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6-", REGISTERS

A clocked sequential circuit consists of a group of flip-flops and combinational gates con-
nected to form a feedback path. The flip- flops are essential because in their absence, the cir-
cuit reduces to a purely combinational circuit (provided there is no feedback among the

gates). A circr.rit with llip-flops is considered a sequential circuit even in the absence of com-
binational gates. Circuits that include flip-flops are usuaiiy classified by the function they
perform rather than by the name of the sequential circuit. Two such circuits are legisters
and counters.

A register is a group of flip-flops. Each flip-flop is capable of storing one bit of informa-
tion. An n-bit register consists of a group of n flip-flops capable of storing iz bits of binary
information. In addition to the flip-flops, a register may have combinational gates that perform
certain data processing tasks. ln its broadest definition, a register consists of a group of flip-
flops and gates that effect their transition. The flip-flops hold the binary information and the

gates determine how the information is transfered into the register.

A counter is essentially a register that goes through a predetermined sequence of states. The
gates in the counter are connected in such a way as to produce the prescribed sequence of
binary states. Although counters are a special type of register, it is common to differentiate
them by giving them a different name.

Various types of registers are available commercially. The sirnplest register is one that con-

sists of only flip-flops without any gates. Fig. 6-1 shows such a register constructed with four
D-type flip-flops. The common clock input triggers all flip-flops on the positive edge of each

pulse and the binary data available at the four inputs are transferred into the'l-bit register. The

four outputs can be sampled at any time to obtain the binary information stored in the register.

The clear input goes to the R (reset) input of al1 four flip-flops. When this input goes to 0, a1l
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FIGURE 6-1
4-Bit Register

flip-flops are reset asynchronously. The clear input is useful for clearing the register to all 0's

prior to its clocked operation. The R inputs must be maintained at logic 1 during normal clocked

operation. Note that eilher clear or reset can be used to indicate the transfer of the register to

an all 0's state.
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Register with Parallel I-oad

Synchronous digital systerns have a master clock generator that supplies a continuous train of
clock pulses. The clock pulses are applied to ai1 1lip-l1ops and re-gisters in the system. The mas-

ter clock acts like a pump that supplies a constant beat to all parts of the system. A separate con-

tlol si-unal must be used to decide rvhich specific clock pulse will have an efTect on a particLllar

register. The transfer of new infbrmation into a register is leferred Io as loutling the register. If
all the bits of the register are loaded simultaneously with a common clock pulse, we say that

the loiiding is done in parallel. A clock edge applied to the C inputs of the register of Fig. 6-1

will load all fbur ir.rputs in parallel. In this confi.-euration. the clock must be inhibited from the

circuit if the content of the legister must be left unchanged. The clock can be inhibited fiom
reachir.rg the register by controlling the clock input signal with an enabling gate. However.

insertin-e gates in the clock path means that logic is perfbrmed with clock pulses. The insertion

of logic gates produces Llneven propagation delays between the master clock and the inputs of
flip-flops. To fully synchronize the systern, we must ensul'e that all clock pulses arrive at the

same time anyrvhere in the system so that rill flip-flops trigger sitnultaneoltsly. Performing

logic with clock pulses inserts valiable delays and may cause the system to go out of syn-

chronism. For this reason. it is advisable to control the operation of the legister with the D

inputs rather than controlling the clock in the C inputs of the 11ip-flops.

A rl-bit register with a load control input that is directec'l through 
-s;rtes 

and into the D inputs

of the flip-f1ops is shown in Fig. 6-2. The load input to the register determines the action to be

taken with each clock pulse. When the load input is 1. the data in the four inputs are trans-

f'en'ecl into the register with the next positive edge of the clock. When the load input is 0, the

outputs of the flip-flops are connected to their respective inputs. The feedback connection from

output to inpr-rt is necessary because the D flip-flop does not have a "no change" condition. With

each clock edge, the D input determines the next state of tl.re register. To leave the output

unchanged. it is necessary to make the D input equal to the present value of tl-re output.

The clock pulses are applied to the C inputs at all tirnes. The load inpr.rt cletern-rines whether

the next pulse will accept new intorrnation or leave the information in the register intact. The

transfer of infbnnation fiom the deita inputs c'rr the outputs of the register is done simultaneously

with all four bits in response to a clock edge.

6-2 SHIFT REGISTERS

A register capable of shifting its binarl, information in one or both directions is called a .ih#i

register. The logiciil configuration of a shift register consists of a chain of flip-flops in cascade,

with the output of one flip-f1op connected to the input of the next flip-tlop. A11 flip-flops receive

common clock pulses, which activate the shitt from one stage to the next.

The simplest possible shift register is one that uses only tlip-f1ops, as shown in Fig. 6-3. The

output of a given tlip-flop is connected to the D input of the flip-flop at its right. Each clock
puise shifts the contents of the register one bit position to the right. The serial inpal determines

what goes into the leftmost flip-flop during the shift. The serial output rs taken tiom the out-
put of the rightmost tlip-flop. Sometimes it is necessary to control the shift so that it occurs onll'
with certain pulses. but not with others. This can be done by inhibiting the clock from the input
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FIGURE 6.2
4-Bit Register with Parallel Load
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FIGURE 6-3
4-Bit Shift Register
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of the register to prevent it from shifting. It will be shown later that the shift operation can be

controlled through the D inputs of the flip-flops rather than through the clock input. If however

the shift register of Fig. 6-3 is used, the shift can be controlled by connecting the clock through

an AND gate with an input that controls the shift'

Serial Transfer

A digital system is said to operate in a serial mode when information is transferred and

manipulated one bit at a time. Information is transferred one bit at a time by shifting the bits

out of the source register into the destination register. This in contrast to parallel transfer where

all the bits of the register are transferred at the same time.

The serial transfer of information from register A to register B is done with shift registers,

as shown in the block diagram of Fig. 6-a@). The serial output (SO) of register A is connected

to the serial input (S4 of register B. To prevent the loss of information stored in the source

register, the information in register A is made to circulate by connecting the serial output to its

serial input. The initial content ofregister B is shifted out through its serial output and is lost

unless it is transferred to a third shift register. The shift control input determines when and

how many times the registers are shifted. This is done with an AND gate that allows clock

pulses to pass into the CLK terminals only when the shift control is active.

Clock

Shift
control

(a) Block diagram

"to"U

Shift
control

CLK
T. T3

(b) Timing diagram

FIGURE 6-4
Serial Transfer from Register A to register B

t4

Shift register,4



222 Chapter 6 Registers and Counters
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Seri ol -Tra nsfer E xo m ple

Timing Pulse Shift Register A 5hift Register B

Initial value

After f,
After Z2

After I,
Atiel7,

10
11
11
01
It)

ll
0l
10
11
l1

0010
1001
I100
0l lt)
101l

Suppose the shift registers have lbur bits each. The control unit that supervises the transfer
must be designed in such a way that it enables the shift registers, through the shift control sig-
nal, lbr a fixed time of fbur clock pulses. This is shown in the tirning diagram of Fig. 6-4(b).
The shift control signal is synchronized with the clock and changes value just after the nega-
tive edge of the clock. The next fbur clock pulses frnd the shifl control signal in the active state,
so that the outpr-rt of the AND gate connected to the CtK inputs produces four pulses, I,, 7r,
13, and Ia. Each rising edge of the puise causes a shift in both registers. The fourth pulse
changes the shift control to 0 and the shift registers are disabled.

Assume that the binary content of A befbre the shitt is 101 I and that of B is 0010. The serial
transfer fromA to -B occurs in fbur steps. as shown in Table 6-L With the first pulse Z,, the right-
most bit of A is shified into the leftrnost bit of B and is also circulated into the leftmost posi-
tion of A. At the same time, all bits of A and B are shifted one position to the right. The previous
serial output from B in the rightmost position is lost and its value changes from 0 to 1. The next
three pulses perfbnn identical operations, shifting the bits of A into -8, one at a time. After the
fburth shift, the shift control goes to 0 and both registers A and B have the value 1011. Thus,
the content of A is transfened into,B, while the content of A remains unchanged.

The difTerence between serial and parallel modes ofoperation should be apparent from this
example. ln the parallel mode, intbrmation is available liom ail bits of a register and all bits
can be transferred simultaneousiy during one clock pulse. In the serial mode, the registers have

a single serial input and a single serial output. The information is transferred one bit at a time
while the resisters are shified in the same direction.

Serial Addition
Operations in digital computers are usually done in parallel because this is a f'aster mode of
operation. Serial operations are slower, but have the advantage ofrequiring less equipment. To
demonstrate the serial mode of operation. we present here the design of a serial adder. The par-
allel counterpart was presented in Section 4-4.

The two binary numbers to be added serially are stored in two shift registers. Bits are added

one pair at a time through a single full zrdder (FA) circuit. as shown in Fig. 6-5. The carry out
of the full adder is transf'erred to a D flip-f1op. The output of this fiip-flop is then used as the
carry input for the next pair of significant bits. The sum bit liom the S output ofthe full adder
could be transf-erred into a third shift register. By shifiin-e the sum into A while the bits of A are

shifted out, it is possible to use one register for storing both the augend and the sum bits. The
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Shift
control

CLR

FIGURE 6.5
5erial Adder

serial input of register B can be used to transfer a new binary number while the addend bits are

shifted out during the addition.
The operation ofthe serial adder is as follows. Initially registerA holds the augend, regis-

ter B holds the addend, and the cany flip-flop is cleared to 0. The outputs (SO) of A and B pro-
vide a pair of significant bits for the full adder at x and ,u Output Q of the flip-flop provides
the input carry at:. The shift control enables both registers and the carry flip-flop, so at the next
clock pulse, both registers are shifted once to the right, the sum bit from S enters the leftmost
flip-flop of A, and the output carry is transfened into flip-f1op Q. The shift control enables the
registers fbr a number of clock pulses equal to the number of bits in the registers. For each
succeeding clock pulse, a new sum bit is transferred to A, a new carry is transferred to Q, and
both registers are shifted once to the right. This process continues until the shift control is dis-
abled. Thus, the addition is accomplished by passing each pair of bits together with the previ-
ous carry through a single full adder circuit and transfen'ing the sum, one bit at a time, into
reglster A.

Initially, registerA and the carry flip-flop are cleared to 0 and then the first number is added
frorn B. While B is shifted through the full adder, a second number is transf'erred to it through
its serial input. The second number is then added to the content of register A while a third num-
ber is transferred seriaily into register B. This can be repeated to form the addition of two,
three, or more numbers and accumulate their sum in register A.

Comparing the serial adder with the parallel adder described in Section 4-rl, we note several
difl'erences. The parallel adder uses registers with parallel load, whereas the serial adder uses



224 Chapter 6 Registers and Counters

shift registers. The number of full adder circuits in the parallel adder is equal to the number of
bits in the binary numbers, whereas the serial adder requires only one full adder circuit and a
cany flip-flop. Excluding the registers, the parallel adder is a combinational circuit, whereas
the serial adder is a sequential circuit. The sequential circuit in the serial adder consists of a full
adder and a flip-flop that stores the output carry. This is typical in serial operations because the
result of a bit-time operation may depend not only on the present inputs, but also on previous
inputs that must be stored in flip-flops.

To show that serial operations can be designed by means of sequential circuit procedure, we
will redesign the serial adder using a state table. First, we assume that two shift registers are

available to store the binary numbers to be added serially. The serial outputs from the registers
are designated by x and y. The sequential circuit to be designed will not include the shift
registers, but they will be inserted later to show the complete circuit. The sequential circuit
proper has the two inputs, x and y, that provide a pair of significant bits, an output S that gen-

erates the sum bit, and flip-flop Q for storing the carry. The state table that specifies the
sequential circuit is listed in Table 6-2. The present state of Q is the present value of the carry.
The present carry in Q is added together with inputs x and y to produce the sum bit in output
S. The next state of Q is equal to the output carry. Note that the state table entries are identical
to the entries in a flll adder truth table, except that the input carry is now the present state of
Q andthe output carry is now the next state of B.

If a D flip-flop is used for Q, the circuit reduces to the one shown in Fig. 6-5. If a JK flip-
flop is used for Q, ir is necessary to determine the values of inputs J and K by referring to
the excitation table (Table 5-12). This is done in the last two columns of Table 6-2. The
two flip-flop input equations and the output equation can be simplified by means of maps
to obtain

xy

x'y':(x*y)'
'lrOyOQ

tanle *-d
State Table for Seriol Adder
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FIGURE 6-6
Second form of Serial Adder

The circuit diagram is shown in Fig. 6-6. The circuit consists of three gates and a "rK flip-flop.
The two shift registers are included in the diagram to show the complete serial adder. Note that
output S is a function not only of ,r and y, but also of the present state of Q. The next state of
Q is a function of the present state of Q atd the values of ,v and y that come out of the serial
outputs of the shift registers.

Universal Shift Register
If the flip-flop ouputs of a shift register are accessible, then information entered serially by shifr
ing can be taken out in parallel from the outputs of the flip-flops. If a parallel load capability
is added to a shift register, then data entered in parallel can be taken out in serial fashion by shift-
ing the data stored in the register.

Some shift registers provide the necessary input and output terminals for parallel transfer.
They may also have both shift right and shift left capabilities. The most general shift register
has the following capabilities:

l. A clear control to clear the register to 0.

2. A clock input to synchronize the operations.

3. A shift-right control to enable the shift right operation and the serial input and outputlines
associated with the shift right.

4. A shift-left control to enable the shift left operation and the serial input and output lines
associated with the shift left.

5. A parallel-load cottrol to enable a parallel transfer and the n input lines associated with
the parallel transfer.

6. nparallel output lines.

7. A control state that leaves the information in the register unchanged in the presence of
the clock.



226 Chapter 6 Registers and Counters

Parallel outputs

Serial
input for
shiftright

Parallel inputs

FIGURE 6-7
4-Bit Universal Shift Register

Other shift registers may have only some of the preceding functions, with at least one shift
operation.

A register capable of shifting in one direction only is a unidirectional shift register. One

that can shift in both directions is a bidirectional shift register. If the register has both shifts and

parallel load capabilities, it is referred to as a universal shift register
The diagram of a 4-bit universal shift register that has all the capabilities listed above is

shown in Fig. 6-1 . k consists of four D flip-flops and four multiplexers. The four multi-
plexers have two common selection inputs s1 and s6. Input 0 in each multiplexer is selected

when s1s0 : 00, input 1 is selected when s1s6 : 01, and similarly for the other two inputs.

The selection inputs control the mode of operation of the register according to the function
entries in Table 6-3. When slss : 00, the present value of the register is applied to the D
inputs of the flip-flops. This condition forms a path from the output of each flip-flop into the

input of the same flip-flop. The next clock edge transfers into each flip.flop the binary value

it held previously, and no change of state occurs. When s1s0 : 01, terminal 1 of the multi-
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Mode Control

Register Operation

0

0

I
1

0

I

0

1

No change

Shitt right
Shift lefi
Palallel load

plexer inputs has a path to the D inputs of the flip-f1ops. This causes a shift-right operarion.
with the serial input transferred into flip-flop A.. When sr.!0 : 10, a shift-left operation re-
sults, with the other serial input going into flip-flop A,. Finally, when s's6 : 11. the binarl,
information on the parallel input lines is transferred into the register simultaneously during
the next clock edge.

Shift registers are often used to interface digital systems situated remotely from each other.
For example, suppose it is necessary to transmit an n-bit quantity between two points. If the
distance is far, it will be expensive to use n lines to transmit the n bits in parallel. It is more eco-
nomical to use a singie line and tlansmit the information serially. one bit at a time. The trans-
mitter accepts the n-bit data in parallel into a shift register and then transmits the data serially
along the common line. The receiver accepts the data serially into a shift register. When all n
bits are received, they can be taken from the outputs ofthe register in parallel. Thus the trans-
mitter performs a parallel-to-serial conversion of data and the receiver does a serial-to-oarallei
conversl(]n.

6-3 RIPPLE COUNTERS

5s

A register that goes through a prescribed sequence of states upon the apptication of input pulses
is called a counter. The input pulses may be clock pulses or they may originate fiom some
external source and may occur at a fixed interval of time or at random. The sequence of states
may follow the binary number sequence or any other sequence of states. A counter that follows
the binary number sequence is called a binary counter. An n -bit binary counter consists of n flip-
flops and can count in binary from 0 through 2" - 7.

Counters are available in two categories: ripple counters and synchronous counters. In a
ripple counter, the flip-flop outptit transition serves as a source for triggering other flip- ftops.
In other words, the C input of some or all flip-flops are triggered not by the common clock
pulses, but rather by the transition that occurs in other flip-flop outputs. In a synchronous count-
er, the C inputs of all flip-flops receive the common clock. Synchronous counters are presented
in the next two sections. Here we present the binary and BCD ripple counters and explain their
ooeration.
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Binary Ripple Counter

A binary ripple counter consists of a series connection of complementing flip-flops, with

the output of each flip-f1op connected to the C input of the next higher-order flip-f1op. The

flip-flop holding the ieast significant bit receives the incoming count pulses. A comple-

menting flip-flop can be obtained from a JK flip-f1op with the J and K inputs tied together

or from a 7 flip-f1op. A third possibility is to use a D flip-flop with the complement output

connected to the D input. ln this way, the D input is always the compien.rent of the present

state and the nexr clock pulse will cause the flip-flop to complement. The logic diagram of

two 4-bit binary ripple counters is shown in Fig. 6-8. The counter is constructed with com-

plementing ftip-flops of the 7 type in part (a) and D type in part (b). The output of each flip-
flop is connected to the C input of the next flip-flop in sequence. The flip-flop holding the

Ieast significant bit receives the incoming count pulses. The Z inputs of all the flip-flops in

(a) are connected to a permanent logic- l. This makes each flip-flop complement if the sig-

nal in its C input goes through a negative transition. The bubble in front of the dynamic

indicator symbol next to C indicates that the flip-f1ops respond to the negative-edge transi-

tion of the input. The negative transition occurs when the output of the previous flip-flop to

which C is connected goes trom 1 to 0.

To understand the operation of the 4-bit binary ripple cor-rnter. refer to the first nine binary

numbers listed in Table 6-4. The count starts with binary 0 and increments by one with each

count pulse input. After the count of 15, the counter goes back to 0 to repeat the count. The least

significant bit An is complemented with each count pulse input. Every time that A,, goes from

I to 0, it complements A1 . Every time that A1 goes from I to 0. it complements A,. Every time

thatA. goes from 1 to 0, it complements 43, and so on for any other higher order bits of a

ripple counter. For example, consider the transition from count 0011 to 0100. A0 is comple-

mented with the count pnlse. Since 46 goes from I to 0, it triggers Ar and complements it. As

a result, A, goes fiom I to 0, which in turn complements 42, changing it from 0 to 1. A2 does

not trigger A. because A, produces a positir,e transition and the flip-flop responds only to neg-

ative transitions. Thus. the count from 001 1 to 0100 is achieved by changing the bits one at a

time, so the counr goes from 0011 to 0010, then to 0000, and finally to 0100. The flip-flops

change one at a time in succession and the signal propagates through the counter in a ripple fashion

from one stage to the next.

A binary counter with a reverse count is called a binary count-down counter. In a downward

counter, the binary count is decremented by 1 with every input count pulse. The count of a 4-bit

count-down counter starts fiom binary 15 and continues to binary counts 14. 13, 12, ... , 0 and

then back to 1 5. A list of the count sequence of a binary count-down counter shows that the least

significant bit is complemented with every count pulse. Any other bit in the sequence is com-

plemented if its previous least significant bit goes from 0 to l. Therefore, the diagram of a

binary count-down counter looks the same as in Fig. 6-8, provided all flip-f-lops trigger on the

positive edge of the clock. (The bubble in the C inputs must be absent.) lf negative-edge-

triggered flip-flops are used, then the C input of each flip-flop must be connected to the com-

plement output of the previous flip-flop. Then when the true output goes from 0 to 1' the

complement will go from 1 to 0 and complement the next flip-flop as required.
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(a) With T flip-flops

FIGURE 6-8
4-Bit Binary Ripple Counter

(b) With D flip-flops
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BCD Ripple Counter

T*bl* 6-4
Binory Count Sequence

AoA1A2A3

0000
0001
00i0
0011
0100
0101
0110
0111
1000

A decimal counter follows a sequence often states and returns to 0 after the count of9. Such
a counter must have at least four flip-flops to represent each decimal digit, since a decimal
digit is represented by a binary code with at least four bits. The sequence of states in a dec-
imal counter is dictated by the binary code used to represenr a iecimal digit. If BCD is
used, the sequence of states is as shown in the state diagram of Fig. 6-9. This is similar to
a binary counter, except that the state after 1001 (code for decimal digit g) is 0000 (code
for decimal digit 0).

The logic diagram of a BCD ripple counter using .IK flip-flops is shown in Fig. 6_10.
The four outputs are designated by the letter symbol Q with a numeric subscript equal to
the binary weight of the corresponding bit in the BCD code. Nore that the output oi q, i,
applied to the c inpurs of both e, and e, and the ourpur of e, is applied ro rh; c input ot
Qo. The J and K inputs are connected either to a permanent 1 signii or to outputs of other
flip-flops.

A ripple counter is an asynchronous sequential circuit. Signals that affect the flip-flop tran-
sition depend on the way they change from I to 0. The operation ofthe counter can be explained
by a list of conditions for flip-flop transitions. These conditions are derived from the logic
diagram and from knowledge of how a "Ir(flip-flop operates. Remember that when the C input

FIGURE 6-9
State Diagram of a Decimal BCD-Counter
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FIGURE 6-1O
BCD Ripple Counter

goes from I to 0, the flip-flop is set if J : l, is cleared it K :1, is complemented if
J : K : 1, and is left unchanged if "r : K : 0.

To verify that these conditions result in the sequence required by a BCD ripple counter, it is
necessary to verify that the flip-flop ffansitions indeed follow a sequence of states as specified by

Logic-1
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102 digit

FIGURE 6.11

10r digit 100 digil

Block Diagram of a Three-Decade Decimal BCD Counter

the state diagram of Fig. 6-9. Q, changes state after each clock pulse. Q2 complements every time

Q1 goes from 1 to 0 as long as 0e : 0. When Qs becomes 1, Q, remains at}. Qt complements

every time Q2 goes from 1 to 0. Qs remains at 0 as long as Q2 or Qa is 0. When both Qz and Qt

become 1, es complements when Q1 goes from 1 to 0. Qr is cleared on the next transition of Q, .

The BCD counter of Fig. 6- 10 is a decade colrnter, since it counts from 0 to 9. To count in dec-

imal from 0 to 99. we need a two-decade counter. To count from 0 to 999, we need a three-decade

counter. Multiple decade counters can be constructed by connecting BCD counters in cascade'

one for each decade. A three-decade counter is shown in Fig. 6-1 1. The inputs to the second and

third decades come from Qs of the previous decade. When Qs in one decade goes from 1 to 0' it

triggers the count for the next higher-order decade while its own decade goes fiom 9 to 0.

6-4 SYNCHRONOUS COUNTERS

Synchronous counters are different from ripple counters in that clock pulses are applied to the

inputs of all flip-flops. A common clock triggers all flip-flops simultaneously rather than one

at a time in succession as in a ripple counter. The decision whether a flip-flop is to be com-

plemented or not is determined from the values of the data inputs such as Z or -/ and K at the

timeof theclockedge. If T :0or-/: K :0,theflip-flopdoesnotchangestate. If 7 : I

or J : K : I,thefliP-floP comPlements'

The design procedure for synchronous counters was presented in Section 5-7 and the design

of a 3-bit binary counter was carried out in conjunction with Fig. 5-31. In this section, we pres-

ent some typical synchronous counters and explain their operation.

Binary Counter
The design of a synchronous binary counter is so simple that there is no need to go through a

."qu"n,rul logic design process. In a synchronous binary counter, the flip-flop in the least sig-

nificant position is complemented with every pulse. A flip-flop in any other position is com-

plemented when all the bits in the lower significant positions are equal to L For example, if the

presenr state of a 4-bit counter is ArArArA, : 0011, the next count is 0100' A0 is always com-

plemented. A1 is complemented because the present state of Ao: L 42 is complemented

because the pfesent state of A iA0 : I I . However, A, is not complemented because the present

state of A2Ar46 : 011, which does not give an all-1's condition'

QtQzQtQso.QzQ^Qso.QzQ^Qs
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Synchronous binary counters have a regular pattern and can be constructed with comple-

,Il"niirrg flip-flops and gates. The regular pattern can be seen from the 4-bit counter depicted

in Fig. 
-6-12.The 

C inputs of all flip-flops are connected to a common clock' The counter is

enabled with the count enable inpui. If the enable input is 0, all J and K inputs are equal to 0

Count enable

FIGURE 6-I2
4-Bit Synchronous BinarY Counter

CLK

To next stage
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and the clock cloes not change the state of the counter. The first stage 46 has its "/ and K equal

to I if the colrnter is enablecl. The other J and K inputs are equal to i if all previous least sig-

nificant stages are equal to I and the count is enabled. The chain ofAND gates generates the

recluired logic for the ,/ and K inputs in each stage. The collnter can be extended to any num-

ber of stages, with each sta-se having an additional ftip-t-1op and an AND gate that gives an

olrtput of I if all previclus flip-flop olttputs are l.
Note that the flip-t1ops trigger on the positive edge of the clock. The polarity of the clock

is not essential here as is with the ripple counter. The synchronous counter can be triggered wjth

either the positive or the negative clock edge. The cornplementing flip-flops in a binary counter

can be either of the JK-type or the Z-type or the D-type with XOR gates. The equivalency of

the three types is indicated in Fig. 5-l 3'

Up-Down Binary Counter

A synchronous count down binary counter goes throllgh the binary states in reverse order from

I 111 down to 0000 and biick to 1 111 to repeat the count. It is possible to design a count-down

counrer rn the usual m.lnner, but the resrilt is predictable ft-om inspection of the downward

binary count. The bit in the least signilicant position is complemented with each pulse. A bit

in any other position is complernented jf ail lower significant bits are equal to 0. For example,

rhe next state afier the present state of 0100 is 0011. The least significant bit is always com-

plemenred. The second signiticant bit is complemented because the first bit is 0. The third sig-

nificant bit is cornplemented because the tlrst two bits are equal to 0. But the fourth bit does

not change because not all lower significant bits are equal to 0'

A count-down binary collntef can be constructed as shown in Fig. 6-12, except that the

inputs to the AND gates must come fiom the complement outputs instead of the normal out-

pr,rts of the previous flip-flops. The two operations can be combined in one circuit to form a

counter capable of counting either up or down. The circuit of an up-down binary counter uslng

Zflip-flops is shown in Fig. 6-13. It has an up control input and a down control input. When

theupinputis I,thecircuitcountsup,sincethelinputsreceivetheirsignalsfiomthevalues
of the previous normal outputs of the flip-flops. When the down input is I and the up input is

0. the circuit cc'runts down, since the complemented outputs of the previous flip-flops are applied

to the Z inputs. When the up and down inputs are both 0. the circuit does not change state and

remains in the same count. When the up and down inputs are both l, the circuit counts up. This

ensures that only one operation is performed at any given time'

BCD Counter
A BCD cognter counts in binary-codecl decimal fiom 0000 to 1001 and back to 0000. Because

of the return to 0 after a count of 9, a BCD counter does not have a regular pattern as in a

straight binary count. To derive the circuit of a BCD synchronous counter, it is necessary to go

through a sequential circuit design procedure'
-l'lie srlte table of a BCD counter is listed in Table 6-5. The flip-f1op inpr.rt conditions fbr tlie

Iflip-flops are obtainecl fi'orn the present and next state condititlns. An output f is also shown

in the tabie. This ogtput is ecpral to I when the present state is l00l.In this way, -)'can enetble
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FIGURE 6-I3
4-Bit Up-Down Binary Counter
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Table 6-5
Stqte Toble for BCD Counter

Present State Next State Output Flip-Flop Inputs

Qs Qt Qz Qr rQe TQn TQz rQrQrQzQrQs

0

0
0

0

0

0

0

0

1

1

0
0
0

0

1

1

I
1

0

0

0

0
I
1

0

0

1

I
0

0

0
1

0
I
0

I
0

1

0

I

0

0

0

0

0

0

0
1

I
0

0

0

0
I
1

1

I
0

0

0

0
I
I
0

0

I
1

0

0

0

I
0
I
0

I
0
I
0

I
0

0

0

0

0

0
0

0

0
0

I

0

0
0

0

0

0

0

I
0
1

0

0

0
1

0
0

0

1

0

0

the count of the next-higher significant decade while the same pulse switches the present decade

from 1001 to 0000.

The flip-flop input equations can be simplified by means of maps. The unused states for

minterms 10 to 15 are taken as don't-care terms. The simplified functions are

Tq: I
Tez: QLQ:

Tq+: QzQt

Tes: QaQt + Q+QzQt

!: QsQt

The circuit can be easily drawn with four Tflip-flops, fiveAND gates, and one OR gate. Syn-

chronous BCD counters can be cascaded to form a counter for decimal numbers of any length.

The cascading is done as in Fig. 6-11, except that output) mustbe connected to the count

input ofthe next-higher significant decade' 
.

Binary Counter with Parallel load
Counters employed in digital systems quite often require a parallel load capability for trans-

ferring an initial binary number into the counter prior to the count operation. Fig. 6-14 shows

the logic diagram of a 4-bit register that has a parallel load capability and can operate as a

counter. The input load control when equal to 1 disables the count operation and causes a trans-

fer of data from the four data inputs into the four flip-flops. Ifboth control inputs are 0, clock

pulses do not change the state of the register'

01
1l
01
11
01
11
01
11
01
01



Load

Io
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Carry-output

FIGURE 6-14
4-Bit Binary Counter with Parallel Load
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T**&* &^{p

Function Table for the Counter of Fig' 6-14

Clear ctK Load Count Function

X
I

0

OXX
rt1
It0
It0

Clear to 0
Load inputs
Count next binary stale

No change

The carry output becomes a I if a1l the flip-flops are equal to 1 while the count input ts

enabled. This is the condition for complementing the flip-flop that holds the next significant

bit. The carfy output is useful for expanding the counter to more than fbur bits' The speed of

the counter is increased when the carry is generated directly fiom the outputs of all fbur f'lip-

flops because of the reduced delay foigenerating the carry. In going fronr state 1 I I I to 0000'

only one gate delay occurs, whereas, fouf gate delays occur in the AND gate chair.r shown in

rig. o- t z."slmi1arly, each flip-f'lop is associated with an AND gate that receives all previous flip-

flJp outpl-tt, direcily instead of connecting the AND gates in a chain'

The operation of the counter is summarized in Table 6-6 The four control inputs: clear'

cLK, loacl, and count determine the next state. The clear input is asynchronous and' when

equal to 0, causes the countel to be cleared regardless of the presence of clock pulses or other'

inputs. This is indicatecl in the table by the X entries, which symbolize don't-care conditions

for the other inputs. The clear input must be at the I state for all other operations' With the load

ancl count inputs both at 0, the outpot, do not chan-{e. even when clock pulses are applied' A

load input of I causes a transfer from inputs In-Ij into the register during a positive edge of the

clock. The input data are ioaded into the register regardless of the value of the count input'

because the count rnput is inhibited when the load inpr-rt is enabled' The load input must be 0

for the count input to control the operation ofthe counter'

A counter with parallel load can be used to generate any desired count sequence' Fig' 6- 1 5

shows two ways in which a counter with parallel load is used to generate the BCD count' ln

each case, the count control is set to 
.l to enable the count through the CLK input' Also'

remember that the load control inhibits the count and that the clear operation is independent

of other control inPuts.

The AND gate in Fig. 6-15(a) cletects the occurence of state l00t' The colrnter is initially

cleared to 0 and then the clear and count inputs are set to 1 so the counter is active at all times'

AslongaStheoutputoftheANDgateis0,eachpositive-edgeclockincrementsthecounter
byone.Whentheoutputreachesthecountofl00l'bothAuandAjbecomel,makingtheout.
put of the AND gate equal to 1. This condition activates the load input; therefore' on the next

clock edge the register does not count, but is loadecl fi-om its lour inputs' Since all four inputs

are connected to logic 0, an al1 0's value is loaded into the register following the count of I 00 I '

Thus, the circuit goes ttroogl1 the count from 0000 through 1001 and back to 0000 as required

in a BCD collnter.

InFig'6-15(b),theNANDgatedetectsthecountofl0l0,butassoonasthiscountoccufs.
the register is cleared. The count l0l0 has no chance ofstaying on for any appreciable time

because the reglster goes immediately to 0. A momentary spike occurs in output 46 as the count
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Count - I

Clear - 1

CLK

(a) Using the load input

FIGURE 6-15
Two ways to Achieve a BCD Counter Using a
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At Ao

Inputs have no effect

(1.) U:in! the clcar input

Counter with Parallel Load
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Count - I

Load - 0

CLK

6-5

goes from 1010 to 101 1 and irnmediately to 0000. This momentary spike may be undesirable,
and for this reason, this configuration is not recommended. If the counter has a synchronous
clear input, it would be possible to clear the counter with the clock afier an occLlrrence of the
1001 count.

OTHER COUNTERS

Counters can be designed to gener.rte any desired sequence of states. A divide-by-N counter'
(also known as modulo-ly' counter) is a counter that goes through a repeated sequence of N
states. The sequence may fbllow the binary colrnt or may be any other arbitrary sequence.
Counters are used to generate timing signals to controi the sequence of operations in a digital
system. Counters can be constructed also by means of shift re-qisters. In this section, we pres-
ent a f'ew exampies of non binarv counters.

Counter with Unused States

A circuit with n flip-flops has 2" binary states. There are occasions when a sequential circuit
uses less than this maximum possible number of states. States that are not used in specify-
ing the sequential circuit are not listed in the state table. When simplilying the input equa-
tions, the unused states may be treated as don't-care conditions or mily be assigned specific
next states. Once the circuit is designed and constructed. outside interf-erence may cause the
circuit to enter one ofthe unused states. In that case, it is necessary to ensure that the circuit
eventually goes into one of the valid stiites so it can resume normal operation. Otherwise, if
the sequential circuit circulates among unused states. there will be no way to bring it back
to its intended sequence of state transitions. lf the unused states are treated as don't-ciire
conditions, then once the circuit is designed, it must be investigated to determine the efl-ect

L
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Tah8e 6-F
Stote Toble for Counter

Flip-Flop Inputs

ABC BC lo KA Ia KB lc Kc

Present
State

Next
State

000
001
010
100
101
110

0

0
1

1

I
0

01
10
00
01
10
00

OXOX
OXlX
1XX1
XOOX
XOlX
XlX1

1X
X1
OX
1X
X1
OX

of the unused states. The next state from an unused state can be determined from the analy-

sis of the circuit after it is designed.

As an illustration, consider the counter specified in Table 6-1 . The count has a repeated

sequence of six states, with flip-flops B and C repeating the binary count 00, 01, 10, and flip-
flop A alternating between 0 and 1 every three counts. The count sequence of the counter is

not straight binary and two states, 01 1 and 1 1 1, are not included in the count. The choice of
,rrK flip-flops results in the flip-flop input conditions listed in the table. Inputs Ks and K. have

only l's andX's in their columns, so these inputs are always equal to 1. The other flip-flop

input equations can be simplified using minterms 3 and 7 as don't-care conditions. The sim-

plified equations are

Ja: B

Ja:C

Jc: B'

Kl: B

Ka: 1

Kc:I

The logic diagram ofthe counter is shown in Fig. 6-16(a). Since there are two unused states,

we anaTyzethe circuit to determine their effect. If the circuit happens to be in state 0l I because

of an error signal, the circuit goes to state 100 after the application of a clock pulse. This is

determined from inspection of the logic diagram by noting that when B : 1, the next clock edge

complements A and clears C to 0, and when C : I, the next clock edge complements B. In a

similar manner, we can evaluate the next state from present state 111 to be 000.

The state diagram including the effect of the unused states is shown in Fig. 6-16(b). If the

circuit ever goes to one of the unused states because of an outside interference, the next

count pulse transfers it to one ofthe valid states and the circuit continues to count correctly.

Thus, the counter is self-correcting. A self correcting counter is one that if it happens to be

in one of the unused states, eventually reaches the normal count sequence after one or more

clock pulses.
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(b) State diagram

I

I

I

I
I

I
I

(a) Logic diagram

FIGURE 6-I6
Counter with Unused States

Ring Counter

Timing signals that control the sequence of operations in a digital system can be generated
with a shift register or a counter with a decoder. A ring counter is a circular shift register with
only one flip-flop being set at any particular time, all others are cleared. The single bit is shifted
from one flip-flop to the next to produce the sequence of timing signals. Fig. 6-17(a) shows a
4-bit shift register connected as a ring counter. The initial value of the register is 1000. The sin-
gle bit is shifted right with every clock pulse and circulates back from T3to Ts. Each flip-flop
is in the 1 state once every four clock cycles and produces one of the four timing signals shown
in Fig. 6-17(c). Each output becomes a I after the negative-edge transition of a clock pulse
and remains i during the next clock cycle.

The timing signals can be generated also by a2-bit counter that goes through four distinct
states. The decoder shown in Fig. 6-17(b) decodes the four states ofthe counter and generates
the required sequence of timing signals.

Clock
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f{ttlllf--r
t---f--t Ishifr >l rolr, lr, lr, ll.gnt t--l

(a) Ring-counter (initial value : 1000)

T1 T^

(b) Counter and decoder

t,

t--l_l1t-

F-
12-

n--l I
(c) Sequence of four timing signals

FIGURE 6-I7
Generation of Timing Signals

Togenerate2^timingsignals,weneedeitherashiftregisterwith2',flip-flopsorann-bit
binary counter togetfrer witlian n-to-2'-l\nedecoder. For example, 16 timing signals can be gen-

erated with a 16-bit shift register connected as a ring counter or with a 4-bit binary counter and

a 4-to-16-line decoder. tn tie first case, we need 16hip-flops. rn the second, we need four flip-

T3To

2-bit counter
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flops and 16 4-input AND gates for the decoder. It is also possible to generate the timing sig-
nals with a combination of a shift register and a decoder. In this way, the number of flip-flops
is less than a ring counter, and the decoder requires only 2-input gates. This combination is called
a Johnson coLtnter.

fohnson Counter
A ft-bit ring counter circulates a single bit among the flip-flops to provide ft distinguishable
states. The number of states can be doubled if the shift register is connected as a switch-tail t'lng
counter. A switch-tail ring counter is a circular shift register with the complement output of the
last f1ip-flop connected to the input of the first flip-flop. Fig. 6- I 8(a) shows such a shift regis-
ter. The circular connection is made from the complement output of the rightmost flip-flop to
the input of the leftmost flip-flop. The register shifts its contents once to the right with every
clock pulse, and at the same time, the complement value of the E flip-flop is transferred into
theA flip-flop. Startrng from a cleared state, the switch-tail dng counter goes through a sequence
of eight states, as listed in Fig. 6-18(b). In general, a ft-bit switch-tail ring counter will go
through a sequence of 2k states. Starting from all 0's, each shift operation inserts 1's liom the
left until the register is filled with all 1's. In the following sequences, 0's are inserted from the
left until the resister is asain fiiled with all 0's.

CLK

(a) Four-stage switch-tail ring counter

Sequence Flip-flop outputs
numberABCE

AND gate required
for output

0
0

0

0

0

0

0

0
0

1

2

3

4

5

6

7

8

0

0

0

0

0

A'E'
AB'
BC'
CE'
AE
A'B
B'C
C'E

(b) Count sequence and required decoding

FIGURE 6-18
Construction of a Johnson Counter
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A Johnson counter is a ft-bit switch-tail ring cor-rnter with 2k decoding gates to provide
outputs fbr 2ft timing signals. The decoding -qates are not shown in Fig. 6- 18, but are speci-

fied in the last column of the table. The eight AND gates listed in the table, u'hen connected

to the circuit, will complete the construction of the Johnson countel'. Since each gate is enabled

during one particular state sequence, the olrtputs of the gates generate eight timing signals in

succession.
The decoding of a k-bit switch-tail ring counter to obtain 2ft timing signals follows a regu-

lar pattern. The a1l-0's state is decoded by taking the complement of the two extreme flip-flop
outputs. The all-1's state is decoded by taking the normzrl outputs of the two extreme flip-f1ops.

Al1 other states are decoded from an adjacent 1, 0 or 0, I pattern in the sequence. For exain-
ple. sequence 7 has an adjacent 0, I pattern in flip-flops B and C. The decoded output is then

obtained by taking the cornplement of B and the normal outpr-lt of C, or B'C.
One disadvantage of the circuit in Fig. 6-18(a) is that if it linds itself in an unused state. it

will persist in rrroving tiom one invalid state to another and never find its way to a valid state.

This difTiculty can be comected by modilying the circuit to avoid this undesirable condition.
One correcting procedr-rre is to disconnect the output fiom flip-flop B that -eoes to the D input
of flip-f-lop C, ernd instead enable the input of flip-f1op C by the tunction

D,-(.A-C)B
where D. is the l1ip-f1op input equation for the D input of flip-t1op C.

Johnson counters can be constructed for any number of timing seqllences. The number of
flip-flops needed is one-half the number of timing signals. The number of decoding gates 1s

equal to the number of timing signals and only 2-inpLrt -sates are needed.

HDL FOR REGISTERS AND COUNTERS6-6

Registers and counters can be desclibed in HDL at either the behavioral or the structural ievel.

In the behavioral level. the register is specified by a description ofthe various operations that

it performs similar to a function table. A structural level description shows the cilcuit in terms

of a coliection of components such as gates, flip-f1ops, and multiplexers. The various compo-

nents are instantiated to fbrm a hierarchical description of the design similar to a representa-

tion of a logic diagrant. We will use three circuits fiom this chapter to illustrate the two types

of descriptions.

Shift Register

The universal shift register presented in Section 6-2 is a bidirecticinal shift register with paral-

lel load. The four clocked operations that are perforrned with the register are specified in
Table 6-6. Tl.re register also can be cleared asynchronously. The bel.ravioral description of a

4-bit universal shift register is shown in HDL Example 6-1. There are two selection inptits.

two serial inputs. a 4-bit parallel input, and a 4-bit parallel output. The always block describes

the five operations that can be perf-ormed with the register. The Clr input clears the tegister'
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HDL Example 6-1

//Behavioral descripl-ion of
//Universal shift reg'ister
/ / rig. 6-7 and Table 6-3
module shftreg (s1, s0, Pin, 1fin, rtin,A,CLK,Clr) ;

input s1, sO;
input Lfin, rtin;
r-npuE, cLK/ urr;
input [3:0] Pin;
outputs l3:01 A;
reg [3:0] A;
always @ (posedge CLK or negedge C1r)

if (-c]r) A=4'b0000;
el-se

case ({s1,s0})
2'bOO: A = A;
2,b0]_. s = {rtin,A[3:1]];
2,bL]: A = {A12:Al,tfin};
2'bLL: A = Pin;

endcase
endmodule

/ /aalar]- innrrfe

/ / aari a1 i nnrrt-c

/ /C]ock and Clear
/ /D=ra11a1 innrrl-

/ /12aai cf ar ^rrl-nrr+-

/ /\Tn ch:naa
/ / alh; +r -i ^Lfu ! rvllu

//Shift left
/ /Daral1a1 ln:rl innrrr

asynchronously with a negative signal. Clr must be high for the register to respond to the pos-
itive edge of the clock. The four clocked operations of the register are deterrnined from the
values of the two select inputs in the case statement (s1 and s0 are concatenated into a2-bitvec-
tor after the case keyword). The shifting is specified by the concatenation ofthe serial input and
three flip-flops. For example, the statement

4 = {rtin, Al3:11 }

specifies a concatenation of the serial input for right shift (rtin) with flip-flops A3, A2, and
A1 to form a 4-bit number, which is transferred to A [3:0]. This produces a shift right oper-
ation. Note that only the function of the circuit has been described irrespective of any par-
ticular hardware.

The structure of the register can be described by referring to the logic diagram ofFig. 6-7.
The diagram shows that the register is constructed with four multiplexers and four D flip-flops.
The structural description of the register is shown in HDL Example 6-2. There a"re two mod-
ules in the example. The first module declares the inputs, outputs, and then instantiates the
stages of the register. The four instantiations specify the interconnections between the four
stages and provide the detail construction of the register as specified in the logic diagram. The
second module has two always blocks. The first aiways block describes the multiplexer and the
second describes the flip-flop. Together they define one stage of the register.
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HDL Example 6-2

//Structural description of
/ /IJnlersaf shift register(see Fig. 6-7)
rnodule SHFTREG (I, sefect, lfin, rtin,A,CLK, Clr) ;

input lfin,rtin,CLK,Clr; / /Serial inputs,clock,cfear
output [3:0] A; / /n---f 1^l ^rr+hrr+/ / EALALIeL uuupuL

/ /InstanLiate Lhe four stages
stage STO (At0l ,A[1] ,1f in,I t0l ,AIO] , select,CLK,Clr) ;

stase Sr1 (At1l,A[2],A[0],1 t1l,Al1l,select,CLK,Clr) ;

stage ST2 (At2l,At3l,Al1-l,r12),At21,sefect,CLK,C1r) ;

stage ST3 (At3l,rtin,Al2l ,r13l ,At3l,select,CLK,Cfr) ;

endmodule

//on6 ef^do nf qhifl- rooister/ / vrre ruqY lvv+pvvL

module stage (i0, i1, i2, L3,Q, select, CLK,Clr) ;

input i0, i1 , i2 , L3, CLK, Cfr;
input [1:01 se]ect;
output Q;
reg Q;
reg D;

/ /lv1 mttl |'inl avar

always C (i0 or il or i2 or i3 or select)
case (sefect)

2'b00: D = i0;
a 'kn1 . n - .i 1 .

2'b10: D = t2;
2'bLL: D = i3;

endcase
/ /D flip-floP

input [3:0] l;
input [1:Ol select;

always G (posedge
if (-crr) Q

else Q = D'
endmodule

/ /D=ra1 1 a1 i nnrrf

/ /Mode select

CLK or negedge Clr)
= 1 'b0;

Synchronous Counter
HDL Example 6-3 describes the synchronous counter with parallel load from Fig. 6-14. Count,

Load, CLK, and Clr are inputs that determine the operation of the register according to the

function specified in Table 6-6. The counter has four data inputs, four data outputs, and a caffy

output. The carry output CO is generated by a combinational circuit and is specified with an

assign statement. CO : l when the count reaches 15 and the counter is in the count state.
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HDL Example 6-3

Counters 247

decisions as follows:

if Clr: 0

else if (Clr: 1 and)

else if (clr: 1 and

else (Clr: 1 and

The hierarchy implied in the
Table 6-€,.

Ripple Counter

/ /n-+- i -^..r/ / DALA rlllJU U

/ /Arrfnrrf/ / vqLysL rurrl
/ /n-L-/ / uaLa uuufruu

Clear A to O

Load: 1 Load inputs to A

Load: 0 and) Count : 1 Increment A

Load : 0 and Count : 0 ) No change in A

if-else statements complies with the precedence specified in

Binary counter wiLh para-llel load
//See Figure 5-L4 and Table 6-6
module counter (Count,Load, IN,CLK,CIT,A,CO) ;

input Counc, Load, CLK, Clr;
input [3:0] IN;
output CO;

outpuU [3:0] A;
reg [3:O] A;
assign CO = Count & -Load & (A == A'bllal);
always @ (posedge CLK or negedge Cfr)

if (-c]r) A= 4'b0000;
else if (Load) A = IN;
else if (Count) A = A + 1'b1;
else A = A;

endmodule

Thus, CO : I ifCount : l, Load : 0, andA : 1111; otherwise CO : O.Thealwaysblock
specifies the operation to be performed in the register depending on the values of Clq Load, and

Count. A negative signal in Clr resets A to 0. Otherwise, if Clr : 1, one out of three operations
is executed during the positive edge of the clock. The if, else if, and else statements make the

The structural description of a ripple counter is shown in HDL Example 6-4. The first module
instantiates four complementing flip-flops defined in the second module as CF
(Q,CLK,Reset). Theclock(inputC)ofthefirstflip-flopisconnectedtotheexternalCount
input (Count replaces CLK in F0). The clock input of the second flip-flop is connected to the
output of the first (A0 replaces CLK in F1). Similarly, the clock of each of the other flip-flops
is connected to the output of the previous flip-flop. In this way, the flip-flops are chained
together to create a ripple counter as shown in Fig. 6-8(b).

The second module describes a complementing flip-flop with delay. The circuit of a com-
plementing flip-flop is constructed by connecting the complement output to the D input. A reset
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HDL Example 6-4

zzRipple counter (See Fig. 6-B(b) )

modul-e ripplecounter (A0,AI, A2,A3, Count, Reset) ;

output A0,A1 ,A2,A3;
input Count,Reset;

//lnq1-Arl-i:l-o nnmnlamani ira f1 in-fIr . _)p
CF F0 (A0,Count,Reset) ;

CF F1 (A1,A0,Reset);
CF F2 (A2,AL,Reset);
CF F3 (A3,A2,Reset);

endmodule

r rr-nmnl amanfina fI in-fI nn uri fh dal:r."- -'- --- --{
//Input to D flip-flop = I'
moduLe CF (Q,CLK,Reset) ;

output Q;
input CLK,ReseL;
reg Q;
always @ (negedge CLK or posedge Reset)

if (Reset) Q=1'b0;
else Q = #2 (-Q); // Delay of 2 time units

endmodule

//Stimufus for testing ripple counter
module testcounter'

reg Count;
reg Reset;
wire A0 ,A1 ,A2,A3;

z/Tnstantiare rjpple counter
ripplecounter RC (A0,41,A2,A3,Count,Reset) ;

always
#5 Count = -Count;

initial
begin

Count = 1'b0;
Reset = 1'b1 ;

#4 Reset = 1'b0;
#165 $finish;

end
endmodule

input is included with the flip-flop in order to be able to initialize the counter. HDL simulators
cannot provide output values unless they are initialized to some value. The flip-flop is assigned

a delay of 2 time units from the time that the clock is applied to the time that the flip-flop com-
plements. This is specified by the statemerfi Q : #2 (-0.
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The third module in Example 6-4 provides stimulus for simulating and testing the ripple
counter. The always statement generates a clock with a cycle of l0 time units. The flip-flops
trigger on the negative edge of the clock, which occurs at t : 10, 20,30, and every 10 time units.

The wavefbrms obtained from this simuiation are shown in Fig. 6-19. The Count goes nega-

tive every 10 ns. ,40 is complemented with each negative edge of Count but is delayed by 2 ns.

Each flip-flop is complemented when its previous flip-flop goes from 1 to 0. After / : 80 ns,

all four flip-f1ops complement because the counter goes from 0111 to 1000. Each output is
delavedbv 2ns andbecauseofthat. ,43 eoes from 0to I atl : 88ns andfrom I to0at 168 ns.

(a) F-rom 0 t0 17{l DS

(b) From 70 to 92 ns

FIGURE 6-19
Simulation Output of HDL Example 6-4

I
L

rhs, 2{hs 09": l6gn: lSr]n: 100ns 1?0ls l110is ]1g0ls

testcounter.Counl

testcounter.Resel

testcounter.A0 r-Lf-L

_-

testcounter.Al

testcountcr.A2

testcounter.A3

testcounter.Count

testcounter.Reset

tcstcounter.A l

testcounter.A2

testcounter.A3
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PROBLEMS

6-1 Include a 2-input NAND gate with the register of Fig. 6- I and connect the gate output to the C

inputs of all the flip-flops. One input of the NAND gate receives the clock pulses from the clock
generator, and the other input of the NAND gate provides a parallel load controi. Explain the

operation of the modified register.

6-2 Include a synchronous clear input to the register ofFig. 6-2. The modified register will have a par-

allel load capability and a synchronous clear capability. The register is cleared synchronously

when the clock goes through a positive transition and the clear input is equal to i.

6-3 What is the ditl'erence between serial and parallel transfer? Explain how to convert serial data to
parallel and parallel data to serial. What type of register is needed?

6-4 The content of a 4-bit register is initially I l0l. The register is shifted six times to the right with
the serial input being l01l0l. What is the content of the register after each shift?

6-5 The zl-bit universal shift register shown in Fig. 6-7 is enclosed within one IC package.

(a) Dr"aw a block diagram of the IC showin-{ all inputs and outpltts. Include two pins fbr the

power supply.

(b) Draw a block diagram using two ICs to produce an S-bit universal shift register.

6-6 Design a 4-bit shift register with parallel load using D tlip-flops. There are two control inputs: shift

and load. When shift : 1, the content of the register is shifted by one position. New data is trans-

i'erred into the register when load : I and shift - 0. Ifboth control inputs are equal to 0. the con-

tent ol'the |egi\ler doer nol change.

6-7 Draw the logic diagran of a,l-bit legister with fbur D flip-flops and fbur 4 x 1 multiplexers with
mode seleclion inputs s1 and s0. The re-{ister operates accorcling to the lbllowing function table:

sr Jo Register Operation

0 0 No change

0 I Complement the four outpr-lts

1 0 Clear register to 0 (synchronous rvith the clock)

I I Lo.id parallcL clata

6-8 The serial adder of Fig. 6-6 uses two 4-bit registers. Register A holds the binary number 0l 0l and

register B holds 01 I L The carry flip-l1op is initially reset to 0. List the binary values in register

,4 and the carry f1ip-tlop after each shift.

6-9 Tw,o ways fbr implementing a serial adcler (A + B) is shown in Section 6-2. It is necessary to mod-

ity the circuits to convert them to serial subtractors (A - B).

(a) Using the circuit of Fig. 6-5, show the changes needed to perlbrm A * 2's conplement of B.

(b) Using the circuit of Fig. 6-6, show the changes needed by modifying Table 6-2 from an adder

to a subtractor circuit. (See Problem 4-12)

6-l O Design a serial 2's complementer with a shift register and a flip-f1op. The binary number is shifted

out from one side and it's 2's complement shifted into the other side of the shift register.

I
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6-1 'l A binary ripple counter uses flip-flops that trigger on the positive-edge of the clock. What will
be the count if (a) the normal outputs of the flip-f1ops are connected to the clock and (b) the com-
plement outputs ofthe flip-f1ops are connected to the clock?

6-'l 2 Draw the lo-eic diagram of a 4-bit binary dpple down counter using (a) 11ip-flops that ffigger on

the positive-edge of the clock and (b) flip-flops that trig-eer on the negative-edge of the clock.

6-13 Strow that a BCD ripple counter can be constructed using a 4-bit binary ripple counter with
asynchronous clear and a NAND gate that detects the occunence of count 1010.

6-14 How many flip-11op will be cornplemented in a 10-bit binary ripple collnter to reach the next

countafterthefollowingcount: (a) 1001100111; (b)0011111111; (c) 1111111111.

6- 1 5 A flip-flops has a 5 ns delay fiom the time the clock edge occurs to the tirne the output is com-
plemented. What is the maximum delay in a 10-bit binary ripple counter that uses these flip-
flops? What is the maximum tiequency the counter can operate reliably?

6-'16 The BCD ripple counter shown in Fig. 6-10 has four flip-flops and l6 states, of which only 10

are used. Analyze the cilcuit and determine the next state for each of the other six unused states.

What will happen if a noise signal sends the circuit to one of the unused states?

6-'l 7 Design a ,l-bit binary synchronous colrnter with D flip-flops.

6-'18 What operation is performed in the up-down counter of Fig. 6-13 when both the up and down
inputs are enabled? Modify the circuit so that when both inputs are equal to 1, the counter does

not change state, but remains in the same count.

6-19 The flip-11op input equations fol a BCD counter using I flip-flops are given in section 6-4.

Obtain the jnput equations lbr a BCD counfer fhat uses (a) JK flip-flops and (b) D l1ip-f1ops.
Compare the three designs to determine which one is the most efficient.

6-2O Enclose the binary counter with parallei load of Fig. 6- 1 4 in a block diagram showing all inputs
and outputs.

(a) Show the connections offbul such blocks to produce a 16-bit counter with parallei load.

(b) Construct a binary counter that counts fiom 0 through binary 64.

6-21 The counter of Fig. 6-14 has two control inputs-Load (L) and Count (C)-and a data input, ({).
(a) Derive the flip-flop input equations for -/ and K of the lirst stage in terms of l. C. and 1.

(b) The logic diagram of the first stage of an equivalent integrated circuit (7416 I ) is shown in
Fig. P6-2 I . Verify that this circuit is equivalent to the one in (a).

Load (L)

Count (C)

Data (I)

FIGURE P6-21
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6-22 tJsing the circuit of Fig. 6-14, give three alternatives for a mod-12 counter:

(a) Using an AND gate and the load input.

(b) Using the output carry.

(c) Using a NAND gate and the asynchronous clear input.

6-23 Design a timing circuit that provides an output signal that stays on for exactly eight clock cycles.

A start signal sends the output to the I state, and after eight clock cycles the signal returns to the

0 state.

6-24 Design a counter with I flip-flops that goes through the fbllowing binary repeated seqr-rence: 0,

1,3,1, 6,,1. Show that when binary states 010 and 101 are considered as don't care conditions,

the counter may not operate properly. Find a way to coffect the design.

6-25 tt is necessary to generate six repeated timing signals {, through I similar to the ones shown in

Fig.6-17(c). Design the circuit using:

(a) Flip-flops only. (b) A counter and a decoder.

6-26 A digital system has a clock generator that produces pulses at a frequency of 80 MHz. Design a

circuit that provides a clock with a cycle time of 50 ns.

6-27 Design a counter with the following repeated binary sequence: 0, 1, 2,3,4,5, 6. Use JK
flip-flops.

6-28 Design a counter with the foliowing repeated binary sequence: 0, 1, 2. 4, 6. Use D 1-lip-flops.

6-29 List the eight unused states in the switch-tail ring counter of Fig. 6-18(a).

Determine the next state for each of these states and show that, if the counter finds itself in an in-

valid state, it does not return to a valid state. Modify the circuit as recommended in the text and

show that the collnter produces the same sequence of states and that the circuit reaches a valid state

from any one of the unused states.

6-3O Show that a Johnson counter with n 11ip-flops produces a sequence of 2n states. List the 10 states

produced with five flip-flops and the Boolean terms of each of the 10 AND gate outputs.

6- 3'l Write the HDL behavioral and structural descriptions of the 4-bit register Fig. 6- 1 .

6-32 (a) Write the HDL behavioral description of a 4-bit register with paralle1 load and asynchro-

nous clear.

(b) Write the HDL structural description of the 4-bit register with parallel load shown in Fig. 6-2.

Use a 2 X 1 multiplexer for the flip-flop inputs. Include an asynchronous clear input.

(c) Check both descriptions using a test bench'

6-33 The following stimulus program is used to simulate the binary counter with parallel load

described in HDL Example 6-3. Going over the program, predict what would be the output of

the counter and the carrv output from t : 0 to t - 155 ns.
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//Stimulus for testing counter
/ /of zxample 6-3

module testcounter;
reg Count, Load, CLK, Clr;
reg [3:0] IN;
wire C0;
wire [3:0] A;
counter cnc (Count, Load, IN, CLK, Cfr, A, CO);

always
#5 CLK = -CLK;

initiaL
begin

alr - A.

CLK = 1;
Load = 0; Count = 1;

+tr 11 v - 1.

#50 Load = l; rN = 4'b1100;
#10 Load = O;

#70 Count = O;

#20 $finish;
end

endmodule

6-34 Write the HDL behavioral description of a 4-bit shift register (Fig. 6-3).

6-35 Write the HDL behavioral and sffuctural descriptions of the 4-bit up-down counter whose logic
diagram is shown in Fig. 6-13.

6-36 Write the HDL behavioral description of a 4-bit up-down counter with parallel load using the

following control inputs:

(a) The counter has three control inputs for the three operations: Up, Down, and Load. The order

ofprecedence is: Load, Up, and Down.

(b) The counter has two selection inputs to specify four operations: Up, Down, Load, and

no-change.

6-37 Write the HDL description of an 8-bit ring-counter similar to the one shown in Fig. 6-17(a).

6-38 Write the HDL description of a 4-bit switch-tail ring counter (Fig. 6-18a).

6-39 Write the HDL behavioral and structural descriptions of the counter of Fig. 6-16.
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