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A clocked sequential circuit consists of a group of flip‐flops and combinational gates. The flip‐flops 

are essential because, in their absence, the circuit reduces to a purely combinational circuit 

(provided that there is no feedback among the gates). A circuit with flip‐flops is considered a 

sequential circuit even in the absence of combinational gates. Circuits that include flip‐flops are 

usually classified by the function they perform rather than by the name of the sequential circuit. Two 

such circuits are registers and counters. 

Registers 

A register is a group of flip‐flops, each one of which shares 

a common clock and is capable of storing one bit of 

information. An n ‐bit register consists of a group of n 

flip‐flops capable of storing n bits of binary information. In 

addition to the flip‐flops, a register may have 

combinational gates that perform certain data‐processing 

tasks. In its broadest definition, a register consists of a 

group of flip‐flops together with gates that affect their 

operation. The flip‐flops hold the binary information, and 

the gates determine how the information is transferred 

into the register. 

Various types of registers are available commercially. The 

simplest register is one that consists of only flip‐flops, 

without any gates. Figure 1 shows such a register 

constructed with four D ‐type flip‐flops to form a four‐bit 

data storage register. 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 register. The value of (I3, I2, I1, I0) immediately 

before the clock edge determines the value of ( A3, A2, A1, 

A0) after the clock edge. The four outputs can be sampled 

at any time to obtain the binary information stored in the 

register. The input Clear_b goes to the active‐low R (reset) 

input of all four flip‐flops. When this input goes to 0, all 

flip‐flops are reset asynchronously. The Clear b 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 (i.e., 

de-asserted) during normal clocked operation. Note that, 

depending on the flip‐flop, either Clear, Clear_b, reset, or 

reset_b  can be used to indicate the transfer of the 

register to an all 0’s state.   

 
Figure 2 Symbol of a 4-bit register 

Figure 1 4-bit register 
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Register with parallel loads 

The transfer of new information into a register is referred to as loading or updating the register. If all 

the bits of the register are loaded simultaneously with a common clock pulse, we say that the 

loading is done in parallel. 

A clock edge applied to the C inputs of the register of Fig. 1 will load all four inputs in parallel. In this 

configuration, if the contents of the register must be left unchanged, the inputs must be held 

constant or the clock must be inhibited from the circuit. i.e. If data is not changed no need to trigger 

the clock 

In the first case, the data bus driving the register would be unavailable for other traffic. In the 

second case, the clock can be inhibited from reaching the register by controlling the clock input 

signal with an enabling gate. However, inserting gates into the clock path is ill advised because it 

means that logic is performed with clock pulses. The insertion of logic gates produces uneven 

propagation delays between the master clock and the inputs of flip‐flops. To fully synchronize the 

system, we must ensure that all clock pulses arrive at the same time anywhere in the system, so that 

all flip‐flops trigger simultaneously. Performing logic with clock pulses inserts variable delays and 

may cause the system to go out of synchronism. For this reason, it is advisable to control the 

operation of the register with the D inputs, rather than controlling the clock in the C inputs of the 

flip‐flops. This creates the effect of a gated clock, but without affecting the clock path of the circuit. 

 

 
When Load = 1, register is clocked normally, new data is loaded 

Note, clock pulses arrive periodically, Load determines if new data would be loaded or not 

A four‐bit data‐storage register with a load control input that is directed through gates and into the 

D inputs of the flip‐flops is shown in Fig. 3. The additional gates implement a two‐channel mux 

whose output drives the input to the register with either the data bus or the output of the register. 

The load input to the register determines the action to be taken with each clock pulse. When the 

load input is 1, the data at the four external inputs are transferred 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 feed-back connection from output to input is necessary because a D 

flip‐flop does not have a “no change” condition. With each clock edge, the D input determines the 

next state of the register. To leave the output unchanged, it is necessary to make the D input equal 

to the present value of the output (i.e., the output circulates to the input at each clock pulse). The 

clock pulses are applied to the C inputs without interruption. The load input determines whether the 

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

information from the data inputs or the outputs of the register is done simultaneously with all four 

bits in response to a clock edge. 
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Figure 3 4-bit register with parallel load 

Shift Registers 

A shift register is a cascade of flip flops, sharing the same clock, in which the output of each flip-flop 

is connected to the 'data' input of the next flip-flop in the chain, resulting in a circuit that shifts by 

one position the 'bit array' stored in it, 'shifting in' the data present at its input and 'shifting out' the 

last bit in the array, at each transition of the clock input. Shift Registers move data laterally within 

the register toward its MSB or LSB position 

Shift registers can have both parallel and serial inputs and outputs. These are often configured as 

'serial-in, parallel-out' (SIPO) or as 'parallel-in, serial-out' (PISO). There are also types that have both 

serial and parallel input and types with serial and parallel output. There are also 'bidirectional' shift 

registers which allow shifting in both directions: L→R or R→L. The serial input and last output of a 

shift register can also be connected to create a 'circular shift register'. 

In the simplest case, the shift register is simply a set of D flip-flops connected in a row like this: 

 
Figure 4 4-bit SISO shift register 
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This shift register is a unidirectional. Each clock pulse shifts the content of the register one bit 

position to the right. 

The configuration does not support a left shift. The serial input determines what goes into the 

leftmost flip‐flop during the shift. The serial output is taken from the output of the rightmost 

flip‐flop. 

The data entering steps can be summarized by the image below 

 
Figure 5 Storing of data in a SISO shift register 

In order to get the data out of the register, they must be shifted out serially.  This can be done 

destructively or non-destructively.  For destructive readout, the original data is lost and at the end of 

the read cycle, all flip-flops are reset to zero. The bit summary is shown in the image below 

 
Figure 6 Destructively outputting data from a SISO shift register 

To avoid the loss of data, an arrangement for a non-destructive reading can be done by adding two 

AND gates, an OR gate and an inverter to the system.  The construction of this circuit is shown 

below. 

 
Figure 7 Non destructive data reading circuit for SISO shift register 
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The data is loaded to the register when the control line is HIGH (ie WRITE).  The data can be shifted 

out of the register when the control line is LOW (ie READ).  This is shown in the picture below. 

 

 
Figure 8 Non Destructive data reading from SISO shift register 

Serial-In Parallel-Out shift register 

For this kind of register, data bits are entered serially in the same manner as discussed in the last 

section.  The difference is the way in which the data bits are taken out of the register.  Once the data 

are stored, each bit appears on its respective output line, and all bits are available simultaneously.  A 

construction of a four-bit serial in - parallel out register is shown below. 

 
Figure 9 4-bit SIPO shift register 

In the sets of images below, we can see how the four-bit binary number 1001 is shifted to the Q 

outputs of the register. 
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After 4 shifts, the output data is 

Q0 Q1 Q2 Q3 

1 0 0 1 
 

Parallel In Serial Out shift register 

A four-bit parallel in - serial out shift register is shown below.  The circuit uses D flip-flops and NAND 

gates for entering data (ie writing) to the register.  

 
D0, D1, D2 and D3 are the parallel inputs, where D0 is the most significant bit and D3 is the least 

significant bit.  To write data in, the mode control line is taken to LOW and the data is clocked in.  

The data can be shifted when the mode control line is HIGH as SHIFT is active high.  The register 

performs right shift operation on the application of a clock pulse, as shown in the picture below. 
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Parallel In Parallel Out shift register 

For parallel in - parallel out shift registers, all data bits appear on the parallel outputs immediately 

following the simultaneous entry of the data bits.  The following circuit is a four-bit parallel in - 

parallel out shift register constructed by D flip-flops. 

 
The D's are the parallel inputs and the Q's are the parallel outputs.  Once the register is clocked, all 

the data at the D inputs appear at the corresponding Q outputs simultaneously. 

Application of Shift Registers 

Shift registers can be found in many applications.  Here is a list of a few. 

To produce time delay  

The serial in -serial out shift register can be used as a time delay device.  The amount of delay can be 

controlled by:  

1. the number of stages in the register  

2. the clock frequency  

To simplify combinational logic  

The ring counter technique can be effectively utilized to implement synchronous sequential 

circuits.  A major problem in the realization of sequential circuits is the assignment of binary codes to 

the internal states of the circuit in order to reduce the complexity of circuits required.  By assigning 

one flip-flop to one internal state, it is possible to simplify the combinational logic required to realize 

the complete sequential circuit.  When the circuit is in a particular state, the flip-flop corresponding 

to that state is set to HIGH and all other flip-flops remain LOW.  

To convert serial data to parallel data  

A computer or microprocessor-based system commonly requires incoming data to be in parallel 

format.  But frequently, these systems must communicate with external devices that send or receive 

serial data.  So, serial-to-parallel conversion is required.  As shown in the previous sections, a serial 

in - parallel out register can achieve this.  
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Serial Transfer 

The data path of a digital system is said to operate in 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 and into the destination register. This type of transfer is in contrast to 

parallel transfer, whereby 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. 10. The serial output (SO) of register A is connected to the serial input 

(SI) 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 of 

register 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. For 

illustration here, this is done with an AND gate that allows clock pulses to pass into the CLK terminals 

only when the shift control is active. (This practice can be problematic because it may compromise 

the clock path of the circuit, as discussed earlier.)  

 
Figure 10  Serial transfer from register A to register B 

 Suppose the shift registers in Fig. 10 have four bits each. Then the control unit that supervises the 

transfer of data must be designed in such a way that it enables the shift registers, through the shift 

control signal, for a fixed time of four clock pulses in order to pass an entire word. This design is 

shown in the timing diagram of Fig. 10 (b). The shift control signal is synchronized with the clock and 

changes value just after the negative edge of the clock. The next four clock pulses find the shift 

control signal in the active state, so the output of the AND gate connected to the CLK inputs 

produces four pulses:    T1, T2, T3, and T4. Each rising edge of the pulse 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 before the shift is 1011 and that of B is 0010. The serial transfer 

from A to B occurs in four steps, as shown in Table 1. With the first pulse, T1, the rightmost bit of A is 

shifted into the leftmost bit of  B  and is also circulated into the leftmost position 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 perform identical 
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operations, shifting the bits of A into B, one at a time. After the fourth shift, the shift control goes to 

0, and registers A and B both have the value 1011. Thus, the contents of  A  are copied into  B,  so 

that the contents of  A  remain unchanged i.e., the contents of  A  are restored to their original value.   
Table 1 Serial-Transfer Example 

 
The difference between the serial and the parallel mode of operation should be apparent from this 

example. In the parallel mode, information is available from all bits of a register and all bits can be 

transferred simultaneously 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 

registers are shifted in the same direction.   

 

Universal Shift register 

If the flip‐flop outputs of a shift register are accessible, then information entered serially by shifting 

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 shifting 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: 

1. 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 output lines 

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 control to enable a parallel transfer and the n input lines associated with the 

parallel transfer.   

6.  n parallel output lines.   

7. A control state that leaves the information in the register unchanged in response to the 

clock. 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 block diagram symbol and the circuit diagram of a four‐bit universal shift register that has all the 

capabilities just listed are shown in Fig. 11. The circuit consists of four D flip‐flops and four 

multiplexers. The four multiplexers have two common selection inputs s1 and s0. Input 0 in each 

multiplexer is selected when s1s0 = 00, input 1 is selected when s1s0 = 01, and similarly for the other 

two inputs. The selection inputs control the mode of operation of the register according to the 
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function entries in Table 2. When s1s0 = 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, so that the output recirculates to the input in this mode of operation. The next 

clock edge transfers into each flip‐flop the binary value it held previously, and no change of state 

occurs. 

 

 
Figure 11  Four‐bit universal shift register 

Table 2 Function Table for the Register of  Fig. 11 
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When s1s0 = 01, terminal 1 of the multiplexer inputs has a path to the D inputs of the flip‐flops. This 

causes a shift‐right operation, with the serial input transferred into flip‐flop A3. When s1s0 = 10, a 

shift‐left operation results, with the other serial input going into flip‐flop A0. Finally, when s1s0 = 11,    

the binary information on the parallel input lines is transferred into the register simultaneously 

during the next clock edge. Note that data enters MSB_in for a shift‐right operation and enters 

LSB_in for a shift‐left operation.  Clear_b  is an active‐low signal that clears all of the flip‐flops.  

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 economical to use a 

single line and transmit the information serially, one bit at a time. The transmitter 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 of the register in parallel. Thus, the transmitter performs a parallel‐to‐serial 

conversion of data and the receiver does a serial‐to‐parallel conversion.      

 

 

1. Example 7-1 ( Digital Logic and Computer Design, Morris Mano, pg262) 

Self Study 

 Serial Addition (Digital Logic and Computer Design, Morris Mano, pg269 / Digital Design 

Morris Mano, 5th edition, pg 261) 

 Bidirectional Shift registers 
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Counters 
A counter is essentially a register that goes through a predetermined sequence of binary states. The 

gates in the counter are connected in such a way as to produce the prescribed sequence of states. 

Although counters are a special type of register, it is common to differentiate them by giving them a 

different name. 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    2n - 1 .     

Counters can be classified into two broad categories according to the way they are clocked: 

1. Asynchronous (Ripple) Counters - the first flip-flop is clocked by the external clock pulse, and 

then each successive flip-flop is clocked by the Q or Q' output of the previous flip-flop.  

2. Synchronous Counters - all memory elements are simultaneously triggered by the same 

clock.  

Binary Ripple counter 

A binary ripple counter consists of a series connection of complementing flip‐flops, with the output 

of each flip‐flop connected to the C input of the next higher order flip‐flop. The flip‐flop holding the 

least significant bit receives the incoming count pulses. A complementing flip‐flop can be obtained 

from a JK flip‐flop with the J and K inputs tied together or from a T flip‐flop. A third possibility is to 

use a D flip‐flop with the complement output connected to the D input. In this way, the D input is 

always the complement of the present state, and the next clock pulse will cause the flip‐flop to 

complement. 

2-bit binary ripple counter 

A two-bit asynchronous counter is shown in the figure below.  The external clock is connected to the 

clock input of the first flip-flop (FF0) only.  So, FF0 changes state at the falling edge of each clock 

pulse, but FF1 changes only when triggered by the falling edge of the Q output of FF0.  Because of 

the inherent propagation delay through a flip-flop, the transition of the input clock pulse and a 

transition of the Q output of FF0 can never occur at exactly the same time.  Therefore, the flip-flops 

cannot be triggered simultaneously, producing an asynchronous operation. 

 
Figure 12 A 2-bit binary ripple counters 

Note that for simplicity, the transitions of Q0, Q1 and CLK in the timing diagram above are shown as 

simultaneous even though this is an asynchronous counter.  Actually, there is some small delay 

between the CLK, Q0 and Q1 transitions.      
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Usually, all the CLEAR inputs are connected together, so that a single pulse can clear all the flip-flops 

before counting starts.  The clock pulse fed into FF0 is rippled through the other counters after 

propagation delays, like a ripple on water, hence the name Ripple Counter.  

The 2-bit ripple counter circuit above has four different states, each one corresponding to a count 

value.  Similarly, a counter with n flip-flops can have 2 to the power n states.  The number of states in 

a counter is known as its mod (modulo) number.  Thus a 2-bit counter is a mod-4 counter.  

A mod-n counter may also described as a divide-by-n counter.  This is because the most significant 

flip-flop (the furthest flip-flop from the original clock pulse) produces one pulse for every n pulses at 

the clock input of the least significant flip-flop (the one triggers by the clock pulse).  Thus, the above 

counter is an example of a divide-by-4 counter.  

3-bit binary counter 

The following is a three-bit asynchronous binary counter and its timing diagram for one cycle.  It 

works exactly the same way as a two-bit asynchronous binary counter mentioned above, except it 

has eight states due to the third flip-flop.  

 
Figure 13 A 3-bit binary ripple counters 

4-bit binary ripple counter 

The logic diagram of two 4‐bit binary ripple counters is shown in Fig. 14. The counter is constructed 

with complementing flip‐flops of the T 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 least 

significant bit receives the incoming count pulses. The T inputs of all the flip‐flops in (a) are 

connected to a permanent logic 1, making each flip‐flop complement if the signal 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‐flops respond to the negative‐edge transition of the input. The negative 

transition occurs when the output of the previous flip‐flop to which C is connected goes from 1 to 0. 

To understand the operation of the four‐bit binary ripple counter, refer to the first nine binary 

numbers listed in Table 3. The count starts with binary 0 and increments by 1 with each count pulse 

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

A0, is complemented with each count pulse input. Every time that A0 goes from 1 to 0, it 

complements A1. Every time that A1 goes from 1 to 0, it complements A2. Every time that A2 goes 

from 1 to 0, it complements A3, 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 complemented with the count pulse. 

Since A0 goes from 1 to 0, it triggers A1 and complements it. As a result, A1 goes from 1 to 0, which in 

turn complements A2, changing it from 0 to 1. A2 does not trigger A3, because A2 produces a positive 
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transition and the flip‐flop responds only to negative transitions. Thus, the count from 0011 to 0100 

is achieved by changing the bits one at a time, so the count 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. 
Table 3 Binary count sequence 

 

 
Figure 14 Four‐bit binary ripple counter  with T flip-flop (on the left ) and D flip-flop (on the right) 
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BCD ripple counter 

A decimal counter follows a sequence of 10 states and returns to 0 after the count of 9. 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 decimal counter is 

dictated by the binary code used to represent a decimal digit. If BCD is used, the sequence of states 

is as shown in the state diagram of Fig. 15. A decimal counter is similar to a binary counter, except 

that the state after 1001 (the code for decimal digit 9) is 0000 (the code for decimal digit 0). 

 
Figure 15 State diagram of a decimal BCD counter 

The logic diagram of a BCD ripple counter using JK flip‐flops is shown in Fig. 16. 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. Note that the output of Q1 is applied to the C inputs of both Q2  

and Q8 and the output of Q2 is applied to the  C  input of Q4. The J and K inputs are connected either 

to a permanent 1 signal or to outputs of other flip‐flops.  

A ripple counter is an asynchronous sequential circuit. Signals that affect the flip‐flop transition 

depend on the way they change from 1 to 0. The operation of the 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 JK flip‐flop operates. Remember that when the C input goes from 1 to 0, the 

flip‐flop is set if J = 1, is cleared if K = 1, is complemented if J = K = 1, and is left unchanged if J = K =0 . 

 
Figure 16 BCD ripple counter 
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A counter with ten states in its sequence is called a decade counter.  The circuit below is another 

implementation of a decade counter.  

 
Once the counter counts to ten (1010), all the flip-flops are being cleared.  Notice that only Q1 and 

Q3 are used to decode the count of ten.  This is called partial decoding, as none of the other states 

(zero to nine) have both Q1 and Q3 HIGH at the same time.  

The sequence of the decade counter is shown in the table below:  

 
In certain applications a counter must be able to count both up and down.  The circuit below is a 3-

bit up-down counter.  It counts up or down depending on the status of the control signals UP and 

DOWN.  When the UP input is at 1 and the DOWN input is at 0, the NAND network between FF0 and 

FF1 will gate the non-inverted output (Q) of FF0 into the clock input of FF1.  Similarly, Q of FF1 will 

be gated through the other NAND network into the clock input of FF2.  Thus the counter will count 

up.  

 
When the control input UP is at 0 and DOWN is at 1, the inverted outputs of FF0 and FF1 are gated 

into the clock inputs of FF1 and FF2 respectively.  If the flip-flops are initially reset to 0's, then the 

counter will go through the following sequence as input pulses are applied.  

 

Notice that an asynchronous up-down counter is slower than an up counter or 

a down counter because of the additional propagation delay introduced by the 

NAND networks. 
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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 complemented is 

determined from the values of the data inputs, such as T or J and K at the time of the clock edge. If    

T=0 o r J=K=0, the flip‐flop does not change state. If T=1 or J=K=1, the flip‐flop complements. 

Binary counters 

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

sequential logic design process. In a synchronous binary counter, the flip‐flop in the least significant 

position is complemented with every pulse.  A flip‐flop in any other position is complemented when 

all the bits in the lower significant positions are equal to 1For example, if the present state of a 

four‐bit counter is A3A2A1A0 = 0011, the next count is 0100. A0 is always complemented. A1 is 

complemented because the present state of A0 =1. A2 is complemented because the present state of    

A1A0=11. However A3 is not complemented, because the present state of A2A1A0 = 011, which does 

not give an all‐1’s condition. 

Synchronous binary counters have a regular pattern and can be constructed with complementing 

flip‐flops and gates. The regular pattern can be seen from the four‐bit counter depicted in   Fig. 17. 

The C inputs of all flip‐flops are connected to a common clock. The counter is enabled by 

Count_enable. If the enable input is 0, all J and K inputs are equal to 0 and the clock does not change 

the state of the counter. The first stage, A0, has its J and K equal to 1 if the counter is enabled. The 

other J and K inputs are equal to 1 if all previous least significant stages are equal to 1 and the count 

is enabled. The chain of AND gates generates the required logic for the J and K inputs in each stage. 

The counter can be extended to any number of stages, with each stage having an additional flip‐flop 

and an AND gate that gives an output of 1 if all previous flip‐flop outputs are 1. 

 
Figure 17 Four‐bit synchronous binary counter   
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BCD counter 

A BCD counter counts in binary‐coded decimal from 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, unlike a straight binary 

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

circuit design procedure.  

 The state table of a BCD counter is listed in Table4. The input conditions for the T flip‐flops are 

obtained from the present‐ and next‐state conditions. Also shown in the table is an output y, which 

is equal to 1 when the present state is 1001. In this way, y can enable the count of the next‐higher 

significant decade while the same pulse switches the present decade from 1001 to 0000. 
Table 4 State table for BCD counter 

 
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 

 
The circuit can easily be drawn with four T flip‐flops, five AND gates, and one OR gate. Synchronous 

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

done as in Fig. 18, except that output y must be connected to the count input of the next‐higher 

significant decade.   

 
Figure 18  

Binary Counter with Parallel Load 

Counters employed in digital systems quite often require a parallel‐load capability for transferring an 

initial binary number into the counter prior to the count operation. Figure 19 shows the top‐level 

block diagram symbol and the logic diagram of a four‐bit register that has a parallel load capability 

and can operate as a counter. When equal to 1, the input load control disables the count operation 
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and causes a transfer of data from the four data inputs into the four flip‐flops. If both control inputs 

are 0, clock pulses do not change the state of the register. 

The carry output becomes a 1 if all the flip‐flops are equal to 1 while the count input is enabled. This 

is the condition for complementing the flip‐flop that holds the next significant bit. The carry output is 

useful for expanding the counter to more than four bits. The speed of the counter is increased when 

the carry is generated directly from the outputs of all four flip‐flops, because the delay to generate 

the carry bit is reduced. In going from state 1111 to 0000, only one gate delay occurs, whereas four 

gate delays occur in the AND gate chain shown in  Fig. 17. Similarly, each flip‐flop is associated with 

an AND gate that receives all previous flip‐flop outputs directly instead of connecting the AND gates 

in a chain. 

The operation of the counter is summarized in Table 5.  The four control inputs— Clear, CLK, Load, 

and Count —determine the next state. The Clear input is asynchronous and, when equal to 0, causes 

the counter to be cleared regardless of the presence of clock pulses or other inputs. This relationship 

is indicated in the table by the X entries, which symbolize don’t‐care conditions for the other inputs. 

The Clear input must be in the 1 state for all other operations. With the Load and Count inputs both 

at 0, the outputs do not change, even when clock pulses are applied. A  Load input of 1 cause a 

transfer from inputs    I0 - I3    into the register during a positive edge of CLK.  The input data are 

loaded into the register regardless of the value of the Count input, because the Count input is 

inhibited when the Load input is enabled. The Load input must be 0 for the Count input to control 

the operation of the counter 

A counter with a parallel load can be used to generate any desired count sequence. Figure 20 shows 

two ways in which a counter with a parallel load is used to generate the BCD count. In each case, the 

Count control is set to 1 to enable the count through the CLK input. Also, recall that the Load control 

inhibits the count and that the clear operation is independent of other control inputs. 

The AND gate in Fig. 20 (a) detects the occurrence of state 1001. The counter is initially cleared to 0, 

and then the Clear and Count inputs are set to 1, so the counter is active at all times. As long as the 

output of the AND gate is 0, each positive‐edge clock increments the counter by 1. When the output 

reaches the count of 1001, both    A0     and  A3    become 1, making the output 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 loaded from its four inputs. Since all four inputs are connected to logic 0, an 

all‐0’s value is loaded into the register following the count of 1001. Thus, the circuit goes through 

the count from 0000 through 1001 and back to 0000, as is required in a BCD counter.  

In  Fig. 20(b), the NAND gate detects the count of 1010, but as soon as this count occurs, the register 

is cleared. The count 1010 has no chance of staying on for any appreciable time, because the register 

goes immediately to 0. A momentary spike occurs in output     A0    as the count goes from 1010 to 

1011 and immediately to 0000. The spike may be undesirable, and for that reason, this configuration 

is not recommended. If the counter has a synchronous clear input, it is possible to clear the counter 

with the clock after an occurrence of the 1001 count.    
Table 5 Function table for the counter of fig. 6.14 
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Figure 19 Four‐bit binary counter with parallel load   

 
Figure 20  Two ways to achieve a BCD counter using a counter with parallel load 
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Ring Counters 

A ring counter is basically a circulating shift register in which the output of the most significant stage 

is fed back to the input of the least significant stage.  The following is a 4-bit ring counter 

constructed from D flip-flops.  The output of each stage is shifted into the next stage on the positive 

edge of a clock pulse.  If the CLEAR signal is high, all the flip-flops except the first one FF0 are reset to 

0.  FF0 is preset to 1 instead. 

 

 
 

Since the count sequence has 4 distinct states, the counter can 

be considered as a mod-4 counter.  Only 4 of the maximum 16 

states are used, making ring counters very inefficient in terms 

of state usage.  But the major advantage of a ring counter over 

a binary counter is that it is self-decoding.  No extra decoding 

circuit is needed to determine what state the counter is in. 

Johnson Counter 

Johnson counters are a variation of standard ring counters, with the inverted output of the last stage 

fed back to the input of the first stage.  They are also known as twisted ring counters.  An n-stage 

Johnson counter yields a count sequence of length 2n, so it may be considered to be a mod-2n 

counter.  The circuit below shows a 4-bit Johnson counter. 

 

 
1. Mano 5th edition exercise 6.3, 6.4, 6.6, 6.17,  

Self Study 

 Binary countdown counter 

 Synchronous Up–Down Binary Counter (mano 5th edition pg 272) 

 Counter with Unused States (Mano 5th edition pg 278) 

 


