Chapter 5

Synchronous Sequential Logic

5.1

INTRODUCTION

5.2

Hand-held devices, cell phones, navigation receivers, personal computers, digital cameras,
personal media players, and virtually all electronic consumer products have the ability to
send, receive, store, retrieve, and process information represented in a binary format. The
technology enabling and supporting these devices is critically dependent on electronic
components that can store information, i.e., have memory. This chapter examines the
operation and control of these devices and their use in circuits and enables you to better
understand what is happening in these devices when you interact with them. The digital
circuits considered thus far have been combinational —their output depends only and
immediately on their inputs—they have no memory, i.e., dependence on past values of
their inputs. Sequential circuits, however, act as storage elements and have memory. They
can store, retain, and then retrieve information when needed at a later time. Our treatment
will distinguish sequential logic from combinational logic.

SEQUENTIAL CIRCUITS
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A block diagram of a sequential circuit is shown in Fig. 5.1. It consists of a combinational
circuit to which storage elements are connected to form a feedback path. The storage
elements are devices capable of storing binary information. The binary information
stored in these elements at any given time defines the state of the sequential circuit at
that time. The sequential circuit receives binary information from external inputs that,
together with the present state of the storage elements, determine the binary value of
the outputs. These external inputs also determine the condition for changing the state
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FIGURE 5.1
Block diagram of sequential circuit

in the storage elements. The block diagram demonstrates that the outputs in a sequen-
tial circuit are a function not only of the inputs, but also of the present state of the stor-
age elements. The next state of the storage elements is also a function of external inputs
and the present state. Thus, a sequential circuit is specified by a time sequence of inputs,
outputs, and internal states. In contrast, the outputs of combinational logic depend only
on the present values of the inputs.

There are two main types of sequential circuits, and their classification is a function of
the timing of their signals. A synchronous sequential circuit is a system whose behavior
can be defined from the knowledge of its signals at discrete instants of time. The behavior
of an asynchronous sequential circuit depends upon the input signals at any instant of time
and the order in which the inputs change. The storage elements commonly used in asyn-
chronous sequential circuits are time-delay devices. The storage capability of a time-delay
device varies with the time it takes for the signal to propagate through the device. In prac-
tice, the internal propagation delay of logic gates is of sufficient duration to produce the
needed delay, so that actual delay units may not be necessary. In gate-type asynchronous
systems, the storage elements consist of logic gates whose propagation delay provides the
required storage. Thus, an asynchronous sequential circuit may be regarded as a combina-
tional circuit with feedback. Because of the feedback among logic gates, an asynchronous
sequential circuit may become unstable at times. The instability problem imposes many
difficulties on the designer. These circuits will not be covered in this text.

A synchronous sequential circuit employs signals that affect the storage elements at
only discrete instants of time. Synchronization is achieved by a timing device called a
clock generator, which provides a clock signal having the form of a periodic train of clock
pulses. The clock signal is commonly denoted by the identifiers clock and clk. The clock
pulses are distributed throughout the system in such a way that storage elements are
affected only with the arrival of each pulse. In practice, the clock pulses determine when
computational activity will occur within the circuit, and other signals (external inputs
and otherwise) determine what changes will take place affecting the storage elements
and the outputs. For example, a circuit that is to add and store two binary numbers would
compute their sum from the values of the numbers and store the sum at the occurrence
of a clock pulse. Synchronous sequential circuits that use clock pulses to control storage
elements are called clocked sequential circuits and are the type most frequently encoun-
tered in practice. They are called synchronous circuits because the activity within the
circuit and the resulting updating of stored values is synchronized to the occurrence of
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FIGURE 5.2
Synchronous clocked sequential circuit

clock pulses. The design of synchronous circuits is feasible because they seldom manifest
instability problems and their timing is easily broken down into independent discrete
steps, each of which can be considered separately.

The storage elements (memory) used in clocked sequential circuits are called flip-
flops. A flip-flop is a binary storage device capable of storing one bit of information. In
a stable state, the output of a flip-flop is either O or 1. A sequential circuit may use many
flip-flops to store as many bits as necessary. The block diagram of a synchronous clocked
sequential circuit is shown in Fig. 5.2. The outputs are formed by a combinational logic
function of the inputs to the circuit or the values stored in the flip-flops (or both). The
value that is stored in a flip-flop when the clock pulse occurs is also determined by the
inputs to the circuit or the values presently stored in the flip-flop (or both). The new
value is stored (i.e., the flip-flop is updated) when a pulse of the clock signal occurs.
Prior to the occurrence of the clock pulse, the combinational logic forming the next
value of the flip-flop must have reached a stable value. Consequently, the speed at
which the combinational logic circuits operate is critical. If the clock (synchronizing)
pulses arrive at a regular interval, as shown in the timing diagram in Fig. 5.2, the com-
binational logic must respond to a change in the state of the flip-flop in time to be
updated before the next pulse arrives. Propagation delays play an important role in
determining the minimum interval between clock pulses that will allow the circuit to
operate correctly. A change in state of the flip-flops is initiated only by a clock pulse
transition —for example, when the value of the clock signals changes from 0 to 1. When
a clock pulse is not active, the feedback loop between the value stored in the flip-flop
and the value formed at the input to the flip-flop is effectively broken because the flip-
flop outputs cannot change even if the outputs of the combinational circuit driving their
inputs change in value. Thus, the transition from one state to the next occurs only at
predetermined intervals dictated by the clock pulses.
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5.3 STORAGE ELEMENTS: LATCHES

A storage element in a digital circuit can maintain a binary state indefinitely (as long
as power is delivered to the circuit), until directed by an input signal to switch states.
The major differences among various types of storage elements are in the number of
inputs they possess and in the manner in which the inputs affect the binary state. Storage
elements that operate with signal levels (rather than signal transitions) are referred to as
latches; those controlled by a clock transition are flip-flops. Latches are said to be level
sensitive devices; flip-flops are edge-sensitive devices. The two types of storage elements
are related because latches are the basic circuits from which all flip-flops are con-
structed. Although latches are useful for storing binary information and for the design
of asynchronous sequential circuits, they are not practical for use as storage elements
in synchronous sequential circuits. Because they are the building blocks of flip-flops,
however, we will consider the fundamental storage mechanism used in latches before
considering flip-flops in the next section.

SR Latch

The SR latch is a circuit with two cross-coupled NOR gates or two cross-coupled NAND
gates, and two inputs labeled S for set and R for reset. The SR latch constructed with two
cross-coupled NOR gates is shown in Fig. 5.3. The latch has two useful states. When output
QO = 1and Q' = 0, the latch is said to be in the set state. When Q = 0 and Q' = 1, itis
in the reset state. Outputs Q and Q' are normally the complement of each other. However,
when both inputs are equal to 1 at the same time, a condition in which both outputs are
equal to 0 (rather than be mutually complementary) occurs. If both inputs are then switched
to 0 simultaneously, the device will enter an unpredictable or undefined state or a meta-
stable state. Consequently, in practical applications, setting both inputs to 1 is forbidden.
Under normal conditions, both inputs of the latch remain at 0 unless the state has to be
changed. The application of a momentary 1 to the S input causes the latch to go to the set
state. The S input must go back to 0 before any other changes take place, in order to avoid
the occurrence of an undefined next state that results from the forbidden input condition.
As shown in the function table of Fig.5.3(b), two input conditions cause the circuit to be in

1
S R !
0 J_L R (reset) eo

1010
0 01 O (afterS=1,R=0)
1 0 1[0 1
J_L 0 0|0 1 (afterS=0,R=1)
0 S (set) o 1 1,0 0 (forbidden)
(a) Logic diagram (b) Function table
FIGURE 5.3

SR latch with NOR gates
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S R !
0 S (set) 00
Q 1 00 1
1 1|0 1 (afterS=1,R=0)
1— — 01|10
1 1|1 0 (afterS=0,R=1)
0 R (reset) Q' 0 0|1 1 (forbidden)
(a) Logic diagram (b) Function table
FIGURE 5.4

SR latch with NAND gates

the set state. The first condition (S = 1,R = 0) is the action that must be taken by input
S to bring the circuit to the set state. Removing the active input from S leaves the circuit in
the same state. After both inputs return to 0, it is then possible to shift to the reset state by
momentary applying a 1 to the R input.The 1 can then be removed from R, whereupon the
circuit remains in the reset state. Thus, when both inputs S and R are equal to 0, the latch
can be in either the set or the reset state, depending on which input was most recently a 1.

If a 1 is applied to both the S and R inputs of the latch, both outputs go to 0. This
action produces an undefined next state, because the state that results from the input
transitions depends on the order in which they return to 0. It also violates the require-
ment that outputs be the complement of each other. In normal operation, this condition
is avoided by making sure that 1’s are not applied to both inputs simultaneously.

The SR latch with two cross-coupled NAND gates is shown in Fig. 5.4. It operates with
both inputs normally at 1, unless the state of the latch has to be changed. The application
of 0 to the S input causes output Q to go to 1, putting the latch in the set state. When the S
input goes back to 1, the circuit remains in the set state. After both inputs go back to 1, we
are allowed to change the state of the latch by placing a 0 in the R input. This action causes
the circuit to go to the reset state and stay there even after both inputs return to 1. The
condition that is forbidden for the NAND latch is both inputs being equal to 0 at the same
time, an input combination that should be avoided.

In comparing the NAND with the NOR latch, note that the input signals for the
NAND require the complement of those values used for the NOR latch. Because the
NAND Ilatch requires a 0 signal to change its state, it is sometimes referred to as an S'R’
latch. The primes (or,sometimes, bars over the letters) designate the fact that the inputs
must be in their complement form to activate the circuit.

The operation of the basic SR latch can be modified by providing an additional input
signal that determines (controls) when the state of the latch can be changed by determining
whether S and R (or S’ and R’) can affect the circuit. An SR latch with a control input is
shown in Fig. 5.5. It consists of the basic SR latch and two additional NAND gates. The
control input En acts as an enable signal for the other two inputs. The outputs of the NAND
gates stay at the logic-1 level as long as the enable signal remains at 0. This is the quiescent
condition for the SR latch. When the enable input goes to 1, information from the S or R
input is allowed to affect the latch. The set state is reached with § = 1, R = 0,and En = 1
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(a) Logic diagram (b) Function table

FIGURE 5.5
SR latch with control input

(active-high enabled). To change to the reset state, the inputs must be § = 0, R = 1, and
En = 1. In either case, when En returns to 0, the circuit remains in its current state. The
control input disables the circuit by applying 0 to En, so that the state of the output does
not change regardless of the values of S and R. Moreover, when En = 1 and both the S
and R inputs are equal to 0, the state of the circuit does not change. These conditions are
listed in the function table accompanying the diagram.

An indeterminate condition occurs when all three inputs are equal to 1. This condition
places 0’s on both inputs of the basic SR latch, which puts it in the undefined state. When
the enable input goes back to 0, one cannot conclusively determine the next state, because
it depends on whether the S or R input goes to 0 first. This indeterminate condition makes
this circuit difficult to manage, and it is seldom used in practice. Nevertheless, the SR latch
is an important circuit because other useful latches and flip-flops are constructed from it.

D Latch (Transparent Latch)

En

One way to eliminate the undesirable condition of the indeterminate state in the SR
latch is to ensure that inputs S and R are never equal to 1 at the same time. This is
done in the D latch, shown in Fig. 5.6. This latch has only two inputs: D (data) and

Next state of Q

0 X | Nochange
1 0 O = 0; reset state
1 1 O = 1; set state

TAY

D
D

o

(a) Logic diagram (b) Function table

FIGURE 5.6
D latch
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Graphic symbols for latches

En (enable). The D input goes directly to the S input, and its complement is applied
to the R input. As long as the enable input is at 0, the cross-coupled SR latch has both
inputs at the 1 level and the circuit cannot change state regardless of the value of D.
The D input is sampled when En = 1. If D = 1, the Q output goes to 1, placing the
circuit in the set state. If D = 0, output Q goes to 0, placing the circuit in the reset
state.

The D latch receives that designation from its ability to hold data in its internal stor-
age. It is suited for use as a temporary storage for binary information between a unit
and its environment. The binary information present at the data input of the D latch is
transferred to the Q output when the enable input is asserted. The output follows
changes in the data input as long as the enable input is asserted. This situation provides
a path from input D to the output, and for this reason, the circuit is often called a trans-
parent latch. When the enable input signal is de-asserted, the binary information that
was present at the data input at the time the transition occurred is retained (i.e., stored)
at the Q output until the enable input is asserted again. Note that an inverter could be
placed at the enable input. Then, depending on the physical circuit, the external enabling
signal will be a value of 0 (active low) or 1 (active high).

The graphic symbols for the various latches are shown in Fig. 5.7 A latch is designated
by a rectangular block with inputs on the left and outputs on the right. One output
designates the normal output, and the other (with the bubble designation) designates
the complement output. The graphic symbol for the SR latch has inputs S and R indi-
cated inside the block. In the case of a NAND gate latch, bubbles are added to the inputs
to indicate that setting and resetting occur with a logic-0 signal. The graphic symbol for
the D latch has inputs D and En indicated inside the block.

STORAGE ELEMENTS: FLIP-FLOPS

The state of a latch or flip-flop is switched by a change in the control input. This momentary
change is called a trigger, and the transition it causes is said to trigger the flip-flop. The D
latch with pulses in its control input is essentially a flip-flop that is triggered every time the
pulse goes to the logic-1 level. As long as the pulse input remains at this level, any changes
in the data input will change the output and the state of the latch.



Section 5.4 Storage Elements: Flip-Flops 197

As seen from the block diagram of Fig. 5.2, a sequential circuit has a feedback path
from the outputs of the flip-flops to the input of the combinational circuit. Conse-
quently, the inputs of the flip-flops are derived in part from the outputs of the same and
other flip-flops. When latches are used for the storage elements, a serious difficulty
arises. The state transitions of the latches start as soon as the clock pulse changes to the
logic-1 level. The new state of a latch appears at the output while the pulse is still active.
This output is connected to the inputs of the latches through the combinational circuit.
If the inputs applied to the latches change while the clock pulse is still at the logic-1
level, the latches will respond to new values and a new output state may occur. The
result is an unpredictable situation, since the state of the latches may keep changing for
as long as the clock pulse stays at the active level. Because of this unreliable operation,
the output of a latch cannot be applied directly or through combinational logic to the
input of the same or another latch when all the latches are triggered by a common clock
source.

Flip-flop circuits are constructed in such a way as to make them operate properly
when they are part of a sequential circuit that employs a common clock. The problem
with the latch is that it responds to a change in the /evel of a clock pulse. As shown in
Fig. 5.8(a), a positive level response in the enable input allows changes in the output
when the D input changes while the clock pulse stays at logic 1. The key to the proper
operation of a flip-flop is to trigger it only during a signal transition. This can be accom-
plished by eliminating the feedback path that is inherent in the operation of the sequen-
tial circuit using latches. A clock pulse goes through two transitions: from 0 to 1 and the
return from 1 to 0. As shown in Fig. 5.8, the positive transition is defined as the positive
edge and the negative transition as the negative edge. There are two ways that a latch
can be modified to form a flip-flop. One way is to employ two latches in a special con-
figuration that isolates the output of the flip-flop and prevents it from being affected
while the input to the flip-flop is changing. Another way is to produce a flip-flop that

[ B R

(a) Response to positive level

(b) Positive-edge response

(c) Negative-edge response

FIGURE 5.8
Clock response in latch and flip-flop
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triggers only during a signal transition (from 0 to 1 or from 1 to 0) of the synchronizing
signal (clock) and is disabled during the rest of the clock pulse. We will now proceed to
show the implementation of both types of flip-flops.

Edge-Triggered D Flip-Flop

The construction of a D flip-flop with two D latches and an inverter is shown in Fig. 5.9.
The first latch is called the master and the second the slave. The circuit samples the D
input and changes its output Q only at the negative edge of the synchronizing or control-
ling clock (designated as Clk). When the clock is 0, the output of the inverter is 1. The
slave latch is enabled, and its output Q is equal to the master output Y. The master latch
is disabled because Clk = 0. When the input pulse changes to the logic-1 level, the data
from the external D input are transferred to the master. The slave, however, is disabled
as long as the clock remains at the 1 level, because its enable input is equal to 0. Any
change in the input changes the master output at Y, but cannot affect the slave output.
When the clock pulse returns to 0, the master is disabled and is isolated from the D
input. At the same time, the slave is enabled and the value of Y is transferred to the
output of the flip-flop at Q. Thus, a change in the output of the flip-flop can be triggered
only by and during the transition of the clock from 1 to 0.

The behavior of the master—slave flip-flop just described dictates that (1) the output
may change only once, (2) a change in the output is triggered by the negative edge of
the clock, and (3) the change may occur only during the clock’s negative level. The value
that is produced at the output of the flip-flop is the value that was stored in the master
stage immediately before the negative edge occurred. It is also possible to design the
circuit so that the flip-flop output changes on the positive edge of the clock. This hap-
pens in a flip-flop that has an additional inverter between the Clk terminal and the
junction between the other inverter and input E£n of the master latch. Such a flip-flop is
triggered with a negative pulse, so that the negative edge of the clock affects the master
and the positive edge affects the slave and the output terminal.

Another construction of an edge-triggered D flip-flop uses three SR latches as shown
in Fig. 5.10. Two latches respond to the external D (data) and Clk (clock) inputs. The
third latch provides the outputs for the flip-flop. The S and R inputs of the output latch

D
D latch D latch
(master) (slave)
En

Clk {>o

FIGURE 5.9
Master-slave D flip-flop
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D-type positive-edge-triggered flip-flop

are maintained at the logic-1 level when Clk = 0. This causes the output to remain in
its present state. Input D may be equal to 0 or 1. If D = 0 when Clk becomes 1, R
changes to 0. This causes the flip-flop to go to the reset state, making Q = 0. If there is
a change in the D input while Clk = 1, terminal R remains at 0 because Q is 0. Thus, the
flip-flop is locked out and is unresponsive to further changes in the input. When the
clock returns to 0, R goes to 1, placing the output latch in the quiescent condition with-
out changing the output. Similarly, if D = 1 when Clk goes from 0 to 1, S changes to 0.
This causes the circuit to go to the set state, making Q = 1. Any change in D while
Clk = 1 does not affect the output.

In sum, when the input clock in the positive-edge-triggered flip-flop makes a positive
transition, the value of D is transferred to Q. A negative transition of the clock (i.e., from
1 to 0) does not affect the output, nor is the output affected by changes in D when Clk
is in the steady logic-1 level or the logic-0 level. Hence, this type of flip-flop responds to
the transition from 0 to 1 and nothing else.

The timing of the response of a flip-flop to input data and to the clock must be taken
into consideration when one is using edge-triggered flip-flops. There is a minimum time
called the setup time during which the D input must be maintained at a constant value prior
to the occurrence of the clock transition. Similarly, there is a minimum time called the hold
time during which the D input must not change after the application of the positive transi-
tion of the clock. The propagation delay time of the flip-flop is defined as the interval
between the trigger edge and the stabilization of the output to a new state. These and other
parameters are specified in manufacturers’ data books for specific logic families.
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FIGURE 5.11
Graphic symbol for edge-triggered D flip-flop

The graphic symbol for the edge-triggered D flip-flop is shown in Fig. 5.11. It is simi-
lar to the symbol used for the D latch, except for the arrowhead-like symbol in front of
the letter Clk, designating a dynamic input. The dynamic indicator (>) denotes the fact
that the flip-flop responds to the edge transition of the clock. A bubble outside the block
adjacent to the dynamic indicator designates a negative edge for triggering the circuit.
The absence of a bubble designates a positive-edge response.

Other Flip-Flops

Very large-scale integration circuits contain several thousands of gates within one pack-
age. Circuits are constructed by interconnecting the various gates to provide a digital
system. Each flip-flop is constructed from an interconnection of gates. The most eco-
nomical and efficient flip-flop constructed in this manner is the edge-triggered D flip-
flop, because it requires the smallest number of gates. Other types of flip-flops can be
constructed by using the D flip-flop and external logic. Two flip-flops less widely used
in the design of digital systems are the JK and T flip-flops.

There are three operations that can be performed with a flip-flop: Set it to 1, reset it
to 0, or complement its output. With only a single input, the D flip-flop can set or reset
the output, depending on the value of the D input immediately before the clock transi-
tion. Synchronized by a clock signal, the JK flip-flop has two inputs and performs all
three operations. The circuit diagram of a JK flip-flop constructed with a D flip-flop and
gates is shown in Fig. 5.12(a). The J input sets the flip-flop to 1, the K input resets it to
0, and when both inputs are enabled, the output is complemented. This can be verified
by investigating the circuit applied to the D input:

D=JQ +K'Q

WhenJ =land K = 0,D = Q' + Q = 1, so the next clock edge sets the output to 1.
When J = 0 and K = 1, D = 0, so the next clock edge resets the output to 0. When
both/J = K = 1and D = Q’, the next clock edge complements the output. When both
J =K = 0and D = Q, the clock edge leaves the output unchanged. The graphic sym-
bol for the JK flip-flop is shown in Fig. 5.12(b). It is similar to the graphic symbol of the
D flip-flop, except that now the inputs are marked J and K.

The T (toggle) flip-flop is a complementing flip-flop and can be obtained from a JK
flip-flop when inputs J and K are tied together. This is shown in Fig. 5.13(a). When
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FIGURE 5.13
T flip-flop

(a) Circuit diagram
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(c¢) Graphic symbol

T =0 (J = K = 0), aclock edge does not change the output. When 7 =1/ = K = 1),
a clock edge complements the output. The complementing flip-flop is useful for design-
ing binary counters.

The T flip-flop can be constructed with a D flip-flop and an exclusive-OR gate as
shown in Fig. 5.13(b). The expression for the D input is

D=T®Q=TQ +T0Q

When 7 = 0, D = Q and there is no change in the output. When 7"= 1, D = Q' and
the output complements. The graphic symbol for this flip-flop has a 7'symbol in the input.

Characteristic Tables

A characteristic table defines the logical properties of a flip-flop by describing its oper-
ation in tabular form. The characteristic tables of three types of flip-flops are presented
in Table 5.1. They define the next state (i.e., the state that results from a clock transition)
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Table 5.1
Flip-Flop Characteristic Tables

JK Flip-Flop

J K [ Qt+1)
0 0 (1) No change
0 1 0 Reset
1 0 |1 Set
1 1 Q' Complement
D Flip-Flop T Flip-Flop
D [Qit+1) T | Qt+1)
0 [0 Reset 0 o) No change
1 |1 Set 1 Q' Complement

as a function of the inputs and the present state. Q(¢) refers to the present state (i.e., the
state present prior to the application of a clock edge). Q(¢ + 1) is the next state one
clock period later. Note that the clock edge input is not included in the characteristic
table, but is implied to occur between times ¢ and ¢ + 1. Thus, Q(t) denotes the state of
the flip-flop immediately before the clock edge, and Q(¢ + 1) denotes the state that
results from the clock transition.

The characteristic table for the JK flip-flop shows that the next state is equal to the
present state when inputs J and K are both equal to 0. This condition can be expressed
as Q(t + 1) = Q(¢), indicating that the clock produces no change of state. When K = 1
and J = 0, the clock resets the flip-flop and Q(¢ + 1) = 0. With / = 1 and K = 0, the
flip-flop setsand Q(¢ + 1) = 1. When both J and K are equal to 1, the next state changes
to the complement of the present state, a transition that can be expressed as
O+ 1) =0'(0.

The next state of a D flip-flop is dependent only on the D input and is independent
of the present state. This can be expressed as Q(t + 1) = D. It means that the next-state
value is equal to the value of D. Note that the D flip-flop does not have a “no-change”
condition. Such a condition can be accomplished either by disabling the clock or by
operating the clock by having the output of the flip-flop connected into the D input.
Either method effectively circulates the output of the flip-flop when the state of the
flip-flop must remain unchanged.

The characteristic table of the T flip-flop has only two conditions: When T = 0, the
clock edge does not change the state; when 7" = 1, the clock edge complements the state
of the flip-flop.
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Characteristic Equations

The logical properties of a flip-flop, as described in the characteristic table, can be
expressed algebraically with a characteristic equation. For the D flip-flop, we have the
characteristic equation

Qt+1)=D

which states that the next state of the output will be equal to the value of input D in the
present state. The characteristic equation for the JK flip-flop can be derived from the
characteristic table or from the circuit of Fig. 5.12. We obtain

O(t+1)=JQ" +K'Q

where Q is the value of the flip-flop output prior to the application of a clock edge. The
characteristic equation for the T flip-flop is obtained from the circuit of Fig. 5.13:

o+ 1)=T®Q=T0' +TQ

Direct Inputs

Some flip-flops have asynchronous inputs that are used to force the flip-flop to a par-
ticular state independently of the clock. The input that sets the flip-flop to 1 is called
preset or direct set. The input that clears the flip-flop to 0 is called clear or direct reset.
When power is turned on in a digital system, the state of the flip-flops is unknown. The
direct inputs are useful for bringing all flip-flops in the system to a known starting state
prior to the clocked operation.

A positive-edge-triggered D flip-flop with active-low asynchronous reset is shown
in Fig. 5.14. The circuit diagram is the same as the one in Fig. 5.10, except for the
additional reset input connections to three NAND gates. When the reset input is 0,
it forces output Q' to stay at 1, which, in turn, clears output Q to 0, thus resetting the
flip-flop. Two other connections from the reset input ensure that the S input of the
third SR latch stays at logic 1 while the reset input is at 0, regardless of the values of
D and Clk.

The graphic symbol for the D flip-flop with a direct reset has an additional input
marked with R. The bubble along the input indicates that the reset is active at the logic-0
level. Flip-flops with a direct set use the symbol S for the asynchronous set input.

The function table specifies the operation of the circuit. When R = 0, the output
is reset to 0. This state is independent of the values of D or Clk. Normal clock opera-
tion can proceed only after the reset input goes to logic 1. The clock at Clk is shown
with an upward arrow to indicate that the flip-flop triggers on the positive edge of
the clock. The value in D is transferred to Q with every positive-edge clock signal,
provided that R = 1.
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D flip-flop with asynchronous reset

5.5 ANALYSIS OF CLOCKED
SEQUENTIAL CIRCUITS

Analysis describes what a given circuit will do under certain operating conditions. The
behavior of a clocked sequential circuit is determined from the inputs, the outputs, and
the state of its flip-flops. The outputs and the next state are both a function of the inputs
and the present state. The analysis of a sequential circuit consists of obtaining a table or
a diagram for the time sequence of inputs, outputs, and internal states. It is also possible
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to write Boolean expressions that describe the behavior of the sequential circuit. These
expressions must include the necessary time sequence, either directly or indirectly.

A logic diagram is recognized as a clocked sequential circuit if it includes flip-flops
with clock inputs. The flip-flops may be of any type, and the logic diagram may or may
not include combinational logic gates. In this section, we introduce an algebraic repre-
sentation for specifying the next-state condition in terms of the present state and inputs.
A state table and state diagram are then presented to describe the behavior of the
sequential circuit. Another algebraic representation is introduced for specifying the logic
diagram of sequential circuits. Examples are used to illustrate the various procedures.

State Equations

The behavior of a clocked sequential circuit can be described algebraically by means of
state equations. A state equation (also called a transition equation) specifies the next
state as a function of the present state and inputs. Consider the sequential circuit shown
in Fig. 5.15. We will later show that it acts as a O-detector by asserting its output when a

X

—> Clk

)
L

> Clk

Clock

D, pa W
o

FIGURE 5.15
Example of sequential circuit



206

Chapter 5 Synchronous Sequential Logic

0 is detected in a stream of 1s. It consists of two D flip-flops A and B, an input x and an
output y. Since the D input of a flip-flop determines the value of the next state (i.e., the
state reached after the clock transition), it is possible to write a set of state equations
for the circuit:

A(t + 1) = A(t)x(¢) + B(®)x(t)
B+ 1) = A'(1)x(¢)
A state equation is an algebraic expression that specifies the condition for a flip-flop
state transition. The left side of the equation, with (¢ + 1), denotes the next state of the
flip-flop one clock edge later. The right side of the equation is a Boolean expression that
specifies the present state and input conditions that make the next state equal to 1. Since
all the variables in the Boolean expressions are a function of the present state, we can
omit the designation (7) after each variable for convenience and can express the state
equations in the more compact form
A(t +1) — Ax + Bx
B(t+1)— A'x
The Boolean expressions for the state equations can be derived directly from the gates
that form the combinational circuit part of the sequential circuit, since the D values of

the combinational circuit determine the next state. Similarly, the present-state value of
the output can be expressed algebraically as

y(@) =[A®@®) + BOX'(1)
By removing the symbol (¢) for the present state, we obtain the output Boolean equation:

y=(A+ B)x'

State Table

The time sequence of inputs, outputs, and flip-flop states can be enumerated in a state
table (sometimes called a transition table). The state table for the circuit of Fig. 5.15 is
shown in Table 5.2. The table consists of four sections labeled present state, input, next
state, and output. The present-state section shows the states of flip-flops A and B at
any given time ¢. The input section gives a value of x for each possible present state.
The next-state section shows the states of the flip-flops one clock cycle later, at time
t + 1. The output section gives the value of y at time ¢ for each present state and input
condition.

The derivation of a state table requires listing all possible binary combinations of
present states and inputs. In this case, we have eight binary combinations from 000 to
111. The next-state values are then determined from the logic diagram or from the state
equations. The next state of flip-flop A must satisfy the state equation

A(t+1) = Ax + Bx
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Table 5.2
State Table for the Circuit of Fig. 5.15
Present Next
State Input State Output
A B X A B y
0 0 0 0 0 0
0 0 1 0 1 0
0 1 0 0 0 1
0 1 1 1 1 0
1 0 0 0 0 1
1 0 1 1 0 0
1 1 0 0 0 1
1 1 1 1 0 0

The next-state section in the state table under column A has three 1’s where the present
state of A and input x are both equal to 1 or the present state of B and input x are both
equal to 1. Similarly, the next state of flip-flop B is derived from the state equation

Bt +1)=A'x

and is equal to 1 when the present state of A is 0 and input x is equal to 1. The output
column is derived from the output equation

y = Ax' + Bx’

The state table of a sequential circuit with D-type flip-flops is obtained by the same
procedure outlined in the previous example. In general, a sequential circuit with m flip-
flops and n inputs needs 2" rows in the state table. The binary numbers from 0 through
2m*tn — 1 are listed under the present-state and input columns. The next-state section
has m columns, one for each flip-flop. The binary values for the next state are derived
directly from the state equations. The output section has as many columns as there are
output variables. Its binary value is derived from the circuit or from the Boolean func-
tion in the same manner as in a truth table.

It is sometimes convenient to express the state table in a slightly different form hav-
ing only three sections: present state, next state, and output. The input conditions are
enumerated under the next-state and output sections. The state table of Table 5.2 is
repeated in Table 5.3 in this second form. For each present state, there are two possible
next states and outputs, depending on the value of the input. One form may be prefer-
able to the other, depending on the application.

State Diagram

The information available in a state table can be represented graphically in the form
of a state diagram. In this type of diagram, a state is represented by a circle, and the
(clock-triggered) transitions between states are indicated by directed lines connecting
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Table 5.3
Second Form of the State Table
Next State Output
Present
State x=0 x=1 x=0 x=1
A B A B A B y y
0 0 0O 0 o0 1 0 0
0 1 o o0 1 1 1 0
1 0 O 0 1 0 1 0
1 1 O 0 1 0 1 0
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FIGURE 5.16

State diagram of the circuit of Fig. 5.15

the circles. The state diagram of the sequential circuit of Fig. 5.15 is shown in Fig. 5.16.
The state diagram provides the same information as the state table and is obtained
directly from Table 5.2 or Table 5.3. The binary number inside each circle identifies the
state of the flip-flops. The directed lines are labeled with two binary numbers separated
by a slash. The input value during the present state is labeled first, and the number after
the slash gives the output during the present state with the given input. (It is important
to remember that the bit value listed for the output along the directed line occurs dur-
ing the present state and with the indicated input, and has nothing to do with the
transition to the next state.) For example, the directed line from state 00 to 01 is labeled
1/0, meaning that when the sequential circuit is in the present state 00 and the input is
1, the output is 0. After the next clock cycle, the circuit goes to the next state, 01. If the
input changes to 0, then the output becomes 1, but if the input remains at 1, the output
stays at 0. This information is obtained from the state diagram along the two directed
lines emanating from the circle with state 01. A directed line connecting a circle with
itself indicates that no change of state occurs.
The steps presented in this example are summarized below:

Circuit diagram — Equations — State table — State diagram
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This sequence of steps begins with a structural representation of the circuit and proceeds
to an abstract representation of its behavior. An HDL model can be in the form of a
gate-level description or in the form of a behavioral description. It is important to note
that a gate-level approach requires that the designer understands how to select and
connect gates and flip-flops to form a circuit having a particular behavior. That under-
standing comes with experience. On the other hand, an approach based on behavioral
modeling does not require the designer to know how to invent a schematic—the designer
needs only to know how to describe behavior using the constructs of the HDL, because
the circuit is produced automatically by a synthesis tool. Therefore, one does not have
to accumulate years of experience in order to become a productive designer of digital
circuits; nor does one have to acquire an extensive background in electrical engineering.

There is no difference between a state table and a state diagram, except in the manner
of representation. The state table is easier to derive from a given logic diagram and the
state equation. The state diagram follows directly from the state table. The state diagram
gives a pictorial view of state transitions and is the form more suitable for human interpre-
tation of the circuit’s operation. For example, the state diagram of Fig. 5.16 clearly shows
that, starting from state 00, the output is 0 as long as the input stays at 1. The first 0 input
after a string of 1’s gives an output of 1 and transfers the circuit back to the initial state,
00.The machine represented by this state diagram acts to detect a zero in the bit stream
of data. It corresponds to the behavior of the circuit in Fig. 5.15. Other circuits that detect
a zero in a stream of data may have a simpler circuit diagram and state diagram.

Flip-Flop Input Equations

The logic diagram of a sequential circuit consists of flip-flops and gates. The interconnec-
tions among the gates form a combinational circuit and may be specified algebraically
with Boolean expressions. The knowledge of the type of flip-flops and a list of the Bool-
ean expressions of the combinational circuit provide the information needed to draw the
logic diagram of the sequential circuit. The part of the combinational circuit that gener-
ates external outputs is described algebraically by a set of Boolean functions called
output equations. The part of the circuit that generates the inputs to flip-flops is described
algebraically by a set of Boolean functions called flip-flop input equations (or, sometimes,
excitation equations). We will adopt the convention of using the flip-flop input symbol to
denote the input equation variable and a subscript to designate the name of the flip-flop
output. For example, the following input equation specifies an OR gate with inputs x and
y connected to the D input of a flip-flop whose output is labeled with the symbol Q:

Dop=x+y
The sequential circuit of Fig. 5.15 consists of two D flip-flops A and B, an input x, and
an output y. The logic diagram of the circuit can be expressed algebraically with two
flip-flop input equations and an output equation:
D, = Ax + Bx
Dp = A'x
y= (A + B)x’
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The three equations provide the necessary information for drawing the logic diagram
of the sequential circuit. The symbol D 4 specifies a D flip-flop labeled A. Dy specifies
a second D flip-flop labeled B. The Boolean expressions associated with these two vari-
ables and the expression for output y specify the combinational circuit part of the
sequential circuit.

The flip-flop input equations constitute a convenient algebraic form for specifying
the logic diagram of a sequential circuit. They imply the type of flip-flop from the letter
symbol, and they fully specify the combinational circuit that drives the flip-flops. Note
that the expression for the input equation for a D flip-flop is identical to the expression
for the corresponding state equation. This is because of the characteristic equation that
equates the next state to the value of the D input: Q(¢t + 1) = D,

Analysis with D Flip-Flops

We will summarize the procedure for analyzing a clocked sequential circuit with D flip-
flops by means of a simple example. The circuit we want to analyze is described by the
input equation

Dy,=A®xDy

The D, symbol implies a D flip-flop with output A.The x and y variables are the inputs
to the circuit. No output equations are given, which implies that the output comes from
the output of the flip-flop. The logic diagram is obtained from the input equation and is
drawn in Fig. 5.17(a).

The state table has one column for the present state of flip-flop A, two columns for
the two inputs, and one column for the next state of A. The binary numbers under Axy
are listed from 000 through 111 as shown in Fig. 5.17(b). The next-state values are
obtained from the state equation

At+1)=A&xDy

The expression specifies an odd function and is equal to 1 when only one variable is 1
or when all three variables are 1. This is indicated in the column for the next state of A.

The circuit has one flip-flop and two states. The state diagram consists of two circles,
one for each state as shown in Fig. 5.17(c). The present state and the output can be either
0 or 1, as indicated by the number inside the circles. A slash on the directed lines is not
needed, because there is no output from a combinational circuit. The two inputs can
have four possible combinations for each state. Two input combinations during each
state transition are separated by a comma to simplify the notation.

Analysis with JK Flip-Flops

A state table consists of four sections: present state, inputs, next state, and outputs. The
first two are obtained by listing all binary combinations. The output section is deter-
mined from the output equations. The next-state values are evaluated from the state
equations. For a D-type flip-flop, the state equation is the same as the input equation.
When a flip-flop other than the D type is used, such as JK or 7, it is necessary to refer
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FIGURE 5.17
Sequential circuit with D flip-flop

to the corresponding characteristic table or characteristic equation to obtain the next-
state values. We will illustrate the procedure first by using the characteristic table and
again by using the characteristic equation.

The next-state values of a sequential circuit that uses JK- or T-type flip-flops can be
derived as follows:

1. Determine the flip-flop input equations in terms of the present state and input
variables.

2. List the binary values of each input equation.

3. Use the corresponding flip-flop characteristic table to determine the next-state
values in the state table.

As an example, consider the sequential circuit with two JK flip-flops A and B and
one input x, as shown in Fig. 5.18. The circuit has no outputs; therefore, the state table
does not need an output column. (The outputs of the flip-flops may be considered as
the outputs in this case.) The circuit can be specified by the flip-flop input equations

Ja=B K, = Bx’
Jg=x" Kg=A'x+Ax' = APDx

The state table of the sequential circuit is shown in Table 5.4. The present-state and
input columns list the eight binary combinations. The binary values listed under the
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Sequential circuit with JK flip-flop

columns labeled flip-flop inputs are not part of the state table, but they are needed for
the purpose of evaluating the next state as specified in step 2 of the procedure. These
binary values are obtained directly from the four input equations in a manner similar
to that for obtaining a truth table from a Boolean expression. The next state of each
flip-flop is evaluated from the corresponding J and K inputs and the characteristic table
of the JK flip-flop listed in Table 5.1. There are four cases to consider. When J = 1 and

Table 5.4

State Table for Sequential Circuit with JK Flip-Flops
Present Next Flip-Flop

State Input State Inputs

A B A B Ja K, Js Kg
0 0 0 0 1 0 0 1 0
0 0 1 0 0 0 0 0 1
0 1 0 1 1 1 1 1 0
0 1 1 1 0 1 0 0 1
1 0 0 1 1 0 0 1 1
1 0 1 1 0 0 0 0 0
1 1 0 0 0 1 1 1 1
1 1 1 1 1 1 0 0 0
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K = 0, the next state is 1. When J = 0 and K = 1, the next stateis 0. WhenJ = K = 0,
there is no change of state and the next-state value is the same as that of the present
state. When J = K = 1, the next-state bit is the complement of the present-state bit.
Examples of the last two cases occur in the table when the present state AB is 10 and
input x is 0. JA and KA are both equal to 0 and the present state of A is 1. Therefore, the
next state of A remains the same and is equal to 1. In the same row of the table,/B and
KB are both equal to 1. Since the present state of B is 0, the next state of B is comple-
mented and changes to 1.

The next-state values can also be obtained by evaluating the state equations from the
characteristic equation. This is done by using the following procedure:

1. Determine the flip-flop input equations in terms of the present state and input
variables.

2. Substitute the input equations into the flip-flop characteristic equation to obtain
the state equations.

3. Use the corresponding state equations to determine the next-state values in the
state table.

The input equations for the two JK flip-flops of Fig. 5.18 were listed a couple of para-
graphs ago. The characteristic equations for the flip-flops are obtained by substituting
A or B for the name of the flip-flop, instead of Q:

At+1)=JA" + K'A
B(t+1)=JB" + K'B
Substituting the values of J4 and K4 from the input equations, we obtain the state equa-
tion for A:
A(t+1)=BA' + (Bx'))A=A'B+ AB' + Ax

The state equation provides the bit values for the column headed “Next State” for A in
the state table. Similarly, the state equation for flip-flop B can be derived from the char-
acteristic equation by substituting the values of Jz and Kjp:

B(t+1)=x'B'+ (A®x)B = B'x' + ABx + A'Bx’

The state equation provides the bit values for the column headed “Next State” for B in
the state table. Note that the columns in Table 5.4 headed “Flip-Flop Inputs” are not
needed when state equations are used.

The state diagram of the sequential circuit is shown in Fig. 5.19. Note that since the
circuit has no outputs, the directed lines out of the circles are marked with one binary
number only, to designate the value of input x.

Analysis with T Flip-Flops

The analysis of a sequential circuit with T flip-flops follows the same procedure outlined
for JK flip-flops. The next-state values in the state table can be obtained by using either
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State diagram of the circuit of Fig. 5.18

the characteristic table listed in Table 5.1 or the characteristic equation

Qi+ 1) =TeQ=T0 + TQ'

Now consider the sequential circuit shown in Fig. 5.20. It has two flip-flops A and B, one
input x, and one output y and can be described algebraically by two input equations and
an output equation:

TA:BX
TB:x
y = AB

The state table for the circuit is listed in Table 5.5. The values for y are obtained from
the output equation. The values for the next state can be derived from the state equa-
tions by substituting 74 and T in the characteristic equations, yielding

A(t + 1) = (Bx)'A + (Bx)A' = AB' + Ax' + A'Bx
B(t+1)=x®B

The next-state values for A and B in the state table are obtained from the expressions
of the two state equations.

The state diagram of the circuit is shown in Fig. 5.20(b). As long as input x is equal to 1, the
circuit behaves as a binary counter with a sequence of states 00,01, 10, 11, and back to 00.
When x = 0, the circuit remains in the same state. Output y is equal to 1 when the present
state is 11. Here, the output depends on the present state only and is independent of the input.
The two values inside each circle and separated by a slash are for the present state and output.

Mealy and Moore Models of Finite State Machines

The most general model of a sequential circuit has inputs, outputs, and internal states. It
is customary to distinguish between two models of sequential circuits: the Mealy model
and the Moore model. Both are shown in Fig. 5.21. They differ only in the way the output
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(b) State diagram

Sequential circuit with T flip-flops (Binary Counter)

Table 5.5

State Table for Sequential Circuit with T Flip-Flops
Present Next

State Input State Output

A B X A B y
0 0 0 0 0 0
0 0 1 0 1 0
0 1 0 0 1 0
0 1 1 1 0 0
1 0 0 1 0 0
1 0 1 1 1 0
1 1 0 1 1 1
1 1 1 0 0 1

215
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Block diagrams of Mealy and Moore state machines

is generated. In the Mealy model, the output is a function of both the present state and
the input. In the Moore model, the output is a function of only the present state. A circuit
may have both types of outputs. The two models of a sequential circuit are commonly
referred to as a finite state machine, abbreviated FSM. The Mealy model of a sequential
circuit is referred to as a Mealy FSM or Mealy machine. The Moore model is referred
to as a Moore FSM or Moore machine.

The circuit presented previously in Fig. 5.15 is an example of a Mealy machine. Out-
put y is a function of both input x and the present state of A and B. The corresponding
state diagram in Fig. 5.16 shows both the input and output values, separated by a slash
along the directed lines between the states.

An example of a Moore model is given in Fig. 5.18. Here, the output is a function of
the present state only. The corresponding state diagram in Fig. 5.19 has only inputs marked
along the directed lines. The outputs are the flip-flop states marked inside the circles.
Another example of a Moore model is the sequential circuit of Fig. 5.20. The output
depends only on flip-flop values, and that makes it a function of the present state only.
The input value in the state diagram is labeled along the directed line, but the output
value is indicated inside the circle together with the present state.

In a Moore model, the outputs of the sequential circuit are synchronized with the
clock, because they depend only on flip-flop outputs that are synchronized with the
clock. In a Mealy model, the outputs may change if the inputs change during the clock
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cycle. Moreover, the outputs may have momentary false values because of the delay
encountered from the time that the inputs change and the time that the flip-flop outputs
change. In order to synchronize a Mealy-type circuit, the inputs of the sequential circuit
must be synchronized with the clock and the outputs must be sampled immediately
before the clock edge. The inputs are changed at the inactive edge of the clock to ensure
that the inputs to the flip-flops stabilize before the active edge of the clock occurs. Thus,
the output of the Mealy machine is the value that is present immediately before the
active edge of the clock.

5.6 SYNTHESIZABLE HDL MODELS
OF SEQUENTIAL CIRCUITS

The Verilog HDL was introduced in Section 3.9. Combinational circuits were described
in Section 4.12, and behavioral modeling with Verilog was introduced in that section
as well. Behavioral models are abstract representations of the functionality of digi-
tal hardware. That is, they describe how a circuit behaves, but don’t specify the internal
details of the circuit. Historically, the abstraction has been described by truth tables,
state tables, and state diagrams. An HDL describes the functionality differently,
by language constructs that represent the operations of registers in a machine.
This representation has “added value,” i.e., it is important for you to know how to use,
because it can be simulated to produce waveforms demonstrating the behavior of the
machine.

Behavioral Modeling

There are two kinds of abstract behaviors in the Verilog HDL. Behavior declared by
the keyword initial is called single-pass behavior and specifies a single statement or
a block statement (i.e., a list of statements enclosed by either a begin . . . end or a
fork ... join keyword pair). A single-pass behavior expires after the associated state-
ment executes. In practice, designers use single-pass behavior primarily to prescribe
stimulus signals in a test bench—never to model the behavior of a circuit—because
synthesis tools do not accept descriptions that use the initial statement. The always
keyword declares a cyclic behavior. Both types of behaviors begin executing when
the simulator launches at time ¢ = 0. The initial behavior expires after its statement
executes; the always behavior executes and reexecutes indefinitely, until the simula-
tion is stopped. A module may contain an arbitrary number of initial or always behav-
ioral statements. They execute concurrently with respect to each other, starting at
time 0, and may interact through common variables. Here’s a word description of how
an always statement works for a simple model of a D flip-flop: Whenever the rising
edge of the clock occurs, if the reset input is asserted, the output g gets 0; otherwise
the output Q gets the value of the input D.The execution of statements triggered by
the clock is repeated until the simulation ends. We'll see shortly how to write this
description in Verilog.
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An initial behavioral statement executes only once. It begins its execution at the start
of simulation and expires after all of its statements have completed execution. As men-
tioned at the end of Section 4.12, the initial statement is useful for generating input
signals to simulate a design. In simulating a sequential circuit, it is necessary to generate
a clock source for triggering the flip-flops. The following are two possible ways to pro-
vide a free-running clock that operates for a specified number of cycles:

initial initial
begin begin
clock = 1'b0; clock = 1'b0;
repeat (30) end
#10 clock = ~clock;
end initial 300 $finish;

always #10 clock = ~clock;

In the first version, the initial block contains two statements enclosed within the begin
and end keywords. The first statement sets clock to 0 at time = 0. The second statement
specifies a loop that reexecutes 30 times to wait 10 time units and then complement the
value of clock. This produces 15 clock cycles, each with a cycle time of 20 time units. In
the second version, the first initial behavior has a single statement that sets clock to 0 at
time = 0, and it then expires (causes no further simulation activity). The second single-
pass behavior declares a stopwatch for the simulation. The system task finish causes the
simulation to terminate unconditionally after 300 time units have elapsed. Because this
behavior has only one statement associated with it, there is no need to write the begin . ..
end keyword pair. After 10 time units, the always statement repeatedly complements clock,
providing a clock generator having a cycle time of 20 time units. The three behavioral
statements in the second example can be written in any order.
Here is another way to describe a free-running clock:

initial begin clock = 0; forever #10 clock = ~clock; end

This version, with two statements in one block statement, initializes the clock and then
executes an indefinite loop (forever) in which the clock is complemented after a delay
of 10 time steps. Note that the single-pass behavior never finishes executing and so does
not expire. Another behavior would have to terminate the simulation.

The activity associated with either type of behavioral statement can be controlled by
a delay operator that waits for a certain time or by an event control operator that waits
for certain conditions to become true or for specified events (changes in signals) to
occur. Time delays specified with the # delay control operator are commonly used in
single-pass behaviors. The delay control operator suspends execution of statements until
a specified time has elapsed. We’ve already seen examples of its use to specify signals in
a test bench. Another operator @ is called the event control operator and is used to
suspend activity until an event occurs. An event can be an unconditional change in a
signal value (e.g., @ A) or a specified transition of a signal value (e.g., @ (posedge
clock)). The general form of this type of statement is

always @ (event control expression) begin
/I Procedural assignment statements that execute when the condition is met
end
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The event control expression specifies the condition that must occur to launch execu-
tion of the procedural assignment statements. The variables in the left-hand side of the
procedural statements must be of the reg data type and must be declared as such. The
right-hand side can be any expression that produces a value using Verilog-defined
operators.

The event control expression (also called the sensitivity list) specifies the events that
must occur to initiate execution of the procedural statements associated with the always
block. Statements within the block execute sequentially from top to bottom. After
the last statement executes, the behavior waits for the event control expression to be
satisfied. Then the statements are executed again. The sensitivity list can specify level-
sensitive events, edge-sensitive events, or a combination of the two. In practice, design-
ers do not make use of the third option, because this third form is not one that synthesis
tools are able to translate into physical hardware. Level-sensitive events occur in com-
binational circuits and in latches. For example, the statement

always @ (AorBor C)

will initiate execution of the procedural statements in the associated always block if a
change occurs in A, B, or C. In synchronous sequential circuits, changes in flip-flops
occur only in response to a transition of a clock pulse. The transition may be either a
positive edge or a negative edge of the clock, but not both. Verilog HDL takes care of
these conditions by providing two keywords: posedge and negedge. For example, the
expression

always @(posedge clock or negedge reset) /I Verilog 1995

will initiate execution of the associated procedural statements only if the clock goes
through a positive transition or if reset goes through a negative transition. The 2001 and
2005 revisions to the Verilog language allow a comma-separated list for the event con-
trol expression (or sensitivity list):

always @(posedge clock, negedge reset) /I Verilog 2001, 2005

A procedural assignment is an assignment of a logic value to a variable within an
initial or always statement. This is in contrast to a continuous assignment discussed in
Section 4.12 with dataflow modeling. A continuous assignment has an implicit level-
sensitive sensitivity list consisting of all of the variables on the right-hand side of its
assignment statement. The updating of a continuous assignment is triggered whenever
an event occurs in a variable included on the right-hand side of its expression. In con-
trast, a procedural assignment is made only when an assignment statement is executed
and assigns value to it within a behavioral statement. For example, the clock signal in
the preceding example was complemented only when the statement clock = ~clock
executed; the statement did not execute until 10 time units after the simulation began.
It is important to remember that a variable having type reg remains unchanged until a
procedural assignment is made to give it a new value.

There are two kinds of procedural assignments: blocking and nonblocking. The two
are distinguished by the symbols that they use. Blocking assignments use the symbol (=)
as the assignment operator, and nonblocking assignments use (< =) as the operator.
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Blocking assignment statements are executed sequentially in the order they are listed
in a block of statements. Nonblocking assignments are executed concurrently by evalu-
ating the set of expressions on the right-hand side of the list of statements; they do not
make assignments to their left-hand sides until all of the expressions are evaluated. The
two types of assignments may be better understood by means of an illustration. Consider
these two procedural blocking assignments:

B=A
C=B+1

The first statement transfers the value of A into B.The second statement increments the
value of B and transfers the new value to C. At the completion of the assignments, C
contains the value of A + 1.

Now consider the two statements as nonblocking assignments:

B<=A
C<=B+1

When the statements are executed, the expressions on the right-hand side are evaluated
and stored in a temporary location. The value of A is kept in one storage location and
the value of B + 1 in another. After all the expressions in the block are evaluated and
stored, the assignment to the targets on the left-hand side is made. In this case, C will
contain the original value of B, plus 1. A general rule is to use blocking assignments when
sequential ordering is imperative and in cyclic behavior that is level sensitive (i.c., in
combinational logic). Use nonblocking assignments when modeling concurrent execu-
tion (e.g., edge-sensitive behavior such as synchronous, concurrent register transfers)
and when modeling latched behavior. Nonblocking assignments are imperative in deal-
ing with register transfer level design, as shown in Chapter 8. They model the concurrent
operations of physical hardware synchronized by a common clock. Today’s designers
are expected to know what features of an HDL are useful in a practical way and how to
avoid features that are not. Following these rules for using the assignment operators will
prevent conditions that lead synthesis tools astray and create mismatches between
the behavior of a model and the behavior of physical hardware that is produced by a
synthesis tool.

HDL Models of Flip-Flops and Latches

HDL Examples 5.1 through 5.4 show Verilog descriptions of various flip-flops and a D
latch. The D latch is said to be transparent because it responds to a change in data input
with a change in the output as long as the enable input is asserted —viewing the output
is the same as viewing the input. The description of a D latch is shown in HDL Example
5.1 It has two inputs, D and enable, and one output, Q. Since Q is assigned value in a
behavior, its type must be declared to be reg. Hardware latches respond to input signal
levels, so the two inputs are listed without edge qualifiers in the sensitivity list following
the @ symbol in the always statement. In this model, there is only one blocking proce-
dural assignment statement, and it specifies the transfer of input D to output Q if enable
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is true (logic 1).! Note that this statement is executed every time there is a change in D
if enable is 1.

A D-type flip-flop is the simplest example of a sequential machine. HDL Example
5.2 describes two positive-edge D flip-flops in two modules. The first responds only to
the clock; the second includes an asynchronous reset input. Output Q must be declared
as a reg data type in addition to being listed as an output. This is because it is a target
output of a procedural assignment statement. The keyword posedge ensures that the
transfer of input D into Q is synchronized by the positive-edge transition of Clk.
A change in D at any other time does not change Q.

HDL Example 5.1 (D-Latch)

/I Description of D latch (See Fig. 5.6)
module D_latch (Q, D, enable);

output Q;

input D, enable;

reg Q;

always @ (enable or D)

if (enable) Q <= D; /I Same as: if (enable == 1)

endmodule

/I Alternative syntax (Verilog 2001, 2005)
module D_latch (output reg Q, input enable, D);
always @ (enable, D)
if (enable) Q <=D; /I No action if enable not asserted
endmodule

HDL Example 5.2 (D-Type Flip-Flop)

/I D flip-flop without reset
module D_FF (Q, D, CIk);
output Q;
input D, CIk;
reg Q;
always @ (posedge Clk)
Q<=D;
endmodule

/I D flip-flop with asynchronous reset (V2001, V2005)

module DFF (output reg Q, input D, CIk, rst);
always @ (posedge Clk, negedge rst)
if (Irst) Q <= 1'b0; /I Same as: if (rst == 0)
else Q<=D;

endmodule

!The statement (single or block) associated with if (Boolean expression) executes if the Boolean expression
is true.
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The second module includes an asynchronous reset input in addition to the synchro-
nous clock. A specific form of an if statement is used to describe such a flip-flop so that
the model can be synthesized by a software tool. The event expression after the @ sym-
bol in the always statement may have any number of edge events, either posedge or
negedge. For modeling hardware, one of the events must be a clock event. The remain-
ing events specify conditions under which asynchronous logic is to be executed. The
designer knows which signal is the clock, but clock is not an identifier that software tools
automatically recognize as the synchronizing signal of a circuit. The tool must be able
to infer which signal is the clock, so you need to write the description in a way that enables
the tool to infer the clock correctly. The rules are simple to follow: (1) Each if or else if
statement in the procedural assignment statements is to correspond to an asynchronous
event, (2) the last else statement corresponds to the clock event, and (3) the asynchro-
nous events are tested first. There are two edge events in the second module of HDL
Example 5.2. The negedge rst (reset) event is asynchronous, since it matches the if (!rst)
statement. As long as rst is 0, Q is cleared to 0. If Clk has a positive transition, its effect
is blocked. Only if rst = 1 can the posedge clock event synchronously transfer D into Q.

Hardware always has a reset signal. It is strongly recommended that all models of
edge-sensitive behavior include a reset (or preset) input signal; otherwise, the initial
state of the flip-flops of the sequential circuit cannot be determined. A sequential circuit
cannot be tested with HDL simulation unless an initial state can be assigned with an
input signal.

HDL Example 5.3 describes the construction of a 7 or JK flip-flop from a D flip-flop
and gates. The circuit is described with the characteristic equations of the flip-flops:

ot+1) =0T for a T flip-flop
ot+1)=JO +K'Q for a JK flip-flop

The first module, TFE describes a T flip-flop by instantiating D FF. (Instantiation is
explained in Section 4.12.) The declared wire, DT, is assigned the exclusive-OR of Q
and T, as is required for building a T flip-flop with a D flip-flop. The instantiation with
the value of DT replacing D in module DFF produces the required 7 flip-flop. The JK
flip-flop is specified in a similar manner by using its characteristic equation to define a
replacement for D in the instantiated DFF.

HDL Example 5.3 (Alternative Flip-Flop Models)

/I'T flip-flop from D flip-flop and gates
module TFF (Q, T, CIk, rst);
output Q;
input T, CIk, rst;
wire DT,
assign DT=Q"T; /I Continuous assignment
/I Instantiate the D flip-flop
DFF TF1 (Q, DT, CIk, rst);
endmodule
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/I JK flip-flop from D flip-flop and gates (V2001, 2005)
module JKFF (output reg Q, input J, K, CIk, rst);
wire JK;
assign JK=(J & ~Q) | (~K & Q);
/Il Instantiate D flip-flop
DFF JK1 (Q, JK, CIk, rst);
endmodule

/I D flip-flop (V2001, V2005)
module DFF (output reg Q, input D, CIk, rst);
always @ (posedge Clk, negedge rst)
if (Irst) Q <= 1'b0;
else Q<=D;
endmodule

HDL Example 5.4 shows another way to describe a JK flip-flop. Here, we describe
the flip-flop by using the characteristic table rather than the characteristic equation. The
case multiway branch condition checks the two-bit number obtained by concatenating
the bits of J and K. The case expression ({/, K}) is evaluated and compared with the
values in the list of statements that follows. The first value that matches the true condi-
tion is executed. Since the concatenation of J and K produces a two-bit number, it can
be equal to 00,01, 10, or 11. The first bit gives the value of J and the second the value of
K. The four possible conditions specify the value of the next state of Q after the applica-
tion of a positive-edge clock.

HDL Example 5.4 (JK Flip-Flop)

/I Functional description of JK flip-flop (V2001, 2005)
module JK_FF (input J, K, CIk, output reg Q, output Q_b);
assignQ_ b=~Q;
always @ (posedge CIk)
case ({J,K})
2'p00: Q <=Q;
2'b01: Q <= 1'b0;
2'b10: Q <= 1'b1;
2b11: Q<= 1Q;
endcase
endmodule

State diagram-Based HDL Models

An HDL model of the operation of a sequential circuit can be based on the format of the
circuit’s state diagram. A Mealy HDL model is presented in HDL Example 5.5 for the
zero-detector machine described by the sequential circuit in Fig. 5.15 and its state diagram
shown in Fig. 5.16. The input, output, clock, and reset are declared in the usual manner.
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The state of the flip-flops is declared with identifiers state and next_state. These variables
hold the values of the present state and the next value of the sequential circuit. The state’s
binary assignment is done with a parameter statement. (Verilog allows constants to be
defined in a module by the keyword parameter.) The four states SO through S$3 are assigned
binary 00 through 11. The notation S2 = 2'b10 is preferable to the alternative S2 = 2.The
former uses only two bits to store the constant, whereas the latter results in a binary num-
ber with 32 (or 64) bits because an unsized number is interpreted and sized as an integer.

HDL Example 5.5 (Mealy Machine: Zero Detector)

/l Mealy FSM zero detector (See Fig. 5.15 and Fig. 5.16) Verilog 2001, 2005 syntax
module Mealy_Zero_Detector (
output reg y_out,
input x_in, clock, reset
);
reg [1: 0] state, next_state;
parameter S0 =2'b00, S1 =201, S2 =2'b10, S3 =2'b11;
always @ (posedge clock, negedge reset) Verilog 2001, 2005 syntax
if (reset == 0) state <= S0;
else state <= next_state;

always @ (state, x_in) /I Form the next state
case (state)
SO: if (x_in) next_state = S1; else next_state = SO;
S1: if (x_in) next_state = S3; else next_state = SO;
S2: if (~x_in) next_state = SO; else next_state = S2;
S3: if (x_in) next_state = S2; else next_state = SO;
endcase
always @ (state, x_in) /I Form the Mealy output
case (state)
S0: y_out = 0;
S1, 82, S3:y_out =~x_in;
endcase
endmodule

module t_Mealy_Zero_Detector;
wire t y out;
reg t x_in, t_clock, t_reset;

Mealy_Zero_Detector MO (t_y_out, t_x_in, t_clock, t_reset);
initial #200 $finish;
initial begin t_clock = 0; forever #5 t_clock = ~t_clock; end

initial fork
t_reset=0;
#2t reset=1;

#87 t_reset = 0;
#89t reset=1;



Section 5.6 Synthesizable HDL Models of Sequential Circuits 225

#10t x_in=1;
#30t x_in=0;
#40t x_in=1;
#50 t_x_in=0;
#52t x_in=1;
#54t x_in=0;
#70t x_in=1;
#80t x_in=1;
#70t_x_in=0;
#90 t x_in=1;
#100 t_x_in = 0;
#120t x_in=1;
#160t x_in=0;
#170t x_in=1;
join
endmodule

The circuit I HDL Example 5.5 detects a 0 following a sequence of 1s in a serial bit
stream. Its Verilog model uses three always blocks that execute concurrently and inter-
act through common variables. The first always statement resets the circuit to the initial
state SO = 00 and specifies the synchronous clocked operation. The statement state <=
next_state is synchronized to a positive-edge transition of the clock. This means that any
change in the value of next_state in the second always block can affect the value of state
only as a result of a posedge event of clock. The second always block determines the
value of the next state transition as a function of the present state and input. The value
assigned to state by the nonblocking assignment is the value of next_state immediately
before the rising edge of clock. Notice how the multiway branch condition implements
the state transitions specified by the annotated edges in the state diagram of Fig. 5.16.
The third always block specifies the output as a function of the present state and the
input. Although this block is listed as a separate behavior for clarity, it could be com-
bined with the second block. Note that the value of output y_out may change if the value
of input x_in changes while the circuit is in any given state.

So let’s summarize how the model describes the behavior of the machine: At every ris-
ing edge of clock, if reset is not asserted, the state of the machine is updated by the first
always block; when state is updated by the first always block, the change in state is detected
by the sensitivity list mechanism of the second always block; then the second always block
updates the value of next_state (it will be used by the first always block at the next tick of
the clock); the third always block also detects the change in state and updates the value of
the output. In addition, the second and third always blocks detect changes in x_in and
update next_state and y_out accordingly. The test bench provided with Mealy_Zero_
Detector provides some waveforms to stimulate the model, producing the results shown in
Fig. 5.22. Notice how ¢_y_out responds to changes in both the state and the input, and has
a glitch (a transient logic value). We display both to state[1:0] and next_state[1:0] to illus-
trate how changes in z_x_in influence the value of next_state and ¢_y_out. The Mealy glitch
int_y_out is due to the (intentional) dynamic behavior of ¢_x_in. The input, t_x_in, settles
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FIGURE 5.22
Simulation output of Mealy_Zero_Detector

to a value of 0 immediately before the clock, and at the clock, the state makes a transition
from O to 1, which is consistent with Fig. 5.16. The output is 1 in state S1 immediately before
the clock, and changes to 0 as the state enters S0.

The description of waveforms in the test bench uses the fork ... join construct. State-
ments with the fork . .. join block execute in parallel, so the time delays are relative to
a common reference of ¢ = 0, the time at which the block begins execution.? It is usually
more convenient to use the fork . . . join block instead of the begin . . . end block in
describing waveforms. Notice that the waveform of reset is triggered “on the fly” to
demonstrate that the machine recovers from an unexpected (asynchronous) reset con-
dition during any state.

How does our Verilog model Mealy_Zero_Detector correspond to hardware? The first
always block corresponds to a D flip-flop implementation of the state register in Fig. 5.21;
the second always block is the combinational logic block describing the next state; the
third always block describes the output combinational logic of the zero-detecting Mealy
machine. The register operation of the state transition uses the nonblocking assignment
operator (< =) because the (edge-sensitive) flip-flops of a sequential machine are updated
concurrently by a common clock. The second and third always blocks describe combina-
tional logic, which is level sensitive, so they use the blocking (=) assignment operator.

2A fork . .. join block completes execution when the last executing statement within it completes its
execution.
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Their sensitivity lists include both the state and the input because their logic must respond
to a change in either or both of them.

Note: The modeling style illustrated by Mealy_Zero_Detector is commonly used by
designers because it has a close relationship to the state diagram of the machine that is
being described. Notice that the reset signal is associated with the always block that
synchronizes the state transitions. In this example, it is modeled as an active-low reset.
Because the reset condition is included in the description of the state transitions, there
is no need to include it in the combinational logic that specifies the next state and the
output, and the resulting description is less verbose, simpler, and more readable.

HDL Example 5.6 presents the Verilog behavioral model of the Moore FSM shown
in Fig. 5.18 and having the state diagram given in Fig. 5.19. The model illustrates an
alternative style in which the state transitions of the machine are described by a single
clocked (i.e., edge-sensitive) cyclic behavior, i.e., by one always block. The present state
of the circuit is identified by the variable state, and its transitions are triggered by the
rising edge of the clock according to the conditions listed in the case statement. The
combinational logic that determines the next state is included in the nonblocking assign-
ment to state. In this example, the output of the circuits is independent of the input and
is taken directly from the outputs of the flip-flops. The two-bit output y_out is specified
with a continuous assignment statement and is equal to the value of the present state
vector. Figure 5.23 shows some simulation results for Moore_Model_Fig_5_19. Here
are some important observations: (1) the output depends on only the state, (2) reset
“on-the-fly” forces the state of the machine back to SO (00), and (3) the state transitions
are consistent with Fig. 5.19.

HDL Example 5.6 (Moore Machine: Zero Detector)

/I Moore model FSM (see Fig. 5.19) Verilog 2001, 2005 syntax
module Moore_Model_Fig_5 19 (

output [1: 0] y_out,

input x_in, clock, reset
);

reg [1: 0] state;

parameter S0 = 2'b00, S1 =2'b01, S2 =2'b10, S3 =2'b11;

always @ (posedge clock, negedge reset)

if (reset == 0) state <= SO0; // Initialize to state SO

else case (state)
S0: if (~x_in) state <= S1; else state <= S0;
S1: if (x_in) state <= S2; else state <= S3;
S2: if (~x_in) state <= S3; else state <= S2;
S3: if (~x_in) state <= S0O; else state <= S3;
endcase
assign y_out = state; /I Output of flip-flops

endmodule
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Simulation output of HDL Example 5.6

Structural Description of Clocked Sequential Circuits

Combinational logic circuits can be described in Verilog by a connection of gates
(primitives and UDPs), by dataflow statements (continuous assignments), or by level-
sensitive cyclic behaviors (always blocks). Sequential circuits are composed of com-
binational logic and flip-flops, and their HDL models use sequential UDPs and
behavioral statements (edge-sensitive cyclic behaviors) to describe the operation of
flip-flops. One way to describe a sequential circuit uses a combination of dataflow
and behavioral statements. The flip-flops are described with an always statement. The
combinational part can be described with assign statements and Boolean equations.
The separate modules can be combined to form a structural model by instantiation
within a module.

The structural description of a Moore-type zero detector sequential circuit is shown
in HDL Example 5.7 We want to encourage the reader to consider alternative ways to
model a circuit, so as a point of comparison, we first present Moore_Model_Fig _5_20,
a Verilog behavioral description of a binary counter having the state diagram examined
earlier shown in Fig. 5.20(b). This style of modeling follows directly from the state dia-
gram. An alternative style, used in Moore_Model STR_Fig 5_20, represents the struc-
ture shown in Fig. 5.20(a). This style uses two modules. The first describes the circuit of
Fig.5.20(a). The second describes the T flip-flop that will be used by the circuit. We also
show two ways to model the T flip-flop. The first asserts that, at every clock tick, the
value of the output of the flip-flop toggles if the toggle input is asserted. The second
model describes the behavior of the toggle flip-flop in terms of its characteristic equa-
tion. The first style is attractive because it does not require the reader to remember the
characteristic equation. Nonetheless, the models are interchangeable and will synthesize
to the same hardware circuit. A test bench module provides a stimulus for verifying the
functionality of the circuit. The sequential circuit is a two-bit binary counter controlled
by input x_in. The output, y_out, is enabled when the count reaches binary 11. Flip-flops
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A and B are included as outputs in order to check their operation. The flip-flop input
equations and the output equation are evaluated with continuous assignment (assign)
statements having the corresponding Boolean expressions. The instantiated 7 flip-flops
use TA and TB as defined by the input equations.

The second module describes the T flip-flop. The reset input resets the flip-flop to 0
with an active-low signal. The operation of the flip-flop is specified by its characteristic
equation,Q(t + 1) = Q@ T.

The test bench includes both models of the machine. The stimulus module provides
common inputs to the circuits to simultaneously display their output responses. The
first initial block provides eight clock cycles with a period of 10 ns. The second initial
block specifies a toggling of input x_in that occurs at the negative edge transition of
the clock. The result of the simulation is shown in Fig. 5.24. The pair (A, B) goes
through the binary sequence 00,01, 10, 11, and back to 00. The change in the count is
triggered by a positive edge of the clock, provided that x_in = 1. If x_in = 0, the
count does not change. y_out is equal to 1 when both A and B are equal to 1. This
verifies the main functionality of the circuit, but not a recovery from an unexpected
reset event.

HDL Example 5.7 (Binary Counter_Moore Model)

/I State-diagram-based model (V2001, 2005)
module Moore_Model_Fig_5_ 20 (

output y_out,

input x_in, clock, reset

)

reg [1: 0] state;
parameter S0 =2'b00, S1 =201, S2 =2'b10, S3 =2'b11;
always @ (posedge clock, negedge reset)

if (reset == 0) state <= S0; /I Initialize to state SO

else case (state)
S0: if (x_in) state <= S1; else state <= S0;

S1: if (x_in) state <= S2; else state <= S1;
S2: if (x_in) state <= S3; else state <= S2;
S3: if (x_in) state <= SO; else state <= S3;
endcase
assign y_out = (state == S3); /I Output of flip-flops
endmodule

/I Structural model

module Moore_Model_STR_Fig_5 20 (
output y_out, A, B,

input X_in, clock, reset

)
wire TA, TB;

/I Flip-flop input equations
assign TA = x_in & B;
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assign TB = x_in;
/I Output equation
assigny_out=A & B;

/I Instantiate Toggle flip-flops

Toggle_flip_flop_3 M_A (A, TA, clock, reset);
Toggle flip_flop_3 M_B (B, TB, clock, reset);
endmodule
module Toggle_flip_flop (Q, T, CLK, RST_b);
output Q;
input T, CLK, RST_b;
reg Q;
always @ (posedge CLK, negedge RST_b)
if (RST_b ==0) Q <= 1'b0;
else if (T) Q <= ~Q;
endmodule

/I Alternative model using characteristic equation
/I module Toggle_flip_flop (Q, T, CLK, RST_b);

/I output Q;
/I input T, CLK, RST_b;
/I reg Q;

/I always @ (posedge CLK, negedge RST)
/I if (RST_b ==0) Q <= 1'b0;

Il elseQ<=Q"T,

// endmodule

module t Moore_Fig_5 20;
wire ty out 2,ty out 1;
reg t_x_in, t_clock, t_reset;

Moore_Model_Fig_5 20 M1(t_y out_1,t x_in, t_clock, t_reset);
Moore_Model_STR_Fig_5_20 M2 (t_y_out_2, A, B, t_x_in, t_clock, t_reset);

initial #200 $finish;
initial begin
t reset=0;
t clock = 0;
#51t reset=1;
repeat (16)
#5 t_clock = ~t_clock;
end
initial begin
t x_in=0;
#15t x_in=1;
repeat (8)
#10 t_x_in =~t_x_in;
end
endmodule
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Simulation output of HDL Example 5.7

5.7 STATE REDUCTION AND ASSIGNMENT

The analysis of sequential circuits starts from a circuit diagram and culminates in a state
table or diagram. The design (synthesis) of a sequential circuit starts from a set of
specifications and culminates in a logic diagram. Design procedures are presented in
Section 5.8. Two sequential circuits may exhibit the same input—output behavior, but
have a different number of internal states in their state diagram. The current section
discusses certain properties of sequential circuits that may simplify a design by reduc-
ing the number of gates and flip-flops it uses. In general, reducing the number of flip-
flops reduces the cost of a circuit.

State Reduction

The reduction in the number of flip-flops in a sequential circuit is referred to as the
state-reduction problem. State-reduction algorithms are concerned with procedures for
reducing the number of states in a state table, while keeping the external input—output
requirements unchanged. Since m flip-flops produce 2" states, a reduction in the number
of states may (or may not) result in a reduction in the number of flip-flops. An unpre-
dictable effect in reducing the number of flip-flops is that sometimes the equivalent
circuit (with fewer flip-flops) may require more combinational gates to realize its next
state and output logic.

We will illustrate the state-reduction procedure with an example. We start with a sequen-
tial circuit whose specification is given in the state diagram of Fig. 5.25. In our example, only
the input—output sequences are important; the internal states are used merely to provide
the required sequences. For that reason, the states marked inside the circles are denoted
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FIGURE 5.25
State diagram

by letter symbols instead of their binary values. This is in contrast to a binary counter,
wherein the binary value sequence of the states themselves is taken as the outputs.

There are an infinite number of input sequences that may be applied to the circuit;
each results in a unique output sequence. As an example, consider the input sequence
01010110100 starting from the initial state a. Each input of 0 or 1 produces an output
of 0 or 1 and causes the circuit to go to the next state. From the state diagram, we obtain
the output and state sequence for the given input sequence as follows: With the circuit
in initial state a, an input of 0 produces an output of 0 and the circuit remains in state a.
With present state a and an input of 1, the output is 0 and the next state is b. With pres-
ent state b and an input of 0, the output is 0 and the next state is c. Continuing this
process, we find the complete sequence to be as follows:

state a a b c d e f f g f g a
input 0 1 0 1 0 1 1 0 1 0 0
output 0 0 0 0 0 1 1 0 1 0 0

In each column, we have the present state, input value, and output value. The next state
is written on top of the next column. It is important to realize that in this circuit the states
themselves are of secondary importance, because we are interested only in output
sequences caused by input sequences.

Now let us assume that we have found a sequential circuit whose state diagram has
fewer than seven states, and suppose we wish to compare this circuit with the circuit
whose state diagram is given by Fig. 5.25. If identical input sequences are applied to the
two circuits and identical outputs occur for all input sequences, then the two circuits are
said to be equivalent (as far as the input—output is concerned) and one may be replaced
by the other. The problem of state reduction is to find ways of reducing the number of
states in a sequential circuit without altering the input—output relationships.
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We now proceed to reduce the number of states for this example. First, we need the
state table; it is more convenient to apply procedures for state reduction with the use of
a table rather than a diagram. The state table of the circuit is listed in Table 5.6 and is
obtained directly from the state diagram.

The following algorithm for the state reduction of a completely specified state table
is given here without proof: “Two states are said to be equivalent if, for each member of
the set of inputs, they give exactly the same output and send the circuit either to the
same state or to an equivalent state.” When two states are equivalent, one of them can
be removed without altering the input—output relationships.

Now apply this algorithm to Table 5.6. Going through the state table, we look for two
present states that go to the same next state and have the same output for both input
combinations. States e and g are two such states: They both go to states a and fand have
outputs of 0 and 1 for x = 0 and x = 1, respectively. Therefore, states g and e are equiv-
alent, and one of these states can be removed. The procedure of removing a state and
replacing it by its equivalent is demonstrated in Table 5.7 The row with present state g
is removed, and state g is replaced by state e each time it occurs in the columns headed
“Next State.”

Present state f now has next states e and fand outputs O and 1 forx = Oand x = 1,
respectively. The same next states and outputs appear in the row with present state d.
Therefore, states f and d are equivalent, and state f can be removed and replaced by d.
The final reduced table is shown in Table 5.8. The state diagram for the reduced table
consists of only five states and is shown in Fig. 5.26. This state diagram satisfies the
original input—output specifications and will produce the required output sequence for
any given input sequence. The following list derived from the state diagram of Fig. 5.26
is for the input sequence used previously (note that the same output sequence results,
although the state sequence is different):

state a a b c d e d d e d e a
input 0 1 0 1 0 1 0 0
output 0 0 0 0 0 1 1 0 1 0 0
Table 5.6
State Table
Next State Output
Present State x=0 x=1 x=0 x=1
b 0 0

oS N - S
Q 0 Q8 Q O
oS O O O o O
e e e N = )

e e Y
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Table 5.7
Reducing the State Table
Next State Output
Present State x=0 x=1 x=0 x-=
a a b 0 0
b c d 0 0
c a d 0 0
d e f 0 1
e a f 0 1
f e f 0 1
Table 5.8
Reduced State Table
Next State Output
Present State x=0 x=1 X = x=1
a a b 0 0
b c d 0 0
c a d 0 0
d e d 0 1
e a d 0 1

In fact, this sequence is exactly the same as that obtained for Fig. 5.25 if we replace g by
e and fby d.

Checking each pair of states for equivalency can be done systematically by means of
a procedure that employs an implication table, which consists of squares, one for every
suspected pair of possible equivalent states. By judicious use of the table, it is possible
to determine all pairs of equivalent states in a state table.

0/0

FIGURE 5.26
Reduced state diagram
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The sequential circuit of this example was reduced from seven to five states. In
general, reducing the number of states in a state table may result in a circuit with
less equipment. However, the fact that a state table has been reduced to fewer states
does not guarantee a saving in the number of flip-flops or the number of gates. In
actual practice designers may skip this step because target devices are rich in
resources.

State Assignment

In order to design a sequential circuit with physical components, it is necessary to assign
unique coded binary values to the states. For a circuit with m states, the codes must con-
tain n bits, where 2" = m. For example, with three bits, it is possible to assign codes to
eight states, denoted by binary numbers 000 through 111. If the state table of Table 5.6 is
used, we must assign binary values to seven states; the remaining state is unused. If the
state table of Table 5.8 is used, only five states need binary assignment, and we are left
with three unused states. Unused states are treated as don’t-care conditions during the
design. Since don’t-care conditions usually help in obtaining a simpler circuit, it is more
likely but not certain that the circuit with five states will require fewer combinational
gates than the one with seven states.

The simplest way to code five states is to use the first five integers in binary counting
order, as shown in the first assignment of Table 5.9. Another similar assignment is the
Gray code shown in assignment 2. Here, only one bit in the code group changes when
going from one number to the next. This code makes it easier for the Boolean functions
to be placed in the map for simplification. Another possible assignment often used in
the design of state machines to control data-path units is the one-hot assignment. This
configuration uses as many bits as there are states in the circuit. At any given time, only
one bit is equal to 1 while all others are kept at 0. This type of assignment uses one flip-
flop per state, which is not an issue for register-rich field-programmable gate arrays. (See
Chapter 7) One-hot encoding usually leads to simpler decoding logic for the next state
and output. One-hot machines can be faster than machines with sequential binary
encoding, and the silicon area required by the extra flip-flops can be offset by the area

Table 5.9
Three Possible Binary State Assignments

Assignment 1, Assignment 2, Assignment 3,

State Binary Gray Code One-Hot
a 000 000 00001
b 001 001 00010
c 010 011 00100
d 011 010 01000

100 110 10000

Q
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Table 5.10
Reduced State Table with Binary Assignment 1
Next State Output

Present State x=0 x=1 x=0 x=1
000 000 001 0 0
001 010 011 0 0
010 000 011 0 0
011 100 011 0 1
100 000 011 0 1

saved by using simpler decoding logic. This trade-off is not guaranteed, so it must be
evaluated for a given design.

Table 5.10 is the reduced state table with binary assignment 1 substituted for the let-
ter symbols of the states. A different assignment will result in a state table with different
binary values for the states. The binary form of the state table is used to derive the next-
state and output-forming combinational logic part of the sequential circuit. The com-
plexity of the combinational circuit depends on the binary state assignment chosen.

Sometimes, the name transition table is used for a state table with a binary assignment.
This convention distinguishes it from a state table with symbolic names for the states.
In this book, we use the same name for both types of state tables.

DESIGN PROCEDURE

Design procedures or methodologies specify hardware that will implement a desired
behavior. The design effort for small circuits may be manual, but industry relies on
automated synthesis tools for designing massive integrated circuits. The sequential build-
ing block used by synthesis tools is the D flip-flop. Together with additional logic, it can
implement the behavior of JK and T flip-flops. In fact, designers generally do not con-
cern themselves with the type of flip-flop; rather, their focus is on correctly describing
the sequential functionality that is to be implemented by the synthesis tool. Here we
will illustrate manual methods using D, JK, and T flip-flops.

The design of a clocked sequential circuit starts from a set of specifications and cul-
minates in a logic diagram or a list of Boolean functions from which the logic diagram
can be obtained. In contrast to a combinational circuit, which is fully specified by a truth
table, a sequential circuit requires a state table for its specification. The first step in the
design of sequential circuits is to obtain a state table or an equivalent representation,
such as a state diagram.?

A synchronous sequential circuit is made up of flip-flops and combinational gates. The
design of the circuit consists of choosing the flip-flops and then finding a combinational

3We will examine later another important representation of a machine’s behavior —the algorithmic state
machine (ASM) chart.
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gate structure that, together with the flip-flops, produces a circuit which fulfills the stated
specifications. The number of flip-flops is determined from the number of states needed
in the circuit and the choice of state assignment codes. The combinational circuit is
derived from the state table by evaluating the flip-flop input equations and output equa-
tions. In fact, once the type and number of flip-flops are determined, the design process
involves a transformation from a sequential circuit problem into a combinational circuit
problem. In this way, the techniques of combinational circuit design can be applied.

The procedure for designing synchronous sequential circuits can be summarized by
a list of recommended steps:

1. From the word description and specifications of the desired operation, derive a
state diagram for the circuit.

2. Reduce the number of states if necessary.

3. Assign binary values to the states.

4. Obtain the binary-coded state table.

5. Choose the type of flip-flops to be used.

6. Derive the simplified flip-flop input equations and output equations.
7. Draw the logic diagram.

The word specification of the circuit behavior usually assumes that the reader is famil-
iar with digital logic terminology. It is necessary that the designer use intuition and expe-
rience to arrive at the correct interpretation of the circuit specifications, because word
descriptions may be incomplete and inexact. Once such a specification has been set down
and the state diagram obtained, it is possible to use known synthesis procedures to com-
plete the design. Although there are formal procedures for state reduction and assign-
ment (steps 2 and 3), they are seldom used by experienced designers. Steps 4 through 7
in the design can be implemented by exact algorithms and therefore can be automated.
The part of the design that follows a well-defined procedure is referred to as synthesis.
Designers using logic synthesis tools (software) can follow a simplified process that devel-
ops an HDL description directly from a state diagram, letting the synthesis tool deter-
mine the circuit elements and structure that implement the description.

The first step is a critical part of the process, because succeeding steps depend on it.
We will give one simple example to demonstrate how a state diagram is obtained from
a word specification.

Suppose we wish to design a circuit that detects a sequence of three or more con-
secutive 1’s in a string of bits coming through an input line (i.e., the input is a serial bit
stream). The state diagram for this type of circuit is shown in Fig. 5.27 It is derived by
starting with state S, the reset state. If the input is 0, the circuit stays in S, but if the
input is 1, it goes to state S; to indicate that a 1 was detected. If the next input is 1, the
change is to state S, to indicate the arrival of two consecutive 1’s, but if the input is 0,
the state goes back to S,. The third consecutive 1 sends the circuit to state S5. If more
1’s are detected, the circuit stays in S3. Any 0 input sends the circuit back to . In this
way, the circuit stays in S5 as long as there are three or more consecutive 1’s received.
This is a Moore model sequential circuit, since the output is 1 when the circuit is in state
S5 and is 0 otherwise.
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0

FIGURE 5.27
State diagram for sequence detector

Synthesis Using D Flip-Flops

Once the state diagram has been derived, the rest of the design follows a straight-
forward synthesis procedure. In fact, we can design the circuit by using an HDL
description of the state diagram and the proper HDL synthesis tools to obtain a
synthesized netlist. (The HDL description of the state diagram will be similar to
HDL Example 5.6 in Section 5.6.) To design the circuit by hand, we need to assign
binary codes to the states and list the state table. This is done in Table 5.11. The table
is derived from the state diagram of Fig. 5.27 with a sequential binary assignment.
We choose two D flip-flops to represent the four states, and we label their outputs
A and B. There is one input x and one output y. The characteristic equation of the
D flip-flop is Q(t + 1) = Dy, which means that the next-state values in the state
table specify the D input condition for the flip-flop. The flip-flop input equations

Table 5.11

State Table for Sequence Detector
Present Next

State Input State Output

A B X A B y
0 0 0 0 0 0
0 0 1 0 1 0
0 1 0 0 0 0
0 1 1 1 0 0
1 0 0 0 0 0
1 0 1 1 1 0
1 1 0 0 0 1
1 1 1 1 1 1
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FIGURE 5.28

K-Maps for sequence detector

can be obtained directly from the next-state columns of A and B and expressed in
sum-of-minterms form as

A(t + 1) = Dy(A,B,x) = 2(3,5,7)
B(t + 1) = Dg(A,B, x) = 2(1,5,7)
y(A,B,x) = 2(6,7)

where A and B are the present-state values of flip-flops A and B, x is the input, and D,
and Dy are the input equations. The minterms for output y are obtained from the output
column in the state table.

The Boolean equations are simplified by means of the maps plotted in Fig. 5.28. The
simplified equations are

Dy = Ax + Bx
Dp = Ax + B'x
y = AB

The advantage of designing with D flip-flops is that the Boolean equations describing
the inputs to the flip-flops can be obtained directly from the state table. Software tools
automatically infer and select the D-type flip-flop from a properly written HDL model.
The schematic of the sequential circuit is drawn in Fig. 5.29.

Excitation Tables

The design of a sequential circuit with flip-flops other than the D type is complicated
by the fact that the input equations for the circuit must be derived indirectly from the
state table. When D-type flip-flops are employed, the input equations are obtained
directly from the next state. This is not the case for the JK and T types of flip-flops. In
order to determine the input equations for these flip-flops, it is necessary to derive a
functional relationship between the state table and the input equations.

The flip-flop characteristic tables presented in Table 5.1 provide the value of the
next state when the inputs and the present state are known. These tables are useful
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FIGURE 5.29
Logic diagram of a Moore-type sequence detector

for analyzing sequential circuits and for defining the operation of the flip-flops. Dur-
ing the design process, we usually know the transition from the present state to the
next state and wish to find the flip-flop input conditions that will cause the required
transition. For this reason, we need a table that lists the required inputs for a given
change of state. Such a table is called an excitation table.

Table 5.12 shows the excitation tables for the two flip-flops (/K and T'). Each table
has a column for the present state Q(¢), a column for the next state Q(¢ + 1), and a
column for each input to show how the required transition is achieved. There are four
possible transitions from the present state to the next state. The required input condi-
tions for each of the four transitions are derived from the information available in the
characteristic table. The symbol X in the tables represents a don’t-care condition, which
means that it does not matter whether the input is 1 or 0.

The excitation table for the JK flip-flop is shown in part (a). When both present state
and next state are 0, the J input must remain at 0 and the K input can be either O or 1.
Similarly, when both present state and next state are 1, the K input must remain at 0,
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Table 5.12
Flip-Flop Excitation Tables
Qt) Qt=1)|) K Q) Q=1 |T
0 0 0 X 0 0 0
0 1 1 X 0 1 1
1 0 X 1 1 0 1
1 1 X 0 1 1 0
(a) JK Flip-Flop (b) T Flip-Flop

while the J input can be 0 or 1. If the flip-flop is to have a transition from the O-state
to the 1-state,J must be equal to 1, since the J input sets the flip-flop. However, input
K may be either 0 or 1. If K = 0, the / = 1 condition sets the flip-flop as required; if
K =1 and J = 1, the flip-flop is complemented and goes from the 0-state to the
1-state as required. Therefore, the K input is marked with a don’t-care condition for the
0-to-1 transition. For a transition from the 1I-state to the 0-state, we must have K = 1,
since the K input clears the flip-flop. However, the J input may be either 0 or 1, since
J = 0 has no effect and J = 1 together with K = 1 complements the flip-flop with a
resultant transition from the 1-state to the O-state.

The excitation table for the T flip-flop is shown in part (b). From the characteristic
table, we find that when input 7" = 1, the state of the flip-flop is complemented, and
when T = 0, the state of the flip-flop remains unchanged. Therefore, when the state of
the flip-flop must remain the same, the requirement is that 7 = 0. When the state of the
flip-flop has to be complemented, 7 must equal 1.

Synthesis Using JK Flip-Flops

The manual synthesis procedure for sequential circuits with JK flip-flops is the same as
with D flip-flops, except that the input equations must be evaluated from the present-
state to the next-state transition derived from the excitation table. To illustrate the pro-
cedure, we will synthesize the sequential circuit specified by Table 5.13. In addition to
having columns for the present state, input, and next state, as in a conventional state table,
the table shows the flip-flop input conditions from which the input equations are derived.
The flip-flop inputs are derived from the state table in conjunction with the excitation
table for the JK flip-flop. For example, in the first row of Table 5.13, we have a transition
for flip-flop A from 0 in the present state to 0 in the next state. In Table 5.12, for the /K
flip-flop, we find that a transition of states from present state 0 to next state 0 requires
that input/ be 0 and input K be a don’t-care. So 0 and X are entered in the first row under
J4 and K 4, respectively. Since the first row also shows a transition for flip-flop B from 0
in the present state to 0 in the next state, 0 and X are inserted into the first row under Jp
and Kp, respectively. The second row of the table shows a transition for flip-flop B from
01in the present state to 1 in the next state. From the excitation table, we find that a tran-
sition from 0 to 1 requires that J be 1 and K be a don’t-care, so 1 and X are copied into
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Table 5.13

State Table and JK Flip-Flop Inputs
Present Next

State Input State Flip-Flop Inputs

A B X A B IA KA IB KB
0 0 0 0 0 0 X 0 X
0 0 1 0 1 0 X 1 X
0 1 0 1 0 1 X X 1
0 1 1 0 1 0 X X 0
1 0 0 1 0 X 0 0 X
1 0 1 1 1 X 0 1 X
1 1 0 1 1 X 0 X 0
1 1 1 0 0 X 1 X 1

the second row under Jp and Kp, respectively. The process is continued for each row in
the table and for each flip-flop, with the input conditions from the excitation table copied
into the proper row of the particular flip-flop being considered.

The flip-flop inputs in Table 5.13 specify the truth table for the input equations as a
function of present state A, present state B, and input x. The input equations are simpli-
fied in the maps of Fig. 5.30.The next-state values are not used during the simplification,

B
Bx P —
A 00 ol 11 10
my m my m,
0 1
ny ms ny LG
A<1] X X X X
——
X
J, = Bx'
B
Bx —_—
A 00 01 11 10
my my my my
0 1 X X
my ms m, mg
A4l 1 X X
——
X
]B =X
FIGURE 5.30

Maps for J and K input equations

B
Bx —_
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o x X X X
my mg my mg
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——
X
KA = Bx
B
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A 00 01 1 10
m, m; my m,
o x X 1
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Ky=(A®x)
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FIGURE 5.31
Logic diagram for sequential circuit with JK flip-flops

since the input equations are a function of the present state and the input only. Note the
advantage of using JK-type flip-flops when sequential circuits are designed manually.
The fact that there are so many don’t-care entries indicates that the combinational cir-
cuit for the input equations is likely to be simpler, because don’t-care minterms usually
help in obtaining simpler expressions. If there are unused states in the state table, there
will be additional don’t-care conditions in the map. Nonetheless, D-type flip-flops are
more amenable to an automated design flow.

The four input equations for the pair of JK flip-flops are listed under the maps of
Fig. 5.30. The logic diagram (schematic) of the sequential circuit is drawn in Fig. 5.31.

Synthesis Using T Flip-Flops

The procedure for synthesizing circuits using 7 flip-flops will be demonstrated by design-
ing a binary counter. An n-bit binary counter consists of # flip-flops that can count in
binary from 0 to 2" — 1. The state diagram of a three-bit counter is shown in Fig. 5.32. As

%

State diagram of three-bit binary counter
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seen from the binary states indicated inside the circles, the flip-flop outputs repeat the
binary count sequence with a return to 000 after 111. The directed lines between circles
are not marked with input and output values as in other state diagrams. Remember that
state transitions in clocked sequential circuits are initiated by a clock edge; the flip-flops
remain in their present states if no clock is applied. For that reason, the clock does not
appear explicitly as an input variable in a state diagram or state table. From this point of
view, the state diagram of a counter does not have to show input and output values along
the directed lines. The only input to the circuit is the clock, and the outputs are specified
by the present state of the flip-flops. The next state of a counter depends entirely on its
present state, and the state transition occurs every time the clock goes through a transition.

Table 5.14 is the state table for the three-bit binary counter. The three flip-flops are
symbolized by A,, A, and A,. Binary counters are constructed most efficiently with 7’
flip-flops because of their complement property. The flip-flop excitation for the 7 inputs
is derived from the excitation table of the T flip-flop and by inspection of the state
transition of the present state to the next state. As an illustration, consider the flip-flop
input entries for row 001. The present state here is 001 and the next state is 010, which
is the next count in the sequence. Comparing these two counts, we note that A, goes
from 0 to 0,so T, is marked with 0 because flip-flop A, must not change when a clock
occurs. Also, A goes from 0 to 1,so 7, is marked with a 1 because this flip-flop must
be complemented in the next clock edge. Similarly, A, goes from 1 to 0, indicating that
it must be complemented, so 7, is marked with a 1. The last row, with present state 111,
is compared with the first count 000, which is its next state. Going from all 1’s to all 0’s
requires that all three flip-flops be complemented.

The flip-flop input equations are simplified in the maps of Fig. 5.33. Note that T},
has 1’s in all eight minterms because the least significant bit of the counter is comple-
mented with each count. A Boolean function that includes all minterms defines a
constant value of 1. The input equations listed under each map specify the combina-
tional part of the counter. Including these functions with the three flip-flops, we obtain

Table 5.14

State Table for Three-Bit Counter
Present State Next State Flip-Flop Inputs
A, A A A, A A Tia Tar Tao

e Y e == e
—_m O O == OO
_ O =R O = O =k O
(R T e B e B )
O = =0 O == O
S = O = O = O
—_ o O O = O O O
= = =]
e e e e
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FIGURE 5.34
Logic diagram of three-bit binary counter

the logic diagram of the counter, as shown in Fig. 5.34. For simplicity, the reset signal
is not shown, but be aware that every design should include a reset signal.

PROBLEMS

(Answers to problems marked with * appear at the end of the book. Where appropriate, a logic
design and its related HDL modeling problem are cross-referenced.)

Note: For each problem that requires writing and verifying an HDL model, a test plan should be
written to identify which functional features are to be tested during the simulation and how they
will be tested. For example, a reset on the fly could be tested by asserting the reset signal while
the simulated machine is in a state other than the reset state. The test plan is to guide development
of a test bench that will implement the plan. Simulate the model, using the test bench, and verify
that the behavior is correct. If synthesis tools and an ASIC cell library are available, the Verilog
descriptions developed for Problems 5.34-5.42 can be assigned as synthesis exercises. The gate-
level circuit produced by the synthesis tools should be simulated and compared to the simulation
results for the pre-synthesis model. The same exercises can be assigned if an FPGA tool suite is
available.
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The D latch of Fig. 5.6 is constructed with four NAND gates and an inverter. Consider the

following three other ways for obtaining a D latch. In each case, draw the logic diagram

and verify the circuit operation.

(a) Use NOR gates for the SR latch part and AND gates for the other two. An inverter
may be needed.

(b) Use NOR gates for all four gates. Inverters may be needed.

(c¢) Use four NAND gates only (without an inverter). This can be done by connecting
the output of the upper gate in Fig. 5.6 (the gate that goes to the SR latch) to the input
of the lower gate (instead of the inverter output).

Construct a JK flip-flop using a D flip-flop, a two-to-one-line multiplexer, and an inverter.
(HDL—see Problem 5.34.)

Show that the characteristic equation for the complement output of a JK flip-flop is
Q'(t+1)=JQ" +KQ

A PN flip-flop has four operations: clear to 0, no change, complement, and set to 1, when

inputs P and N are 00,01, 10, and 11, respectively.

(a) Tabulate the characteristic table. (b)* Derive the characteristic equation.

(c) Tabulate the excitation table. (d) Show how the PN flip-flop can be con-
verted to a D flip-flop.

Explain the differences among a truth table, a state table, a characteristic table, and an
excitation table. Also, explain the difference among a Boolean equation, a state equation,
a characteristic equation, and a flip-flop input equation.

A sequential circuit with two D flip-flops A and B, two inputs, x and y; and one output z
is specified by the following next-state and output equations (HDL —see Problem 5.35):
A+ 1) =xy' + xB
B(t+ 1) = xA + xB’
z=A
(a) Draw the logic diagram of the circuit.

(b) List the state table for the sequential circuit.
(c) Draw the corresponding state diagram.

A sequential circuit has one flip-flop O, two inputs x and y, and one output S. It consists
of a full-adder circuit connected to a D flip-flop, as shown in Fig. P5.7 Derive the state
table and state diagram of the sequential circuit.

X ————> S
y Full
adder C
0
D

Clk <}— Clock

FIGURE P5.7
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Derive the state table and the state diagram of the sequential circuit shown in Fig. P5.8.
Explain the function that the circuit performs. (HDL —see Problem 5.36.)

lA’ A lB’ B
Clk Clk
JAN T JAN r
| l Clock
FIGURE P5.8

A sequential circuit has two JK flip-flops A and B and one input x. The circuit is described
by the following flip-flop input equations:

JA:)C KA:B
Jp=x Kg=A

(a) Derive the state equations A(¢ + 1) and B(t + 1) by substituting the input equations
for the J and K variables.
(b) Draw the state diagram of the circuit.

A sequential circuit has two JK flip-flops A and B, two inputs x and y, and one output z.
The flip-flop input equations and circuit output equation are

Ja=Bx + B'y’ K, = B'xy’
Jp=A'x Kg=A+xy'
7z =Ax'y' + Bx'y’

(a) Draw the logic diagram of the circuit.

(b) Tabulate the state table.
(c) Derive the state equations for A and B.

For the circuit described by the state diagram of Fig. 5.16,

(a)* Determine the state transitions and output sequence that will be generated when an
input sequence of 010110111011110 is applied to the circuit and it is initially in the
state 00.

(b) Find all of the equivalent states in Fig. 5.16 and draw a simpler, but equivalent, state
diagram.

(c¢) Using D flip-flops, design the equivalent machine (including its logic diagram)
described by the state diagram in (b).
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5.12 For the following state table

5.13

5.14

5.15

5.16

5.17

5.18%

5.19

Next State Output
Present State x=0 x=1 x=0 x=1
a f b 0 0
b d c 0 0
c f e 0 0
d g a 1 0
e d c 0 0
f f b 1 1
g g h 0 1
h g a 1 0

(a) Draw the corresponding state diagram.
(b)* Tabulate the reduced state table.
(c) Draw the state diagram corresponding to the reduced state table.

Starting from state a, and the input sequence 01110010011, determine the output

sequence for

(a) The state table of the previous problem.

(b) The reduced state table from the previous problem. Show that the same output
sequence is obtained for both.

Substitute the one-hot assignment 2 from Table 5.9 to the states in Table 5.8 and obtain
the binary state table.

List a state table for the JK flip-flop using Q as the present and next state and J and K as
inputs. Design the sequential circuit specified by the state table and show that it is equiva-
lent to Fig. 5.12(a).

Design a sequential circuit with two D flip-flops A and B, and one input x_in.

(a)* When x_in = 0, the state of the circuit remains the same. When x_in = 1, the circuit
goes through the state transitions from 00 to 01, to 11, to 10, back to 00, and repeats.

(b) When x_in = 0, the state of the circuit remains the same. When x_in =1, the circuit
goes through the state transitions from 00 to 11,to 01, to 10, back to 00, and repeats.
(HDL —see Problem 5.38.)

Design a one-input, one-output serial 2’s complementer. The circuit accepts a string of bits
from the input and generates the 2’s complement at the output. The circuit can be reset
asynchronously to start and end the operation. (HDL —see Problem 5.39.)

Design a sequential circuit with two JK flip-flops A and B and two inputs £ and F. If E =0,
the circuit remains in the same state regardless of the value of F.When E =1 and F = 1, the
circuit goes through the state transitions from 00 to 01, to 10, to 11, back to 00, and repeats.
When E =1 and F = 0, the circuit goes through the state transitions from 00 to 11, to 10, to
01, back to 00, and repeats. (HDL—see Problem 5.40.)

A sequential circuit has three flip-flops A, B, C; one input x_in; and one output y_out. The
state diagram is shown in Fig. P5.19. The circuit is to be designed by treating the unused
states as don’t-care conditions. Analyze the circuit obtained from the design to determine
the effect of the unused states. (HDL —see Problem 5.41.)
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(a)* Use D flip-flops in the design.
(b) Use JK flip-flops in the design.

FIGURE P5.19

5.20 Design the sequential circuit specified by the state diagram of Fig. 5.19, using 7 flip-flops.

5.21 What is the main difference between an initial statement and an always statement in
Verilog HDL?

5.22 Draw the waveform generated by the statements below:
(a) initial begin
w=0;#10w=1,#40w=0; #20w=1; #15w=0;
end
(b) initial fork
w=0; #10w=1; #40w=0; #20w=1; #15w =0;
join
5.23%* Consider the following statements assuming that RegA contains the value of 50 initially.
(a) RegA = 125; (b) RegA <=125;
RegB = RegA; RegB <= RegdA;
What are the values of RegA and RegB after execution?

5.24 Write and verify an HDL behavioral description of a positive-edge-sensitive D flip-flop
with asynchronous preset and clear.

5.25 A special positive-edge-triggered flip-flop circuit component has four inputs D1, D2, D3,
and D4, and a two-bit control input that chooses between them. Write and verify an HDL
behavioral description of this component.

5.26 Write and verify an HDL behavioral description of the JK flip-flop using an if-else statement
based on the value of the present state.
(a)* Obtain the characteristic equation when Q =0or Q = 1.
(b) Specify how the J and K inputs affect the output of the flip-flop at each clock tick.

5.27 Rewrite and verify the description of HDL Example 5.5 by combining the state transitions
and output into one always block.

5.28 Simulate the sequential circuit shown in Fig. 5.17
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5.29

5.30

5.31

5.32

5.33

5.34

5.35
5.36

5.37

(a) Write the HDL description of the state diagram (i.e., behavioral model).

(b) Write the HDL description of the logic (circuit) diagram (i.e., a structural model).

(c) Write an HDL stimulus with a sequence of inputs: 00, 01, 11, 10. Verify that the
response is the same for both descriptions.

Write a behavioral description of the state machine described by the state diagram shown
in Fig. P5.19. Write a test bench and verify the functionality of the description.

Draw the logic diagram for the sequential circuit described by the following HDL module:

module Seq_Ckt (input A, B, C, E output reg Q,input CLK,);
reg E;

always @ (posedge CLK)
begin
E<=A]|lB;
Q<=E&&C;
end
endmodule

How should the description in problem 5.30 be written to have the same behavior when
the assignments are made with = instead of with <=?

Using an initial statement with a begin . . . end block write a Verilog description of the
waveforms shown in Fig. P5.32. Repeat using a fork . . . join block.

enable

|

B
c — |
¢ | |
E— |
F
L |
T T T T T T T T 1t
0 10 20 30 40 50 60 70 80

FIGURE P5.32
Waveforms for Problem 5.32

Explain why it is important that the stimulus signals in a test bench be synchronized to the
inactive edge of the clock of the sequential circuit that is to be tested.

Write and verify an HDL structural description of the machine having the circuit diagram
(schematic) shown in Fig. 5.5.

Write and verify an HDL model of the sequential circuit described in Problem 5.6.

Write and verify an HDL structural description of the machine having the circuit diagram
(schematic) shown in Fig. P5.8.

Write and verify HDL behavioral descriptions of the state machines shown in Figs. 5.25
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and 5.26. Write a test bench to compare the state sequences and input—output behaviors
of the two machines.

Write and verify an HDL behavioral description of the machine described in Problem 5.16.
Write and verify a behavioral description of the machine specified in Problem 5.17.

Write and verify a behavioral description of the machine specified in Problem 5.18.
Write and verify a behavioral description of the machine specified in Problem 5.19.
(Hint: See the discussion of the default case item preceding HDL Example 4.8 in
Chapter 4.)

Write and verify an HDL structural description of the circuit shown in Fig. 5.29.

Write and verify an HDL behavioral description of the three-bit binary counter in Fig. 5.34.
Write and verify a Verilog model of a D flip-flop having asynchronous reset.

Write and verify an HDL behavioral description of the sequence detector described in Fig. 5.27
A synchronous finite state machine has an input x_in and an output y_out. When x_in
changes from 0 to 1, the output y_out is to assert for three cycles, regardless of the value
of x_in, and then de-assert for two cycles before the machine will respond to another
assertion of x_in. The machine is to have active-low synchronous reset.

(a) Draw the state diagram of the machine.

(b) Write and verify a Verilog model of the machine.

Write a Verilog model of a synchronous finite state machine whose output is the sequence
0,2,4,6,810,12,14,0 . ...The machine is controlled by a single input, Run, so that counting
occurs while Run is asserted, suspends while Run is de-asserted, and resumes the count
when Run is re-asserted. Clearly state any assumptions that you make.

Write a Verilog model of the Mealy FSM described by the state diagram in Fig. P5.48.
Develop a test bench and demonstrate that the machine state transitions and output cor-
respond to its state diagram.

0/1

a b

'

1/0 i
0/0 0/0
1/0
/1
d c

0/1

FIGURE P5.48
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5.49 Write a Verilog model of the Moore FSM described by the state diagram in Fig. P5.49.

Develop a test bench and demonstrate that the machine's state transitions and output
correspond to its state diagram.

FIGURE P5.49

5.50 A synchronous Moore FSM has a single input, x_in, and a single output y_out. The machine

5.51

is to monitor the input and remain in its initial state until a second sample of x_in is detected
to be 1. Upon detecting the second assertion of x_in y_out is to asserted and remain asserted
until a fourth assertion of x_in is detected. When the fourth assertion of x_in is detected the
machine is to return to its initial state and resume monitoring of x_in.

(a) Draw the state diagram of the machine.

(b) Write and verify a Verilog model of the machine.

Draw the state diagram of the machine described by the Verilog model given below.

module Prob_5 51 (output reg y_out, input x_in, clk, reset);

parameter sO = 2'b00, s1 =2'b01, s2 = 2'b10, s3 = 2'b11;

reg [1:0] state, next_state;

always @ (posedge clk, negedge reset) begin
if (reset == 1'b0) state <= s0;
else state <= next_state;

always @(state, x_in) begin
y_out=0;
next_state = s0;
case (state)
s0: if x_in = 1 begin y_out = 0; if (x_in) next_state = s1; else next_state = s0O; end
s1:if x_in = 1 begin y_out = 0; if (x_in) next_state = s2; else next_state = s1; end
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s2: if x_in = 1 begin y_out = 1; if (x_in) next_state = s3; else next_state = s2; end
s3: if x_in = 1 begin y_out = 1; if (x_in) next_state = s0; else next_state = s3; end
default: next_state = s0;
endcase
end
endmodule

Draw the state diagram of the machine described by the Verilog model given below.

module Prob_5 52 (output reg y_out, input x_in, clk, reset);
parameter sO = 2'b00, s1 = 2'b01, s2 = 2'b10, s3 = 2'b11;
reg [1:0] state, next_state;
always @ (posedge clk, negedge reset) begin
if (reset == 1'b0) state <= s0;
else state <= next_state;
always @(state, x_in) begin
y_out = 0;
next_state = s0;
case (state)
s0: if x_in = 1 begin y_out = 0; if (x_in) next_state = s1; else next_state = s0; end
s1:if x_in =1 begin y_out = 0; if (x_in) next_state = s2; else next_state = s1; end
s2: if x_in = 1 if (x_in) begin next_state = s3;y_out = 0;
else begin next_state =s2;y out=1; end
s3: if x_in = 1 begin y_out = 1; if (x_in) next_state = s0; else next_state = s3; end
default: next_state = s0;
endcase
end
endmodule

Draw a state diagram and write a Verilog model of a Mealy synchronous state machine
having a single input, x_in, and a single output y_out, such that y_out is asserted if the total
number of 1’s received is a multiple of 3.

A synchronous Moore machine has two inputs, x1, and x2, and output y_out. If both inputs
have the same value the output is asserted for one cycle; otherwise the output is 0. Develop
a state diagram and a write a Verilog behavioral model of the machine. Demonstrate that
the machine operates correctly.

Develop the state diagram for a Mealy state machine that detects a sequence of three or
more consecutive 1's in a string of bits coming through an input line.

Using manual methods, obtain the logic diagram of a three-bit counter that counts in the
sequence 0,2,4,6,0,....

Write and verify a Verilog behavioral model of a three-bit counter that counts in the
sequence 0,2,4,6,0,....

Write and verify a Verilog behavioral model of the counter designed in Problem 5.55.
Write and verify a Verilog structural model of the counter described in Problem 5.56.

Write and verify a Verilog behavioral model of a four-bit counter that counts in the
sequence 0,1,...,9,0,1,2,....
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