1 0 0
25¢ 0 1 0 1 | 25¢ 0 1 0 0
25¢ 0 1 1 0 | 50¢ 1 0 0 0
25¢ 0 1 1 1 | 25¢ 0 1 0 0
50¢ 1 0 0 0 | 50¢ 1 0 0 0
50¢ 1 0 0 1 | 50¢ 1 0 0 0
50¢ 1 0 1 0 |Wait| 0 0 1 0
50¢ 1 0 1 1 | 50¢ 1 0 0 0

Next State Logic
The next state logic for this counter depends on both the current state variables and the
system input Up. We can again take advantage of don't cares for the unused state code to
minimize the logic.

Q1_cur Q1_nxt Q1_cur QO0_nxt
Q_in QO0_cur Q.in QO_cur
D_in o0 01 11 10 D_in oo 01 11 10

j T 3 T m = T

0)0 oo| 0 |4 0
o 0 5.0 - o1 l.o I ﬂﬁo
w0 o [x] o [ x| o
0 | 0 of(Mo[x]|o
' |
L» QO0_nxt = (QO0_cur - Q_in") + (Q0_cur - D_in) + (Q1_cur' - Q0_cur' - Q_in - D_in")
—— Q1_nxt=(Q1_cur- Q_in") + (Q1_cur - D_in) + (Q0_cur - Q_in - D_in")

00

Example 7.13
Vending machine controller (part 2)

Example 7.14 shows the output logic synthesis and final logic diagram for the vending machine
controller.
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Output Logic

Q1_cur Dispense

din QO0_cur

Tpin\ 00 01 11 10
wfolo[x]o
01 @ ofx|o
nfololx]|o
oo [0 [&[D

Example: Vending Machine Controller (Part 3)

L» Change = (Q1_cur - Q0_cur’ - Q_in" - D_in)
—— Dispense = (Q1_cur’ - Q0_cur’ - Q_in"- D_in) + (Q1_cur - Q_in - D_in")

Logic Diagram
Q1_cur
Q_in' —
Qi_cur Q1_nxt Q1_cur Q1_cur —
D_in j D Bp=—rse QO0_cur' —
Q1_cur Q_in" —
Q0_cur _| —» Qnp—---- D_in Dispense
Q_in = —
D_in" ™ (@1_cur) Q1_cur
Q_in —
Q0_cur — D_in" ]
Q_in" —
QO0_cur — Q0_nxt b Q QO_cur al cur —
D_in — Q0_cur' — :_Change
Q1_cur’ =— Q0_cur' Q_in'
QD:cur' - "'> Qn D_in
g—:: . (Q0_cur)
Q_in +——---
D_in ———--
Clock
“Next State Logic” “State Memory" “Output Logic”
Example 7.14

Vending machine controller (part 3)
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CC7.4(a)

CC7.4(b)

CC7.4(c)

CC7.4(d)

CC7.4(e)

CC7.4(f)

What allows a finite-state machine to make more intelligent decisions about the
system outputs compared to combinational logic alone?

A) A finite-state machine has knowledge about the past inputs.
B) The D-flip-flops allow the outputs to be generated more rapidly.

C) The next state and output logic allows the finite-state machine to be more
complex and implement larger truth tables.

D) A synchronous system is always more intelligent.

When designing a finite-state machine, many of the details of the implementation can
be abstracted. At what design step do the details of the implementation start being
considered?

A) The state diagram step.
B) The state transition table step.
C) The state memory synthesis step.

D) The word description.

What impact does adding an additional state have on the implementation of the state
memory logic in a finite-state machine?

A) It adds an additional D-flip-flop.
B) It adds a new state code that must be supported.
C) It adds more combinational logic to the logic diagram.

D) It reduces the speed that the machine can run at.

Which of the following statements about the next state logic is FALSE?
A) Itis always combinational logic.
B) It always uses the current state as one of its inputs.

C) Its outputs are connected to the D inputs of the D-flip-flops in the state
memory.

D) It uses the results of the output logic as part of its inputs.

Why does the output logic stage of a finite-state machine always use the current
state as one of its inputs?

A) I[fit didn’t, it would simply be a separate combinational logic circuit and not
be part of the finite-state machine.

B) To make better decisions about what the system outputs should be.
C) Because the next state logic is located too far away.

D) Because the current state is produced on every triggering clock edge.

What impact does asserting a reset have on a finite-state machine?
A) It will cause the output logic to produce all zeros.
B) It will cause the next state logic to produce all zeros.
C) It will set the current state code to all zeros.

D) It will start the system clock.
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7.5 Counters

A counter is a special type of finite-state machine. A counter will traverse the states within a state
diagram in a linear fashion continually circling around all states. This behavior allows a special type of
output topology called state-encoded outputs. Since each state in the counter represents a unique
counter output, the states can be encoded with the associated counter output value. In this way, the

current state code of the machine can be used as the output of the entire system.

7.5.1 2-Bit Binary Up Counter

Let’s consider the design of a 2-bit binary up counter. Example 7.15 provides the word description,

state diagram, state transition table, and state encoding for this counter.

Example: 2-Bit Binary Up Counter (Part 1)
Word Description

output of the counter is called CNT.

State Diagram & State Transition Table

State Encodin

We are going to design a 2-bit binary up counter. The counter will
increment by 1 on every rising edge of the clock (“00", “01", “10", “11).
When the counter reaches “11", it will start over counting at “00". The

CNT [~

The state diagram for this counter is below. Notice that there are no inputs to the state
machine. Also notice that the machine transitions in a linear pattern through the states and
continually repeats the sequence of states. The outputs of this machine depend only on
the current state so they are written inside of the state circles. This is a Moore machine.

(Output)
Current State| Next State | CNT
co C1 “00"
C1 c2 ‘01"
c2 C3 “10"
C3 Cco “11"

When implementing this counter, we can use “state-encoded outputs”. This means that we
choose the state codes so that they match the desired output at each state. This allows
the machine to simply use the current state variables for the system outputs. Let's name
the current state variables Q1_cur and QO0_cur and the next state variables Q1_nxt and
QO0_nxt. The state code assignments and updated state transition table are below.

State Code Current State Next State Outputs
co = “00" Q1_cur|QO0_cur Q1_nxt| Q0 _nxt CNT
C1 =*01" co| o 0 c1 0 1 “00"
C2 ="10" cl1| o 1 c2 1 0 ‘01"
o ald c2 | 1 0 c3 1 1 “10"
c3 | 1 1 Co 0 0 ik
Example 7.15

2-Bit binary up counter (part 1)
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Example 7.16 shows the next state and output logic synthesis, the final logic diagram, and resultant
representative timing diagram for the 2-bit binary up counter.

Example: 2-Bit Binary Up Counter (Part 2)

Next State Loaic
The next state logic for this counter only depends on the current state variables since there

are no inputs to the system.

Q1_nxt QO_nxt
Q1_cur Q1_cur
QO_cur 0 1 QO_cur 0 1

NAO NGD)

] i

1'@"‘0 1100

| d
Q1_nxt = (Q1_cur' - Q0_cur) + (Q1_cur - Q0_cur") QO0_nxt=Q0_cur
or
Q1_nxt=Q1_cur @ Q0_cur

Output Logic
Since we are using state-encoded outputs, the outputs of the system will simply be the

current state variables.
CNT(0) = Q0_cur

Logic Diagram
Q1_cur j
QO0_cur
- Q1
Q1_nxt D Q _cur CNT(1)
Q1_cur X
Qo_cur':l & an[3L
(Q1_cur)
Qo_cur’ QO0_nxt b Q Q0_cur CNTI(0)
4 an E);cur
Clock (Q0_cur)
“Next State Logic” “State Memory” “Output Logic”
Timing Diagram
Clock
1
CNT oo 01 10 1 00 01 10 1" 00
| I I I I I I I I |
Example 7.16

2-Bit binary up counter (part 2)

7.5.2 2-Bit Binary Up/Down Counter

Let's now consider a 2-bit binary up/down counter. In this type of counter, there is an input that
dictates whether the counter increments or decrements. This counter can still be implemented as a
Moore machine and use state-encoded outputs. Example 7.17 provides the word description, state
diagram, state transition table, and state encoding for this counter.
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Example: 2-Bit Binary Up/Down Counter (Part 1)

Word Description
We are going to design a 2-bit bin /down nter. When the
system input “Up" is asserted, the counter will increment by 1 on every ™| Up 2
rising edge of the clock. When Up=0, the counter will decrement by 1 on N CNT [~
every rising edge of the clock. The output of the counter is called CNT.

State Diagram & State Transition Table
The state diagram for this counter is below. In this diagram, if the input Up=1, the machine
will traverse the states in order to create an incrementing count. If the input Up=0, the
machine will traverse the states in the opposite order. The outputs of this machine again
only depend on the current state so they are written inside of the state circles. Thisis a

Moore machine. (Input) (Output)
Current State| Up | Next State | CNT
co 0 C3 “00"
1 C1
C1 0 co “01"
1 c2
c2 0 C1 “10"
1 C3
Up=1 C3 0 c2 E
1 Co

State Encoding
Again, this counter will use “state-encoded outputs”. Let's name the current state variables
Q1_cur and QO_cur and the next state variables Q1_nxt and Q0_nxt. The state code
assignments and updated state transition table are below.

Current State Input Next State Qutputs

Q1 _cur|QO0_cur Up Q1_nxt|QO_nxt|[ OCNT

State Code co 0 0 0 C3 1 1 “00”
co = 00" Cco 0 0 C1 0 1 “00”
C1 =*01" C1 0 1 0 co 0 0 “01"
c2 ="10" C1 0 1 1 c2 1 0 “01”
8 W T'ea [ 1 0 0 c1 | o 1 10"
c2 1 0 1 C3 1 1 “10”

c3 1 1 0 c2 1 0 b i

C3 1 1 1 co 0 0 “41"

Example 7.17

2-Bit binary up/down counter (part 1)

Example 7.18 shows the next state and output logic synthesis, the final logic diagram, and resultant
representative timing diagram for the 2-bit binary up/down counter.
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Example: 2-Bit Binary Up/Down Counter (Part 2)

Next State Loqic
The next state logic for this counter depends on both the current state variables and the

input Up. Q1_nxt QO _nxt
Q1_cur Q1_cur
QO0_cur QO0_cur
UP\ 00 01 11 10 U\ o0 01 11 10

o[Df o [0 o[ n[ofo|A]
1[0 [@[o | Ao o [l
l l

Q1_nxt=Q1_cur ® Q0_cur @ Up QO0_nxt=Q0_cur'

Output Logic
Since we are using state-encoded outputs, the outputs of the system will simply be the

current state variables.
CNT(1)=Q1_cur
CNT(0) = Q0_cur

Logic Diagram
Q1_cur
_ Q1
QO_cur {> UL P L CNT(1)
Up—r—" " Qi_cur
2§ Qn__cur
(Q1_cur)
Qo_cur Q0_nxt ] [ q]@0-cur CNT(0)
b anfones
Clock (Q0_cur)
“Next State Logic” “State Memory” “Output Logic”
Timing Diagram
+0 i '
Up| I '
*0
‘ .
1 1 1 1 1 1
CNT] | 00 | o1 | 10 | | oo | |0|0|00|
Example 7.18

2-Bit binary up/down counter (part 2)

7.5.3 2-Bit Gray Code Up Counter

A gray code counter is one in which the output only differs by one bit from its prior value. This type of
counter can be implemented using state-encoded outputs by simply encoding the states in gray code.
Let’s consider the design of a 2-bit gray code up counter. Example 7.19 provides the word description,
state diagram, state transition table, and state encoding for this counter.
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Example: 2-Bit Gray Code Up Counter (Part 1)
Word Description

We are going to design a 2-bit gray code up counter. The counter will
output an incrementing gray code pattern on every rising edge of the Gray [~
clock (“007, “01", “11", “10). When the counter reaches “11", it will start -->
over counting at “00". The output of the counter is called Gray.

State Diagram & State Transition Table

The state diagram for this counter is below. Notice that there are no inputs to the state
machine. Also notice that the machine transitions in a linear pattern through the states and
continually repeats the sequence of states. The outputs of this machine depend only on
the current state, so they are written inside of the state circles. This is a Moore machine.

(Output)
Current State| Next State | Gray
GC_0 GC_1 “00"
GC_1 GC 2 “01"
GC_ 2 GC_3 “11"
GC_ 3 GC. 0 “10"

State Encoding
When implementing this counter, we can use “state-encoded outputs”. This means that we
choose the state codes so that they match the desired output at each state. This allows
the machine to simply use the current state variables for the system outputs. Let's name
the current state variables Q1_cur and QO_cur and the next state variables Q1_nxt and
QO_nxt. The state code assignments and updated state transition table are below.

State Code Current State Next State Outputs
GC.0 = 00" Q1_cur| QO_cur Q1_nxt|QO_nxt| Gray
GC_1 = “01" GCO| o 0 GC_1 0 1 “00"
cc2 =" GC_1| © 1 | 6Cc2| 1 1 “01"
@GS B lecg| A 1 | eca| 1 o |
GC_3 1 0 GC_0 0 0 “10"
Example 7.19

2-Bit gray code up counter (part 1)

Example 7.20 shows the next state and output logic synthesis, the final logic diagram, and resultant
representative timing diagram for the 2-bit gray code up counter.
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Example: 2-Bit Gray Code Up Counter (Part 2)

Next State Logic
The next state logic for this counter only depends on the current state variables since there
are no inputs to the system. Care must be taken when synthesizing the next state logic
because the order of the current state variable values in the state transition table is not in a
binary count order as in prior examples.
Q1 _nxt QO0_nxt

Q1_cur Q1_cur

QU_CU\ Q0 cur\, 0 1
of1Y)o

0
L 1 [W)o
]
Q1_nxt = QO0_cur QO0_nxt=Q1_cur

Output Logic
Since we are using state-encoded outputs, the outputs of the system will simply be the

current state variables.
Gray(1) =Q1_cur

Gray(0) = Q0_cur

Logic Diagram
Q1
QO0_cur Q1_nxt D Q = Gray(1)
_> QnQ_1_CUI"
(Q1_cur)
. Qo
Q1_cur QI o=~ Gray(0)
> QDO_O_CU!
Clock (Q0_cur)
“Next State Logic” “State Memory” “Output Logic”
Timing Diagram
. :
: ; |
1 11 1 1 11 1
Grayn|0010[ | 10 | o0 [ o1 | [ 10 | o0 |
Example 7.20

2-Bit gray code up counter (part 2)

7.5.4 2-Bit Gray Code Up/Down Counter

Let’s now consider a 2-bit gray code up/down counter. In this type of counter, there is an input that
dictates whether the counter increments or decrements. This counter can still be implemented as a
Moore machine and use state-encoded outputs. Example 7.21 provides the word description, state
diagram, state transition table, and state encoding for this counter.
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Example: 2-Bit Gray Code Up/Down Counter (Part 1)
Word Description
We are going to design a 2-bit gray code up/down counter. When the —u
system input “Up" is asserted, the counter will output an incrementing P
gray code pattern on every rising edge of the clock (*00", “01", “11", “10). _>
When the input Up=0, the counter will output a decrementing gray code
pattern. The output of the counter is called Gray.

Gray |7~

State Diagram & State Transition Table

The state diagram for this counter is below. The outputs of this machine again only
depend on the current state, so they are written inside of the state circles. This is a Moore

machine. (Input) (Output)
Up GC_ 0 1 Current State| Up | Next State | Gray
(Gray="00") GC 0 0 GC_3 “00"
1 GC_1
GC_1 0 GC_0 01"
1 GC_2
GC_2 0 GC_1 11"
1 GC_3
Yy GC3 |0 | ecz | o
State Encoding 1 GC O

Again, this counter will use “state-encoded outputs”. Let's name the current state variables
Q1_cur and QO_cur and the next state variables Q1_nxt and Q0_nxt. The state code
assignments and updated state transition table are below.

Current State Input Next State Outputs

Q1 _cur| Q0 _cur Up Q1_nxt|Q0_nxt| Gray

cco| o 0 0 GC 3| 1 0 “00"

State  Code [gc o o 0 1 |ec1| o 1 “00"
GC O =00 GC_1| o0 1 0 GC 0 0 0 ‘01"
gg:; :?1 cc 1| o 1 1 Gc 2| 1 1 “01"
GC_3 ="10" |[GC_2| 1 1 0 |ec1| o r ren
GC_ 2 1 1 1 GC_3 1 0 “11”

ee3| 1 0 0 |ec2| f 1 “10"

GC_ 3| 1 0 1 GC 0 0 0 “10"

Example 7.21

2-Bit gray code up/down counter (part 1)

Example 7.22 shows the next state and output logic synthesis, the final logic diagram, and resultant
representative timing diagram for the 2-bit gray code up/down counter.
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Example: 2-Bit Gray Code Up/Down Counter (Part 2)
Next State Logic

The next state logic for this counter depends on both the current state variables and the
input Up. Again, care must be taken when synthesizing the next state logic due to the non-
regular pattern of the current state codes in the state transition table.
Q1_cur Q1_nd Q1_cur Q0_nxt

Qo0 _cur QO0_cur

PN, oo 01 11 10

Sofofola]”

ilo Q_‘I)O
l

u

Q1_nxt = (Q0_cur' - Up') + (Q0_cur - Up) QO_nxt = (Q1_cur - Up') + (Q1_cur' - Up)
Output Logic
Since we are using state-encoded outputs, the outputs of the system will simply be the
current state variables. Gray(1) = Q1_cur
. Gray(0) = Q0_cur
Logic Diagram
Q0_cur' -
e a1
Q1_nxt D Q _cur Gray(1)
i Q1_cur'
Up — —> Qnj—
Qt_cur j (Q1_cur)
Up' 0
Q0 _nxt D Q Q0_cur Gray(0)
Q1_cur j P—
Up—— ¢ an—"
Clock (Q0_cur)
“Next State Logic” “State Memory” “Output Logic”
Timing Diagram
1
Clock |
1 -
Up |
0 h
: i
1 1" 1 1 1" 1
GrayDIOOIUI | 10 | o0 [ 10 | [0100|
Example 7.22

2-Bit gray code up/down counter (part 2)

7.5.5 3-Bit One-Hot Up Counter

A one-hot counter creates an output in which one and only one bit is asserted at a time. In an up
counter configuration, the assertion is made on the least significant bit first, followed by the next higher
significant bit, and so on (i.e., 001, 010, 100, 001...). A one-hot counter can be created using state-
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encoded outputs. For a n-bit counter, the machine will require n D-flip-flops. Let’s consider a 3-bit one-hot
up counter. Example 7.23 provides the word description, state diagram, state transition table, and state
encoding for this counter.

Example: 3-Bit One-Hot Up Counter (Part 1)
Word Description

We are going to design a 3-bit one-hot up counter. The counter will 3
output an incrementing one-hot pattern on every rising edge of the Hot [~

clock (“001", “0107, “100"). When the counter reaches “100", it will start —>
over counting at “001”. The output of the counter is called Hot.

State Diagram & State Transition Table
The state diagram for this counter is below. Notice that there are no inputs to the state
machine. The outputs of this machine depend only on the current state so they are written
inside of the state circles. This is a Moore machine.

Hot_0 (Output)
(Hot="001") Current State| Next State | Hot
Hot_0 Hot_1 “001"
Hot_1 Hot_2 “010"
Hot_1 Hot_2 Hot_0 “100"

(Hot="010")

State Encoding

When implementing this counter, we can use “state-encoded outputs”. Using one-hot state
encoding requires three bits to encode the states. This means we'll need three variables
for both the current state and next state. Let's name the current state variables Q2_cur,
Q1_cur and QO0_cur and the next state variables Q2_nxt, Q1_nxt and Q0_nxt. The state
code assignments and updated state transition table are below.

Current State Next State Outputs
e Gode Q2_cur|Q1_cur|Q0_cur Q2_nxt[Q1_nxt|Q0_nxt| Hot
Hot 0 =%001" fyo o] o 0 1 [Hot 1| o 1 0 | “001”
Hot 1 =*010" - PR
Hot 2 =*100" |Hot_1 0 1 0 [Hot 2] 1 0 0 010
Hot_ 2| 1 0 0 |HotO| O 0 1 “100"
Example 7.23

3-Bit one-hot up counter (part 1)

Example 7.24 shows the next state and output logic synthesis, the final logic diagram, and resultant
representative timing diagram for the 3-bit one-hot up counter.
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Example: 3-Bit One-Hot Up Counter (Part 2)

Next State Logic
The next state logic for this counter only depends on the current state variables since there
are no inputs to the system. We can take advantage of don't cares to minimize the logic.

Q2 nxt Q1_nxt QO_nxt
Q2_cur Q2_cur Q2_cur
Q1_cur Q1_cur Q1_cur
Qcur\ o0 01 11 10 Qoo QOcur\ g0 01 11 10
- ) m b T -
0 1% 0 0 o X [0 D)
10 [X|Xx)|x 1|( 110[X x)
Q2_nxt = Q1_cur Q1_nxt=Q0_cur QO_nxt=Q2_cur

Output Logic
Since we are using state-encoded outputs, the outputs of the system will simply be the
current state variables.
Hot(2) = Q2_cur

Hot(1) = Q1_cur
Hot(0) = Q0_cur

Logic Diagram
Hot(0) Hot(1) Hot(2)
o o] o)

IQ{]_nxt D Q QO0_cur Q1_nxt D Q Q1_cur Q2_nxt D Q Q2 cur
D Qn D Qn D Qn
r(O{)_cur} |7{01”cur} |_ (Q2_cur)

Timing Diagram

Clock‘|f|f|f]f|f|f|f|f|
9 : ! :

1 ’ :
Hot] | oot | o0 | 100 | oot | oto | 100 | oot | oto | 100 |

Clock

Example 7.24
3-Bit one-hot up counter (part 2)

7.5.6 3-Bit One-Hot Up/Down Counter

Let’'s now consider a 3-bit one-hot up/down counter. In this type of counter, there is an input that
dictates whether the counter increments or decrements. This counter can still be implemented as a
Moore machine and use state-encoded outputs. Example 7.25 provides the word description, state
diagram, state transition table, and state encoding for this counter.
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Example: 3-Bit One-Hot Up/Down Counter (Part 1)
Word Description

We are going to design a 3-bit one-h wn nter. When the

system input “Up” is asserted, the counter will output an incrementing  —{Up 3
one-hot pattern on every rising edge of the clock (“001", “010", “100"). Hot [~
When the input Up=0, the counter will output a decrementing one-hot _>

pattern (100", “010", “001"). The output of the counter is called Hot.

State Diagram & State Transition Table
The state diagram and state transition table for this counter are below.

et (Input) (Output)
(Hot=~5m " Current State| Up | Next State| Hot

Up=1 e Hot0 | 0 | Hot2 |-001"
Up=0 Hot_0 1 Hot_1 “001"
Hot 2 Hot_1 0 Hot_0 “010”
(Hot="100") Hot_1 1 | Hot2 |[“010"
Hot_2 0 Hot_1 “100"
Hot_2 1 Hot_0 “100"

Up=1

State Encoding
Let's use “state-encoded outputs” and name the current state variables Q2_cur, Q1_cur
and QO_cur and the next state variables Q2_nxt, Q1_nxt and Q0_nxt. The state code
assignments and updated state transition table are below.

Current State Input Next State Outputs

Q2 _cur{Q1_cur|Q0_cur| Up Q2 nxt|Q1_nxt|Q0_nxt| Hot

State  Code[Hot 0| © 0 1 |0 [Hot2] 1 0 0 | “001"

Hot 0 ="001" Hot 0 0 0 1 1 |Hot_1 0 1 0 “001”

Hot_1 ="010: Hot_1 0 1 0 0 |Hot 0 0 0 1 “010"

Hot 2 ="100"[Hot 1| © 1 0 1 |Hot 2| 1 0 o | “010"

Hot_2 1 0 0 0 |Hot_1 0 1 0 “100"

Hot_2 1 0 0 1 |Hot 0 0 0 1 “100”

Example 7.25

3-Bit one-hot up/down counter (part 1)

Example 7.26 shows the next state and output logic synthesis for the 3-bit one-hot up/down counter.
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Example: 3-Bit One-Hot Up/Down Counter (Part 2)
Next State Logic

The next state logic for this counter depends on both the current state variables and the
system input Up. We can again take advantage of don't cares to minimize the logic.

Q2 nxt Q1_nxt QO0_nxt
Q2_cur Q2_cur Q2_cur
Qo_cur Q1_cur Qo_cur Q1_cur . Qo_cur Q1_cur

Up\ 00 Up\ 00 01 i11 10} Up\ 00 {01 11: 10

o o T ] 8 i 1 F T
oo| X ool X |0 K& 1) ool X [\1 0

] 1] £l k] L] L] T
o1 X oif X]O0[X]|O o1 X 11
1] 0 |\ | XXX 1| 0

B — 2] U] 4 = H] C
10{(1 100X rX | Xi 10| 0 X

]

IL—: QO_nxt = (Q2_cur - Up) + (Q1_cur - Up')

Q1_nxt = (Q0_cur - Up) + (Q2_cur - Up")
Q2_nxt=(Q1_cur - Up) + (QO0_cur - Up)
Output Logic
Since we are using state-encoded outputs, the outputs of the system will simply be the
current state variables. Hot(2) = Q2_cur
Hot(1) = Q1_cur
Hot(0) = Q0_cur

Example 7.26
3-Bit one-hot up/down counter (part 2)

Finally, Example 7.27 shows the logic diagram and resultant representative timing diagram for the

counter.
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Example: 3-Bit One-Hot Up/Down Counter (Part 3)
Logic Diagram
Q1_cur
Up Q2_cur
Q2_nxt D Q Hot(2)
Q0_cur -
Up' — _> Qn
(Q2_cur)
QO0_cur —
i Q1_nxt Q1_cur
— D Q|— Hot(1)
Q2_cur -
Up' — > Qn
(Q1_cur)
Q2_cur —
Up —
Q0_nxt D Q Q0_cur Hot(0)
Q1_cur —
Up' = > an
L — (Q0_cur)
Clock
Timing Diagram
+1
Clock
+0
; 5
Up : é o
10 ! ! | 1
+1 : E ; ; .
Hot| | oot | ot0 [ 100 | oo1 | ot0 | oot [ 100 | ot0 | oo1 |
1o ! : : '

Example 7.27
3-Bit one-hot up/down counter (part 3)

CC7.5 What characteristic of a counter makes it a special case of a finite-state machine?

A) The state transitions are mostly linear, which reduces the implementation
complexity.

B) The outputs are always a gray code.
C) The next state logic circuitry is typically just sum terms.

D) There is never a situation where a counter could be a Mealy machine.
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7.6 Finite-State Machine’s Reset Condition

The one-hot counter designs in Examples 7.23 and 7.25 where the first FSM examples that had an
initial state that was not encoded with all 0’s. Notice that all of the other FSM examples had initial states
with state codes comprised of all 0’s (e.g., w_closed = 0, SO = “00”, CO = “00”, GC_0 = “00”, etc.). When
the initial state is encoded with all 0’s, the FSM can be put into this state by asserting the reset line of all of
the D-flip-flops in the state memory. By asserting the reset line, the Q outputs of all of the D-flip-flops are
forced to 0’s. This sets the initial current state value to whatever state is encoded with all 0’s. The initial
state of a machine is often referred to as the reset state. The circuitry to initialize state machines is often
omitted from the logic diagram as it is assumed that the necessary circuitry will exist in order to put the
state machine into the reset state. If the reset state is encoded with all 0’s, then the reset line can be used
alone; however, if the reset state code contains 1’s, then both the reset and preset lines must be used to
put the machine into the reset state upon start up. Let’s look at the behavior of the one-hot up counter
again. Figure 7.33 shows how using the reset lines of the D-flip-flops alone will cause the circuit to
operate incorrectly. Instead, a combination of the reset and preset lines must be used to get the one-hot
counter into its initial state of Hot_0 = “001”.

Finite State Machine Reset State
In the original logic diagram for the one-hot up counter, the circuitry to initialize the state
machine was assumed to put the machine into the first state of Hot_0="001". Let's look at
how this circuit would operate if the reset line alone was used to initialize the machine.
Hot(0) Hot(1) Hot(2)

<

QO0_nxt Q0_cur Q1 _nxt Q1 _cur Q2 nxt Q2 cur
| D Q R D Q

ES -~

Reset Reset Reset
O O
Clock

Reset

N
N
N

If all of the D-Flip-Flops are configured like this, each of the Q outputs will be forced to 0 upon an
assertion on the system reset line (Reset=0). Due to the “ring” configuration of the circuit, the
outputs will never change to a 1, and the state machine will not produce the one-hot count.
In order to initialize the counter to its first state (Hot_0="001"), both the reset and preset
lines must be used. Consider the following logic diagram where the system reset is used
to drive the reset lines of the D-Flip-Flops for Q1_cur and Q2_cur and the preset line of the

D-Flip-Flop for Q0_cur. Hot(0) Hot(1) Hot{2)

] 1 ] 1
QO0_nxt [;’resectl QO_cur Q1 nxt I;rese{tz Q1_cur Q2 nxt I;rese(t} Q2 cur
1 0 0
|_>Reset >Reset >Reset
¢ 8]
Clock L
Reset

When the system reset is asserted (Reset=0), it will force Q0_cur=1, Q1_cur=0 and Q2_cur=0.
Now when the state machine begins normal operation it will behave as a one-hot up counter.

Fig. 7.33
Finite-state machine reset state
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Resets are most often asynchronous so that they can immediately alter the state of the FSM. If a
reset was implemented in a synchronous manner and there was a clock failure, the system could not be
reset since there would be no more subsequent clock edges that would recognize that the reset line was
asserted. An asynchronous reset allows the system to be fully restarted even in the event of a clock
failure.

CC7.6 What is the downside of using D-flip-flops that do not have preset capability in a finite-
state machine?

A) The finite-state machine will run slower.
B) The next state logic will be more complex.

C) The output logic will not be able to support both Mealy- and Moore-type
machine architectures.

D) The start-up state can never have a 1 in its state code.

7.7 Sequential Logic Analysis

Sequential logic analysis refers to the act of deciphering the operation of a circuit from its final logic
diagram. This is similar to combinational logic analysis with the exception that the storage capability of
the D-flip-flops must be considered. This analysis is also used to understand the timing of a sequential
logic circuit and can be used to predict the maximum clock rate that can be used.

7.7.1 Finding the State Equations and Output Logic Expressions of a FSM

When given the logic diagram for a finite-state machine and it is desired to reverse-engineer
its behavior, the first step is to determine the next state logic and output logic expressions. This can
be accomplished by first labeling the current and next state variables on the inputs and outputs of the
D-flip-flops that are implementing the state memory of the FSM. The outputs of the D-flip-flops are
labeled with arbitrary current state variable names (e.g., Q1_cur, Q0_cur, etc.) and the inputs are labeled
with arbitrary next state variable names (e.g., Q1_nxt, Q0_nxt, etc.). The numbering of the state
variables can be assigned to the D-flip-flops arbitrarily as long as the current and next state bit numbering
is matched. For example, if a D-flip-flop is labeled to hold bit 0 of the state code, its output should be
labeled QO0_cur and its input should be labeled Q0_nxt.

Once the current state variable nets are labeled in the logic diagram, the expressions for the next
state logic can be found by analyzing the combinational logic circuity driving the next state variables
(e.g., Q1_nxt, QO_nxt). The next state logic expressions will be in terms of the current state variables
(e.g., Q1_cur, QO_cur) and any inputs to the FSM.

The output logic expressions can also be found by analyzing the combinational logic driving the
outputs of the FSM. Again, these will be in terms of the current state variables and potentially the inputs
to the FSM. When analyzing the output logic, the type of machine can be determined. If the output logic
only depends on combinational logic that is driven by the current state variables, the FSM is a Moore
machine. If the output logic depends on both the current state variables and the FSM inputs, the FSMis a
Mealy machine. An example of this analysis approach is given in Example 7.28.
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Example: Determining the Next State Logic and Output Logic Expressions of a FSM
Given: The following finite state machine logic diagram.

L=

> Q
p_n — Done
. Rezat
D Q /)
Go —1:
> Qn
Clock
Reset —---- Reset

Find: The logic expressions for the next state and output logic.

Solution: First, we need to label the inputs and outputs of the D-Flip-Flops. Let's call the
current state variables Q1_cur and QO_cur and the next state variables Q1_nxt and Q0_nxt.
We can assign these node names to whichever D-flip-flop we wish as long as we match the
next state and current state variable numbers (i.e., Q1_nxt with Q1_cur and Q0_nxt and
QO_cur). We can also redraw the diagram without all of the connecting nets to reduce the
complexity of the diagram.

go_pur j "; Q1_nxt D Q Q1_cur
1_cur
Q1_cur
- anj— Q1_cur:D_ Bais
TR . QO0_cur
ese!
QO0_cur' —
= Q0_nxt
_ D Q QO0_cur
Go
Q0_cur' — 5 an QO0_cur’
Clock =—=---
Reset
Reset ——=----

From this drawing the next state logic and output logic expressions can be found directly.

Q1_nxt =Q0_cur & Q1_cur Done = Q1_cur - Q0_cur
QO_nxt = (Q1_cur - Q0_cur’) + (Go - Q0_cur’)

Example 7.28
Determining the next state logic and output logic expression of a FSM

7.7.2 Finding the State Transition Table of a FSM

Once the next state logic and output logic expressions are known, the state transition table can be
created. Itis useful to assign more descriptive names to all possible state codes in the FSM. The number
of unique states possible depends on how many D-flip-flops are used in the state memory of the FSM.
For example, if the FSM uses two D-flip-flops, there are four unique state codes (i.e., 00, 01, 10, 11). We
can assign descriptive names such as SO0 = 00, S1 =01, S2 = 10, and S3 = 11. When first creating the
transition table, we assign labels and list each possible state code. If a particular code is not used, it can
be removed from the transition table at the end of the analysis. The state code that the machine will start
in can be found by analyzing its reset and preset connections. This code is typically listed first in the
table. The transition table is then populated with all possible combinations of current states and inputs.
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The next state codes and output logic values can then be populated by evaluating the next state logic
and output logic expressions found earlier. An example of this analysis is shown in Example 7.29.

Example: Determining the State Transition Table of a FSM
Given: The following finite state machine logic diagram.

QO0_cur Q1_nxt Q1_cur
Q1_cur j > D Q
Q1_cur'
- Qnj— Q1_cur :1 ) L Diéiia
Q1_cur | = QO0_cur
QO0_cur’ —
—cur Q0_nxt D Q Q0_cur
Go
Q0_cur' — _ Q0_cur'
Clock — p Qni—=
Reset — Mex! State Logic Y Qutput Logic
Q1_nxt = Q0_cur & Q1_cur Reset Done = Q1_cur - Q0_cur
QO_nxt = (Q1_cur - Q0_cur’) + (Go - Q0_cur’)

Find: The state transition table.

Solution: Since there are two D-Flip-Flops in this circuit there can be four unique state codes
(00, 01, 10, and 11). We notice that the reset condition for this FSM will initialize this
machine to state 00. We will insert this state code in the table as the first state. Also, we
can assign four arbitrary state names to these codes. Let's use S0=00, S1=01, S2=10, and
S3=11. We can list these state names and current state codes in the table along with every
possible value of the input. The last step is to simply evaluate the logic expressions for the
next state variables and the output to complete the table.

Current State Input Next State Outputs
Q1_cur | QO_cur Go Q1_nxt|Q0_nxt| Done

S0 0 0 0 S0 0 0 0

S0 0 0 1 S1 0 1 0

S1 0 1 0 S2 1 0 0

S1 0 1 1 S2 1 0 0

S2 1 0 0 S3 1 1 0

S2 1 0 1 S3 1 1 0

S3 1 1 0 S0 0 0 1

S3 1 1 1 S0 0 0 1

\ ” AL J
b Y

The current state codes and Go are These values are calculated using the next state
used as the inputs into the next state logic and output logic expressions. The state
logic and output logic expressions. names for the next states are added last.

Example 7.29
Determining the state transition table of a FSM

7.7.3 Finding the State Diagram of a FSM

Once the state transition table is found, creating the state diagram becomes possible. We start the
diagram with the state corresponding to the reset state. We then draw how the FSM transitions between
each of its possible states based on the inputs to the machine and list the corresponding outputs. An
example of this analysis is shown in Example 7.30.
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Example: Determining the State Diagram of a FSM

Given: The following state transition table that has been created from a FSM logic diagram.

Current State Input Next State Outputs
Q1_cur|Q0_cur Go Q1_nxt[QO0_nxt| Done
S0 0 0 0 S0 0 0 0
S0 0 0 1 S1 0 1 0
st | o 1 0 S2 1 0 0
S1 0 1 1 S2 1 0 0
52 1 0 0 S3 1 1 0
82 1 0 1 S3 1 1 0
s3 | 1 1 0 ) 0 0 1
S3 1 1 1 S0 0 0 1

Find: The state diagram.

Solution: The reset condition for this FSM is S0=00 based on the way that the resets of the
D-Flip-Flops were connected in the prior logic diagram. This allows us to begin drawing
the state diagram starting in S0. From this state we simply list the next state based on the
input Go. We notice that the machine will stay in SO when Go=0 and will transition to S1
when Go=1. We then notice that the machine transitions from S1-to-S2, from S2-to-S3,
and from S3-to-S0 regardless of the input value. We can draw these transitions with the

input condition Go=X.

For the output Done, we notice that it only depends on the current state, thus this is a
Moore machine. For this type of machine we can write the output value within the state

bubbles. The final state diagram is as fo[lows.O
Go=0

(Done=0)

S0=00
S1=01
§2=10
S3=11

State Codes

Example 7.30
Determining the state diagram of a FSM

7.7.4 Determining the Maximum Clock Frequency of a FSM

The maximum clock frequency is often one of the banner specifications for a digital system. The
clock frequency of a FSM depends on a variety of timing specifications within the sequential circuit
including the setup and hold time of the D-flip-flop, the clock-to-Q delay of the D-flip-flop, the combina-
tional logic delay driving the input of the D-flip-flop, the delay of the interconnect that wires the circuit
together, and the desired margin for the circuit. The basic concept of analyzing the timing of FSM is to
determine how long we must wait after a rising (assuming a rising edge-triggered D-flip-flop) clock edge
occurs until the subsequent rising clock edge can occur. The amount of time that must be allowed
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between rising clock edges depends on how much delay exists in the system. A sufficient amount of time
must exist between clock edges to allow the logic computations to settle so that on the next clock edge,
the D-flip-flops can latch in a new value on their inputs.

Let’'s examine all of the sources of delay in a FSM. Let’s begin by assuming that all logic values are
at a stable value and we experience a rising clock edge. The value present on the D input of the D-flip-
flop is latched into the storage device and will appear on the Q output after one clock-to-Q delay of the
device (tcq)- Once the new value is produced on the output of the D-flip-flop, it is then used by a variety of
combinational logic circuits to produce the next state codes and the outputs of the FSM. The next state
code computation is typically longer than the output computation so let's examine that path. The new
value on Q propagates through the combinational logic circuitry and produces the next state code at the
D input of the D-flip-flop. The delay to produce this next state code includes wiring delay in addition to
gate delay. When analyzing the delay of the combinational logic circuitry (t.mp) and the delay of the
interconnect (1), the worst-case path is always considered. Once the new logic value is produced by the
next state logic circuitry, it must remain stable for a certain amount of time in order to meet the D-flip-flop’s
setup specification (tsetup). Once this specification is met, the D-flip-flop could be clocked with the next
clock edge; however, this represents a scenario without any margin in the timing. This means that if
anything in the system caused the delay to increase even slightly, the D-flip-flop could go metastable. To
avoid this situation, margin is included in the delay (tmargin). This provides some padding so that the
system can reliably operate. A margin of 10% is typical in digital systems. The time that must exist
between rising clock edges is then simply the sum of all of these sources of delay
(tca * temb * tint + tsetup + tmargin)- Since the time between rising clock edges is defined as the period of
the signal (T), this value is also the definition of the period of the fastest clock. Since the frequency of a
signal is simply f = 1/T, the maximum clock frequency for the FSM is the reciprocal of the sum of the
delay.

One specification that is not discussed in the above description is the hold time of the D-flip-flop
(thora)- The hold specification is the amount of time that the input to the D-flip-flop must remain constant
after the clock edge. In modern storage devices, this time is typically very small and considerably less
than the tcq specification. If the hold specification is less than tcq, it can be ignored because the output of
the D-flip-flop will not change until after one tcq anyway. This means that the hold requirements are
inherently met. This is the situation with the majority of modern D-flip-flops. In the rare case that the hold
time is greater than tcq, then it is used in place of tcq in the summation of delays. Figure 7.34 gives the
summary of the maximum clock frequency calculation when analyzing a FSM.
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Timing Analysis of a Finite State Machine
The following figure shows the sources of delay in a finite state machine that must be
considered when calculating the maximum clock frequency.

I -~

tCQ j t<:n'|b i tinl ‘ t‘selup ; tﬂ-largir:

Clock —onw | L '\
A
|4

- ) Trmin The next rising edge of clock
Minimum Clock Period cannot occur sooner than this or
the D-flip-flop may go unstable.

F 9

Tmin = tCQ +temb + tine + tsetup + tmargin

Maximum Clock Frequency

1 1
max = =
Tmin (tCQ + temb + tine + tsetup + tmargin)
Where
tea = The clock-to-Q delay of the D-flip-flop if tcq > thes (Most common).

If tea < thow, replace this specification with thog.

temb + tine = The longest delay through the next state logic considering both
the gate and interconnect.

tsetup = The setup time of the D-flip-flop

tmargn = The desired margin. This is found by summing tca, temp, tin, @and tsewp and
multiplying by the margin percentage.

Fig. 7.34
Timing analysis of a finite-state machine

Let’s take a look at an example of how to use this analysis. Example 7.31 shows this analysis for the
FSM analyzed in prior sections but this time considering the delay specifications of each device.
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Example: Determining the Maximum Clock Frequency of a FSM
Given: The following finite state machine logic diagram with the associated delays.

t.\h’.'lup = 05 ns
thos =0.5ns
L’\; | S ICO - 1 ns
) >——p Q
tkor =4ns
> Qn tavo =1ns
—Done . =2ns
Reset
D Q r T.,m =0.5ns
Go A (for all paths)
> Qn
Clock 7
Reset —---- Reset

Find: The maximum clock frequency this FSM can operate at with a timing margin of 10%.

Solution: First, we need to decide whether to use tcq or thg in our delay calculation. In this
example, tcg > thag SO we will use tcq. When teq = thag the hold specification of the D-flip-flop
is inherently met.

Next, we need to find the longest combinational logic and interconnect path. Since it is given
that all interconnect paths are identical at 0.5ns, we simply need to find the longest gate
delay path. There are three paths in this FSM. The first is the next state logic circuit using
the XOR gate with 4ns of delay (txor). The second is the next state logic expression using
the SOP form with a delay of 3ns (tanp + tor=1ns + 2ns). The third path is through the
output logic circuit with a delay of 1ns (tanp). The longest combinational logic path is through
the XOR gate so in our calculation we will use t.,=4ns.

Next, we need to calculate the exact value of the 10% margin required. The margin is found
by summing all other real delays in the signal path and multiplying by the margin percentage.
For this example:

tmargin = (tca + temb + tin + tserp) (0.1)

tmargn = (1ns + 4ns + 0.5ns + 0.5ns)-(0.1)

tmargn = 0.6ns

Now we can plug all of our delays directly into the equation for the maximum clock
frequency:
fnax = 1 = 1
(tca *+ temb + tint + tsewp + tmargin) ~ (1NS + 4ns + 0.5ns + 0.5ns + 0.6ns)

) =151 MHz

Example 7.31
Determining the maximum clock frequency of a FSM

CC7.7 Whatis the risk of running the clock above its maximum allowable frequency in a finite-
state machine?

A) The power consumption may drop below the recommended level.

B) The setup and hold specifications of the D-flip-flops may be violated, which
may put the machine into an unwanted state.

C) The states may transition too quickly to be usable.

D) The crystal generating the clock may become unstable.
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Summary

Sequential logic refers to a circuit that bases
its outputs on both the present and past
values of the inputs. Past values are held in
sequential logic storage device.

All sequential logic storage devices are
based on a cross-coupled feedback loop.
The positive feedback loop formed in this
configuration will hold either a 1 or a 0. This
is known as a bistable device.

If the inputs of the feedback loop in a sequen-
tial logic storage device are driven to exactly
between a 1 and a 0 (i.e., V/2) and then
released, the device will go metastable.
Metastability refers to the behavior where
the device will ultimately be pushed toward
one of the two stable states in the system,
typically by electrical noise. Once the device
begins moving toward one of the stable
states, the positive feedback will reinforce
the transition until it reaches the stable
state. The stable state that the device will
move toward is random and unknown.
Cross-coupled inverters are the most basic
form of the positive feedback loop configura-
tion. To give the ability to drive the outputs of
the storage device to known values, the
inverters are replaced with NOR gates to
form the SR Latch. A variety of other
modifications can be made to the loop con-
figuration to ultimately produce a D-Latch
and D-flip-flop.

A D-flip-flop will update its Q output with the
value on its D input on every triggering edge
of a clock. The amount of time that it takes for
the Q output to update after a triggering clock
edge is called the “t-clock-to-Q" (icq)
specification.

The setup and hold times of a D-flip-flop
describe how long before (tsewp) and after
(thoia) the triggering clock edge that the data
on the D input of the device must be stable. If
the D input transitions too close to the trigger-
ing clock edge (i.e., violating a setup or hold
specification), then the device will go meta-
stable, and the ultimate value on Q is
unknown.

A synchronous system is one in which all
logic transitions occur based on a single
timing event. The timing event is typically
the triggering edge of a clock.

There are a variety of common circuits that
can be accomplished using just sequential
storage devices. Examples of these circuits
include switch debouncing, toggle flops, rip-
ple counters, and shift registers.

A finite-state machine (FSM) is a system that
produces outputs based on the current value
of the inputs and a history of past inputs. The
history of inputs is recorded as states that the
machine has been in. As the machine
responds to new inputs, it transitions
between states. This allows a finite-state
machine to make more sophisticated
decisions about what outputs to produce by
knowing its history.

A state diagram is a graphical way to
describe the behavior of a FSM. States are
represented using circles, and transitions are
represented using arrows. Outputs are listed
either inside of the state circle or next to the
transition arrow.

A state transition table contains the same
information as a state diagram but in tabular
format. This allows the system to be more
easily synthesized because the information
is in a form similar to a truth table.

The first step in FSM synthesis is creating the
state memory. The state memory consists of
a set of D-flip-flops that hold the current state
of the FSM. Each state in the FSM must be
assigned a binary code. The type of
encoding is arbitrary; however, there are cer-
tain encoding types that are commonly used
such as binary, gray code, and one-hot.
Once the codes are assigned, state variables
need to be defined for each bit position for
both the current state and the next state
codes. The state variables for the current
state represent the Q outputs of the D-flip-
flops, which hold the current state code. The
state variables for the next state code repre-
sent the D inputs of the D-flip-flops. A D-flip-
flop is needed for each bit in the state code.
On the triggering edge of a clock, the current
state will be updated with the next state code.
The second step in FSM synthesis is creating
the next state logic. The next state logic is
combinational logic circuitry that produces
the next state codes based on the current
state variables and any system inputs. The
next state logic drives the D inputs of the D-
flip-flops in the state memory.

The third step in FSM synthesis is creating
the output logic. The output logic is combina-
tional logic circuitry that produces the system
outputs based on the current state and,
potentially, the system inputs.

The output logic always depends on the cur-
rent state of a FSM. If the output logic also
depends on the system inputs, the machine
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is a Mealy machine. If the output logic does
not depend on the system inputs, the
machine is a Moore machine.

% A counter is a special type of finite-state
machine in which the states are traversed
linearly. The linear progression of states
allows the next state logic to be simplified.
The complexity of the output logic in a
counter can also be reduced by encoding
the states with the desired counter output
for that state. This technique, known as
state-encoded outputs, allows the system
outputs to simply be the current state of
the FSM.

« The reset state of a FSM is the state that the
machine will go to when it begins operation.
The state code for the reset state must be
configured using the reset and/or preset lines
of the D-flip-flops. If only reset lines are used
on the D-flip-flops, the reset state must be
encoded using only zeros.

« Given the logic diagram for a state machine,
the logic expression for the next state mem-
ory and the output logic can be determined
by analyzing the combinational logic driving
the D inputs of the state memory (i.e., the
next state logic) and the combinational logic
driving the system outputs (i.e., the output
logic).

% Given the logic diagram for a state diagram,
the state diagram can be determined by first
finding the logic expressions for the next
state and output logic. The number of D-flip-

Exercise Problems

For some of the following exercise problems,
you will be asked to design a Verilog model
and perform a functional simulation. You will
be provided with a test bench for each of
these problems. The details of how to create
your own Verilog test bench are provided
later in Chap. 8. For some of the following
exercise problems, you will be asked to use
D-flip-flops as part of a Verilog design. You
will be provided with the model of the D-flip-
flop and can declare it as a sub-system in

flops in the logic diagram can then be used to
calculate the possible number of state codes
that the machine has. The state codes are
then used to calculate the next state logic
and output values. From this information, a
state transition table can be created and, in
turn, the state diagram.

« The maximum frequency of a FSM is found
by summing all sources of time delay that
must be accounted for before the next trig-
gering edge of the clock can occur. These
sources include tcq, the worst-case combi-
national logic path, the worst-case intercon-
nect delay path, the setup/hold time of the
D-flip-flops, and any margin that is to be
included. The sum of these timing delays
represents the smallest period (T) that the
clock can have. This is then converted to
frequency.

« If the tcq time is greater than or equal to the
hold time, the hold time can be ignored in the
maximum frequency calculation. This is
because the outputs of the D-flip-flops are
inherently held while the D-flip-flops are pro-
ducing the next output value. The time it
takes to change the outputs after a triggering
clock edge is defined as tcq. This means as
long as tcq > thoig, the hold time specification
is inherently met since the logic driving the
next state codes uses the Q outputs of the
D-flip-flops.

your design. The Verilog module definition
for a D-flip-flop is given in Fig. 7.35. Keep in
mind that this D-flip-flop has an active LOW
reset. This means that when the reset line is
pulled to a 0, the outputs will go to Q = 0,
Qn = 1. When the reset line is LOW, the
incoming clock is ignored. Once the reset
line goes HIGH, the D-flip-flop resumes nor-
mal behavior. The details of how to create
your own model of a D-flip-flop are provided
later in Chap. 8.


https://doi.org/10.1007/978-3-030-13605-5_8
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Rising Edge Triggered D-Flip-Flop
with Active LOW Reset

— anf~
dflipflop.v

module dflipfleop
(output reg Q, QOn,
input wire Clock, Reset, D);

endmodul e

Fig. 7.35
D-flip-flop module definition

Section 7.1: Sequential Logic Storage
Devices

711 What does the term metastability refer to in a
sequential storage device?

71.2 What does the term bistable refer to in a
sequential storage device?

7.1.3  You are given a cross-coupled inverter pair in
which all nodes are set to V../2. Why will this
configuration always move to a more stable
state?

7.1.4  An SR Latch essentially implements the same
cross-coupled feedback loop to store informa-
tion as in a cross-coupled inverter pair. What is
the purpose of using NOR gates instead of
inverters in the SR Latch configuration?

7.1.5  Whyisn't the input condition S =R =1 used in
an SR Latch?

7.1.6  How will the output Q behave in an SR Latch if
the inputs continuously switch between S = 0,
R=1andS=1,R=1every 10 ns?

71.7 How do D-lip-flops enable synchronous
systems?

7.1.8  What signal in the D-flip-flop in Fig. 7.35 has
the highest priority?

71.9  For the timing diagram shown in Fig. 7.36,
draw the outputs Q and Qn for a rising edge-
triggered D-flip-flop with active LOW.

Clock:l f | f | f | f |

Reset i

0 L4 ]

Fig. 7.36
D-flip-flop timing exercise 1

7.1.10 For the timing diagram shown in Fig. 7.37,
draw the outputs Q and Qn for a rising edge
triggered D-flip-flop with active LOW.

cock | £ 1L F L F LF1
1° : :
Reset_o—|i

41

o | |_|

Fig. 7.37

D-flip-flop timing exercise 2
7.1.11  For the timing diagram shown in Fig. 7.38,
draw the outputs Q and Qn for a rising edge
triggered D-flip-flop with active LOW.

Fig. 7.38
D-flip-flop timing exercise 3

Section 7.2: Sequential Logic Timing
Considerations

7.21 What timing specification is violated in a D-flip-
flop when the data is not held long enough
before the triggering clock edge occurs?

7.2.2  What timing specification is violated in a D-flip-
flop when the data is not held long enough after
the triggering clock edge occurs?

7.2.3  What s the timing specification for a D-flip-flop
that describes how long after the triggering
clock edge occurs that the new data will be
present on the Q output?

7.2.4  What is the timing specification for a D-flip-flop
that describes how long after the device goes
metastable that the outputs will settle to known
states.

7.2.5 If the Q output of a D-flip-flop is driving the D
input of another D-flip-flop from the same logic
family, can the hold time be ignored if it is less
than the clock-to-Q delay? Provide an expla-
nation as to why or why not.
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Section 7.3: Common Circuits Based
on Sequential Storage Devices

7.31

7.3.2

7.3.3

734

In a toggle flop (T-flop) configuration, the Qn
output of the D-flip-flop is routed back to the D
input. This can lead to a hold time violation if
the output arrives on the input too quickly.
Under what condition(s) is a hold time violate
not an issue?

In a toggle flop (T-flop) configuration, what
timing specifications dictate how quickly the
next edge of the incoming clock can occur?

One drawback of a ripple counter is that the
delay through the cascade of D-flip-flops can
become considerable for large counters. At
what point does the delay of a ripple counter
prevent it from being useful?

A common use of a ripple counter is in the
creation of a 2”7 programmable clock divider.
In a ripple counter, bit(0) has a frequency that
is exactly 1/2 of the incoming clock, bit(1) has a
frequency that is exactly 1/4 of the incoming
clock, bit(2) has a frequency that is exactly 1/8
of the incoming clock, etc. This behavior can
be exploited to create a divided down output
clock that is divided by multiples of 2" by
selecting a particular bit of the counter. The
typical configuration of this programmable
clock divider is to route each bit of the counter
to an input of a multiplexer. The select lines
going to the multiplexer choose which bit of
the counter are used as the divided down
clock output. This architecture is shown in
Fig. 7.39. Design a Verilog model to implement
the programmable clock divider shown in this
figure. Use the module port definition provided
in this figure for your design. Use a 4-bit ripple
counter to produce four divided versions of the
clock (1/2, 1/4, 1/8, and 1/16). Your system will
take in two select lines that will choose which
version of the clock is to be routed to the out-
put. Instantiate the D-flip-flop model provided
to implement the ripple counter. Implement the
4-to-1 multiplexer using continuous assign-
ment. The multiplexer does not need to be its
own sub-system.

prog_clock_div.v
"’l‘“E Clock
o1 Out |
10}
11,
|2
Sel
b2 o4 D8 D6
L D a L oD a L D Q L oD aQ
> an > an > an > an
)|V (R u (B uz (B u3 S) U4
-+ Clock_In Reset dflipfiop.v
module prog_clock_div
(output wire Clock _Out,
input wire Clock_In, Reset,
input wire Sel([1:0]);
endmodule ’
Fig. 7.39

Programmable clock module description

7.3.5  What phenomenon causes switch bounce in a
SPST switch?

7.3.6  Whattwo phenomena causes switch bounce in
a SPDT switch?

Section 7.4: Finite-State Machines

7.41 For the state diagram in Fig. 7.40, how many
D-Flip-Flops will this machine take if the states
are encoded in binary?

Push=0
OFF
(Assert=0)
Push=1 Push=1
Push=0

Fig. 7.40
FSM O state diagram
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7.4.2  For the state diagram in Fig. 7.40, how many
D-flip-flops will this machine take if the states
are encoded in gray code?

7.4.3  For the state diagram in Fig. 7.40, how many

D-flip-flops will this machine take if the states
are encoded in one-hot?

7.4.4  For the state diagram in Fig. 7.40, is this a
Mealy or Moore machine?

The next set of questions are about the design of a
finite-state machine by hand to implement the behavior
described by the state diagram in Fig. 7.40. For this
design, you will name the current state variable
QO_cur and name the next state variable Q0_nxt. You
will also use the following state codes:

OFF =0’
ON="
7.4.5  For the state diagram in Fig. 7.40, what is the
next state logic expression for Q0_nxt?

7.4.6  For the state diagram in Fig. 7.40, what is the
output logic expression for Assert?

74.7 For the state diagram in Fig. 7.40, provide the
final logic diagram for this machine.

7.4.8 Design a Verilog model to implement the
behavior described by the state diagram in
Fig. 7.40. Use the module port definition
provided in Fig. 7.41 for your design. Name
the current state variables Q1_cur and
QO0_cur, and name the next state variables
Q1_nxt and QO_nxt. Instantiate the D-flip-flop
model provided to implement your state mem-
ory. Use continuous assignment with logical
operators for the implementation of your next
state and output logic.

fsm0.v

module f£sm0
(output wire Assert,
input wire Clock, Reset,
input wire Push);

endmodule

Fig. 7.41
FSM 0 module definition

7.4.9 Design a Verilog model to implement the
behavior described by the state diagram in
Fig. 7.40. Use the module port definition
provided in Fig. 7.41 for your design. Name
the current state variables Q1_cur and
QO_cur and name the next state variables
Q1_nxt and QO_nxt. Instantiate the D-flip-flop
model provided to implement your state mem-
ory. Use continuous assignment with condi-
tional operators for the implementation of your
next state and output logic.

7.410 Design a Verilog model to implement the
behavior described by the state diagram in
Fig. 7.40. Use the module port definition

provided in Fig. 7.41 for your design. Name

the current state variables Q1_cur and
QO0_cur, and name the next state variables
Q1_nxt and QO_nxt. Instantiate the D-flip-flop
model provided to implement your state mem-
ory. Use user-defined primitives for the imple-
mentation of your next state and output logic.

741

For the state diagram in Fig. 7.42, how many
D-flip-flops will this machine take if the states
are encoded in binary?

Din=1
(Dout=1)

Fig. 7.42
FSM 1 state diagram

7.412 For the state diagram in Fig. 7.42, how many
D-flip-flops will this machine take if the states
are encoded in gray code?

7.413 For the state diagram in Fig. 7.42, how many
D-flip-flops will this machine take if the states
are encoded in one-hot?

7.4.14 For the state diagram in Fig. 7.42, is this a

Mealy or Moore machine?

The next set of questions are about the design of a
finite-state machine by hand to implement the behavior
described by the state diagram in Fig. 7.42. For this
design, you will name the current state variables
Q1_cur and QO_cur and name the next state variables
Q1_nxtand QO0_nxt. You will also use the following state
codes:

Start = “00”

Midway = “01”

Done = “10”
For the state diagram in Fig. 7.42, what is the
next state logic expression for Q1_nxt?

For the state diagram in Fig. 7.42, what is the
next state logic expression for Q0_nxt?

7.4.15
7.4.16

7.417 For the state diagram in Fig. 7.42, what is the

output logic expression for Dout?

For the state diagram in Fig. 7.42, provide the
final logic diagram for this machine.

Design a Verilog model to implement the
behavior described by the state diagram in
Fig. 7.42. Use the module port definition
provided in Fig. 7.43 for your design. Name
the current state variables Q1_cur and
QO_cur, and name the next state variables

7.4.18

7.4.19
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Q1_nxt and QO_nxt. Instantiate the D-flip-flop
model provided to implement your state mem-
ory. Use continuous assignment with logical
operators for the implementation of your next
state and output logic.

fsml.v

module fsml
(output wire Dout,
input wire Clock, Reset,
input wire Din);

endmodule

Fig. 7.43
FSM 1 module description

7.4.20 Design a Verilog model to implement the
behavior described by the state diagram in
Fig. 7.42. Use the module port definition
provided in Fig. 7.43 for your design. Name
the current state variables Q1_cur and
QO_cur, and name the next state variables
Q1_nxt and QO_nxt. Instantiate the D-flip-flop
model provided to implement your state mem-
ory. Use continuous assignment with condi-
tional operators for the implementation of your
next state and output logic.

Design a Verilog model to implement the
behavior described by the state diagram in
Fig. 7.42. Use the module port definition
provided in Fig. 7.43 for your design. Name
the current state variables Q1_cur and
QO_cur, and name the next state variables
Q1_nxt and QO_nxt. Instantiate the D-flip-flop
model provided to implement your state mem-
ory. Use user-defined primitives for the imple-
mentation of your next state and output logic.

For the state diagram in Fig. 7.44, how many
D-flip-flops will this machine take if the states
are encoded in binary?

7.4.21

7.4.22

Din=0
(Dout=0)

Din=0

(Dout=1)

(Dout=1)

Fig. 7.44
FSM 2 state diagram

7.4.23 For the state diagram in Fig. 7.44, how many
D-flip-flops will this machine take if the states
are encoded in gray code?

7.4.24  For the state diagram in Fig. 7.44, how many
D-flip-flops will this machine take if the states
are encoded in one-hot?

7.4.25 For the state diagram in Fig. 7.44, is this a

Mealy or Moore machine?

The next set of questions are about the design of a
finite-state machine by hand to implement the behavior
described by the state diagram in Fig. 7.44. For this
design, you will name the current state variables
Q1_cur and QO_cur and name the next state variables
Q1_nxtand QO_nxt. You will also use the following state
codes:

S0 = “00”

S1="01"

S2 ="10"

S3="11"

For the state diagram in Fig. 7.44, what is the
next state logic expression for Q1_nxt?

For the state diagram in Fig. 7.44, what is the
next state logic expression for Q0_nxt?

For the state diagram in Fig. 7.44, what is the
output logic expression for Dout?

For the state diagram in Fig. 7.44, provide the
final logic diagram for this machine.

Design a Verilog model to implement the
behavior described by the state diagram in
Fig. 7.44. Use the module port definition
provided in Fig. 7.45 for your design. Name
the current state variables Q1_cur and
QO0_cur, and name the next state variables
Q1_nxt and QO_nxt. Instantiate the D-flip-flop
model provided to implement your state mem-
ory. Use continuous assignment with logical
operators for the implementation of your next
state and output logic.

7.4.26

7.4.27

7.4.28

7.4.29

7.4.30

fsm2.v

module fsm2
(output wire Dout,
input wire Clock, Reset,
input wire Din);

endmodule

Fig. 7.45

FSM 2 module description
7.4.31 Design a Verilog model to implement the
behavior described by the state diagram in
Fig. 7.44. Use the module port definition
provided in Fig. 7.45 for your design. Name
the current state variables Q1_cur and
QO0_cur, and name the next state variables
Q1_nxt and QO_nxt. Instantiate the D-flip-flop
model provided to implement your state mem-
ory. Use continuous assignment with logical
operators for the implementation of your next
state and output logic.
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7.4.32 Design a Verilog model to implement the
behavior described by the state diagram in
Fig. 7.44. Use the module port definition
provided in Fig. 7.45 for your design. Name
the current state variables Q1_cur and
QO0_cur, and name the next state variables
Q1_nxt and QO_nxt. Instantiate the D-flip-flop
model provided to implement your state mem-
ory. Use user-defined primitives for the imple-
mentation of your next state and output logic.

For the state diagram in Fig. 7.46, how many
D-flip-flops will this machine take if the states
are encoded in binary?

7.4.33

Fig. 7.46
FSM 3 state diagram

7.4.34 For the state diagram in Fig. 7.46, how many
D-flip-flops will this machine take if the states
are encoded in gray code?

7.4.35 For the state diagram in Fig. 7.46, how many
D-flip-flops will this machine take if the states
are encoded in one-hot?

7.4.36 For the state diagram in Fig. 7.46, is this a

Mealy or Moore machine?

The next set of questions are about the design of a
finite-state machine by hand to implement the behavior
described by the state diagram in Fig. 7.46. For this
design, you will name the current state variables
Q2_cur, Q1_cur, and QO_cur and name the next state
variables Q2_nxt, Q1_nxt, and Q0_nxt. You will also use
the following state codes:

Start = "“000"
Boot =*“001"
Halt =*010"
Ack ="011"
Run ="100"

7.4.37 For the state diagram in Fig. 7.46, what is the
next state logic expression for Q2_nxt?

7.4.38 For the state diagram in Fig. 7.46, what is the
next state logic expression for Q1_nxt?

7.4.39 For the state diagram in Fig. 7.46, what is the
next state logic expression for Q0_nxt?

7.4.40 For the state diagram in Fig. 7.46, what is the
output logic expression for Up?

7.4.41 For the state diagram in Fig. 7.46, provide the
final logic diagram for this machine.

7.4.42 Design a Verilog model to implement the
behavior described by the state diagram in
Fig. 7.46. Use the module port definition
provided in Fig. 7.47 for your design. Name
the current state variables Q2_cur, Q1_cur,
and QO_cur, and name the next state variables
Q2_nxt, Q1_nxt, and QO_nxt. Instantiate the D-
flip-flop model provided to implement your
state memory. Use continuous assignment
with logical operators for the implementation
of your next state and output logic.

fsm3.v

module fsm3
(output wire Up,
input wire Clock, Reset,
input wire Go);

endmodule

Fig. 7.47

FSM 3 module description

7.4.43 Design a Verilog model to implement the
behavior described by the state diagram in
Fig. 7.46. Use the module port definition
provided in Fig. 7.47 for your design. Name
the current state variables Q2_cur, Q1_cur,
and QO_cur, and name the next state variables
Q2_nxt, Q1_nxt, and QO_nxt. Instantiate the D-
flip-flop model provided to implement your
state memory. Use continuous assignment
with logical operators for the implementation
of your next state and output logic.

7.4.44 Design a Verilog model to implement the
behavior described by the state diagram in
Fig. 7.46. Use the module port definition
provided in Fig. 7.47 for your design. Name
the current state variables Q2_cur, Q1_cur,
and QO_cur, and name the next state variables
Q2_nxt, Q1_nxt, and QO0_nxt. Instantiate the D-
flip-flop model provided to implement your
state memory. Use user-defined primitives for
the implementation of your next state and out-
put logic.

The next set of questions are about the design of a 4-bit
serial bit sequence detector by hand similar to the one
described in Example 7.9. The input to your state detec-
tor is called DIN, and the output is called FOUND. Your
detector will assert FOUND anytime there is a 4-bit
sequence of “0101.” For all other input sequences, the
output is not asserted.

7.4.45 For your 4-bit serial bit sequence detector, pro-
vide the state diagram for this FSM.
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7.4.46

7.4.47

For your 4-bit serial bit sequence detector, how
many D-flip-flops does it take to implement the
state memory for this FSM if you encode your
states in binary?

For your 4-bit serial bit sequence detector, pro-
vide the state transition table for this FSM.

begin a countdown and provide your controller a signal
called TIMEOUT when 15 seconds has passed. Once
TIMEOUT is asserted, you will change the highway
traffic light back to green. Your system will have three
outputs GRN, YLW, and RED that control when the
highway facing traffic lights are on (1 = ON, 0 = OFF).

7.4.48 Foryour 4-bit serial bit sequence detector, syn-
thesize and provide the combinational logic

expressions for the next state logic.

For your 4-bit serial bit sequence detector, syn-
thesize and provide the combinational logic
expression for the output logic for FOUND.

For your 4-bit serial bit sequence detector, is
this FSM a Mealy or Moore machine?

For your 4-bit serial bit sequence detector, pro-
vide the logic diagram for this FSM.

The next set of questions are about the design of a
20-cent vending machine controller by hand similar to
the one described in Example 7.12. Your controller will
take in nickels and dimes and dispense a product any-
time the customer has entered 20 cents. Your FSM has
two inputs, Nin and Din. Nin is asserted whenever the
customer enters a nickel, while Din is asserted anytime
the customer enters a dime. Your FSM has two outputs,
dispense and change. Dispense is asserted anytime the
customer has entered at least 20 cents and change is
asserted anytime the customer has entered more than
20 cents and needs a nickel in change.

7.4.52

7.4.49

7.4.50

7.4.51

For your 20-cent vending machine controller,
provide the state diagram for this FSM.

7.4.59

7.4.60

7.4.61

7.4.62

7.4.63

7.4.64

7.4.65

For your traffic light controller, provide the state
diagram for this FSM.

For your traffic light controller, how many D-flip-
flops does it take to implement the state mem-
ory for this FSM if you encode your states in
binary?

For your traffic light controller, provide the state
transition table for this FSM.

For your traffic light controller, synthesize and
provide the combinational logic expressions for
the next state logic.

For your traffic light controller, synthesize and
provide the combinational logic expression for
the output logic for GRN, YLW, and RED.

For your traffic light controller, is this FSM a
Mealy or Moore machine?

For your traffic light controller, provide the logic
diagram for this FSM.

Section 7.5: Counters

7.4.53

7.4.54

For your 20-cent vending machine controller,
how many D-flip-flops does it take to imple-
ment the state memory for this FSM if you
encode your states in binary?

For your 20-cent vending machine controller,

The next set of questions are about the design a 3-bit
binary up counter by hand. This state machine will need
eight states and require three bits for the state variable
codes. Name the current state variables Q2_cur,
Q1_cur, and QO_cur and the next state variables
Q2_nxt, Q1_nxt, and QO_nxt. The output of your counter

provide the state transition table for this FSM.

For your 20-cent vending machine controller,
synthesize and provide the combinational logic
expressions for the next state logic.

For your 20-cent vending machine controller,
synthesize and provide the combinational logic
expression for the output logic for Dispense
and Change.

For your 20-cent vending machine controller, is
this FSM a Mealy or Moore machine?

For your 20-cent vending machine controller,
provide the logic diagram for this FSM.

The next set of questions are about the design of a
finite-state machine by hand that controls a traffic light
at the intersection of a busy highway and a seldom used
side road. You will be designing the control signals for
just the red, yellow, and green lights facing the highway.
Under normal conditions, the highway has a green light.
The side road has a car detector that indicates when a
car pulls up by asserting a signal called CAR. When
CAR is asserted, you will change the highway traffic
light from green to yellow. Once yellow, you will always
go to red. Once in the red position, a built-in timer will

7.4.55

7.4.56

7.4.57

7.4.58

will be a 3-bit vector called Count.

7.51 For your 3-bit binary up counter, what is the
next state logic expression for Q2_nxt?

7.5.2  For your 3-bit binary up counter, what is the
next state logic expression for Q1_nxt?

7.5.3  For your 3-bit binary up counter, what is the
next state logic expression for Q0_nxt?

754 For your 3-bit binary up counter, what is the
output logic expression for Count(2)?

7.5.5 For your 3-bit binary up counter, what is the
output logic expression for Count(1)?

7.5.6  For your 3-bit binary up counter, what is the
output logic expression for Count(0)?

7.5.7  For your 3-bit binary up counter, provide the
logic diagram.

7.5.8  Design a Verilog model for a 3-bit binary up

counter. Instantiate the D-flip-flop model
provided to implement your state memory.
Use whatever concurrent modeling approach
you wish to model the next state and output
logic. Use the module port definition provided
in Fig. 7.48 for your design.
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counter 3bit binary up.v

module counter 3bit binary up
(output wire Count([2:07,
input wire Clock, Reset);

endmodul e

Fig. 7.48
3-Bit binary up counter module definition

The next set of questions are about the design a 3-bit
binary up/down counter by hand. The counter will have
an input called Up that will dictate the direction of the
counter. When Up = 1, the counter should increment
and when Up = 0 it should decrement. This state
machine will need eight states and require three bits
for the state variable codes. Name the current state
variables Q2_cur, Q1_cur, and QO_cur and the next
state variables Q2_nxt, Q1_nxt, and Q0_nxt. The output
of your counter will be a 3-bit vector called Count.

7.5.9  For your 3-bit binary up/down counter, what is
the next state logic expression for Q2_nxt?

7.5.10 For your 3-bit binary up/down counter, what is
the next state logic expression for Q1_nxt?
7.5.11  For your 3-bit binary up/down counter, what is
the next state logic expression for Q0_nxt?
7.5.12  For your 3-bit binary up/down counter, what is
the output logic expression for Count(2)?
7.5.13  For your 3-bit binary up/down counter, what is
the output logic expression for Count(1)?
7.5.14  For your 3-bit binary up/down counter, what is
the output logic expression for Count(0)?
7.5.15 For your 3-bit binary up/down counter, provide
the logic diagram.
7.5.16 Design a Verilog model for a 3-bit binary

up/down counter. Instantiate the D-flip-flop
model provided to implement your state mem-
ory. Use whatever concurrent modeling
approach you wish to model the next state
and output logic. Use the module port definition
provided in Fig. 7.49 for your design.

counter 3bit binary up down.v

module counter 3bit binary up down
{output wire Count[2:07,
input wire Clock, Reset,
input wire Up);

endmodule

Fig. 7.49
3-Bit binary up/down counter module definition

The next set of questions are about the design a 3-bit
gray code up counter by hand. This counter will create a
pattern of 000—~001—011—010—110—111—101—100
and then repeat. This state machine will need eight
states and require three bits for the state variable
codes. Name the current state variables Q2_cur,
Q1_cur, and QO_cur and the next state variables
Q2_nxt, Q1_nxt, and QO_nxt. The output of your
counter will be a 3-bit vector called Count.

7.5.17 Foryour 3-bit gray code up counter, what is the
next state logic expression for Q2_nxt?

7.5.18 For your 3-bit gray code up counter, what is the
next state logic expression for Q1_nxt?

7.5.19 Foryour 3-bit gray code up counter, what is the
next state logic expression for Q0_nxt?

7.5.20 Foryour 3-bit gray code up counter, what is the
output logic expression for Count(2)?

7.5.21 Foryour 3-bit gray code up counter, what is the
output logic expression for Count(1)?

7.5.22  For your 3-bit gray code up counter, what is the
output logic expression for Count(0)?

7.5.23 For your 3-bit gray code up counter, provide
the logic diagram.

7.5.24 Design a Verilog model for a 3-bit gray code up

counter. Instantiate the D-flip-flop model
provided to implement your state memory.
Use whatever concurrent modeling approach
you wish to model the next state and output
logic. Use the module port definition provided
in Fig. 7.50 for your design.

counter 3bit graycode up.v

module counter_ 3bit_graycode up
(output wire Count[2:0],
input wire Clock, Reset):

endmodule

Fig. 7.50
3-Bit gray code up counter module definition

The next set of questions are about the design a 3-bit
gray code up/down counter by hand. The counter will
have an input called Up that will dictate the direction of
the counter. When Up = 1, the counter should incre-
ment, and when Up = 0, it should decrement. When
incrementing up, the counter will create the pattern
000—001—011—010—110—111—101—100 and then
repeat. This state machine will need eight states and
require three bits for the state variable codes. Name the
current state variables Q2_cur, Q1_cur, and Q0_cur and
the next state variables Q2_nxt, Q1_nxt, and Q0_nxt.
The output of your counter will be a 3-bit vector called
Count.

7.5.25 For your 3-bit gray code up/down counter, what
is the next state logic expression for Q2_nxt?
7.5.26 Foryour 3-bit gray code up/down counter, what
is the next state logic expression for Q1_nxt?
7.5.27 Foryour 3-bit gray code up/down counter, what
is the next state logic expression for Q0_nxt?
7.5.28 Foryour 3-bit gray code up/down counter, what
is the output logic expression for Count(2)?
7.5.29  For your 3-bit gray code up/down counter, what
is the output logic expression for Count(1)?
7.5.30 Foryour 3-bit gray code up/down counter, what
is the output logic expression for Count(0)?
7.5.31 For your 3-bit gray code up/down counter, pro-

vide the logic diagram.
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7.5.32 Design a Verilog model for a 3-bit gray code
up/down counter. Instantiate the D-flip-flop
model provided to implement your state mem-
ory. Use whatever concurrent modeling
approach you wish to model the next state
and output logic. Use the module port definition

provided in Fig. 7.51 for your design.

counter 3bit graycode up down.wv

module counter 3bit graycode up down
(output wire Count([2:0],
input wire Clock, Reset,
input wire Up);

endmodule

Fig. 7.51
3-Bit gray code up/down counter
definition

module

The next set of questions are about the design a 4-bit
one-hot up counter by hand. This counter will create a
pattern of 0001—0010—0100—1000 and then repeat.
This FSM should use state-encoded outputs to simplify
the output logic. This state machine will need four states
and require four bits for the state variable codes. Name
the current state variables Q3_cur, Q2_cur, Q1_cur, and
QO_cur and the next state variables Q3_nxt, Q2_nxt,
Q1_nxt, and QO0_nxt. The output of your counter will be a
4-bit vector called Count.

7.5.33 For your 4-bit one-hot up counter, what is the
next state logic expression for Q3_nxt?

7.5.34  For your 4-bit one-hot up counter, what is the
next state logic expression for Q2_nxt?

7.5.35 For your 4-bit one-hot up counter, what is the
next state logic expression for Q1_nxt?

7.5.36  For your 4-bit one-hot up counter, what is the
next state logic expression for Q0_nxt?

7.5.37 For your 4-bit one-hot up counter, what is the
output logic expression for Count(3)?

7.5.38 For your 4-bit one-hot up counter, what is the
output logic expression for Count(2)?

7.5.39 For your 4-bit one-hot up counter, what is the
output logic expression for Count(1)?

7.5.40 For your 4-bit one-hot up counter, what is the
output logic expression for Count(0)?

7.5.41 For your 4-bit one-hot up counter, provide the
logic diagram.

7.5.42 Design a Verilog model for a 4-bit one-hot up

counter. Instantiate the D-flip-flop model
provided to implement your state memory.
Use whatever concurrent signal assignment
modeling approach you wish to model the
next state and output logic. Use the Verilog
module definition provided in Fig. 7.52 for
your design.

counter_ 4bit_onehot up.v

module counter 4bit_onehot up
(output wire Count([3:07,
input wire Clock, Reset);

endmodule

Fig. 7.52
4-Bit one-hot up counter module description

The next set of questions are about the design of a
binary counter that goes from 0000, (040) to 1001,
(910) by hand. This counter will create a pattern of
0000—0001—0010—
0011—0100—0101—0110—0111—1000—1001 and
then repeat. This type of counter is known as a binary-
coded decimal (BCD) counter. This FSM should use
state-encoded outputs to simplify the output logic. This
state machine will need ten states and require four bits
for the state variable codes. Name the current state
variables Q3_cur, Q2_cur, Q1_cur, and QO0_cur and
the next state variables Q3_nxt, Q2_nxt, Q1_nxt, and
QO_nxt. The output of your counter will be a 4-bit vector
called Count.

7.5.43 For your BCD counter, what is the next state
logic expression for Q3_nxt?

7.5.44 For your BCD counter, what is the next state
logic expression for Q2_nxt?

7.5.45 For your BCD counter, what is the next state
logic expression for Q1_nxt?

7.5.46 For your BCD counter, what is the next state
logic expression for Q0_nxt?

7.5.47 For your BCD counter, what is the output logic
expression for Count(3)?

7.5.48 For your BCD counter, what is the output logic
expression for Count(2)?

7.5.49 For your BCD counter, what is the output logic
expression for Count(1)?

7.5.50 For your BCD counter, what is the output logic
expression for Count(0)?

7.5.51 For your BCD counter, provide the logic

diagram.

Section 7.6: Finite-State Machine’s Reset
Condition

7.6.1 Are  resets
asynchronous?

7.6.2  Why is it necessary to have a reset/preset
condition in a finite-state machine?

7.6.3 How does the reset/preset condition corre-
spond to the behavior described in the state
diagram?

7.6.4  Whenis it necessary to also use the preset line
(s) of a D-flip-flop instead of just the reset line
(s) when implementing the state memory of a
finite-state machine?

typically  synchronous or
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7.6.5

If a finite-state machine has eight unique states
that are encoded in binary and all D-flip-flops
used for the state memory use their reset lines,
what is the state code that the machine will go
to upon reset?

Section 7.7: Sequential Logic Analysis

7.71

For the finite state machine logic diagram in
Fig. 7.53, give the next state logic expression
for Q_nxt.

bsewp =1NS
GOn — M o =1ns
Clock b Qn tkor =2ns
- g tiot =0
ot tmorgn = 10%
Fig. 7.53
Sequential logic analysis 1
7.7.2  For the finite-state machine logic diagram in
Fig. 7.53, give the output logic expression
for Tout.
7.7.3  For the finite-state machine logic diagram in
Fig. 7.53, give the state transition table.
7.7.4  For the finite-state machine logic diagram in
Fig. 7.53, give the state diagram.
7.7.5  For the finite-state machine logic diagram in
Fig. 7.53, give the maximum clock frequency.
7.7.6  For the finite-state machine logic diagram in

Fig. 7.54, give the next state logic expression
for Q_nxt.

tsewp =1NS
thow =0.5ns
A Q_rua tco =1ns
B P O%=TF to =1ns
Clock —> Qn tor =1ns
T lint =1ns
Reset
ese "Mﬁ“ = 100/0
Fig. 7.54

Sequential logic analysis 2

7.7.7  For the finite-state machine logic diagram in
Fig. 7.54, give the output logic expression for F.
7.7.8  For the finite-state machine logic diagram in
Fig. 7.54, give the state transition table.
7.7.9  For the finite-state machine logic diagram in
Fig. 7.54, give the state diagram.
7.7.10 For the finite-state machine logic diagram in
Fig. 7.54, give the maximum clock frequency.
7.7.11  For the finite-state machine logic diagram in
Fig. 7.55, give the next state logic expressions
for Q71_nxt and QO_nxt.
Q1 _nxt ) LT Return
Left :
_> Qn
] Q0 _nxt Bewt
D a 00 _cur
> Qn
Clock b4
RESEt —ivreee Resel
tchlup = 2 ns
T-hc\l:? =1ns
tca =2ns
tano =0.5ns
tor  =05ns
tiny =0.5ns
tint = 0.5 ns (all paths)
T'I'|'\arg|n = 100/0
Fig. 7.55

Sequential logic analysis 3

7.7.12

7.713

7.714

7.715

For the finite-state machine logic diagram in
Fig. 7.55, give the output logic expression for
Return.

For the finite-state machine logic diagram in
Fig. 7.55, give the state transition table.

For the finite-state machine logic diagram in
Fig. 7.55, give the state diagram.

For the finite-state machine logic diagram in
Fig. 7.55, give the maximum clock frequency.
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