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When A = 1, i.e. A = +VCC, base-
emitter volatge, VBE, will be more 
than the cut-in voltage. Hence, 
collector current, IC, becomes 
maximum and the transistor is 
saturated. Hence, there will be no 
increase in IC and ICRL ≈ VCC. 
Therefore, the output is, 

Y = V0 = 0         i.e. Y = 0 
When A = 0, base-emitter volatge, 
VBE, is zero. Hence, collector 
current, IC, and base current, IB, 
becomes zero and the transistor is 
cut-off. Therefore, the output is, 

Y = V0 = VCC      i.e. Y = 1

Transistor NOT Gate 

Let IC be the collector current. Then the collector 
voltage is given as, 
Y = V0 = VCC - ICRL 

Let + VCC represent binary state 1 

and 0V represent binary state 0

Logic Gates
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Logic Gates

Symbol NOT Gate                                    Truth Table 

NOT gate is the most basic gate. It has only one input and one output.  

The output is complement (inversion) of the input i.e. when input is low, 

output is high and vice-versa.

Input Output
A Y
0 1
1 0
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When A = 0 and B = 0, both the transistors 
are cut-off and hence the output voltage is, 

Y = V0 = 0             i.e. Y = 0 
When A = 0 and B = 1, transistor, T1, is cut-
off and T2 is saturated. Therefore, IE1 is zero 
and IE2 is maximum. Hence the output 
voltage is, 

Y = V0 = IE2 . RE   i.e. Y = 1 
When A = 1 and B = 0, transistor, T1, is 
saturated and T2 is cut-off. Therefore, IE1 is 
maximum and IE2 is zero. Hence the output 
voltage is, 

Y = V0 = IE1 . RE   i.e. Y = 1 
When A = 1 and B = 1, both the transistors 
are saturated. Hence the output voltage is, 

Y = V0 = (IE1 + IE2) . RE   i.e. Y = 1

Transistor OR Gate 
Let IE be the emitter current. Then the 
output (emitter) voltage is given as, 
Y = V0 = (IE1 + IE2) RE 

Let + VCC represent binary state 1 

and 0V represent binary state 0

Logic Gates
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Logic Gates

Symbol OR Gate                                        Truth Table 

OR gate is also a basic gate. It has two or more inputs and one output.  

The output of an OR gate is high when any one of the input to the gate is 

high. The output is low only when all the inputs are low.

Input Output
A B Y
0 0 0
0 1 1
1 0 1
1 1 1
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When A = 0 and B = 0, both the transistors 
are cut-off and hence the output voltage is, 

Y = V0 = 0                         i.e. Y = 0 
When A = 0 and B = 1, transistor, T1, is cut-
off and T2 is saturated. Therefore IE1 is zero. 
No current flows through RE and hence the 
output voltage is, 

Y = V0 = 0                         i.e. Y = 0 
When A = 1 and B = 0, transistor, T1, is 
saturated and T2 is cut-off. Therefore IE2 is 
zero. No current flows through RE and 
hence the output voltage is, 

Y = V0 = 0                         i.e. Y = 0  
When A = 1 and B = 1, both the transistors 
are saturated. Hence the output voltage is, 

Y = V0 = (IE1 + IE2) . RE   i.e. Y = 1

Transistor AND Gate 
Let IE be the emitter current. Then the output 
(emitter) voltage is given as, 
Y = V0 = (IE1 + IE2) RE 

Let + VCC represent binary state 1 

and 0V represent binary state 0

Logic Gates
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Logic Gates

Symbol AND Gate                                        Truth Table 

AND gate is also a basic gate. It has two or more inputs and one output.  

The output of an AND gate is high only when all the inputs to the gate 

are high. The output is low if any one of  the inputs is low.

Input Output
A B Y
0 0 0
0 1 0
1 0 0
1 1 1
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Logic Gates

NAND Gate using Basic Gates                       Truth Table

Input Output
A B Y
0 0 1
0 1 1
1 0 1
1 1 0

  Symbol NAND Gate

NAND gate is a derived gate. It 
has two or more inputs and one 
output. 
The output of an NAND gate is 
low only when all the inputs to the 
gate are high. The output is high if 
any one of  the inputs is low.
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Logic Gates

NOR Gate from OR Gate                                Truth Table

Input Output
A B Y
0 0 1
0 1 0
1 0 0
1 1 0

  Symbol NOR Gate

NOR gate is a derived gate. It has 
two or more inputs and one 
output. 
The output of an NOR gate is low 
when any one of the input to the 
gate is high. The output is high 
only when all the inputs are low.
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Logic Gates

EXOR Gate from Basic Gates                       Truth Table

Input Output
A B Y
0 0 0
0 1 1
1 0 1
1 1 0

  Symbol EXOR Gate

Exclusive OR gate (EXOR or 
XOR) is a derived gate. It has 
two or more inputs and one 
output. 
The output of an EXOR gate is 
high when an odd number of 
the inputs to the gate is high.
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Logic Gates

EXNOR Gate from Basic Gates                    Truth Table

Input Output
A B Y
0 0 1
0 1 0
1 0 0
1 1 1

  Symbol EXNOR Gate

Exclusive NOR gate (EXNOR 
or XNOR) is a derived gate. It 
has two or more inputs and one 
output. 
The output of an EXOR gate is 
low when an odd number of the 
inputs to the gate is high.
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Logic Gates

NOR Gate Bubbled AND Gate
The above relation is the First De Morgan’s Theorem which states that, complement 
of OR equals the AND of the complements.

Input Output
A B Y 
0 0 1
0 1 0
1 0 0
1 1 0

Input Output
A B A̅ B̅ Y
0 0 1 1 1
0 1 1 0 0
1 0 0 1 0
1 1 0 0 0

A + B = A i B
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Logic Gates

NAND Gate Bubbled OR Gate
The above relation is the Second De Morgan’s Theorem which states that, 
complement of AND equals the OR of the complements.

Input Output
A B Y
0 0 1
0 1 1
1 0 1
1 1 0

Input Output
A B A̅ B̅ Y
0 0 1 1 1
0 1 1 0 1
1 0 0 1 1
1 1 0 0 0

A i B = A + B
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Logic Gates

  NOT Gate from NAND Gate

NAND Gate is known as the 
universal building block. 
It can be used to derive all the 
basic gates.

AND Gate from NAND Gate

OR Gate from NAND Gate
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Logic Gates

  NOT Gate from NOR Gate

NOR Gate is also known as an 
universal building block. 
It can be used to derive all the 
basic gates.

OR Gate from NOR Gate

AND Gate from NOR Gate
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Timer Circuit
Timer  
The heart of every digital system is the system clock 
or the timer.  
Since all logic operations in a synchronous machine 
occur in synchronism with a clock, the system clock 
becomes the basic timing unit.  
The system clock must provide a periodic waveform 
that can be used as a synchronizing signal. IC 555
The 555 timer IC is an integrated circuit (chip) used in a variety of timer, pulse 
generation, and oscillator applications.  

The 555 can be used to provide time delays, as an oscillator, and as a flip-flop element.  
Derivatives provide up to four timing circuits in one package. It is a 8 – pin IC.
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Timer Circuit
Pin Name Function
1 GND Ground reference voltage, low level (0 V)
2 TRIG 

(Trigger)
The OUT pin goes high and a timing interval starts when this input 
falls below 1/2 of CTRL voltage (which is typically 1/3 of VCC, when 
CTRL is open)

3 OUT This output is driven to approximately 1.7 V below + VCC or GND.
4 RESET A timing interval may be reset by driving this input to GND, but the 

timing does not begin again until RESET rises above approximately 
0.7 volts. Overrides TRIG which overrides THR.

5 CTRL 
(Control)

Provides "control" access to the internal voltage divider (by default,  
2/3 VCC).

6 THR 
(Threshold)

The timing (OUT high) interval ends when the voltage at THR is 
greater than that at CTRL (2/3 VCC if CTRL is open).

7 DIS 
(Discharge)

Open collector output which may discharge a capacitor between 
intervals. In phase with output.

8 VCC Positive supply voltage, which is usually between 3 and 15 V 
depending on the variation.
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Since neither output state is stable, the circuit is said 
to be astable and is known as “free – running” or 
astable multivibrator. 
The frequency of oscillation and the duty cycle of the 
multivibrator are controlled by the two resistors, RA 
and RB, and the timing capacitor, C. 
The timing capacitor is charged towards +VCC 
through resistors RA and RB. The charging time 
during which the output is high is given as,  

The timing capacitor then discharges to ground 
through the resistor RB. The discharging time during 
which the output is low is given as, 

The time period of the resulting clock waveform is 

Hence, The frequency of oscillation is hence given 
as, 

Astable Multivibrator 

IC 555 is basically a switching circuit which has 
two distinct levels. When the IC is connected in 
the way as shown in the figure, neither of the 
output levels is stable. As a result the circuit 
continuously switches between the two unstable 
states producing a rectangular waveform. 

Timer Circuit

Digital Principles and Applications Malvino and Leachby

TON = 0.693 RA + RB( )C

f = 1
T
= 1.44

RA + 2RB( )C

TOFF = 0.693RBC

TOFF = 0.693 RA + 2RB( )C
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The circuit shown in the figure produces one 
stable state and one quasi – stable state. This type 
of multivibrator is called the monostable 
multivibrator.  
In its stable state, the timing capacitor is 
completely discharged through pin number 7. 
Hence, the stable state of this multivibrator is a 
low output state.  

When a negative pulse at the pin number 2 i.e. 
the trigger pin, the output switches to the high 
quasi – stable state. The time period of the quasi 
– stable state, t, is determined by the resistor RA 
and the capacitor C. It’s value is given as,  

After the time t, the output of the multivibrator 
switches back to its stable state i.e. the low state. 
The circuit remains in this state until it receives 
another trigger pulse. 

Monostable Multivibrator

Timer Circuit
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t = 1.1RAC

Output
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Any device or circuit that has two stable states is called a bistable device. 
The states are such that once set, they don’t change until an external change 
is effected. 
A switch has two stable states. It is either open or closed. 
The switch can be said to have a memory as it will 
remain in a position until someone changes its position. 
Since such a device latches onto an output, it is also called as a latch. 
A digital device or circuit in which the output remains unchanged, once set, 
even if there is a change in the input is called as flip-flop. 
A flip-flop is also called as bistable multivibrator as it vibrates between 
two stable states. 
Such devices can be used to construct shift registers, counters, memories, 
etc.

Flip-Flop
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When R = 0  and S = 0, the 0 at the 
input of a NOR gate has no effect on its 
output. The flip-flop remains in its last 
state i.e. Yn remains unchanged. 
When R = 0  and S = 1, the output of 
NOR gate B becomes low. As both 
inputs to NOR gate A are now low, the 
output of A becomes High. Thus the 
output Y becomes a stable state Y = 1. 
This is said to SET the flip-flop. 
When R = 1  and S = 0, the output of 
NOR gate A becomes low. As both 
inputs to NOR gate B are now low, the 
output of B becomes High. Thus the 
output Y becomes a stable state Y = 0. 
This is said to RESET the flip-flop.

Flip-Flop using NOR Gates 

The circuit has two inputs R and S. It has two 
outputs Y and Y̅, which are complement of each 
other. 

The Flip-Flop is known as SR Flip-Flop. 

Let High be represented by binary state 1 

and Low be represented by binary state 0

Flip-Flop

Digital Principles and Applications Malvino and Leachby
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When R = 1  and S = 1, the outputs of both 
NOR gates become low i.e both Y and Y̅ 
become 0. 
This violates the basic definition of the flip 
flop i.e. both outputs should be complement 
of each other. 
Hence, this condition is forbidden and is not 
imposed.

Flip-Flop

Digital Principles and Applications Malvino and Leachby

Input Output ActionR S Yn+1

0 0 Yn Last State
0 1 1 SET
1 0 0 RESET
1 1 ? Forbidden

Truth Table

Flip-Flop using NAND Gates
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Flip-Flop

Digital Principles and Applications Malvino and Leachby

Clocked SR Flip-Flop using NOR & NAND Gates

When the Clock Signal (CLK) (or Enable) 
is applied to a RS flip-flop, it controls the 
working of the flip-flop. 

When the CLK signal is low, there is no 
effect of changes of the inputs R and S on 
the flip-flop output Y. 

When the CLK signal is high, the  
information at the R and S input is 
transmitted to the flip-flop. The output 
changes accordingly. The flip-flop is said 
to be enabled. 

It is thus possible to strobe or clock the 
flip-flop to store information for any 
desired period of time. 

This flip-flop is called as clocked SR flip-
flop.
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Flip-Flop

Digital Principles and Applications Malvino and Leachby

Edge Signals

The RC time constant is much smaller than the 
input clock’s pulse width. This results in the 
capacitor becoming fully charged when the 
clock goes high. 
This exponential charging produces a narrow 
positive voltage spike across the resistor. The 
trailing edge of the pulse results in a narrow 
negative spike. 
The narrow spike enables the flip-flop for an 
instant. This kind of operation where the flip-
flop responds when the clock is in transition 
between the two clock states is called edge 
triggering. 
The triggering where the transition is only due 
to the positive edge is called positive-edge 
triggering. 
Similarly for the transition due to the negative 
edge is called negative-edge triggering.

RC Differentiator for Edge-triggered Signal
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Flip-Flop
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Symbol SR Flip-Flop

Symbol Clocked SR Flip-Flop

Symbol Positive-Edge Triggered SR Flip-Flop

Symbol Negative-Edge Triggered SR Flip-Flop
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Generation of two signals R and S to drive a 
fl ip flop is a disadvantage in many 
applications. Also the forbidden state may 
occur inadvertently and will invite errors. 
A delay D flip-flop has only one input D. 
When the clock is low, both the AND gates are 
disabled and the D-latch remains in its last 
state. 
When the clock is high, the AND gates are 
enabled and the D-latch can be SET or RESET.

Flip-Flop

Digital Principles and Applications Malvino and Leachby

Clock Input Output ActionCLK D Yn+1

0 X Yn Last State
1 0 0 RESET
1 1 1 SET

When D is 0, the inputs at the flip-flop are 
R=1 & S=0 and the output Y is 0  or RESET. 

When D is 1, the inputs at the flip-flop are 
R=0 & S=1 and the output Y is 1  or SET.

Clocked D Flip-Flop

Symbol
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The forbidden state of SR flip-flop can be solved 
using the circuit above. 
The variables J and K are called as control 
signals as they determine the working of the flip-
flop when the edge trigger of the clock arrives. 
The AND gates results in the circuit to be 
positively-edge triggered. 
For negatively-edge triggered flip-flops, NAND 
gates are used.

Flip-Flop

Digital Principles and Applications Malvino and Leachby

When J = 0  and K = 0, both the AND gates are disabled. 
The clock pulses have no effect on the SR flip-flop and the 
output retains its last value, Yn. 
When J = 0  and K = 1, whatever be the value of the 
output, Y̅, the upper AND gate is disabled and hence S = 0.  

If Y = 1, Y̅ = 0, J = 0, K = 1, CLK = 1, then S = 0, 
R = 1 and the outputs become Y = 0 & Y̅ = 1 
If Y = 0, Y̅ = 1, J = 0, K = 1, CLK = 1, then S = 0, 
R = 0 and the outputs remain at Y = 0 & Y̅ = 1 

Thus at the next positive clock edge, the output Y 
becomes a stable state Y = 0. This is said to RESET the 
flip-flop. 
When J = 1  and K = 0, whatever be the value of the 
output, Y, the lower AND gate is disabled and hence R= 0.  

If Y = 0, Y̅ = 1, J = 1, K = 0, CLK = 1, then S = 1, 
R = 0 and the outputs become Y = 1 & Y̅ = 0 
If Y = 1, Y̅ = 0, J = 1, K = 0, CLK = 1, then S = 0, 
R = 0 and the outputs remain at Y = 1 & Y̅ = 0 

Thus at the next positive clock edge, the output Y 
becomes a stable state Y = 1. This is said to SET the flip-
flop.

Clocked JK Flip-Flop
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When J = 1  and K = 1, 
If Y = 0, Y̅ = 1, J = 1, K = 1, CLK = 1, then S = 1,   
R = 0 and the outputs become Y = 1 & Y̅ = 0 
If Y = 1, Y̅ = 0, J = 1, K = 1, CLK = 1, then S = 0,   
R = 1 and the outputs become Y = 0 & Y̅ = 1 

Thus at the next positive clock edge, the output Y changes 
its state to the complement of the last state. The flip-flop is 
said to Toggle. 

Propagation delay prevents the flip-flop from racing i.e. 
toggling more than once during a positive clock edge.

Flip-Flop

Digital Principles and Applications Malvino and Leachby

Clocked JK Flip-Flop

Input Output ActionJ K Yn+1

0 0 Yn Last State
0 1 0 RESET
1 0 1 SET
1 1 Y̅n Toggle

Truth Table

Positive-Edge Triggered JK Flip-Flop
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Similarly, if the Y output of the Master is RESET i.e. Y 
= 0, then at the negative clock edge the output of the 
Slave is also RESET. 
Thus what the Master does, the slave copies. This 
introduces the necessary propagation delay to avoid 
racing. 
Two more asynchronous strobes, negative-edge Preset 
(PRE) and Clear (CLR), are used to set the output to 1 
and reset the output to 0 respectively independently of 
the clock.

To avoid racing, we can have the above circuit. 
The master flip-flop is positive-edge triggered and 
the slave is negative-edge triggered. 
The master responds to the J and K inputs on the 
positive clock edge. 
The slave responds to the outputs of the master at the 
negative clock edge. 
If the Y output of the Master is SET i.e. Y = 1, then 
at the negative clock edge the output of the Slave is 
also SET.

Flip-Flop

Digital Principles and Applications Malvino and Leachby

Clocked JKMS Flip-Flop

Symbol JKMS Flip-Flop
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Asynchronous 4-bit Up Counter 
A counter is one of the most versatile subsystems in a digital system. A counter driven by a 
clock can be used to count the number of clock cycles. Since the clock pulses occur at known 
intervals, the counter can be used as an instrument for measuring time and therefore period or 
frequency.  
Negatively edge triggered JKMS flip – flops are used to construct the counter. All the J and K 
inputs of the flip-flops are connected to +VCC. Hence all the flip flops are in the toggle mode. 
The first flip flop is connected to a square wave clock. Hence, the flip flop will change its state, 
i.e. toggle, with a negative transition of the clock at its clock input. 

Counter
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All the Y inputs of the flip-flops are connected to 
the clock input of the subsequent flip flop. The 
output is taken from the Y outputs with A being 
the Least Significant Bit (LSB) and D being the 
Most Significant Bit (MSB). 
Initially the output of the counter is set to (0000) 
using CLR strobe. In the end of first clock cycle, 
the first flip flop toggles and it state changes to 1. 
But the flip flops being negatively edge triggered, 
the state of the second flip flop does not change 
and the new output of the counter is (0001).  
In the end of the second clock cycle, the first flip 
flop again toggles to 0 and this being a trigger for 
the second flip flop, it also toggles to 1. But the 
third and fourth flip flop do not toggle and the 
output is now, (0010). 
In the end of the third clock cycle, the first flip 
flop again toggles to 1 thus prohibiting the second 
flip flop and the subsequent flip flops to toggle. 
The output is now, (0011).

Counter

Digital Principles and Applications Malvino and Leachby

CLK D C B A
0 0 0 0 0
1 0 0 0 1
2 0 0 1 0
3 0 0 1 1
4 0 1 0 0
5 0 1 0 1
6 0 1 1 0
7 0 1 1 1
8 1 0 0 0
9 1 0 0 1
10 1 0 1 0
11 1 0 1 1
12 1 1 0 0
13 1 1 0 1
14 1 1 1 0
15 1 1 1 1
16 0 0 0 0
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In the end of the fourth clock cycle, the first flip toggles to 0 and triggers the second flip flop to 
toggle to 0 as well. The third flip flop toggles and the subsequent output is  (0100). 

This continues till the 15th clock pulse obtaining the various digital outputs as shown in the 
truth table. As the states go from (0000) to (1111), this counter counts in the upward direction 
and hence is called the 4–bit Up–Counter. At the end of 16th clock pulse, the counter resets 
back to (0000). 
As it has 16 states, it is also called Mod - 16 Counter. As the waveforms look like ripples, these 
counters are also called as Ripple Counters.

Counter

Timing 
Diagram
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Asynchronous 4-bit Down Counter 
Negatively edge triggered JKMS flip – flops are used to construct the counter. All the J and K 
inputs of the flip-flops are connected to +VCC. Hence all the flip flops are in the toggle mode.  
The first flip flop is connected to a square wave clock. Hence, the flip flop will change its 
state, i.e. toggle, with a negative transition of the clock at its clock input.  
All the Y̅ inputs of the flip-flops are connected to the clock input of the subsequent flip flop. 
The output is taken from the Y outputs with A being the Least Significant Bit (LSB) and D 
being the Most Significant Bit (MSB).

Counter
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Initially the output of the counter is set to 
(1111) using PRESET (PRE) strobe.  
In the end of first clock cycle, the first flip 
flop toggles and it state changes to 0. The Y̅  
output changes from 1 to 0. But the flip flops 
being negatively edge triggered, the state of 
the second flip flop does not change and the 
new output of the counter is (1110).  
In the end of the second clock cycle, the first 
flip flop again toggles to 1 and Y̅ to 0 and this 
being a trigger for the second flip flop, it also 
toggles to 0. But the third and fourth flip flop 
do not toggle and the output is now, (1101). 
In the end of the third clock cycle, the first 
flip flop again toggles to 0 and Y̅ to 1 thus 
prohibiting the second flip flop and the 
subsequent flip flops to toggle. The output is 
now, (1100).

Counter
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CLK D C B A
0 1 1 1 1
1 1 1 1 0
2 1 1 0 1
3 1 1 0 0
4 1 0 1 1
5 1 0 1 0
6 1 0 0 1
7 1 0 0 0
8 0 1 1 1
9 0 1 1 0
10 0 1 0 1
11 0 1 0 0
12 0 0 1 1
13 0 0 1 0
14 0 0 0 1
15 0 0 0 0
16 1 1 1 1
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In the end of the fourth clock cycle, the first flip toggles to 1 and Y̅ to 0 and triggers 
the second flip flop to toggle to 1 and its Y̅ to 1 as well. The third flip flop toggles and 
the subsequent output is  (1011). 

This continues till the 15th clock pulse obtaining the various digital outputs as shown 
in the truth table. As the states go from (1111) to (0000), this counter counts in the 
downward direction and hence is called the 4–bit Down–Counter. At the end of 16th 
clock pulse, the counter resets back to (1111).

Counter

Timing 
Diagram




