Module 1

NETHRAVATHI H M
Assistant Professor
BGSIT,ACU




TR

Optoelectronic Devices

« Study of devices that emit, detect and control
light in the wavelength spectrum ranging from
ultraviolet to far infrared

* Includes
= Electrical-to-optical transducers
= Optical-to-electrical transducers
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Photodiode

- Light detector semiconductor device that
converts light energy into electric current or
voltage which depends upon the mode of
operation

» Upper cut-off wavelength £ =1240/k
* (g - bandgap energy)



=,

p-n junction diode

- Under reverse bias, a small amount of electric
current generated due to minority charge
carriers

« Application of external reverse voltage to the p-n
junction diode will not increase the population of
minority charge carriers

« Reason: Minority carriers generated at n-side or
p-side will recombine In the same material,
before they cross the junction

 No electric current flows.
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Photodiode

* Apply external energy directly to the depletion
region to generate more charge carriers

* Photodiode Is designed to generate more
number of charge carriers in depletion region

- Light or photons as the external energy to
generate charge carriers in depletion region



Photodiode : Construction

» Jjon implantation : surface of a layer of N-type is
bombarded with P- type silicon ions to produce
a P-type layer

 Diffusion : excess electrons move from N-type
towards P-type and excess holes move from P-
type towards N-type

» Results in the removal of free charge carriers
close to the PN-junction, so creating a depletion
layer
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Photodiode : Construction

Anti Reflective .
—— Silicon
Anode(Al) 2 Dioxide(SiO,)




Photodiode : Construction

« Silicon Dioxide (SiO2) in which there is a
window for light to shine on the semiconductor.

« Silicon Nitride (SiN) to allow maximum
absorption of light

« An anode connection of aluminium (Al) is
provided to the P-type layer

« A more heavily doped N+ layer to provide a low
resistance connection to the cathode



Photodiode : Working Principle

» The junction of Photodiode is illuminated by the
light source; the photons strike the junction
surface.

» The photons impart their energy in the form of
light to the junction.

» Due to which electrons from valence band get
the energy to jump into the conduction band.

 This leaves positively charged holes in the
valence band, so producing 'electron-hole pairs'
in the depletion layer.
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Photodiode : Working Principle
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Photodiode: V-l Characteristics

<——— Reverse Bias in Volis Forward Bias in Volts
—
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A — v : | ] > +V
Dark Current

10,000 LUMENS/m?2

15,000 LUMENS/m?

20,000 LUMENS/m?
25,000 LUMENS/m?

-
"

Reverse current in LA

Reverse bias current is the summation
of reverse saturation current and short

circuit current.
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Photodiode : Applications

-« Consumer electronics devices like smoke
detectors, compact disc players, and televisions
and remote controls in VCRSs.

- Photodiodes are frequently used for exact
measurement of the intensity of light in science
and industry.
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Light Emitting Diode (LED)

- The LED is a PN-junction diode which emits light
when an electric current passes through it in the
forward direction

 Electroluminescence is the properly of the
material to convert electrical energy into light
energy
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LED : Construction

 The semiconductor material used in LED is

Galliurn Arsenide (GaAs), Gallium phosphide
(GaP) or Gallium Arsenide Phosphide (GaAsP).
- The semiconductor layer of P-type is placed
above N-type because the charge carrier
recombination occurs in P-type.

« If P-type is placed below the N-type, the emitted
light cannot be seen.
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LED : Construction

 The semiconductor material used in LED is
Galliurn Arsenide (GaAs), Gallium phosphide
(GaP) or Gallium Arsenide Phosphide (GaAsP).

- The semiconductor layer of P-type is placed
above N-type because the charge carrier
recombination occurs in P-type.
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LED : Construction

Emitted Light Conneeting
Diffused P-type T T T T T T T T T T« Wire
g, e i JLF 5
Metal film ﬁ]ﬂﬁoﬁju} O]'G;'

Epitaxial N- / :
tpe Charge Carricr Gold Film Cathode
Recombination

Connection
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LED : Construction

- The P-type layer is formed from diffusion of
semiconductor material.

« The metal film is used on the P-type layer to provide
anode connection to the diode.

« Gold-film layer is coated on N-type to provide
cathode connection. The Gold-film layer on N-type

also provides reflection from the bottom surface of
the diode.

« If any significant part of radiated light tends to hit
bottom surface then that will be reflected from the
bottom surface to the device top surface. This
increases LED's efficiency.



.

LED : Working Principle

» The charge carriers recombine in a forward-biased
P-N junction as the electrons cross from the N-
region and recombine with the holes existing in the
P-region.

* Free electrons are in the conduction band of energy
levels

« Holes are in the valence energy band.

» Energy level of the holes is less than the energy
levels of the electrons.
« Some portion of the energy must be dissipated to

recombine the electrons and the holes. This energy
Is emitted in the form of heat and light.
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LED : Working Principle
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LED : Working Principle

 Electron emit electromagnetic energy in the form
of photons.

» The energy of photons is equal to the gap
between the valence and the conduction band.

« Color of light can be determined by the band
gap of semiconductor material.
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LED : Applications

» LEDs are used in remote control systems such
TV or LCD remote.

« Used in traffic signals for controlling the traffic
crowds in cites.

» Used in digital computers for displaying the
computer data.

« Used in electronic calculators for showing the
digital data.

» Used in digital watches and automotive heat
lamps.
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Photocoupler

» Photocoupler or Optocoupler is a device that
transfers electrical signals between two isolated
circuits by using light.
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Photocoupler : Construction

« All optocouplers consist of two elements: a light
source (a LED) and a photosensor (a
photoresistor, photodiode, phototransistor,
silicon-controlled rectifier (SCR), or triac); which

are separated by a dielectric (non-conducting)
barrier
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Photocoupler : Working

« When input current is applied to the LED, it switches
ON and emits infrared light

« The photosensor then detects this light and allows
current to flow through the output side of the circuit

« When the LED is off, no current will flow through the
photosensor.

By this method, the two flowing currents are
electrically isolated. It consists of LED and
photodiode; where the circuits are isolated
electrically.

« In the following Figure, LED is forward biased,
photodiode is reverse biased and output exists
across R2.




Photocoupler : Working
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Photocoupler : Applications

 Input and output switching in electronically noisy
environments.

» Controlling transistors and triacs.
» Switch-mode power supplies.

« PC/ Modem communication.

« Signal isolation.

» Power control.
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MULTIVIBRATORS USING IC-555

« A multivibrator circuit oscillates between a “HIGH” state and
a “LOW?” state producing a continuous output.

- It generates square, rectangular, pulse waveforms, also
called nonlinear oscillators or function generators.

- There are basically three types of clock pulse generation
circuits:

= Astable — A free-running multivibrator that has NO stable
states but switches continuously between two states this
action produces a train of square/rectangular wave
pulses at a fixed frequency.

= Monostable — A one-shot  multivibrator that has
only ONE stable state and is triggered externally with it
returning back to its first stable state.

- Bistable — A flip-flop that has TWO stable states that
produces a single pulse either positive or negative In
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MULTIVIBRATORS USING IC-555
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Integrated Circuit(1C) Multivibrators

« The NES55 (also LM555, CA555) is a widely used IC
timer, a circuit that can run in either of two modes:
monostable (one stable state) or astable (no stable

states)
GROUND | 1 O g| +V
CcC
TRIGGER | 2 7 | DISCHARGE
NE 555
OUTPUT | 3 6 | THRESHOLD
RESET | 4 5| CONTROL VOLTAGE
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Integrated Circuit(1C) Multivibrators




Integrated Circuit(IC) Multivibrators
Astable Operation of the 555 Timer

 Circuit Diagram
« Charge time (High Time)

| 0 *Vee o t. = 0.693(R, + R,)C
8 4 + Discharge time (Low Time)
u 20 Vour = t, = 0.693R,C
» Total Time periodT is
o T=t.+td
> » The frequency is given by
1

2 1 Efﬂ:}

¢ I a * The duty cycle is

t
T

R, 555
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Integrated Circuit(IC) Multivibrators
Astq%lcale Operation of the 555 Timer
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Integrated Circuit(IC) Multivibrators
Astable Operation of the 535 Timer

= When Q is low, the transistor is cut off and the capacitor is charging through R1 and R2
resistance. Because of this, the charging time constant is (R1+R2)C. As the capacitor
charges, the threshold voltage (pin 6) increases. Eventually, the threshold voltage

2
exceeds gvcc- Then, the upper comparator sets the flip-flop.
= With Q high, the transistor saturates and grounds pin 7. The capacitor now discharges
through R2. Therefore, the discharging time constant is R2C. When the capacitor voltage
1
drops to slightly less than gvcc.- the lower comparator resets the flip-flop.

= The output is a rectangular wave that swings between O and V.. Since the charging
time constant is longer than the discharging time constant, the output is nonsymmetrical.
Depending on resistances R1 and R2, the duty cycle is between 50 and 100 percent.

=  When R1 is much smaller than R2, the duty cycle approaches 50 percent. Conversely,
when R1 is much greater than R2, the duty cycle approaches 100 percent.

= To make the duty cycle to become less than 50 percent. By placing a diode in parallel
with R2 (anode connected to pin 7), the capacitor will effectively charge through R1 and
the diode. The capacitor will discharge through R2.
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Integrated Circuit(IC) Multivibrators
Monostable Operation of the 555 Timer

o +Vee « Pulse Width is

I = W=1.1RC

”g 8 4 - The circuit has an external
! S oy, resistor R and a capacitor C.

- The voltage across the

*—e 555 . .
capacitor is wused for the

. 6 L threshold voltage to pin 6.

T J,z T 1~ 0.01u4F « When the trigger arrives at pin
= = = 2, the circuit produces a

TRIGGER
rectangular output pulse from

pin 3.
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Integrated Circuit(IC) Multivibrators
Monostable Operation of the 555 Timer
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Integrated Circuit(IC) Multivibrators
Monostable Operation of the 555 Timer

= Initially, the Q output of the RS flip-flop is high. This turn ON the
transistor and the capacitor discharge to ground through pin 7. The
circuit will remain in this state until a trigger arrives at pin 2.

1
- When the trigger input falls to slightly less than EVCC the lower

comparator resets the flip-flop. Since Q has changed to low, the
transistor goes OFF, allowing the capacitor to charge. At this time, Q
has changed to high.

- The capacitor now charges exponentially through R as shown in

Emveform. When the capacitor voltage is slightly greater than
=V e, the upper comparator sets the flip-flop. The high Q turns ON

ﬁ1e transistor, which discharges the capacitor almost instantly. At the
same instant, () returns to the low state and the output pulse ends.

- (@ remains low until another input trigger arrives.



Peak Detector Circuit

R4
I ﬁv LﬁM Vi,
. M\ :>|D1 | + . Voo +\/p
o, _ 0 >
c p
Vos

Vol oo o
.RC=10T S SEEE

Applications: < | =
o Used for AM in communication

o Used 1n test and measurement instrumentation applications.
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Peak Detector Circuit

- During +ve half cycle when the input voltage is positive, the diode is
conducting/ON and capacitor charges to the peak of the input
voltage.

- Second, when the input voltage is negative during —ve half cycle,
the diode is non-conducting/OFF and the capacitor discharges
through the load resistor.

» As long as the discharging time constant is much greater than the
period of the input signal (T), the output voltage will be
approximately equal to the peak value of the input voltage.

« This can achieved by making discharging time constant RC can be
made much longer than the period of the input signal (RC =2 10 T),
will get almost perfect peak detection of low-level signals.

- If the peak-detected signal has to drive a small load, to avoid
loading effects by connecting the voltage follower (op-amp buffer)
isolates the small load resistor from the peak detector. This prevents
the small load resistor from discharging the capacitor too quickly.
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Comparator

- Comparator circuit compares a single voltage on
one input of op-amp with a known voltage called
reference voltage (Trip point or trigger point) on
the other input and produces high or low output
depending upon relative magnitude of two input.
= Comparators with Zero Reference
= Comparators with Nonzero References
= Comparators with Hysteresis or Schmitt Trigger
= Window Comparator
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Comparators with Zero Reference

« Non-Inverting Comparator
+VE‘C ,l

Vout

+ Ii""':-;a‘t

Vout > Vin
0

—_ _Vsa‘t

_VEE

- Because of the high open-loop voltage gain, a positive input
voltage produces positive saturation, and a negative input
voltage produces negative saturation.

« Above circuit is called a zero-crossing detector because the
output voltage ideally switches from low to high or vice versa
whenever the input voltage crosses zero (input compares with
zero reference voltage).
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Comparators with Zero Reference

* Non-Inverting Comparator

+ Vcc

I
/

= Vi




Comparator
Comparators with Zero Referenpe

+ VCC

A
R

Vi O==AAN == -
Ll —.

+ Vsat

» Vin

_VEE . Vsat

« The input signal drives the inverting input of the
comparator. In this case, a positive input voltage
produces a maximum negative saturation, as shown In
above diagram. On the other hand, a negative input
voltage produces a maximum positive saturation.



Comparators with Zero Reference

+VG{:
R —_ — e
i Vout
| p— -+
- i
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_VEE _------r- I
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Vout
A
+Vsat
= |/
0




Comparators with Nonzero

References N

» Non-Inverting Comparator: Positive reference

+Vee

Q

Vi, © \+\ Vout
>_.‘::ermIt A +Viat
e A
R1 _l"{':EE o R1+R2 - Vref >
+Va';
_Vsat
RE
IS

positive and the output voltage is high (+Vsat). When Vin is less
than Vref, the differential input voltage is negative and the output

voltage is low (-Vsat).
* Vin > Vref then Vout = +Vsat
* Vin < Vref then Vout =- Vsat
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Comparators with Nonzero References

» Non-Inverting Comparator: Positive reference

L] +Vp e
Vv

iUI UI‘E' I-------- R R ] -------r-l---

Vin oV -
Vip , —:G—Tlll'le,t-é—h-

r--l"lllil'l Vin = Vref

V : : : :

_Vsat
Vour oV
- Wsat | o

o GO e TN, [ i

Vin = Vref

Input and Qutput Waveforms
For Positive Vref



Comparators with Nonzero

References |
* Non-Inverting Comparator: Negative reference

+ VC(T

V,
Vi, © + [im
Vout +Vsat
- R,
=_"2__ _y
Pref = R+ R, £ > Ui,
re

~Vee e

* Vin > Vref then Vout = + Vsat
* Vin < Vref then Vout = -Vsat
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Comparators with Nonzero References

* Non-Inverting Comparator: Negative reference

r +vp}
Vout
A
+ Vﬁﬂt Win oy

= Wref

h—l,.l'l-n —‘.Irp 1------1---r--:1--
urref 1u' = \r F

sat
_Vsat

Viour oW

- Vsat

— TiE, | —
Win < Vref

Input and Output Waveforms
For Negative Vref



R,

Comparators with Hysteresis /Schmitt
Trigger

 Inverting Schmitt trigger

« When the comparator is positively saturated, a
positive voltage is fed back to the noninverting
input. This positive feedback voltage holds the
output in the high state.

- Similarly, when the output voltage is negatively
saturated, a negative voltage is fed back to the
noninverting input, holding the output in the low
state.



Schmitt Trigger

+ VCC
Vout
o _ .
' - _ 1
Vin O Vout B= R1 N Rz +v5,at
g UTP = BV, |
» Vin
_VEE H1P= _Bvsat _Bvsat Bvsat
Vi = 2BV,
_Vsat
Ry
R 1
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Schmitt Trigger
 Inverting Schmitt trigger

UTP

+ VSET LTF |-

.
>

sat
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Schmitt Trigger

 Inverting Schmitt trigger

« The output voltage will remain in a given state until the
input voltage exceeds the reference voltage for that
state.

« For instance, if the output is positively saturated, the
reference voltage is +BVsat. The input voltage must be
increased to slightly more than +BVsat to switch the
output voltage from positive to negative, as shown in
input/output response has hysteresis.

« Once the output is in the negative state, it will remain
there indefinitely until the input voltage becomes more
negative than -BVsat. Then, the output switches from
negative to positive shown in input/output response has

h\ lt\‘l'f\rf\f\:(\
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Schmitt Trigger

Applications of Schmitt Trigger:

Schmutt trigger 1s used 1 many applications, where level needs to be sensed. Hysteresis 15 used to reduce
the multiple transitions that can occur around.

o Digital to analog conversion

o Level detection

o Line reception.
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Window Comparator

« An ordinary comparator indicates when the input
voltage exceeds a certain limit or threshold.

A window comparator (also called a double-
ended limit detector) detects when the input
voltage is between two limits called the window.
To create a window comparator, will use two
comparators with different thresholds.
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Window Comparator

+ Vag

LTP © RN D,

Az\\ 'I =
(o]

~Vee LTP UTP

= Vi
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Window Comparator

« Low Output between Limits

 Circuit shows a window comparator that can produce a low
output voltage when the input voltage is between a lower and
an upper limit.

« When Vin is less than LTP or greater than UTP, the output is
high. When Vin is between LTP and UTP, the output is low.

« Operation:

= When Vin < LTP,comparator A1 has a positive output and A2 has
a negative output. Diode D1 is on and D2 is off. Therefore, the
output voltage is high.

= Similarly, when Vin > UTP, comparator A1 has a negative output
and A2 has a positive output. Diode D1 is off, D2 is on, and the
output voltage is high.

= When LTP < Vin < UTP, A1 has a negative output, A2 has a
negative output, D1 is off, D2 is off, and the output voltage is low.
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Active Filters

« An electric filter is often a frequency selective circuit that
passes a specified band of frequency and blocks or
attenuates signals of frequencies outside this band.

« Active filters employs transistor or op-amp in addition to
resistor and capacitor.

« RC network are used for filter.

« The most commonly used filters are follows:
= Low pass filters
= High pass filter
= Band pass filter
= Band reject filter.
= All pass filter
- Next slide shows the frequency response characteristics of
the five types of filter. The ideal response is shown by dashed

line. While the solid lines indicates the practical Afilter
response.
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Active Filters

F'Y "
2 . &
Fasﬁ
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I
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: i
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Slap I : Stop
bamd . barnd
i ba I
1
i 1
) ‘I‘l’n-ql..l-n-lt;.r . Freguemoy
fL f{: fH_ fl_ f{: fH
Band pass filter Band reject filter
Vil VICIIJI

Phase shift betweamn

input anmnd output of
all pass filter

Adl pass filter
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Active Filters

- A filter that provides a constant output from dc up to
a cut-off frequency f, and then passes no signal
1gbove that frequency Is called an ideal low-pass
iiter

- A filter that provides or passes signals above a
cutoff frequency f_ is a high-pass filter, as shown in
previous slide.

« When the filter circuit passes signals that are above
one ideal cutoff frequency (f ) and below a second
cutoff frequency, (f,) itis called a bandpass filter.

« Two types of filters
= First Order Filter — One capacitor used
= Second Order Filter — Two or more capacitor used



Active Filters- Low-pass filter

* Non-Inverting unity gain

= |t is nothing more than an RC lag circuit and a voltage follower.
The voltage gain is: Av=1.

When the frequency increases above the cutoff frequency,
the capacitive reactance decreases and
noninverting input voltage.

Since the R1C1 lag circuit is outside the feedback loop, the
output voltage rolls off. As the frequency approaches
infinity, the capacitor becomes a short and there is zero

[m}

Vin O—"\\/\/ l +

iInput voltage.

out

A= 1

1
f,=
27xR,C,

reduces the



Active Filters- Low-pass filter

* Non-Inverting with voltage gain

Rs

A, + 1

I3

fo=
2zR5C,

= Although it has two additional resistors, it has the
advantage of voltage gain.



R,

Active Filters- Low-pass filter

 Inverting with voltage gain

Cy
|{
I\

R4
IIIIIIil'l G M hd - 1
'J'r t f —
. o ¢ 2zR,C,

= As the frequency increases, the capacitive reactance
decreases and reduces the impedance of the
feedback branch. This implies less voltage gain.

= As the frequency approaches infinity, the capacitor
becomes a short and there is no voltage gain.




Active Filters- High-pass filter

* Non inverting unity gain

] |/
Vin © 1 * ,
out
R _

« When the ’rrequ:ency decreases below the cutoff
frequency, the capacitive reactance increases and

A, =1

|
fe=
27zR,C;

reduces the noninverting input voltage.

» Since the R1C1 circuit is outside the feedback loop,
the output voltage rolls off. As the frequency
approaches zero, the capacitor becomes an open

and there is zero input voltage.




Active Filters- High-pass filter

* Non-Inverting with voltage gain

v, O + -
Vout _ 2
R, _ A, = R, +1
— R, p 1
VWV ¢ 27R;C,
R4
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Active Filters- High-pass filter

 Inverting with voltage gain
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Active Filters- Second Order Filter
Low Pass/High Pass Filter

« Generalized form of second order filter
_ I 32 >_Q Av = &_4_1

l.i'm =+ R1

""'ﬂut

T _ 1
Q=3 —A,

- 1

.

o If Z1=Z2=R and Z3=Z4=C get second order low pass

filter
« If Z1=22=C and Z3=Z4=R get second order high pass

filter



Active Filters- Band-pass Filter

» Two types of band pass filter
= Wide band pass filter
= Narrow band pass filter



Active Filters- Band-pass Filter

- Wide Band Pass Filters
= Cascade of low-pass and high-pass filter

v HIGH PASS | | LOW PASS V... fo=Vfif>
" ' BW =f, = fi
_Jo
¢ =pw

0dB = +
-3 dB =




Active Filters- Band-pass Filter

« Narrow Band Pass Filters

-R
A= 2m,
;‘“_\C Hz 1
R
Ry Q=05 |2
T
+

22CVR,R,

* In the circuit the input signal goes to the
inverting input rather than the noninverting input.
Also the circuit has two feedback paths, one
through a capacitor and another through a
resistor.



Non-Linear Amplifier

« In this amplifier the gain value is non-linear
function of the amplitude of the input signal.

- The gain may be large for weak signal and very
small for large signal this can achieved using
non-linear device such as PN junction diode as

shown belo fier.

. K
Uin

E,)"G”i:
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Non-Linear Amplifier

- Working:
= For small value of input signal, diodes act as open

circuit and the gain is high due to minimum
feedback.

= When the amplitude of input signal is large,

diodes offer very small resistance and thus gain is
low.



Relaxation Oscillator
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Relaxation Oscillator

* In circuit, there is no input signal.

« Nevertheless, the circuit produces a rectangular output signal.
This output is a square wave that swings between —Vsat and
+Vsat. How is this possible?

« Assume that the output is in positive saturation. Because of
feedback resistor R, the capacitor will charge exponentially
toward +Vsat, as shown in waveform. But the capacitor
voltage never reaches +Vsat because the voltage crosses the
UTP. When this happens, the output square wave switches to
—Vsat.

- With the output now In negative saturation, the capacitor
discharges, as shown in waveform. When the capacitor
voltage crosses through zero, the capacitor starts charging
negatively toward —Vsat. When the capacitor voltage crosses
the LTP,the output square wave switches back to +Vsat. The
cycle then repeats.



Current-To-Voltage Converter

 Also called transimpedance amplifier

« Consider the simple Op-Amp circuit to convert / fo V, as shown in
the following Figure. . \;:R _

i ({) Vout

Since, current through the Op-Amp 1s negligible:/s = I7

Vg — Vo
I, = I = R,
By virtual ground concept: as node A 1s grounded. node B will be virtually grounded. Therefore, V'3 = 0.
Therefore,
I. = _—VD Or, V,= IR
5 Rf r 0 5

Thus. output 1s proportional to the input current /5. and the circuit works as 7 to V converter.
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Voltage-To-Current Converter

 Also called transconductance amplifier

« For a single input, the current in the load resistor is given
by I, =1 =Vin/R. from this equation it is obvious that the
output current | is independent of load resistance and is
proportional to the input voltage. This is because of the
virtual ground at the inverting input terminal of the op-
amp.

R
l > Vout
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VOLTAGE REGULATORS introduction

—_—

A\v ¢?_/VVV\\N\J\_

\ p \

Transformer Rectifier Filter IC regulator Load

120 V rms

« Power supply: a group of circuits that convert the
standard ac voltage (120 V, 60 Hz) provided by the wall
outlet to constant dc voltage

» Transformer : a device that step up or step down the ac
voltage provided by the wall outlet to a desired amplitude
through the action of a magnetic field
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VOLTAGE REGULATORS introduction

» Rectifier. a diode circuits that converts the ac input
voltage to a pulsating dc voltage

« The pulsating dc voltage is only suitable to be used as a
battery charger, but not good enough to be used as a dc
power supply in a radio, stereo system, computer and so
on.

« Filter. a circuit used to reduce the fluctuation in the
rectified output voltage or ripple. This provides a steadier
dc voltage.

» Regulator: a circuit used to produces a constant dc
output voltage by reducing the ripple to negligible amount.
One part of power supply.
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VOLTAGE REGULATORS introduction

« Voltage regulation is the process of keeping a voltage
steady under conditions of changing applied voltage,
changing load and temperature.

« There are two types of voltage regulators: shunt and series.

NEED FOR REGULATORS
A voltage regulator is used for two reasons:-
» To regulate or vary the output voltage of the circuit.

» To keep the output voltage constant at the desired value Iin-

spite of variations in the supply voltage or in the load
current.
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VOLTAGE REGULATORS:
Factors Affecting the Load Voltage:

l. Load current (Iy): Ideally the output voltage should remain constant in-spite of changes in the
load current, but practically the power supply without regulator, the load voltage decreases as

load current. ;. increases. For practical power supply regulator, the load voltage must be constant

through load to full load condition.

I

Line voltage: The input to the rectifier is AC (230 V) 1s the line voltage. This input decides the
output voltage level. If mput changes. output also changes. So this affects the performance of
power supply. So ideally voltage must remain constant irrespective of any changes in the line
voltage.

3. Temperature: In the power supply. the rectifier unit 1s used which uses PN-junction diode. As the
diode characteristics are temperature dependent. the overall performance of the power supply 1s

temperature dependent.
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VOLTAGE REGULATORS:
Performance Parameters of a Power Supply:

I. Line Regulation: If the input to the rectifier unit i.e. 230 V changes. the output DC of rectifier
will also change and since the output of rectifier is applied to the regulator, the output of regulator
will also vary. Thus the source causes the change in output. This 1s as source regulation or line
regulation. It 1s defined as the change in regulated DC output for a given change in input (line)

voltage. Ideally the source regulation should be zero and practically it should be as low as

possible.

]

Load Regulation: Load regulation 1s defined as the change in the regulated output voltage when
load cwrent 1s changed from zero (no load) to maximum value (full load). The load regulation

ideally should be zero. but practically it should be as small as possible. The following Figure

: . : Ve =V
shows the load regulation characteristics. Percentage load regulation = [%] +* 100
FL



VOLTAGE REGULATORS:
Performance Parameters of a Power Supply:

L5 Voltage Stability factor (Syv): Voltage stability factor shows the dependency of output voltage on
the input line voltage. Folrage stability factor 1s defined as the percentage change in the output
voltage which occurs per volt change in mput voltage, where load current and temperature are
assumed to be constant. Smaller the value of tlus factor, better 1s the performance of power
supply.

4. Temperature Stability Factor (S,): As m the chamn of power supply we are using semiconductor
devices (diodes in rectifier block) the output voltage 1s temperature dependent. Thus the
temperature stability of the power supply will be determuned by temperature coefficients of
various temperature sensifive semuiconductor devices. So, 1t 1s better to choose the low
temperature coefficient devices to keep output voltage constant and independent of temperature.
S, must be as small as possible, and ideally 1t should 1t should be zero for a power supply.

5. Ripple Rejection Factor (RR): The output of rectifier and filter consists of ripples. Ripple
rejection 1s defined as a factor which shows how effectively the regulator rejects the ripples and
attenuates 1t from input to output. As ripples in the output are small compared to mput. the RR 1s

Voippre (OUTPUT )
Vrippre (INPUT)

very small and in dB, 1t 1s in negative value. Rapple rejection factor =

Veippre (OUTPUT )
Veipprg (INPUT)

When expressed in decibels, ripple rejection equals 20 log [ ] dB

rippLE INPUT)
1+Loop Gain

: v
Also, Vgpprp (output) =
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VOLTAGE REGULATORS: Types of Regulator

« The series regulator is connected in with the load
« The shunt regulator is connected in parallel with the load.

Rs
Vin O—/\N\, T
Series
V. O
" regulator Shunt T
Load regulator
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VOLTAGE REGULATORS: Series Regulator
Circuit

« Control element in series with
load between input and output.

 Output sa_mple circuit senses . Gont
a change in output voltage. " element
« Error detector compares !
sample voltage with reference
voltage — causes control Reference Error Sample
element to Compensate in V()l[ﬂgﬂ detecmr cirr.:uit
order to maintain a constant
output voltage l
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VOLTAGE REGULATORS: Series Regulator
Circuit

- The unregulated input voltage o Il

provides current to the load. o =
. V, ~AVW—1 y Vo V)
- Some of the current is pulled l}fm I
away by the control element. Control L!L
- If the load voltage tries to Control ignal Sampling
change due to a change in the i o gRL |
load resistance, the sampling (load)
circuit provides a feedback Reference ey
signal to a comparator. voltage "G gk
« The resulting difference voltage signal =

then provides a control signal to
vary the amount of the current
shunted away from the load to
maintain the regulated output
voltage across the load.
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D to A and A to D converter

- WHY A to D?
= Real world signal appear in analog form
= Difficult to process, transmit, store in physical form
= Computer perform operation quickly , efficiently
s Development in digital technology
- WHY D to A?

= Computer need to communicate with physical
processes , people
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Typical A/D and D/A Converter

Analog
signal
Transducer Antialiasing] Sample and
sensor | filter Hold ABC
DSP/
Comparator
‘ Stair case signal

2 4 Smg;::t:mg L gn T




Typical A/D and D/A Converter

1. Obtain analog signal from sensor or
transducer

2. Using anti aliasing filter restrict bandwidth of
the signal

3. Sample the signal at a frequency rate more
than twice maximum frequency of band limited
frequency

4. Hold sampled signal using hold circuit during
conversion
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Typical A/D and D/A Converter

1. Feed the discrete signal to A to D Converter

2. A to D Converter converts the signal to digital
signal

3. Digital signal is converted to analog signal
using D to A Converter

4. Output of D to A Converter is stair case
waveform

5. Stair case waveform is passed through
smoothing filter to remove quantized noise
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Basic DAC Techniques

MSB
b ——>

3 e |
D1g1tﬁl JI h" n-bit ____‘..-} Va = Analog output
inputs TG DAC

LS

Vo = kVps(b127 2 4+ bo272 + b323 + . b,27™)
Where. ¥y — Output voltage
Frs— Full scale output voltage
k — Scaling factor (usually 1)
bj. . ., b, —n-bit binary fractional word with decimal point located at the left
b; — MSB with a weight = Vgy/2
b, — LSB with a weight = Vgg/2"



Performance Parameters of DAC

1. Resolution:
Ratio of change in output voltage resulting
from a change of LSB at the digital input.
Resolution = V 5es/2" — 1
V, = Resolution x b

2. Accuracy
Measure of how close the actual output
voltage is to the theoretical output value

Vors
(2" —1)2

Accuracy =



Performance Parameters of DAC

3. Setting Time:
Setting time is the time required for a DAC
output to settle within £ 1/2 LSB of final value
for a given digital input.

3. Stability:
The performance of a DAC is not stable due to
the parameters such as temperature, power
supply variations, and ageing.



Binary Weighted Resistor DAC

2 7 I, I, i
i e Q Q ? ? "
W s +

]

1 I 1

i 1 |

1 ! I

bl fi—'} b ———

[:]'--u--——

1

« When the switch is ON : I= V /R
« When the switch is OFF : | = 0.
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Binary Weighted Resistor DAC

- total current through R;
I=1+ [+ [+ ...+

L/ S WL S
T IRt T 2pT2 T 23R 73 2MR

by,

Vr -1 -2 -3 —n

= ﬁ[bﬁ + be27°+ b327° 4+ ...+ by,27"]
The output voltage is;  Vp=-IRs

v,
e Vo= — B2 + 27+ b2 4 4 52

If R =R; Or, Vo= —Vg|by27 1+ bp272+ b323 + .+ b,27"
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Drawbacks of DAC

« Large range of resistor values are required, as
resistance values increases like 2'R, 2°R, 2°R, .
.., 2"R.

 Practically it's difficult to fabricate large values of
resistors on IC.
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R-2R Ladder type DAC

V

» Due to virtual ground, both the positions of the
switches are at ground potential, and currents
through the resistances are constant.
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R-2R Ladder type DAC

The current tlowing through each of 2R resistances:
e W2 Vo WA W /@)
)R % 2R 4R 57 2R S8R " 2R
But, Vﬂ _ffRf = _Rfal + fz + ..+ IN

Iy =

| Vi
I.E.,Vﬂ= _Hf[ZHbl—l_ﬁl-Hbz—l_ +2“Rb]
OnVp= —ER: 527 + 27 + 4 b,27"]

IfR=R Vo= —Vg[bi2t+ b27%+ .. +b,27"]



R-2R Ladder type DAC :

Advantages
 As it requires only two types of resistors,
fabrication and accurate value of R-@R can be
designed.

» Node voltage remains constant, and hence,
slow down effect can be avoided.
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Example 1:

The digital input for a 4 bit DAC is D = 011l. Calculate its output voltage take

Vo =15 V.

' 5
Vobs _ .3 = 1v/13B

s D SR

Resolution

.. ¥, = Resolution x D
D = Decimal values (0111) =7

1||'."
sk e
LSH

V. =TV




A 8 bit DAC having resolution of 22mv/LSB. Calculate V ;¢ and output if the input is

(10000000),.
Given: resolution = 22 mV, Input = (1000000),

I:m]"‘i-
Resolution =
CSOIULON E” —I
V e
22my = ==
2° -1
Vps =56V

D = equivalent of (10000000), = 128
V=22x107% 128=28YV,



Calculate output voltage produced by DAC, when output range is between 0 and
10 V for input binary number.

a) 10 (2 bit DAC ) b) 0011

a)  From equation (9-7) we can write,

V, =10 V[ix—l-ﬂ]le =SV
2 4

b)  From equation (9-7) we can write,

1l

V, =10V Dxl+ﬂxl+1x1+1xi
2 = 8 16

1.875 volts.
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Calculate the values of the LSB and full scale output for 4 bit DAC for 0 to 10 V range.
We have, l i
ISB= — = —
Sl §
For 10 V range,
10V

LSB = — = 625mV
16

and
MSB = [%JFuHscalc

= l}ifﬂ =3V
2

Full scale output = Full scale voltage — 1 LSB

=10 -625mV=90375V
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A-D Converters

Start EOC
T
; ] M5B
A 2,
Analog input] : |
v E | Digital
it £ [ 1 cutput
_fh' I
:Il':l

T llf:mi'-::ﬁ:l:u:-:

» Types: Direct type ADCs and Integrated type
ADCs
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Flash (Comparator/ Parallel) type

ADC:
. 2-bit Flash ADC

— o P, {analop input)
K b 2
i .
5
% :

{ enGoder
e, s, . —
i
-+
\ .-"::, .
'|:| 1'._r F—-.!..-"’f

T

|LJ
s
.

2aline

o

¥, = F; (previous value)
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Flash (Comparator/ Parallel) type

ADC:
. 2-bit Flash ADC

Analog input voltage (V) (X, X X, X |Y, Yo
v

b W o o o 1 |0 o
4

Vi o 2VR TR S, TR O b

4 4 —

Lt L TR SR G O

A

3V

4_11_ oV, TR A L B
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3-bit Flash ADC

+Fyp (Referonce vollage)
A : F’L a5
- J Az —_— A
= Y =
e —t
g
&
- i Fy Input voltage | Logic output (X)
- ¥
. | 'l. =
WV, = Vg b4 1
& V, < Vg X=0
2 3 - WV, = Vg Previous value
= P
= P i £
" BISHE
\ _ e
Ay Eo R T |
e ) =L
B - 3 Line T
j i it
B encodder ——=7;
- = 3 L=n
.'l'_.
3 ,
==
A
= ¥n 1 -
=
? R
I b
1 3 -
il =
&
I =
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3-bit Flash ADC

Input voltage (V,) Xo | Xg | %5 | X4 X [ % 1% | %] Y2 0
0 1} 0 0 0 0 1 0 0 0
a ta v—ﬁ ?
]
Vi . Vi 0 0 0 0 a o 1 i a o 1
B 4
Vi 3V 0 0 0 0 0 1 1 1 (1] 1 0
4 B
_3-.,.,-_H e Vi 0 1) 0 0 1 1 1 1 0 1 1
a z2
Vi 5Vg 1] ] 0 i 1 1 1 1 1 0 0
— 'tﬂ. =L
2 8
5\ Vg o |0 1 1 1 1 1 1 1 1] 1
e — tn e
i |
: ] 1 1 1 1 1 1 1 1 1 0
3||"II_R tﬂ m
4 B
1 1 i 1 1 1 1 1 1 1 1
EF' to Wi
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Flash (Comparator/ Parallel) type
ADC:

- Advantages:
= High speed

- Disadvantages:

= Number of comparators required is almost double
for each added bit

s E£g.: For 2-bit ADC; No. of Comparators = 4 (22)
For 3-bit ADC; No. of Comparators = 8 (23)
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Successive Approximation type
ADC

» Serial data putput
Successive Approximation Register L SC{Start conversion)
(SAR)
" CC{Conversion complete)
Latch enable .l‘
M5B
G| @] & G 151

— |
J-hit e i | Digital
LATCH  j———aed, | outpul

—
Comparator .
'
T T___.. -
2 LSB
BU

¥, 4-bit DAC

o
Analog input (F,)
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Successive Approximation type
ADC

1111 :ll]l
1110 1110

Vo< 1101
1100 %] 100
Vi > V. PRI o e 711
r ——a 1]
1-| = I'ﬂ. T lr-l'][] : _‘__'I'n"]
11
1000 100
——

20111

0111

V,<V ¥ ) 0110 o T U
(101
V.=V, 0101 ‘[
100
(1104
V>V (011 l Ll
W10

0010 — 1|
0001

TN
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Successive Approximation type
ADC

» The conversion time for n-bit successive
approximation ADC is (n + 2) clock periods.
- Advantages:
= Considerably good speed
= (Good resolution.
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The Basic Gates &

Combinational Logic Circuits
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<& Donald P Leach, Albert Paul Malvino & Goutam Saha:
Digital Principles and Applications, 7t Edition, Tata McGraw
Hill, 2015




Basic Gates-1

& @

A logic gate is a digital circuit with 1 or more input voltages but only 1
output voltage.

Logic gates are the fundamental building blocks of digital systems.

By connecting the different gates in different ways, we can build circuits that
perform arithmetic and other functions associated with the human brain.

Because the circuits simulate mental processes, gates are often called
logic circuits. NOT, OR & AND gates are the basic types of gates.

The inter-connection of gates to perform a variety of logical operations
is called logic design.

The operation of a logic gate can be easily understood with the help of "truth
table".

A truth table lists all possible combinations of inputs and the
corresponding outputs.



Basic Gates-2

<& NOT GATE (INVERTER)

& Itis a gate with only 1 input and a complemented output.

- AlY 4lY
LIH 0]1
_A—i>°—1’ H|L 110

(a) - (b)

15V |
14] [13] [i2] [u] [i0] [o] [8
| I-DJ "DO‘I |'>""'I Pin 1
7404 4 BCDETFGUH I
![ | I-: | I[: | Pin 2
T 2T 13T 147 157 Tel 17 A BCDETFGH I
R GND




Basic Gates-3

<& AND GATE

& This is a gate with 2 or more inputs.

(a) (b)

<& The output is HIGH only when all inputs are HIGH. |
/ 4 B ClY
0 0 010
A B|Y 0 0 110
. 6 1 010
0 010 A —
O il =D S1IS
1010 I 0 00
R R 1 0 10
(a) (b) 1 1 010
1 1 111



Basic Gates-4

+VCC
14 13 12 11 10 9 8
7 LT
7408
R —
1 2 3 4 5 6 7
GND
Pin | Hi s 4
B D F H
Pin 2 H| s Ve i
4 B C p E F G H I
Pin 3 R ' H
C D G K

Timing diagram




Basic Gates-5

<& OR GATE

& This is a gate with 2 or more inputs.

&

o~
—— D O
—_— D — D I
l—l.yu-all—lchq:

(b)

(a)

& The output is HIGH when any input is HIGH.

A B ClY
00 00
0 0 1]1
01 0]l
0 1 1]1
10 0!
1 0 1]l
11 0§21
1111

(b)
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Basic Gates-6

14

1

10

7432

GND

Pin |

Pin 2

Pin3

L L
D F H

L L
DEFG HI

L L
D E




Basic Gates-9

<& NOR GATE

& This represents an OR gate followed by an inverter.

_— T e S (e




Basic Gates-10

@ (b) )

Universality of NOR gate (a) NOT from NOR, (b) OR from NOR,
(c) AND from NOR

AB

il

Y

X




: Basic Gates-11

<& NAND GATE

& This represents an AND gate followed by an inverter.

Oy T D

(a) (b)

{140 1130 4120 1111 410{ 19 {8

f} ' j}r

— Sy e = | S

(d)




Basic Gates-12

<& Universality of NAND Gate

j Y=4+8B

i

AB

—Drc
4 B— _ Y

)

Universality of NAND gate: (a) NOT from NAND, (b) AND from NA'ND,
(c) OR from NAND

L
)

)




Positive and Negative Logic-1

& We use a binary 0 for low voltage and a binary 1 for high
voltage. This is called positive logic.

& Another code known as negative logic where binary 0O
stands for high voltage and binary 1 for low voltage.




Positive and Negative Logic-2

<& Positive and Negative Gates

<& An OR gate in a positive logic system becomes an AND
gate in anega Positive OR 7

— >—

" Negative AND

o

— o e |
L sl s it e | "'Q
[ T e

Coo |~

P

itive logic system Negative logic system



Positive and Negative Logic-3

& In a similar way, we can show the truth table of other gates
with positive or negative logic. By analysing the inputs and
outputs in terms of Os and Is, you find these equivalences
between the positive and negative logic:

Positive OR <> negative AND
Positive AND = <> negative OR
Positive NOR ¢ negative NAND
Positive NAND > negative NOR

late. s S h Definition

=P051t1ve OR!neganve AND t-- e Output is high if any input is high.

Ppsmve AND/negative ( OR e Output is high when all inputs are high.
;_EPosmve NOR/negative NAND.. S Qutput is low if any input is high.
- _--3;;:3 ~ Positive NANDfﬂﬂgatwe NOR s QOutput is low when all inputs are high.

\\



Positive and Negative Logic-4

& Assertion-level logic

& Logic circuits with bubbles on all pins with active-low
signals and omit bubbles on all pins with active-high
signals. This use of bubbles with active-low signals is
called assertion-level logic.

& If a low input signal turns on a chip, you show a bubble on
that input. If a low output is a sign of chip action, you draw a
bubble on that output. Once you get used to assertion-level
logic, you may prefer drawing logic circuits this way.




INTRODUCTION TO HDL-1

& HDL is a language that describes the hardware of digital systems in a
textual form. It resembles a programming language, but is specifically
oriented to describing hardware structures, dataflow and behaviors.

& The main difference with the traditional programming languages is
HDL’'s representation of extensive parallel operations whereas
traditional ones represents mostly serial operations. HDL can be used
to represent logic diagrams, Boolean expressions, and other more
complex digital circuits

& There are two standard HDL'’s that are supported by IEEE.

& VHDL (Very-High-Speed Integrated Circuits Hardware Description
Language) - Sometimes referred to as VHSIC HDL, this was developed
from an initiative by US. Dept. of Defense.

& Verilog HDL - developed by Cadence Data systems and later
transferred to a consortium called Open Verilog International (OVI).




INTRODUCTION TO HDL-2

o O

Verilog: Verilog HDL has a syntax that describes precisely the
legal constructs that can be used in the language.

It uses about 100 keywords pre-defined, lowercase, identifiers
that define the language constructs.

Example of keywords: module, endmodule, input, output wire,
and, or, not , etc.,

Any text between two slashes (/) and the end of line is
interpreted as a comment.

Blank spaces are ignored and names are case sensitive.

A module is the building block in Verilog. It is declared by the
keyword module and is always terminated by the keyword
endmodule. Each statement is terminated with a semicolon,
but there is no semi-colon after endmodule.



INTRODUCTION TO HDL-3

module testckt(x,p,a,b,c); //module name with port list

input a.b,c; //defines mput ports
output x,y: //defines output ports

testckt //module body begins next describing logic relation
y Bt .

/fmodule body ends
endmodule




INTRODUCTION TO HDL-4

module or_gate (A, B, Y);

input A, B; // defines two input port

output Y; | | defines one output port

or g1(Y,AB); /*Gate declaration with predefined

keyword or representing logic OR, g1 is optional
user defined gate indentifier®/
endmodule

& The syntax for the basic gate
& E.g. For OR gate or (output, input 1, input 2, input 3, input 4)
& For NOT gate, not (output, input)




: INTRODUCTION TO HDL-5

module eg1(A,B,C,D,Y);
input A,B,C,D;
output Y;

wire and_opl, and_op2;-

and g2(and_op2,C,D); //g2 represents lower AND gate
or g3(Y,and_opl,and_op2); // g3 represents the OR gate

endmodule




INTRODUCTION TO HDL-6

module eg2(a,b,c,x,y);
input a,b,c;

output x,y;

wire or_op1, or_op2;
or g1(or_op1,a,b);

or g2(or_op2,b,c);

nor g13(x,c,or_op1);

nand g4(y,or_op1,or_op2);

endmodule




SUM-Of-PRODUCTS (SOP)
Method-1

& Possible ways to AND two or more input signals that are in
complement and un-complement form.

& A SOP expression is two or more AND functions ORed
together.




SUM-Of-PRODUCTS (SOP)
Method-2

<& ANDing two variables and their complements

EpEiapTapRtapY
() ) 9 o

SR F itndametital Product b £
g e

— OO A
—_0o —= O |




SUM-Of-PRODUCTS (SOP)
Method-3

The fundamental products are also called
minterms.

Products AB,AB, AB,AB are represented by mO,
ml, m2 and m3 respectively. The suffix 1 of mi
comes from decimal equivalent of binary values
that makes corresponding product term high.




SUM-Of-PRODUCTS (SOP)
Method-4

<& Example:

ABC,ABC,ABC,ABC,ABC, ABC, ABC, ABC

A— B— B )
C C C
(a) (b) (©)
o B - C . Fundamental Products
o 0 i ABC
S50 0 1+ ABC
0 1 0 ABC
0 1 i ABC
10 0 ABC
1T 0 £ ABC
= TR ABC
i 1 Gl ABC




SUM-Of-PRODUCTS (SOP)
Method-5

& The above three variable minterms can alternatively be
represented by mo, m1, m2, m3, m4, m5, m6, and m7
respectively. Note that, for n variable problem there can be
2" number of minterms.

& The fundamental products by listing each one next to
the input condition that results in a high output.

<& For instance, when A=1,B =0 and C = 0, the fundamental
product results in an output of

Y=ABC=1-0-0=1




Sum-of-Products Equation-1

=  Sum-of-Products Equation

»  The Sum-of-products solution, for given a truth table shown below.

x
h<

- -0 00O N
—_——_e = O D

— -0 0 =0

= Write down the fundamental product for each output 1 in the truth table. For example,
the first output 1 appearsforaninputof A=0,B=1, and C = 1. The comresponding
fundamental productis ABC.




Sum-of-Products Equation-2

A B C ¥
0 0 0 0
0 0 1 0
0 i 0 0
0 1 1 1 - ABC
1 0 0 0
1 0 1 1= ABC
1 1 0 1 — ABC
1 1 1 1 = ABC

& Toget the sum-of-products equation, all you have to do is
OR the fundamental products

V=ABC+ABC+ ABC + ABC

& Alternate representation

Y =F(4,B,C)=Zm(3,5,6,7)




Sum-of-Products Equation-3

& where '):' symbolizes summation or logical OR operation
that is performed on corresponding minterm’s and Y = F (A,
B, C) means Y is a function of three Boolean variables A, B

and C. This kind of representation of a truth table is also
known as canonical sum form.




: Logic Circuit

4___— N\ ABC

|/
A ABC
=%
—
44___] 7
B | )ABC |
C‘ |

T\ ABC
L/




Logic Circuit

= |ab Experiment

= Design and implement

Half

adder,

Full

Subtractor, Full Subtractor using basic gates.

= Half Adder:
= Jruth Table for Half Adder

/

Output

Sum (S)

Carry (C)

0

0

0

0

1
1
0

= | OgIC EXpression

» S=—AB+AB
» C=A.B

o

I

K

Adder,

v

Half



Logic Circuit

Laws and Rules of Boolean Algebra

Commutative Law
Associative Law
Distributive Law

Null Elements

Identity

Idempotence
Complement
Involution
Absorption (Covering)
Simplification
DeMorgan's Rule
Logic Adjacency (Combining)

Consensus

A\ \

A+B=B+A
A+(B+C)=(A+B)+C
A (B+C)=A-C+A-B
A+1=1

A+0=A

A+A=A

A+A=1

Ll
(L

A+A-B=A

A+A-B=A+B
A+B=A-B

A-B+A-B=A
A-B+B-C+A-C=A-B+A-C

A-B=B-A
A-(B-C)=(A-B)-C
A+B-C=(A+B)-(A+C)
A-0=0

A-1=A

A-A=A

A-A=0

A(A+B)=A
A(A+B)=A-B
A-B=A+E
(A+B)-(A+B)=A
(A+B)(B+C)(A+C)=
(A+B)-(A+C)



TRUTH TABLE TO
KARNAUGH MAP-1

& A Karnaugh map (K-Map) is a visual display of the
fundamental products needed for a sum-of-products
solution.

& Also simplification of logical expression.




& Two-Variable Maps

TRUTH TABLE TO
KARNAUGH MAP-2

BRRERE EEre B 2
G 0 4
=Y 1 s |
B_B BB Y N
Al 0 1 A A
Al 2 3 Al 1 A 1 !

LN

o [wi

—

— oltc




TRUTH TABLE TO
KARNAUGH MAP-3

<& Three-Variable Maps

& Example: Y = F(A, B, C)

AB
AB
AB
AB

Al

AB
AB

- AB

AB

SN Y ESHE<-N fe|

w9 |w | =0

AB
AB

AB

AB

=NXm(2 8 7\

4 B G Y
0 0 0 0
- 0 g 0
L) ! il 0
; ] 0 :f 0 i 0
e 0 i o 0
A 1 0 1
| 1 S !
cC C cC C
ABl 0O | 0
] ABl1 | 0
1| ABl 1|1
ABl O | 0




TRUTH TABLE TO
KARNAUGH MAP-4

AB, AB, AB, AB?
c cC c C cC C
AB ABL O 1 AB{ 0 1
AB AB} 2 3 AB{ 2 3
AB ABl 6 7 AB| 6 7
AB ABl 4 5 ABl 4 5

(a) (O (b)




TRUTH TABLE TO
KARNAUGH MAP-4

Eg, EB, AB, AB?

3 B T
T ¢ Toc N P
AB ABl o0 1 B
- - ABl2 3
B aBl2 3

AR A T

AB - AB1} 6 7 AB | 4 5
AB ABl4 5 b)

(a) ~ (b)




TRUTH TABLE TO
KARNAUGH MAP-5

<& Four-Variable Maps
<& Example: Y=F(A,B.C.D)= >m(1.6,7,14)
B ol A

i
Sl
0
0
St | g

0
Tk
R
Gl

~— ook bo—~oo=moo]
— D bt Y hen ) e D e O b S5 e O e O
oo coo——~ocood =

|

i

CDb Cpb ¢Db CD CD CD CD CD CD CD CD CD CD CD CD

3 2 4Blo 1 3 2 AB

ABl4 5 7 6 AB
AB AB{12 13 15 14 AB|12 13 15 14 AB
AB ABIS 9 11 10 AB|l8& 9 11 10 AB

Lo e T e B ]
LR ==
= I T =

o O = o



TRUTH TABLE TO
KARNAUGH MAP-6

<& Five-Variable Maps
<& Example:
¢  CDCD CD CD CD CD CD CD
AB AB
AB AB
AB AB
AB AB




TRUTH TABLE TO

KARNAUGH MAP-6

<& Five-Variable Maps

<& Example:

¢ CDCp

CD

AB| 1

3

7

CD
5

AB| 9

11

15

13

AB| 25

27

31

29

AB|17

19

23

21

E

AB
AB

AB

]
=

o | O

24

N3~ E

16

18




TRUTH TABLE TO
KARNAUGH MAP-6

<& Five-Variable Maps
<& Example:
¢  CDCD CD CD CD CD CD CD
AB AB
AB AB
AB AB
AB AB




TRUTH TABLE TO
KARNAUGH MAP-6

<& Five-Variable Maps

<& Example:

¢ CDCDCD CD CD CD CD CD
AB| 11010 ABlO|O|1]0O
AB|o|o|o|o| AaB|lo|o|1]o0
AB{1(0|1]0]| AB|o|o|[1]0
AB|O|O|[O|O| AB|lO|O|O]1

E E



TRUTH TABLE TO
KARNAUGH MAP-7

<& Five-Variable Maps

O o 1 u Foo o 11 10
BC (M) 01 1] BC
00 o
o1 01

10 10




PAIRS, QUADS, AND
OCTETS-1

<& Pairs

& The map contains a pair of 1s that are horizontally or
vertically adjacent.

&b cpcpcb - TD T ch cD
AB{O 0 0 O AB 10

4810 0 0 0O AB 10

AB|O 0 1 1 AB{O

ABlO 0 0 0  A4BiO0

& Y =ABC




AB

PAIRS, QUADS, AND

OCTETS-2

D CD Cb ¢D
0 0 0 0
0o 0 0 0
o 0 0

." 4
d

ch CDp CD CD
0 0 0
0 0 @ 0
0o 0 0 0
0 0 0 0

AB
AB
AB
AB

CDh CD CDh C
0 0 0
0 0 0
0 0 0

D o oo

AB
AB
AB

AB

¢b Cp D €D
0o 0 0 0
o D o

0 0 0
@ 0 0 0




PAIRS, QUADS, AND
OCTETS-3

<& The Quad

& A quad is a group of four Is that are horizontally or vertically

adjacent.

/ & A quad eliminates two variables and their complements.
CD CD CD CD

CD CD CD CD CD CDb CD (D

0O 0 0 0 AB{O 0 0 0 AB
0 0 0 0 4B| 0 AB
0o 0 0 0 AB| 0 - AB

0
0
4
0

0 0 O
0 0 0
6 0 0



PAIRS, QUADS, AND
OCTETS-4

<& The Octet
& The octet is a group of eight 1 s.
& Octet eliminates three variables and their complements.

Cb Cb Ccb CD Ch Cp CD CD
AB1O0O 0 0 O ABlO 0 0 0
AB{O 0 0 0 AB
4B|f1. 1 1 AB
AB|\I 1 . 1 AB




KARNA UGH
SIMPLIFICATIONS-1

& The Karnaugh map uses the following rules for the simplification of
expressions by grouping together adjacent cells containing ones.

& After drawing a Kamaugh map,
<& Encircle the octets first,

<& The quads second, and

& The' pairs last.

CD CD CD (D CD CD CD (D
ABlo 1 1 1 Bl o O D m
ABlO 6 0 1 | 0 12
ABl1 1 0 1 0 |1
AB{1 1 0 1 0 \g/

Y=ABD+ AC + CD



KARNAUGH

SIMPLIFICATIONS-2

A
Groups mdy not inclu

0

1

LR

1

WEROMNG =
<& Groups may be horizontal or vertical, but not diagonal.

X

0

1

anylcell cohtaining a zero.

J

RIGHT -/




KARNAUGH
SIMPLIFICATIONS-3

<& Groups must contain 1, 2, 4, 8, or in general 2" cells.

<& That is if n =1, a group will contain two 1's since 21 = 2.

<& If n=2, a group will contain four 1's since 22 =4,

B

0 1 (a0 01 11 10

1| TjepCrowpof2 o o | T[T [ 71 je——roupof3
\-r/ :}{

a 0 1] O 0 0 0

RIGHT -~ WRONG

0 1 B (a0 01 11 10

Group of 5

=——roup of 4

|
iommli}i

RIGHT -~ WRONG



KARNAUGH
SIMPLIFICATIONS-4

Each group should be as large as possib

E B
0o o1 11 10 oo 0l 11 10
of i1 | L L o tL__| L] L
E :\/ I 4
oo | o1 | 1 oo o [ 1
RIGHT -/ WRONG X
(IMote that no Boolean laws broken,
but not sufficiently minimal)

1 [ 1 roup 1
soolboso | present in at least cne group.
10 [Froup 11

[




KARNAUGH
SIMPLIFICATIONS-5

&  Groups may overlap.

E

(oln]} o1 11 12
= :.1_ __1___!_{_ __1:41. CGroups overlapping.
1 0 0 ;L_l____];; \/

RIGHT -~

=3

(0] 8] 1 11 10
ol 1|1

—— P - ———r - — e - TOroups net overlapping.
1| © oo 1

\Rightm ozt cell

1
1
L4-
1




KARNAUGH

SIMPLIFICATIONS-6

AB
AB
AB

—

Cb Cb CD CD

0

5 o o o
> o o o

0
0

Y =BCD + BCD

—_—

AB
AB
AB

C D CD CD
0 0 0

1\ 0 0

1/ o o

0 0 0



KARNAUGH
SIMPLIFICATIONS-7

& Always overlap groups if possible

& Use the 1s more than once to get the largest groups you
Ch CD CD CD CD CD CD CD

AB{O 0 0 ABlO 0 0 O
4B Al o (1) 0
URES B B
1o .1

| 0
B\t \Y o1 AB L
sl

0
0
1
1

AB AB




KARNAUGH
SIMPLIFICATIONS-8

<& There should be as few groups as possible, as long as
this does not contradict any of the previous rules.

K B

L]
—

1

! 1
| —

| |
—_
—_

Boo | o 11 | 1, Hoo | o |1 7T




KARNAUGH
SIMPLIFICATIONS-9

<& Five Variable

\__/ 1/

Y=CDE+ABCD+ACDE+AB.D.E




KARNAUGH
SIMPLIFICATIONS-10

DE DE

BC (0 01 11 10 BC 00 01 1 10
D \GD

o || 1 o1 O\ Acpr
11 1 ED 11 (I \lj
10 1 10

ADE' s T

X=ADE + BCD + BCE + ACDE




KARNAUGH
SIMPLIFICATIONS-11

©

QOEENEO o1 e o NS

No zeros allowed (Only in SOP).

No diagonals.

Only power of 2 number of cells in each group.
Groups should be as large as possible.

Every one must be in at least one group.
Overlapping allowed.

Wrap around allowed.

If possible roll and overlap to get the largest groups you
can find.

Fewest number of groups possible.



AB
AB
AB
AB

K- map grouping Examples-1

2N Dnllinﬂha’]d Overlapping

CD CD CD CD ¢Dh Cp ¢D (D
0 0 4B 0 0
0 @ 4B 0 f1
0 AB 0 (1
0 0 AB 0 0

Y=C + BCD y=C+BD



K- map grouping Examples-2

Cb CD CD CD Cb CDp Cb CD ¢D Cb ¢D (D
N o/ T
(s &

0 0 0 0

0 0

C+AD + ABD Y=C +AD + BD



Eliminating Redundant
Groups-1

<& A groups of 1s (or Os Tfor POS) whose all members are overlapped
by other groups is called redundant group. We don’t consider this
group while writing the simplified equations from the K-map.

L 01 11

o In the above K-map the group which is represented by H —
the ovdl is a redundant group and hence while writing ™

group and the K-map representation becomes as given

The equation we get is 11

= yz'w’ + x'z'w (ignoring the redundant group)

0
the equations we ignore it or we don’t make this kind of - F\’i-a
i
we consider this group then equation would be F= 1| 0

ZW + X'Z’'w + X'yzZ’
nd this is a not the simplified expression and
ence WRONG.




o In the above K-map the group which is represented by

Eliminating Redundant
Groups-1

<& A groups of 1s (or Os Tfor POS) whose all members are overlapped

by other groups is called redundant group. We don’t consider this

group while writing the simplified equations from the K-map.

W51 01
Xy

11

10

the oval is a redundant group and hence while writing aap |1_‘

the equations we ignore it or we don’t make this kind of . u
group and the K-map representation becomes as given |1_‘

The equation we get is " M 3

=yz'w + x'’Z’'w (ignoring the redundant group)
we consider this group then equation would be F= ™

ZW + X'Z’'w + X'yzZ’
nd this is a not the simplified expression and
ence WRONG.




Eliminating Redundant
Groups-2

& A group whose 1s are already used by other groups.

CDh CD CD CD
ABl 0O 0 1 0
ABl'1 1 1 0
AB| 0 1 1 1
AB1 0 1 0 0




Eliminating Redundant
Groups-2

& A group whnee 1< are alreadv 11sed by other groups.

CD CD CD CD
ABL O 0 1 0
ABL 1 [11) 0
4l o \1 1) 1
AB{ 0O 1 0 O




Eliminating Redundant
Groups-2

& A group whnea 1e ara alraadv iegd by other groups.
CD CD CD CD

& All the 1 s of the quad are used by the pairs. Because of
this, the quad is redundant and can be eliminated to get




Eliminating Redundant
Groups-2

<& A group whnea 1e ara alraadv nieed by other groups.
- CD CD CD CD

AB| 0 0 0
AB 0




summary of the Karnaugh-map
method for simplifying Boolean
equations

1.

Enter a 1 on the Karnaugh map for each fundamental
product that produces a 1 output in the truth table. Enter
Os elsewhere.

Encircle the octets, quads, and pairs. Remember to roll
and overlap to get the largest groups possible.

If any isolated 1s remain, encircle each.
Eliminate any redundant group.

Write the Boolean equation by ORing the products
corresponding to the encircled groups.



K- map grouping Examples

<& For problem on K-Map refer text book and VTU question
papers.




Entered Variable Map-1

QO @ @

One of the input variable is placed inside Kamaugh map
This reduces the Karnaugh map size by one degree.

i.e. a three variable problem that requires 23 = 8 locations in
Karnaugh map will require 23-) = 4 |ocations in entered
variable map.

This technique is particularly useful for mapping problems
with more than four input variables.



Entered Variable Map-2

<& Example
& Example: Y =F(A, B, C)=>m(2,6,7)

B | C Y AlB Y
o | o] o o [ o], i
ZEIERE 0 | o BB
0/ 1] 0 | 1 0 | 1 Al o| ©
1 | 1] o 0 | 1
0 | o | o 1| o A 0] 1
o | 1] o 1o |° K-MAP for
T KNP EVM Table
AT HE

Truth Table EVM Table



Entered Variable Map-3

» |et's choose C as map entered variable and see how
output Y varies with C for different combinations of
othertwo variables A and B.

» For AB=00wefindY =0 and is not dependent on C.

» For AB= 01 we find Y is complement of C thus we can
write Y = C.

» Similarly,forAB=10,Y=0and for AB=11, Y= 1.




Entered Variable Map-4

& If choose A as map entered variable write the
correspon®__C |
0 0
0 1
10
1 1] 4

& If choose B as map entered variable write the
corresponding entered variable map.

A|lC|Y 5 B
o|lo0|oO - —

A0 C
0| 1

110/|cC Ay C 1




Simplification of Entered

Variable Map-1
A B = T¥is if similgr to Kgrnpughmap B R
0 0 — ~,
0 0 0 0 41 0 c
0 0 0 1
0o | A 1 0 | O AL 0 1
0 4 1 1| 1 | 1 BB
1/] 0 _
0 B A1 0
Al o Y=BC+AB
1 1
/ 1 _ 4| 0D
/ 1 1 = Note that Cis grouped with 1 10 yer u warger group as |
!

can bewriftenas1=1+C.




Simplification of Entered
Variable Map-2

& The product term representing each group is obtained by
including map entered variable in the group as an additional
ANDed term.

c C B B
| 0
g

Y=BC+AB Y=AC+BC

ol
o
o
|




Example-1

& What is the simplified Boolean equation for the following
logic equation expressed by minterms?
Y=F(A,B,C,D)=>m(7,9, 10, 11, 12, 13, 14, 15)

i —_—

~ CDCD CD CD

33 '-.ﬂ__lf 0 1 0




Example-1

& What is the simplified Boolean equation for the following
logic equation expressed by minterms?
Y—F(ABCD) >m(7,9, 10, 11,12, 13, 14, 19)

CD Tp cp CD

Eﬁ 0 0 0 0
ABl 0 0 1 0




Example-1

& What is the simplified Boolean equation for the following
logic equation expressed by
Y=F(A,B,C,D)=>m(7,9, 10, 11, 12, 13, 14, 15)

B
4B

AB|d

~ CD CD CD CD

0.0 0 0
0.0 10

minterms?



Example-1

& What is the simplified Boolean equation for the following
logic equation expressed by minterms?
Y=F(A,B,C,D)=>m(7,9, 10, 11, 12, 13, 14, 15)

~CD' CD €D CD:

?Ifé 0 0 0 e




Example-1

& What is the simplified Boolean equation for the following

logic equation expressed by
Y=F(A,B,C,D)=>m(7,9, 10, 11, 12, 13, 14, 19)
220D’ CD €D CD*

?Ifé 0 0 0 e

Y=AB+AC+AD +BCD

minterms?



: Example-2

= Simplify the following Boolean function in sum of
products form (SOP) F(x,y, z, w)=>m(0, 1, 2,5, 8, 9,

2% g 01 11 10 \ZW oo 01 11 10 \EW oo 01 11 10
xy my ny

oo |1 1 0 1 oo | 1 1 0 1 oo || 1 1 0 1
o1l o 1 q 0 01 | o 1 0 0 ol | o 1 0 0
1|0 g H 0 1| o 0 0 q 11| o 0 0 0
10| d 0 1 | [ 1 0 1 al [ T 0 1

= F=jw+yz +Xzw




DON'T-CARE CONDITIONS-1

& In digital systems, certain input conditions never occur
during normal operation; therefore, the corresponding
output never appears. Since the output never appears, it is
indicated by an X in the truth table.

& The Xis called a don ‘'t-care condition. Whenever you see
an X in a truth table, you can let it equal either 0 or 1,
whichever produces a simpler logic circuit.




)
%
Z
O
=
o
=
O
o
L
14
<
Q
=
=
o,
=

ons

Y

HUGUGUW.GUJXXXXXX

Vs maomoormrmoc —m—o o ——
MO C O 0 m e om0 0 0 e o e
=
=

Sm (9) + d(10,11,12,13,14,15)

& Y=F(A,B,C,D)




DON'T-CARE CONDITIONS-3

CD CD CD CD C
ABl 0 0 0 O AB| 0
AB| 0 0 0 O AB| 0
AB| x x x X AB| x

AB{ 0 I x X AB{ 0




DON'T-CARE CONDITIONS-4

<& ldeas about don't-care conditions:

1.

Given the truth table, draw a Karnaugh map with Os, 1s,
and don't-cares (X).

Encircle the actual 1s on the Karnaugh map in the largest
groups you can find by treating the don't cares as 1s.

After the actual 1s have been included in groups,
disregard the remaining don't cares by visualizing them as
Os.



DON'T-CARE CONDITIONS-5

& What is the simplest logic circuit for the following truth

< T = TiableP » | b ©p ¢D (D
0 0 0 0 1 L T ———
0 0 0 1 0 3D 3 :
: : 1 0 : AB @.0..0 0.
0 0 1 1 0 AB! 000 0O
0 1 0 0 0 FINEREY N

0 1 0 1 0 AB | x X }( X
/f 1 1 0 0 S B :
0 1 1 1 0 ABl 0 0. x o x
1 0 0 0 0 ' ' |

1 0 0 1 0

1 0 1 0 X

1 0 1 1 X

1 1 0 0 X

1 1 0 1 X

1 1 1 0 X

1 1 1 1 X




DON'T-CARE CONDITIONS-6

& Give the simplest logic circuit for following logic equation
where d represents don't-care condition for following
locations.

/' F(A B, C,D)=ym(7)+d(10, 11, 12,13, 14, 15)

5T CD'CD CD CD

ﬂ F
0 0 M\ o

X
X

o=
"::' z
X



& VTU QP

Exam Questions

X400 01 11 10 ¥ 00 01 11 10
0O/X|0/|0| 00]01]X,|1,
X 111 01110 X| 1.
0, 1. 0. 0. 11| 0, X, 1. 0.
0. 14 Xufl 16 10| 14 1. 1. O




PRODUCT-Of-SUMS
METHOD-1

& Given a truth table, you identify the fundamental sums
needed for a logic design. Then by ANDing these sums,
you get the product-of-sums equation corresponding to the
truth table.

& But, in the sum-of-products method, the fundamental
product produces an output | for the corresponding input
condition. But with the product of- sums method, the
fundamental sum produces an output 0 for the
corresponding input condition.




: PRODUCT-Of-SUMS
METHOD-2

e O T
ja—

Y= A+B+C 0+0+0=0
Y = A+B+C 0+1+1=0+0+0=0
Y= A+B+C—-1+1+0 0+0+0=0

Y = (A+B+C)(A+B+C)(_A+B+C)

\\

Y = F(A, B, C) = TIM(0, 3, 6)




B PRODUCT-Of-SUMS
METHOD-3

A A4 BB CC
‘ i
ﬁ-——
¢ wY
L L N
‘ww-ﬂ-

y

AOltele O

) Sl




PRODUCT-Of-SUMS
METHOD-4

<& Conversion between SOP and POS

& SOP and POS occupy complementary locations in a truth
table.

& ldentifying complementary locations,

<& Changing minterm to maxterm or reverse, and

& Changing summation by product or reverse.

Y = F(4, B, C) = [IM(0, 3, 6) = Em(l, 2,4, 5, 7)

Y = F(4, B, C)=¥m(3, 5, 6, 7) = [IM(0, 1, 2, 4)



Conversion between SOP
and POS

Mapping between canonical forms

Minterm to maxterm conversion
use maxterms whose indices do not appear in minterm expansion
e.g. F(A,B,C) = >m(1,3,5,6,7) = [|M(0,2,4)

Maxterm to minterm conversion
use minterms whose indices do not appear in maxterm expansion
e.g. F(A,B,C) =[] M(0,2,4) = > m(1,3,5,6,7)

Minterm expansion of F to minterm expansion of F

use minterms whose indices do not appear
e.g., F(A,B,C) =Y m(1,3,5,6,7) F(A,B,C) =3 m(0,2,4)
*Maxterm expansion of F to maxterm expansion of F

use maxterms whose indices do not appear

e.g., F(A,B,C) =[] M(0,2,4) F'(A,B,C) = [1 M(1,3,5,6,7)
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PRODUCT-Of-SUMS
SIMPLIFICATION-2

CD CD €D amaughmapb €D TD CD (D

o0 1 @

R S B
Wl & a'_._'_'-.bai:_

/

Y =4+ B4+ O)(A+D) Y =CB+D)




Example-1

& Give SOP form of Y = F(A, B, C, D) = [IM(0,3, 4, 5, 6, 7, 11,
15)

@ 00 01 11 10

004 0| 1|0 ]| 1
110,,0,0,0
M1 1, 1. 0,4 1.
10| 1 14 O0u 14




= Simplify the following using K-Map

= By Grouping 1's

A

BC

0
1
Y

=(A+B+C)(A+B+C)(A+B+0)

Exam Questions

Y = (4, B, C) = IIM(0, 3, 6) = Zm(1, 2,4, 5,7)

By Grouping 0's

00 01 11 10
Q/O 1 1 03 1 2
1/1/1)]0

4

5

7

6

BC + AB + AC + ABC

A

BC

0
1

00 01 11 10
0| 1[0 1
111/1]0




Example

& Find the SOP for following expression using K-Map
f(x1, x2, x3, x4, x5) =>m(0, 1, 4, 8, 13, 15, 20, 21,
V 23, 26, 31) + D(5, 10, 24, 28)

XX

a2 . 1%
374 00 01 11 10 374 00 01 11 10
0oy 1 1 d 001 1
01 d 1 01
11 11 1 1 1
10 1 d 1 10 d 1 1
xg =0 xg =1

[ = X1 XX + XoX3X5 + XpX3Xy + X1 XpX3X5 + X1 X3X4X5




SIMPLIFICATION BY QUINE-
McCLUSKY METHOD-1

&
&

Tabular Method of Minimisation

Karnaugh map method though very simple and intuitively
appealing is somewhat subjective.

It depends on the user's ability to identify patterns that gives
largest size.

Also the method becomes difficult to adapt for simplification
of 5 or more variables.

Quine-McClusky method involves preparation of two tables;
one determines prime implicants and the other selects
essential prime implicants to get minimal expression.



QUINE-McCLUSKY METHOD-

2

&

Literal: Each appearance of a variable, either uncomplemented
or complemented, is called a literal.

Implicant: A product term that indicates the input valuation(s)
for which a given function is equal to 1 is called an implicant of
the function.

Prime Implicant

An implicant is called a prime implicant if it cannot be combined
into another implicant that has fewer literals. Another way it is
impossible to delete any literal in a prime implicant and still
have a valid implicant.

Prime implicants are expressions with least number of literals
that represents all the terms given in a truth table. Prime
implicants are examined to get essential prime implicants for a
particular expression that avoids any type of duplication.
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QUINE-McCLUSKY METHOD-
4

& In Stage 1 of the process, to find out all the - Sugel
terms that gives output 1 from truth table and | 4B8CD
put them in different groups depending on | pooo (O)Y
how many 1s input variable combinations
(ABCD) have. !
0001 (1)
<& For example, first group has no | in input | 510 2N
combination, second group has only one 1,
third #fwo 1 s, fourth three Is and fifth four 1s.
0011 (3W
1010 (1OW
1100 (12)¥
1011 (1
1101 (13

1110 - (140

1111 (151




QUINE-McCLUSKY METHOD-
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In Stage 2, we first try to combine first and second group of Stage |, on a
member to member basis.

The rule is to see if only one binary digit is differing between two members
and we mark that position by ‘=’. This means corresponding variable is not
required to represent those members.

Thus (0) of first group combines with (1) of second group to form (0,1) in
Stage 2 and can be represented by

'‘B'C' (000 -).

Proceed in the same manner to find rest of the combinations in successive
groups of Stage 1 and table them as in figure.

Note that, we need not look beyond successive groups to find such
combinations as groups that are not adjacent, differ by more than one binary
digit. Also note that each combination of Stage 2 can be represented by
three literals.

All the members of particular stage, which finds itself in at least one
combination of next stage are tick (V) marked. This is followed for Stage 1
terms as well as trms of other stages.



QUINE-McCLUSKY METHOD-

6 | Stage | Stage 2
ABCD ABCD
0000 OW | 000- (0,1)¥
00-0 (0,2)V
0001 (1N
0010 QW | 00-1 (1,3
001 - (230
0011 BW 010 . (2,100
1010 (LOW | -011 (3,11
1100 (2% | 101- (10,11
1-10 (10,14
1 110- (12,13
1011 (1MW | 11-0 (12,140
1101 (130
1110 (14W | 1-11 (11,15)V
- 11-1 (13,15
1111 (A5V | 111- (14,15)V




QUINE-McCLUSKY METHOD-
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In Stage 3, we combine members of different groups of
Stage 2 in a similar way. Now it will have two '-‘ elements in
each combination. This means each combination requires
two literals to represent it.

For example (0,1,2,3) is represented by A'B' (0 0 — -).

There are three other groups in Stage 3; (2,10,3,11)
represented by B'C, (10,14,11,15) by AC and (12,13,14,15)
by AB.

Note that, (0,2,1,3), (10,11,14,15) and (12,14,13,15) get
represented by A'B, AC and AB respectively and do not
give any new term.



QUINE-McCLUSKY METHOD-
8

Stage | Stage 2 Stage 3
ABCD ABCD ABCD
0000 (O | 000- (0,1 00-- (0,1,2,3)
00-0 (0,2)V 00-- (0,2,1,3)
0001 (1)
0010 (2 | 00-1 (1,3 -01- (2,10,3,11)
001 - 230
~1 Jo10 El lgllv' 1-1- (10,11,14,15)
0011 (3)V : 1-1- (10,14,11,15)
1010 (oW | 011 3,11V 11-- (12,13,14,15)
1100 (2v | 101- (10,110 11-- (12,14,13,15)
1-10 (10,143
l110- (12,13)
1011 (W | 11-0 (12,14
1101 (13
1110 (14 | 1-11 (11,150
11-1 (13,15
1111 (5w | 111- (14,15)V




QUINE-McCLUSKY METHOD-
9

& There is no Stage 4 for this problem as no two members of
Stage 3 has only one digit changing among them. This
completes the process of determination of prime implicants.

& The rule is all the terms that are not ticked at any stage is
treated as prime implicants for that problem.
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Selection of Prime Implicants

Once we are able to determine prime implicants that covers
all the terms of a truth table we try to select essential prime
implicants and remove redundancy or duplication among
them.

To find a minimum expression we construct a prime
implicant table in which there is a row for each prime
implicant and a column for each minterm that must be
covered.

Note- don't care values are not included.

Then we place check marks to indicate the minterms
covered by each prime implicant.



QUINE-McCLUSKY METHOD-

S0 3 de N 12 13 ld 15

g

- AB(0,123) . B BR
S BC(231011) aeE
- AC(10,11,14,15) ey

- AB(12.13,14,15) -

N
N[

& Selection of essential prime implicants from this table is done in the
following way.

If colunin has a single v, than the implicant associated with the row is
lal. It must appear in final expression.

Find minimum set of rows that cover the remaining columns Or Find
minimum number of prime implicants that covers all the minterms.

.g. Find A" B' and AB cover terms that are not covered by others and
ey are essential prime implicants. B'C and AC among themselves
over 10, 11 which are not covered by others.

So, one of them has to be included in the list of essential prime
implicants making it three.

Y=AB'+B'C+ABor Y=A'B"+ AC+ AB



QUINE-McCLUSKY METHOD-

1
/=F4,8,0)=ABC + ABC+ ABC+ABC

& Get a minimized expression for

= Stagel Stage2

S-S -ssse|a

—_——_ooc - ool

co- o5

000 (© | 00- (1)

001 S TR 3) e e e

oGy ] Al essenial
AR © Y=AB+ACHEC
Prime ,tmphcanta only from stage 2. T S
They are:.

00—(A’B"). 0-1 (A'C) and 01 (B'C)




QUINE-McCLUSKY METHOD-
13

& Get simplified expression of Y = FA, B, C, D, E)
=>m(0,1,2,3,4,5,12,13,14,26,27,28,29,30) using Quine-

NMeChicleyvy maoathnd
i IVIUVILAQI\_y TTINU \WAW |
Decimal A

N N EEN o o EEN EEN EEN RN RN o o o o O.

D E
0 0
0 1
1 0
1 1
0 0
0 1
0 0
0 1
1 0
1 0
1 1
0 0
0 1
1 0

0
0
0
0
0
0
12 0
0
0
1
1
1
1
1

2Dl a2~~~ ]J]O|J]O|J]O|J]O|]OO|O |




HAZARDS AND HAZARD
COVERS-1

&

Simplification techniques that give minimal expression for a
logic equation which in turn requires minimum hardware for
realization.

Some practical problems, in certain cases we may prefer to
include more terms than given by simplification techniques.

So far we considered gates generating outputs
instantaneously. But practical circuits always offer finite
propagation delay though very small, in nanosecond order.

This gives rise to several hazards (Glitch) and hazard
covers



HAZARDS AND HAZARD
COVERS-2

<& Static-1 Hazard 1—0
<& Static-0 Hazard 0—1

<& Dynamic Hazard




HAZARDS AND HAZARD
COVERS-3

A
» Static-1 Hazard Y
A
» But the NOT gate output takes
4 ——

» ForexampleY =4+ A ou
is always logic 1.
finte tme to become 1
following 1—0 transition of A.

» Thus for the OR gate there are
two zeros appearing at its
input for that small duration,
resulting a 0 at its output. The
width of this zero is in

nanosecond order and s
called a glitch.

®» For combinational circuits it l
may go unnoficed but in ,
sequential circuitmay cause t
major malfunctioning. {

i 7, = NOT gate delay
7, = OR gate delay




HAZARDS AND HAZARD
COVERS-4

For this circuit input B =1 and A =1 and then C

makes transition 1—0. The output shows glitch. Cc ¢
Another grouping of same K-Map, the additional 4810 0
term AB is term included. 1B 0
This circuit though require more hardware than 4g

minimdl representation, is hazard free. 3l e

The/additional term AB ensures Y=1forA=1, B

—0 transition at C does not affect output.

DS =
B D_E)D_i’ AB| 0




HAZARDS AND HAZARD
COVERS-5

Static-0 Hazard 4 -

» For exampleY = A.A output ) Y
is always logic 0. ,

» But the NOT gate output

takes fihite time to become
0 following a 0—1 transition

7

- A — T, = NOT gate delay
s for final AND gate there 3 i T, = OR gate delay
e two ones appearing at i T e

fis input for a small duration .
resulting a 1 at its output. This .
Y= 1 occurs for a very small ¥ I Su
duration. |




: HAZARDS AND HAZAP™ - .

COVERS-6 B Q] [0%
& If B=0, A= 0 and C makes a transition 0—1 7Bl 1 U
there will be static-0 hazard occurring at
output. AB} 1 1
& To prevent this we add one additional group, AB ﬂ)\ ]
i.e. one more sum term (A+ B). .
& The additional term (A + B) ensures Y = 0 for Y=(B+C) (4+C)(4+B)

A = 0/ B = 0 through the third input of final
ANDYgate and a 0—1 transition at C does not
afféct output. C

c

HEW
A—%D_ B | AB| 1
: 1
(o)

AB 1
AB

1

Y= (B+C) (4+C)



HAZARDS AND HAZARD
COVERS-7

= Dynamic Hazard

» Dynamic hazard occurs when circuit output makes
multiple transitions before it settles to a final value
while the logic equation asks for only one transition.

» An outfput transition designed as 1-0 may give
1—-0—1 —0 when such hazard occurs and a 0—1 can
behave like 0—1—-0—1.

» Fg.Y=A+AAorY=(A+A4).A

» These occurin multilevel circuits having implicit static-1
and/or static-0 hazards.
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HAZARDS AND HAZARD

& Check if the circuit shown below exhibit dynamic hazard. Show how output varies
with time if dynamic hazard occurs. Consider all the gates have equal propagation
delay of T nanosecond. Also mention how the hazard can be prevented.

Form circuit equation

Cleady for A= 1, B = 1 we geff =
(C+C').C which shows potential
dynamic hazard with an iinplicit static-
| hazard. Figure 3.38b shows how

a transition | -c* 0 at input CforAB = 1
Ircauses dynamic hazard at the
output.

The hazard can b~ preve~ted by
using an aclditional two inpufAND
gate fed by input A and B and
replacing two input

ORgate by ailiree input OR gate. The
additional (third)input of OR gate will
be fed by output of the new AND

gate.



HDL IMPLEMENTATION
MODELS-1
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Dataflow Modeling

Verilog provides a keyword assign and a set of operators to
describe a circuit through its behavior or function.

No need to define explicitly any gate structure using and, or
etc. and it is not necessary to use intermediate variables
through wire showing gate level interconnections.

Verilog compiler handles this while compiling such a model.

All assign statements are concurrent, i.e. order in which they
appear do not matter and also continuous,



: HDL IMPLEMENTATION
MODELS-2

<& List of Verilog Operator

':.Refa{mna! Operarmu Shinetas Symbol Bit«-wi':é Opérdﬁbfi'-- - = Symbol
f::Les:», than' 'f;." ;i'. e < Bit-wise NOT. - =
Lessthanorequalto. - <= ~ Bit-wise AND
Greater than o T > Bit-wise OR
'-Equal t0:. G et == _Blt wase EX-QR
.. N{}t equai to ; I= P S

> — = 2

;:-Lnglcal Operation {ﬂ)r expressmns} Symbol Arithm ah ) Opera flo
i e ' Binary addition
" Lﬂgmal NOT .f'f: . ?f:fi ! L Bmar}' qubtmcﬂﬂn i
;;Loglcaf QR e :':" "_:.Z.. i ” BIHHI'}? dWl&lQﬂ o s

= operator has hlgher precedence over & and |; whlle & and | are at
same level.

To avoid confusion and improve readability it is always advised to use
arentheses ( ... ) that has second highest precedence below bit select |




HDL IMPLEMENTATION
MODELS-3

module ex1(A,B,C,D,Y);
input A,B,C,D;
output Y;

. assign Y=(A&B)|(C&D);

- H" S e 3 Y endmodule




HDL IMPLEMENTATION
MODELS-4

module ex2(a,b,c,x,y);
input a,b,c;

output x,y;

assign x=~((a|b)|c);

assign y=~((a|b)|(b|c));

] >
L . endmodul
cuj>___}-l enamoduie




HDL IMPLEMENTATION
MODELS-5
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Behavioural Modeling

In a behavioral model, statements are executed
sequentially following algorithmic description.

It always uses always keyword followed by a sensitivity list.
The procedural statements following always is executed
only if any variable within sensitivity list changes its value.

Procedure assignment or output variables within always
must be of register type, defined by reg which unlike wire is
not continuously updated but only after a new value is
assigned to it.



HDL IMPLEMENTATION
MODELS-6

& Write verilog code for Y=AB + CD, i.e. Y=1if AB=11orif CD = 11, otherwise Y = 0 using if ... else.

module eg3(A,B,C,D,Y)
input A,B,C,D;
output Y;

regy; /*'Y is a output after procedural assignment within always block, hence defined as reg*/
always @ (A or B or C or D) /IA,B,C,D form sensitivity list
if((A==1) && (B==1))

Y=1,

else if((C==1) && (D==1))
Y=1,

else
Y=0;

endmodule




Module-3

Data-Processing Circuits and Flip- Flops
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Text Books Referred

“ Donald P Leach, Albert Paul Malvino & Goutam
Saha: Digital Principles and Applications, 7t Edition,
Tata McGraw Hill, 2015
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MULTIPLEXERS-1

“ Multiplex means many into one.

“ A multiplexer (also called data selector) is a circuit
with many inputs but only one output. By applying
control signals (Select Input), can steer any input to
the output.

“ Below shows the block diagram of MUX. The circuit
has n input signals, m control sigr}:alts le_mci 1 output
ontrol mpu

signal. Note that, mconttr  ;5..., . the
most 2™ input signals thus N

n-to-1 QOutput

Data Multiplexer

input

237 i




MULTIPLEXERS-2

“ The block diagram of a

4-to-1  multiplexer is B3—> -
shown below and its mpus Ej:: M
truth table. s
“ Depending on control T T

inputs A, B one of the
four inputs Do to D3 is S
steered to output Y. A BI| Y

0 0| Dy

0 1| D

1 0| D,

1 1] Dy

238



MULTIPLEXERS-3

“ 4-to-1 MUX logic circuit

“ Logic equation of this
circut is a SOP
representation.

Y=A'B’.Do+ A'B.D\ + AB’.D>» + AB.D:
If4=0,B=0,

Y=0"0".Dy+ 0".0.D; +0.0".D, + 0.0.D;
Y=1.1.Dg+ 1.0.D; + 0.1.D5 + 0.0.D,
Y= Dg

239

A B
Do HDom
Dy~ jHE.D[,
_F'L...._J'L...,__,/
D, — L 1\ 48,
\_l\__. )
DE T T r! _ﬂ\ i
i\ ___J 4BD,
DE‘___J'L__._.__r‘\_.._\‘
___J4BD,
A B Y
0 0| Dg
0 1| D
1 0| D,
1 1 | Dy




MULTIPLEXERS-4

“ In other words, for AB = 00, the first AND gate to
which DO is connected remains active and equal to
Do and all other AND gate are inactive with output
held at logic O.

“ Thus, multiplexer output Y is same as DO. If DO =0,
Y=0andif DO =1, Y=1.

“ Commercial multiplexers ICs come in integer power
of 2, e.g. 2-to-1, 4-to-1, 8-to- 1, 16-to-1 multiplexers.

“ Write the 2 to 1 MUX block diagram, equation and it
truth table.

240



MULTIPLEXERS-5

“ Write the 8 to 1 MUX block diagram, equation and it
truth table.

Select Data Inputs Output
— 0 0 0 Dy
.
Inputs ——» 8:1 —— Qutput ! U - i
—| MUX 0 1 0 D,
' 0 1 1 D,
e
S— £ | 0 0 Dy
1 0 1 D;
T T £ 1 0 Ds
S2 S1 S0
Select Lines 1 1 1 D-

F=4BC.DyHABC.Dy +ABC. Dy 430 Dy 4B C Dy 4B .05 A3C Dy ABC.D:

241



MULTIPLEXERS-6

“|1C 74151
E — ¢ Inputs Output
N .
p3| 1 16| yee :'; Select Enable
S2 | s1| so E y X
D2| 2 15|pg §» —
I X | X| X H L H
p1| > c Mps g —— v | L|L|L| L |Do Do
7 8-to-1 L | L|H L D1 D1
Polf 4 —Ips  Df MUX L H|L L D2 D2
ys[5 1 12p7 D2 —X| L|H H| L |D3 D3
5 D3 H|L| L| L |D4 Da
w1 [fse DaT H|L|/H| L |Ds Ds
_ D5 — HIHIL L De D6
-En el 7 10 L6
. * D6 —— H|H|H L | D7 D7
=L S E : ENABLE input

$0,51,52 : Select inputs
D0-D7 : Data inputs
Y, X : outputs

242



MULTIPLEXERS-7

“ Show how 4-to-1 multiplexer can be obtained using only 2-to-1
multiplexer.

“ Logic equation for 2-to-1Multiplexer: Y= A'D0 + AD1

“ Logic equation for 4-to-1 Multiplexer:
Y = A'B'DO+ A'BD1 + AB' D2 + ABD3

“ This can be rewritten as, Y= A'(B'DO + BD1) +A (B'D2 + BD3)

) R

Dy— 1

243




MULTIPLEXERS-8

“ Realize Y=AB + B'C' + ABC using an 8-to-1
multiplexer.

First we express Y as a function of minterms of three
variables. Thus

Y=AB+B'C'+ ABC

Y =AB(C'+ C)+B'C'(A"+ A)+ ABC [As,X+X"= 1]
Y=AB'C'+ ABC'+ ABC+ AB'C'+ ABC

Comparing this with equation of 8 to 1 multiplexer, we find
by substituting DO = D2 = D3 =D4 =D1=1and D1 = D5
= D6 = 0.

244



MULTIPLEXERS-9

“ Can it be realized above equation with a 4-to-1
multiplexer?

245

The 4-to-1 multiplexer generates 4 minterms for different
combinations of AB. We rewrite given logic equation in
such a way that all these terms are present in the
equation.

Y =A'B+B'C' +ABC

Y =A'B+ B'C'(A"+A)+ ABC [As, X +X' = 1]
Y=AB'.C'+ AB.1 +AB'.C'+ AB.C

Compare above with equation of a 4-to-1 multiplexer. We
see DO= C', D1 =1, D2 = C' andD3 = C generate the
given logic function.



MULTIPLEXERS-10

“ Design a

32-to-1

multiplexer using two 16-
to-1 multiplexers and one

-

246

to-1 multiplexer.

A 32-to-1 multiplexer
requires log232 =5 select
lines say, ABCDE. The
lower 4 select lines BCDE
choose 16-to-1 multiplexer
outputs. The 2-to-1
multiplexer chooses one of
the output of two 16-to-1
multiplexers depending on
what appears in the 5th
select line, A.




DEMULTIPLEXERS-1

“ Demultiplex means one into many.

“ A demultiplexer is a logic circuit with one input and
many outputs. By applying control signals, can steer
the input signal to one of the output lines. The circuit
has 1 input S|gnal m control or select signals and n

~rbian bk Al AmmAlA sl AA m
Control input ns<2m
=]
— 1
I
. .
Input ]: Output
i
—n

Demultiplexer block diagram



DEMULTIPLEXERS-2

“ For1to 2 DMUX

“ The logic equation
“YO0=DA" Y1=DA

A

.Yﬂ.

)
)

Logic circuit of 1-to-2 demultiplexer

248

Input
D=—P

11
DEMUX

Outputs

> 11

p Y0

Select A



DEMULTIPLEXERS-3

»  Write block diagram, truth table and logic equation of | to 4 DMUX.

Qutputs
Data Input|  Select Inputs Outputs
—>\(
];l?‘“ 1:4 — 1] D S1 So Y; Y, Y
l]l_’b
DEMIX - Ly, D 0 0 0 0 0
13
D 0 1 0 0 D
T T D 1 0 0 D 0
SIS0 D 1 1 D 0 0
» Y1 =S1S0D
» Y2 =SI1S0D
» Y3 =SIS0D

249



DEMULTIPLEXERS-4

“ Write block diagram, truth table and log equation
of 1 to 8 DMUX.

Input
1T

250

1:8
DEMUX

Ouatputs
ﬁ\'ﬂ.
Y1

> V2
#—1‘3
.
ﬁ-'{f
I

—Y7

I 1

8@ 851 50

YO=D352 51 50

¥Y1=D525180

Y2=D5Z 8150

Yi=D528180

Y4 =D 525150

¥Y5=DS251 S0

Y6 =D52 8150

¥Y7=DS8281S0

Data Input|  Select Inputs Outputs
D S 1 S| S | Y% | NS Y
D 0 0 0 | 0 0 0 | 0 0 0| 0 D
D 0 0 1 0 0 0| 0 0 0| D | O
D 0 1 0 | 0 0 0| 0 0 D | 0 0
D 0 1 1 0 0 0|0 | D0 O 0
D 1 0 0 | 0 0 0 | D | O 0| 0 0
D 1 0 1 0 0| D | O 0 0 | 0 0
D 1 1 0 | 0 D | 0 | 0 0 0| 0 0
D 1 1 1 | DO 0 | 0 0 0| 0 0




DEMULTIPLEXERS-5

“ Show how two 1-to-16
demultiplexers can be
connected to get a 1-to-
32 demultiplexer.

251

A 1-to-32 demultiplexer
has & select veriable
ABCDE. Four of them
(BCDE) are fed to two 1-
to-16 DMUX. Fifth A
used to select the one of

these DMUX D

DATA

Y
7

o
STROBE

BCDE

11y
o—1,
]—;—y[

74154 | 1
15— 15

BCDE

L
01Ty
I eV

——— e

— 3




DECODER-1

A decoder is similar to a demultiplexer, with one exception-there
is no data input.

Also called binary-to-decimal decoder.

The name decoder means translating of coded information from one
format into another.

A binary decoder is a multi-input, multi-output combinational circuit that
converts a binary code of n input lines into a one out of 2" output
code.

Depending on the number of input lines, the inputs of a binary code
can be 2-bit or 3-bit or 4-bit codes. Upon the availability of 2" lines, it
activates the one of its output by deactivating (making logic 0) all other
input whenever it receives n inputs.

—
—
n Data — ) Jn
Inputs : D . ’ Possible
: Decoder | : ontputs
—_— —:—p

252




DECODER-2

“ The most commonly used practical binary decoders
are 2-to-4 decoder, 3-t0-8 decoder and 4-to-16 line

binary decoder.
“ 2-to-4 decoder also called 1 of 4
“ 3-to-8 decoder also called 1 of 8
“ 4-t0-16 line binary decoder also called 1 of 16

253



DECODER-3
“ 2-to-4 Binary Decoder (1 of 4 Decoder)

A B
» YO
A —ly 2 x4 > Y1
= Decoder > Y2
» Y3 D vo—iEB
D Yi=AB
Input Output
AlB|Yo|lYy1]|y2]Y3 | Fv-aB
OO 1 OO 0 D g
0 1 0 1 0 0
1 0 OO 1 0
bs4 1 OO0 | O 1




DECODER-4
“ 3-to-8 Binary Decoder (1 of 8 Decoder)

C

'_PYD ll—[>0—ll )—DD—« "—DD_‘
—> Y1
A —p o
3.8 [PY2 ) Y0=AEBC
R » Decoder |—pY3
= g —»Y4 ) Y1=ABC
Y5 /
> Y6 Y -
¥2=ABC
—> Y7 —

(a e |c|vlvi|valvave]vs|ve|v }—¥3=ABC
0 0 O 1 o o0 O O o0 o0 © I o
0 0 1 0 1 0 0 0 0 0 0 ) Y4=ABC
0 1 0 0 O 1 0O 0O 0 O0 o0 — ~
0 1 1 0 0 0 1 0 0 0 0 ) Y5=ABC
1 O 0O 0 O o0 o0 1 0 0 O — )
1 0 1 O 0 0 0 0 1 0 0 ) Y6=ABC
1 1 o o0 O O o0 o0 © 1 0 —\

1 1 1 o0 O0 O O O 0 0 1 ) Y7=ABC




DECODER-5
“ Similarly for 4 to 16 or 1 of 16 Decoder

256



DECODER-6

Applications of Decoders

Decoders are greatly used in applications where the particular output or group of
outputs to be activated only on the occurrence of a specific combination of input
levels.

Binary to Decimal Decoder

Decoders are used to get the decimal digit corresponding to a specific input
combination. A BCD number needs 4 binary digits to represent the 0 to 9 decimal
digits, thus it consists of 4 input lines. It consists of 10 output lines corresponding to 0
to 9 decimal digits. (1 of 10 line decoder)

Address Decoders

Amongst its many uses, a decoder is widely used to decode the particular memory
location in the computer memory system. Decoders accept the address code
generated by the CPU which is a combination of address bits for a specific location in
the memory. In a memory system, there are several memory ICs are combined and
each one has their unique address to distinguish from other memory locations. In such
cases a decoder built in the memory ICs circuitry, is used to select a memory IC in
response to a range of addresses by decoding the most significant bits of the systems
address, thereby a particular memory location or IC is selected.

Instruction Decoder

Another application of the decoder can be found in the control unit of the central
processing unit. This decoder is used to decode the program instructions in order to
activate the specific control lines such that different operations in the ALU of the CPU
are carried out.
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DECODER-7

“ Show how using a 3-to-8 decoder and multi-input OR
gates following Boolean expressions can be realized
simultaneously.

F1 (A, B, C)=Ym(0, 4, 6);
F2(A, B, C) = Ym(0, 5);

Sl A4.. 9 2 T\

=1
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DECODER-8

“ Implement a full adder circuit using a 3-to-8 line
decoder.

“SumoutputS= dYm(1247)
“ Carry output Co= >Ym(3567)

A I c 5 (.

|:| -
0 0 0 0 I L @7 .
0 0 I | 0 A 22 -
0 1 0 1 0 o 3
0 1 | 0 | B o Decoder 4
! 0 0 l 0 .
1 0 | 0 | c 20
! ! 0 0 | ’ .
! ! | ! | i
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DECODER-9
“ BCD-TO-DECIMAL DECODERS (IC 7445)

e

paravisd

g, 4.18 ) 1-0f-10 decoder

oo| |~ |on] |w]| P wa| 0o | —

7445
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15
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DECODER-10

“ Truth Table of 1 of 10 decoder

Quiputs

Inputs
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DECODER-11

“ Circuit Connection

262
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DECODER-12

“ Seven Segment decoder

Ny
~y

N

—
Il >
S —

(hi

Segments Inputs

=8

7 Segment Display Output

woy
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=== ool |k |—=|—= |
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DECODER-13
“ 7446 decoder-driver

+5V DC

16

IC
7446

]
Lo T . T
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ENCODERS-1

“ An encoder converts an active input signal into a
coded output signal.

“ An encoder is a device which converts familiar
numbers or characters or symbols into a coded
format. It accepts the alphabetic characters and
decimal numbers as inputs and produces the outputs
as a coded representation of the inputs.

“1t is a combinational circuit that performs the
opposite function of a decoder.

“ These are mainly used to reduce the number of bits
needed to represent given information.
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ENCODERS-2

Depending on the number of input lines, digital or binary
encoders produce the output codes in the form of 2 or 3 or 4 bit
codes.

An encoder is a multiplexer without its single output line.

It is a combinational logic function that has 2" (or fewer) input
lines and n output lines, which correspond to n selection lines in
a multiplexer.

The n output lines generate the binary code for the possible 2"
input lines.

—P
20 Data  ee——
Inputs : b
_., I":n P 1 Dat
Encoder : :utp:::s

Enable - >
266 Inputs




ENCODERS-3

“ Decimal-to-BCD Encoder

BCD Output

(5]
0O 00000000 o Ao
1

DEC/BCD |0

--'I}

m—

=12
o K
— 4

— 5

- 6

— 7

- §
] 9

Decimal

Inputs
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ENCODERS-4

“ Decimal-to-BCD

Encoder
« A=D8+ D9 -
“ B=D4 + D5+ D6 + D7
“« C=D2+D3+D6+D7 1
“« D=D1+D3+D5+D7+D9 Ll
i-i-l-
It




ENCODERS-5

“ Priority Encoder

“ A priority encoder is a practical form of an encoder.
The encoders available in IC form are all priority
encoders.

“ In this type of encoder, a priority is assigned to each
input so that, when more than one output is
simultaneously active, the input with the highest
priority is encoded.

“ Let us assume that the octal-to-binary encoder has
an input priority for higher-order digits.
“ Let us also assume that input lines D2, D4 and D7

are all simultaneously in logic ‘1" state. In that case,
29nly D7 will be encoded and the output will be 111.



EXCLUSIVE-OR GATES-1

“ The exclusive-OR gate has a high output only when

an odd number of inputs is high.
A
Bﬂ-—-—fD—y

— = e | Tk
e I~ ~ |
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EXCLUSIVE-OR GATES-2

- o

=m0 Q

] >—

7
C —
D ——

Comment

Even
Odd

Odd

Even

Odd

Even

Even
Odd
Odd

Even
Even
Odd

Even
Odd
Odd

Even
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EXCLUSIVE-OR GATES-2

* EX-NOR Gate
* Truth Table

T
0 0 1 A
1 0 0
1 1 1
*Y=A®B
* OR

- Y=AB+AB orY = A®B
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EXCLUSIVE-OR GATES-2

* Example

- Y=A®B®C

* Y = (ABB)D C

- Y=(AB+AB)®C

- Y = (AB + AB)C + (AB + AB)C
- Y= (AB+ AB)C + (AB + AB) C
* We can write

- Y = (A®B)C + (A®B)C
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EXCLUSIVE-OR GATES-3

“ PARITY GENERATORS ANDCHECKERS

“ Even parity means an n-bit input has an even
number of 1s. For instance, 110011 has even parity
because it contains four 1s.

“ Odd parity means an n-bit input has an odd number
of 1s. For example, 110001 has odd parity because
it contains three 1s.
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EXCLUSIVE-OR GATES-4
“ Parity Checker

10101 100100 01100
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EXCLUSIVE-OR GATES-5

“ Parity Generation

“In a computer, a binary number may represent an
instruction that tells the computer to add, subtract,
and so on; or the binary number may represent data
to be processed like a number, letter, etc. In either
case, you sometimes will see an extra bit added to
the original binary number to produce a new binary
number with even or odd parity.
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EXCLUSIVE-OR GATES-6
« gth _pit Shows Odd or

Even parity

“ |f X8=0 Indicate odd - Sbitoumber
parity S )iﬁ X5 Xy X3 X5 X Xy

“ X8=1 even parity —— |

e P
@

1 - 1t
XB-:-- - _Instruc_tiunvur data bits

9-bit number with odd parity
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EXCLUSIVE-OR GATES-7

“ Application

“ Practical application of parity generation and
checking

“ Because of transients, noise, and other
disturbances, 1-bit errors sometimes occur when
binary data is transmitted over telephone lines or
other communication paths.

“ One way to check for errors is to use an odd-parity
generator at the transmitting end and an odd-parity
checker at the receiving end. If no 1-bit errors occur
In transmission, the received data will have odd
parity.

“ But if one of the transmitted bits is changed by noise

,Qr any other disturbance, the received data will have
even baritv.



EXCLUSIVE-OR GATES-8

“ Lab Experiment

“ Design and verify the Truth Table of 3-bit Parity Generator
and 4-bit Parity Checker using basic Logic Gates with an

even parity bit.
“ Parity Generator

ABC A B C P
0000 O O O
001 0 0 1 1
0100 1 0 1
0110 1 1 0
100 1 0 0 1
101 1 0 1 0
1101 1 0 0
el ||

BC
A 00 01 11 10
0 0 1) 0 )
1 (1) 0 1) 0
A=A
B=B
C=C
P; = ABC + ABC + ABC + ABC
P = (AB + AB)C + (AB + AB)C
T
B
C 4-hit even
parity code

e




EXCLUSIVE-OR GATES-8

“ Implementation using Basic Gates

A B C
0

VIV

g
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EXCLUSIVE-OR GATES-9

“ Parity Checker

10

11

01

00

AB

00

A | B | C | P | P

1

0

0

0

0

01

11

10

Pc=[(A®B)®C|®P

D_




EXCLUSIVE-OR GATES-9

“ Implementation using Basic Gates

ESFaEAE

D

|

Y

il
Y
e
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MAGNITUDE COMPARATOR-1

“ Magnitude comparator compares magnitude two n-bit binary
numbers.

“ XandY two 1-bit Input, then three outputs X=Y, X> Yand ,X<YY.

“ The logic equations for the outputs can be written as follows,
where G, L, E stand for greater than, less than and equal to
respectively.

(X>Y). G =XY' (X<Y).L=XY
IY!_li—'-'-I'-
"
Xn_z.... —=(X>1) | Input Output
T XY |X>Y X=Y X<Y
n-bit . (X=7) X——[>o— . xey
comparator 0ol 0 ] 0 .
};"1_" —(X<}) 0 1 0 0 | ?C A=Y
2= Lol 1 0 0 }_ oy
Yy L1l o 1 0| Y=
(2) (b) (c)

(a) Block diagram of Magnitude comparator, (b) Truth table, (c) Circuit for 1-bit comparator



MAGNITUDE COMPARATOR-2

“ Design of a 2-bit comparator

“ 4-variable (X: X1, X0 and Y: Y1,Y0) truth table and
get logic equations through any simplification
technique like k-Map.

“ But this procedure will become very complex when
the designing a comparator for 3-bit numbers or
more.

“ So from 1 -bit comparator we can write expression
for greater than, less than and equal terms.

“ bit-wise greater than terms (G):G1 = X7 Y7/, Go=

X0Y0'
“ bit-wise less than term (L): L1 =X1'Y1, L0 =X0'Y0
“ bit-wise equality term (E): E71 = (G1 + L1)/, EO

22(GO+ LO)’



MAGNITUDE COMPARATOR-3

“ bit-wise greater than terms (G) : G1 = X1 Y7/, Go=
X0YO0'
“ bit-wise less than term (L) L1 =X1'Y1, LO=X0'Y0

“ bit-wise equality term (E): E1 =(G1+ L1)" EO =(GO0+
LO)

“ If X =Y when both the bits are equal then we can write:
(X=Y)=E1.EOQ
“ X>Y if MSB of X1 is higher ( G1 = 1) than that of Y7. If
MSB is equal, given by E7 = 1, then LSB of X and Y'is

checked and if found higher (GO = 1) the condition X>Y
is fulfilled so we can write:

(X>Y) = G1+E1.G0O
“ Similarly for X<Y:
(X<Y) =L1+E1.LO
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MAGNITUDE COMPARATOR-4

“ X:Xn-1Xn-2...X0and Y: Yn-1Yn-2..YO0

“ We can write,

“(X=Y)=En-1.En-2---Eo
“(X>Y)=G6Gn-1+En-1.Gn-2 + ... +En-1.En-2--- E1.G0O
“(X<Y)=Ln-1+En-1.Ln-2+ ..+ En-1.En-2--- E1.LO

“ where Ei, Gi and Li represent for ith bit Xi = Yi, Xi >
Yi and Xi < Yi terms respectively.
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Programmable Logic Devices (PLDs)

“ PROMs

“ Programmable
Logic (PALSs)

“ Programmable
arrays (PLAs)

287
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Programmable Array Logic (PAL)-1

“ Programmable array logic (PAL) is a programmable
array of logic gates on a single chip. PALs are
another design solution, similar to a sum-of-products
solution, product-of-sums solution, and multiplexer
logic.

“ A PAL has a programmable AND array and a fixed
OR array.
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Programmable Array Logic (PAL)-2

ottt

“ PAL with 4 inputs and 1

\/ Fixed OR array

EENEERE TN
outputs .I= - = I
“In the x's on the inpi ==§. L
side are fusible link.. =11
while the solid blac{++ 1101
bullets on the outpt A= -
side are fixem D T
connections. I !
EREEREE
] L=
=
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Programmable AND array [ ] [ ] [ J
3

Structure of PAL



Programmable Array Logic (PAL)-3

Fixed OR array

“ Example of how to progra ?W‘W?Z

a PAL.

= = b4

Yy = ABCD + ABCD + ABCD + ABCL_4

Y, = ABCD + ABCD + ABCD

Y, = ABC + ABC+ ABC + ABC

Yy = ABCD

“ The first desired product

A’BC’D On the top input lir]

in figure shown

“ Remove the first x, tf

fourth x, the fifth x, and tt

eighth x.

“ Then the top AND gate he ‘;'D-Ef_ammf“'ﬁ" AND aray

an output of A’/BC’D

QUUUUUIO000UUCTT

YYY

Y; ¥, ¥ Y,

290 Example of programming a PAL



Programmable Logic Arrays (PLAs)-1

B C

“ Both its AND-gate arre  } 4

and its OR-gate arre i Programmable OR array
are fusible-linked ar HX Y

programmable. L | ) ;;

U

“A PLA having 3 inpt g b &4 D
variables (ABC) and Ll .l | | e

output variables (XYZ)
“ There could R A A A

additional OR gates :
the output if desired. U T H)

Programmable AND array Q dj
| | . v

Z

JUUU

_:.:|
\

S
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Programmable Logic Arrays (PLAs)-2

“ An example, use a PLA to recognize each of the 10
decimal digits represented in binary form and to
correctly drive a 7-segment display.

“ Four bits (ABCD) are required to represent the 10
decimal numbers. There must be 7 outputs

(abcdefg), 1 output to drive each of the 7 segments
of the indicatnr

= o

A —

— b

B — e
= T

o el v

g
L
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Programmable Lo
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7-segment decoder using PLA
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Programmable Logic Arrays (PLAs)-4

Implement the following
Boolean function using suitable
PLA f1= >(0,1,4,6), f2=
>(2,3,4,6,7), 13= >(0,1,2,6), f4=
>(2,3,5,6,7)

Draw a PLA circuit
simultaneously realize the
Boolean function Y3=A'BC’;
Y2=AC; Y1=AB'C+A’'BC+ABC’;
Y0=A'BC'+A'BC+A'B'C’+ABC.

Draw a PLA circuit
simultaneously realize the
Boolean function

X=A'B'C+AB'C'+B’C;
Y=A'B'C+AB’C’; Z=B'C.

Design 7-segment decoder
using PLA.
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HDL IMPLEMENTATION OF DATA
PROCESSING CIRCUITS-1

“ The data flow model provides a different use of
keyword assign in the form of

assigh X=S?A:B;
“If, S=1, X=AandifS=0, X=8B.
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HDL IMPLEMENTATION OF DATA
PROCESSING CIRCUITS-2

module module

mux2to1(A,D0,D1,Y); mux2to1(A,D0,D1,Y);

input A,DO,D1; input A,DO,D1;

output Y, output Y;

assign Y=(~A&DO0) | (A&D1); assign Y= A? D1:DO;

endmodule /*Conditional
assignment®/

endmodule
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HDL IMPLEMENTATION OF DATA
PROCESSING CIRCUITS-3

module
mux2to1(A,D0,D1,Y);

input A,DO,D1;

output Y;

reg Y,

always@ (A or DO or
D1)

if (A==1) Y=D1,

else Y=DO;

endmodule
297

module
mux2to1(A,D0,D1,Y);

input A,DO,D1;
output Y,
reg Y;
always@ (A or DO or D1)
case (A)
0:Y=DO;
1:Y=D1;
endcase
endmodule



HDL IMPLEMENTATION OF DATA
PROCESSING CIRCUITS4

“ Design a 4 to 1 multiplexer, using conditional ‘assign’
and ‘case’ statements.

“ We can use nested condition for assign statement.
“ If A=1, condition ( B ? D3:D2) is evaluated.
“ThenifB=1, Y=D3.

“ Similarly, the other combinations of A and B are
evaluated and Y is assigned a value from D2 to D1.

“ For case statement concatenate A and B by using
operator {...} and generated four possible
combinations, For a particular value of AB.
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HDL IMPLEMENTATION OF DATA
PROCESSING CIRCUITS-5

module mux4tol(A,B,DO,DI,D2,D3,Y);

module mux4to input A,B,DO,DI,D2,D3;
(A,B,DO,DI,D2,D3,Y); output V;
. reg Y,
InPUt AaBaDoaDIaDst3 always @(A or B or DO or DI or D2 or
_ D3)

OUtpUt Y, case ({A,B})
assign v - bV,
A?(B?D3:D2):(B?D1:D0); 2 Y=D2-
endmodule 3:¥=D3;

endcase

endmodule
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HDL IMPLEMENTATION OF DATA
PROCESSING CIRCUITS 6

“ A verilog HDL code for a digital circuit is given as follows.
Can you describe the function it performs?
module unknow (A,B,C,Y);
input [3:0] A,B;
input [2:0] C;
output [2:0] Y;
reg [2:0]Y;
always @ (A or B or C)
if (A<B) Y=3'b001;
else if (A>B) Y=3'b010;
else Y=C,;
endmodule

HDL compares two 4-bit numbers A and B and generates a 3
bit output Y.
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Arithmetic Building Blocks-1

“ Half-Adder

“ When we add two binary numbers, we start with the
least significant column. This means that we have to
add two bits with the possibility of a carry. The circuit
used for this is called a half-adder.

CARRY

SUM

A—%

i B
(] A 0 N .l
e 1
R 0
] l

0
0

0

1
I
0
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)— CARRY = AB
D- SUM=AB + 4B

T




C

Arithmetic Building Blocks-2

“ Full-Adder
“ A full—adder, a logic circuit that can add 3 bits at

4 B ¢ CARRY SUH

0 0 0 0 0

0 0 o ) 1

0 | 0 0 1

0 | 1 1 0

1 0 0 ) t

| 0 | | 0

| | 0 1 0

l [ R | 1
AB AR

0001 11 10 ~\ 0001 11 10
0l 0 n&{} 0l0]1]0]1
Lo fdPI D] 1[1fol11l0

- Carry =AB+ BC+ AC
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SUM=4@B®C

48C

&

B

*—..—.-

-

3——37 _CARRY

D— SUM



Arithmetic Building Blocks-3

“ Controlled Inverter

A7 ... 4g=0110 1110 . . .

o— INVERT
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Arithmetic Building Blocks-4

“ A Low INVERT produces
Y71---Yo=01101110

“ But a High INVERT results in
Y7 ... Yo=1001 0001

“ During a subtraction, we first need to take the 2's
complement of the subtrahend. Then we can add the
complemented subtrahend to obtain the answer.

“ With a controlled inverter, we can produce the 1's
complement. There is an easy way to get the 2 's
complement.
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ARITHMETIC LOGIC UNIT-1

“ ALU is an integral part of central processing unit or CPU
of a computer. It comes in various forms with wide range
of functionality.

“ Like normal addition, subtraction, increment, decrement
operations.

“ As logic unit it performs usual AND, OR, NOT, EX-OR
and many other complex logic functions.

“ It also comes with PRESET and CLEAR options,
invoking which all the function outputs are made 1 and O
respectively.

“ Normally, a mode selector input (M) decides whether
ALU performs a logic operation or an arithmetic

operation.
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ARITHMETIC LOGIC UNIT-2

Input 4 Input B

_‘13 AE Al AU B3 'BE El Bﬂ

192123 2 18202271
8y )3

| L

2 IC 74181
51 ok 7 C}q-m-mcin
06 14 1715 1311109

TTITIIT s

GS‘ﬂP3ﬂ F3F2FIF
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ARITHMETIC LOGIC UNIT-3

307

M=1 M=0
(Logic (Arithmetic Function)
538,58, 8, Function) C,,= 1 (For C;;= 0, add | to F)
0000 F=4" F=4
0001 F=(4+ BY’ F=A+B
0010 - F=AB : F=4+B
0011 F=0 ~ F=minus 1
0100 F=(4B)’ F=Aplus (4B
0101 F=B’ F=(A+ B) plus (4B
0110 F=A@®B F =4 minus B minus |
0111 F=AB" F=AB minus 1
1000 F=A4’+B F=Aplus (4B)
1 001 F=(4@®B)’ F=Aplus B
1010 F=B F=(4+ B’ plus (4B)
1011 F=A4B F=AB minus 1
1100 F=1 F=A4plus 4
1101 F=A+B’ F=(A4 + B) plus 4
1110 F=4+8 F=(A+B")plus 4
1111 F=4 - F=A minus ]




Introduction to Flip Flop

The outputs of the digital circuits are dependent entirely
on their inputs.

However, there are requirements for a digital device or
circuit whose output will remain unchanged, once set,
even if there is a change in input level(s). Such a device
could be used to store a binary number called Flip-Flop.

Flip-flops are used in the construction of registers and
counters, and in numerous other applications.

In a sequential logic circuit flip-flops serve as key
memory elements.

Analysis of such circuits are done through truth tables or
characteristic equations of flip-flops. The analysis result
IS normally presented through state table or state
transition diagram and also through timing diagram.
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RS FLIP-FLOPS-1

“ Any device or circuit that

has two stable states Is
said to be bistable.

For instance, a toggle
switch has two stable
states.

It is either up or down,
depending on the position
of the switch.

The switch is also said to
have memory since it will
remain as set until
someone changes its

s@osition.

+VC'C'
I Output . Output
T 1

State

Ve |

State 1
(a) Toggle switch



RS FLIP-FLOPS-2

“ A flip-flop is a bistable electronic

circuit that has two stable states-
that is, its output is either O or +5V.

The flip-flop also has memory
since its output will remain as set
until something is done to change
it.

In fact, any bistable device can be
used to store one binary digit (bit).

For instance, when the flip-flop has
its output set at OV dc, it storing a
logic 0 and when its output is set at
+ 5 V dc, as storing a logic 1.

The flip-flop is often called a /atch,
since it will hold, or latch, in either
stable state.

310

-+ V{‘ C + VC c

Output | Output
0 Vdc +5 Vdc
T T

State 0 State 1
(b) Flip-flop




RS FLIP-FLOPS-3

“ Basic ldea

“ One of the easiest ways to construct a flip-flop is to
connect two inverters in series as shown in Figure. The
line connecting the output of inverter B (INV B) back to
the input of inverter A (INV A) is referred to as the
feedback line.

Feedback line

v, _ V2 . .V3
) INV 4 - NV BXO—%

(a) Bistable circuit

3
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RS FLIP-FLOPS-4

* If V1is 0 Vdc, V3 will also be 0 Vdc as seen in Figure.

The feedback line can again be used to hold V7 at OV dc
since V3 is also at OV de. This is then the second stable
state V3 =0V dc.

Feedback line

V,=0Vdc V,=+5Vdc Vy=0 Vde
INV INV B
| | (a) Bistable circuit -
312

i—o




RS FLIP-FLOPS-3

* If V1is +5 Vdc, V3 will also be +5 Vdc as seen in Figure.

* The feedback line can again be used to hold V7 at+ 5V
dc since V3 is also at + 5 V dc. This is then the second

stable state- V3=+ 5V dc.

Feedback line

| |V =+5Vde| V,=0Vdc Vy=-+5 Vde
+Veco — INV INV B

(a) Bistable circuit
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RS FLIP-FLOPS-4

“ NOR-Gate latch

“ The basic flip-flop can be improved by replacing the
inverters with either NAND or NOR gates.

“ The additional inputs on these gates provide a
convenient means for application of input signals to
switch the flip-flop from one stable state to the other.
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RS FLIP-FLOPS-5

“ Two inputs labelled R

and S.

“ Two outputs, defined

IN

more

general

terms as Q and Q"

315

§

o

[

Action

o T e T

0
]

Last
state

No change
SET
RESET
Forbidden
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RS FLIP-FLOPS-6

“ To aid In understanding

the operation of this
circuit, recall that an H =1
at any input of a NOR
gate forces its output to
an L =0.

The first input condition in
the truth table is R = 0 and
S = 0. Since a 0 at the
input of a NOR gate has
no effect on its output, the
flip-flop simply remains in
its present state; that is, Q
remains unchanged.
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RS FLIP-FLOPS-7

“ The second iInput
conditon R=0and S =
1 forces the output of
NOR gate B low.

“Both inputs to NOR
gate A are now low, and
the NOR-gate output
must be high.

“Thus a 1 at the S input
Is said to SET the flip-
flop, and it switches to
the stable state where

Q=1.
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RS FLIP-FLOPS-8

The third input condition
sR=1and S=0. This
condition forces the
output of NOR gate A
low, and since both
inputs to NOR gate B
are now low, the output
must be high.

Thus a 1 at the R input
Is said to RESET the flip
-flop and it switches to
the stable state where

Q=0 (orQ=1).

318
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RS FLIP-FLOPS-9

“ The last input condition in

the table, R=1and S =1,
IS forbidden, as it forces
the outputs of both NOR
gates to the low state.

In other words, both Q =0
and Q' = 0 at the same
time.

This violates the basic
definition of a flip-flop that
requires Q to be the
complement of Q’, and so
it is generally agreed
never to impose this input
condition.
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RS FLIP-FLOPS-10

» NAND-Gate latch
» Also called as RSflip-flop.

» Alow on any input to a NAND

gate will force its output high.

» Thus a low on the S input will
set the latch (Q = | and Q' =

0).

» A low on the R input will reset

it (Q = 0).

» If both R and S are high, the
flip-flop will remain in its

previous state.

» R and S low simultaneously is
forbidden since this forces

both Q and Q’high.
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1 1 | Last state
I 011
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0 0| ?(Forbidden)
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RS FLIP-FLOPS-11

- Show how to convert the RS flip-flop into an RS flip-flop.

- By placing an inverter at each input RS flip-flop, the 2 inputs
are now R and S, and the resulting circuit behaves exactly as
the RS flip-flop.

s —«[::} 8 }_.__ o LR S Q

Last state

RS
| | 1 010
" R 0 _ o .
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RS FLIP-FLOPS-12

Bubbled OR-gate equivalent to RS flip-flop

322
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GATED FLIP-FLOPS-1

Clocked RS Flip-Flops

The addition of two AND gates at the R and S inputs as shown in
figure will result in a flip-flop that can be enabled or disabled.

When the ENABLE input is low, the AND gate outputs must both be
low and changes in neither R or S will have any effect on the flip-flop
output Q. The latch is said to be disabled.

Strobe or clock the flip-flop in order to store information (set it or reset
it) at any time, and then hold the stored information for any desired
period of time. This flip-flop is called a gated or clocked RS flip-flop.

The time before the ENABLE goes low Q, and the time just after
ENABLE goes low Q,, ;.

EN § R Qn-i-l.
§ | L 1 0 0|0, (ﬁo change)
}S 0 =15 ¢ 1 0 1]lo0
—]EN 11 0!
R____D—R 01— —R P92 11| 2egaty
0 X X1 Q,(nochange)



GATED FLIP-FLOPS-2

“ Two different realizations for a clocked RS flip-
flop

e T

| ) (.
CLIS“‘_ >< Y, x| 0
L

i)
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GATED FLIP-FLOPS-3

“ Below figure shows the input waveforms R, S, and
EN applied to a clocked RS flip-flop. Explain the
output waveform Q.

Time il - IJ k . :‘} -7 :‘:~ -
4 1 |
| b Lo ;
EN
0 ! Lo l' i
1 : L ! :y !
R | | i
e L
o1 : i ‘
S 0 : : I—L
. |
1
¢ 0 — |
RE=nis
0
CLK
or =9 ><
EN
D
325 R |




GATED FLIP-FLOPS-4

Clocked D Flip-Flops

A D (Data) flip-flop havind 2
one input.

This flip-flop is disableEN
when EN is low, but i
transparent when EN is higfr

D flip-flop in which Q can
follow the value of D while
EN is high.

In other words, if the data bit
changes while EN is high,
the last value of D before EN
return low is the value of D
that is stored.

This kind of D flip-flop is
often called a D latch.
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EN D

D
PR

Ql

D
EN

Q

-

Q

o

Logic symbol

0

=n+

0 X

]
1

0
1

Q,, (last state)

0
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GATED FLIP-FLOPS-5

“ The idea of data storage in D Flip-Flop

“ Four D latches are driven by the same clock signal.

“ When the clock goes high, input data is loaded into
the flip-flops and appears at the output.

“ Then when the clock goes low, the output retains the

data.
D, D, D, Dy

e

D EN D EN D EN D EN

327



EDGE-TRIGGERED RS FLIP-FLOPS -

1

If any of these flip-flops are used in a synchronous system, care
must be taken to ensure that all flip-flop inputs change state in
synchronism with the clock.

One way of resolving the problem for gated flip-flops is to allow
changes in R, S, and D input levels only when EN is low or
require fixed levels at R, S, and D any time EN is high.

Nearly all of the circuits in a digital system ( computer) change
states in Synchronism with the system clock.

A change of state will either occur as the clock transitions from
low to high or as it transitions from high to low.

The low-to-high transition is frequently called the positive
transition (PT), as shown in Figure. The PT is given emphasis
by drawing a small arrow on the rising edge of the clock
waveform.

A circuit that changes state at this time is said to be positive-

edge-triggered. The high-to-low transition
transition (NI), as shown in Figure. ‘ \ I I
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EDGE-TRIGGERED RS FLIP-FLOPS -
2

“ Positive-Edge-Triggered RS Flip-flops

“ The small triangle inside the symbol (dynamic input
indicator) indicates that Q can change state only with PTs
of the clock (C).

“ Each PT of the clock produces a very narrow PT that is
applied to the AND gates.

“ The AND gates are active only while the PT is high
(perhaps 25 ns), and thus Q can change state only
during this short time period. In this manner Q changes
state in synchronism with the PTs of the clock.

> bS5 OF—  —S [—0
PT .
B

C ) ®

R O —R p—0

329 R




EDGE-TRIGGERED RS FLIP-FLOPS -
3

“ Truth Table and Timing Diagram

C
l | I | !
PT
C S R|OQ,.,| Action (I T N I
i I i
¢ 0 0| @, | Nochange g ! : : S—
y 0 1 0 RESET : i i
" SET R : ' "
Aol ? Illegal o
(¢) Truth table (d) Positive-edge-triggered RS flip-flop
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EDGE-TRIGGERED RS FLIP-FLOPS -4

“ Negative-Edge-Triggered RS Flip-Flops
“ The small bubble on the clock input ( C) means
active-low.

C § RIQ,+, Action
s ¢ t 0 0] O, | Nochange
—apC i 0 1 0 RESET
41 o0l SET
R PY ] Hlegal
C T 1 ] ] 1 1 I
- i I 1 1 [}
NT
To ) ) '3 £
H | i
S : : ;
R I S

331 Q



EDGE-TRIGGERED D FLIP-FLOPS -1

“ When the clock is low, D is a don't care and Q is
latched in its last state.

“ On the leading edge of the clock (PT), designated by

the up arrow, the data bit is loaded into the flip-flop
and Q takes on the value of D.

D * ) s Ol
C —d PT,-»-'\ & ' C D QH + 1
- 0 X | Q,(last state)
|> R Q— 4 0 0
b1 1
(a) Circuit diagram (¢) Truth table

Positive-edge-triggered D flip-fiop
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EDGE-TRIGGERED D FLIP-FLOPS -2

“ To get some computers started, an operator has to
push a RESET button. This sends a CLEAR or
PRESET signal to all flip-flops. Also, it's necessary in
some digital systems to preset (synonymous with
set) certain flip-flops.
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EDGE-TRIGGERED D FLIP-FLOPS -3

“ Depressing the RESET button will set Q to 1 with the first PT of
the clock. Q will remain high as long as the button is held
closed. The first PT of the clock after releasing the button will

set Q according to the D input.

“ Furthermore, the OR gates allow us to slip in a high PRESET
or a high CLEAR when desired.

“ Ahigh PRESET forces Q to equal 1; a high CLEAR resets Q to
0. Ve

RESET |—|l ' PRESET

. 5 b ———

D D

R c— P {

s @

1Ql

i

B
—D‘}iq R

334 : '
PRESET and CLEAR functions



EDGE-TRIGGERED D FLIP-FLOPS -4

—D 0 —D 0 1D 0
—DC . —o> C . > C .
— ¢ e cr ¢

o i

- (a) _ | (b) (¢)

) Dflip-flopsymbols: (a) Positive-edge-triggered, (b) Negative-edge-triggered,
(c) Positive-edge-triggered with active low clear
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EDGE-TRIGGERED JK FLIP-FLOPS -
1

» J-Jack K- Kilby (Jack Kilby inventor of Integrated Circuits in
1958 and the Hand-held Calculatorin 1966)

* Setting R =5 =1 with an edge-triggered RS flip-flop forces
both Q and Q to the same logic level. This is an illegal
condition, and it is not possible to predict the final state of Q.

* The JK flip-flop accounts for this illegal input, and is therefore
a more versatile circuit.

* Flip-flops can be used to build counters. Counters can be used
to count the number of PTs or NTs of a clock.
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EDGE-TRIGGERED JK FLIP-FLOPS -
2

» Positive-Edge-Triggered | K Flip-Flops
» The basic circuit is identical to the previous positive-edge-triggered
RS flip-flop, with two important additions:
The Q output is connected back to the input of the lower AND gate.
The Qoutput is connected back to the input of the upper AND gate.

» This cross-coupling from outputs to inputs changes the RS flip-flop
into a JK flip-flop. The previous S input is now labelled J, and the
previous R input is labelled K.

o J S QO o— ¢ J K 0, 1 Action
PT t 0 0| O,(laststate) | No change
7 I £ 0 1]0 RESET
K R O+ 4+ ol SET
¢+ 1 1] Q, (toggle) Toggle
(a) One way to implement a JX flip-flop (b} Truth table

A positive-edge-triggered JK flip-flop



EDGE-TRIGGERED JK FLIP-FLOPS -

3

“ How it works:

“When J and K are both low, both AND gates are
disabled. Therefore, clock pulses have no effect.

“ This first possibility is the initial entry in the truth
table. As shown, when J and K are both 0s, Q

retains its last value.

P

CVPT-D
D,

K
(a) One way to implement a JX flip-flop

S OFte

R @-——u——

(b) Truth table
A positive-edge-triggered JK flip-flop

cC J K O, +1 Action
¢ 0 0} Q,(laststate) | No change
¢ 0 110 RESET
1 011 SET
1 @H (toggle) Toggle



EDGE-TRIGGERED JK FLIP-FLOPS -

4

“When J is low and K is high, the upper gate is
disabled, so there's no way to set the flip-flop. The
only possibility is reset.

“ When Q is high, the lower gate passes a RESET
pulse as soon as the next positive clock edge
arrives. This forces Q to become low (the second
entry in the truth table). Therefore, J = 0 and K = 1
means that the next PT of the clock resets the flip-

C ?Pi““:"‘D‘S T
K HR Qe+

(a) One way to implement a JX flip-flop
A positive-edge-triggered JK flip-flop

cC J K O, +1 Action
¢ 0 0} Q,(laststate) | No change
¢ 0 110 RESET
b1 041 SET
b1 1 Q: (toggle) Toggle

(b) Truth table




EDGE-TRIGGERED JK FLIP-FLOPS -
5

* When J is high and K is low, the lower gate is disabled, so it's
impossible to reset the flip-flop.

- When Q is low, Q is high; therefore, the upper gate passes a
SET pulse on the next positive clock edge. This drives Q into
the high state (the third entry in the truth table).

* As,J =1 and K = 0 means that the next PT of the clock sets the
flip-flop (unless Q is already high).

o J S QO o— ¢ J K 0, 1 Action
PT t 0 0} Q,(laststate) | No change
7 I £ 0 110 RESET
K R O+ 4+ ol SET
¢ 1 1] Q, (toggle) Toggle
(a) One way to implement a JK flip-flop (b) Truth table

A positive-edge-triggered JK flip-flop



EDGE-TRIGGERED JK FLIP-FLOPS -
6

“ When J and K are both high, it's possible to set or reset
the flip-flop.

“ If Q is high, the lower gate passes a RESET pulse on the
next PT. On the other hand, when Q is low, the upper
gate passes a SET pulse on the next PT.

“ Either way, Q changes to the complement of the last state
(see the truth table).

“ Therefore, J = 1 and K = 1 mean the flip-flop will toggle
(switch to the opposite state) on the next positive clock

andnao
o ) § Q4o cC J K O, +1 Action
g-‘ PT ¢ 0 0} Q,(laststate) | No change
¢ ? b 0 110 RESET
K R O+ f 1 01 SET
(O Q: (toggle) Toggle
(a) One way to implement a JX flip-flop (b) Truth table

A positive-edge-triggered JK flip-flop



EDGE-TRIGGERED JK FLIP-FLOPS -
7

)

PR
—J =0 —J " o —J |0
—pC. B —o> C ~ C o
K P2 Tfar PPC o Y

T I

(a) Basic symbol (b) 7T4LS76A (c) 74L.S73A
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EDGE-TRIGGERED JK FLIP-FLOPS -8

“ Toggle flip-flop, popularly known as T flip-flop has
following input-output relation.

“ When input T = 0, the output Q does not change its
state. For T =1, the output Q toggles its value.

For JK flip-flop input J = K = 0, the output Qn+ 1 = Qn

l.e. output does not change its state.

“For J = K =1, the output Qn+7 = Qn’ i.e. output
toggles.

“ Thus, if we tie J and K inputs of JK flip-flop together

and make a common input T = J = K, the resulting
circuit will behave ~c_T flin_flan

I T —
le

T J e r
—> Clk 0
0
K h—— —— > Clk o——
1
1

(a) From JK flip-flop (c) Graphic symbol

—_ s = o [

0
1
1
0




Module-4

Flip-Flops, Registers and Counters
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Text Books Referred

Donald P Leach, Albert Paul Malvino & Goutam Saha:
Digital Principles and Applications, 7" Edition, Tata
McGraw Hill, 2015

M. Morris Mano, Michael D. Ciletti : Digital Design With
an Introduction to the Verilog HDL, 5t Edition, Pearson
Education, Inc
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FLIP-FLOP TIMING-1

Diodes and transistors cannot switch states immediately.

It always takes a small amount of time to turn a diode on or off.
A transistor takes time for to switch from saturation to cut-off,
and vice versa.

For bipolar diodes and transistors, the switching time is in the
nanosecond region.

Switching time is the main cause of propagation delay (tp).
This represents the amount of time it takes for the output of a
gate or flip-flop to change states after the input changes.

For instance, if an edge-triggered D flip-flop lists {p= 10 ns, it
takes about 10 ns for Q to change states after D has been
sampled by the clock edge.

ThIS propagation delay time has been used to construct the
"pulse-forming circuit" used with edge-triggered flip-flops.

When flip-flops are used to construct counters, the
propagation delay is often small enough to be ignored.
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FLIP-FLOP TIMING-2

The D input makes it necessary for data bit D to be at the input
before the clock edge arrives.

The setup time (ty,,) is the minimum amount of time that the
data bit must be present before the clock edge hits.

E.g. a D flip-flop has a setup time of 15 ns, the data bit to be
stored must be at the D input at least 15 ns before the clock
edge arrives; otherwise, the not guarantee correct sampling
and storing.

Data bit D has to be held long enough for the internal
transistors to switch states. Only after the transition is assured
can allow data bit D to change.

Hold time (t,,,4) is the minimum amount of time that data bit D
must be present after the PT of the clock.

E.g., if ., = 15 ns and t, 4, = 5 ns, the data bit has to be at
the D inp ut at least 15 ns Eefore the clock edge arrives and
held at Ieast 5 ns after the clock PT.
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FLIP-FLOP TIMING-3

Typical waveforms for setting a
1 In a positive-edge-triggered
flip-flop.

Prior to t1, the data can be a 1
or a 0, or can be changing.

From time t1 to t2, the data line
D must be held steady. This is

the setup time f,,,

Data is shifted into the flip-flop
at time t2 but does not appear
at Q until time t3.

The time from 2 to t3 is the
propagation time tp.

In order to guarantee proper
operation, the data line must be

held steady from time t2 until
t4; this is the hold time ¢, .

After t4, D is free to change
state.
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RACE AROUND CONDITION OF JK FLIP FLOP -1

In JK flip flop as long as clock is high for the input
conditions J&K equals to the output changes or
complements its output from 1—>0 and 0—>1.

This Is called toggling output or uncontrolled changing or
racing condition.

Consider above J&K circuit diagram as long as clock is
high and J&K=11 then two upper and lower AND gates
are only triggered by the complementary outputs Q and
Q(bar).

l.e. In any condition according to the propagation delay
one gate will be enabled and another gate is disabled.

If upper gate is disabled then it sets the output and in the
next lower gate will be enabled which resets the flip flop

sputput.



RACE AROUND CONDITION OF JK FLIP FLOP-2

“ Steps to avoid racing condition in JK Flip flop:

350

If the Clock On or High time is less than the propagation
delay of the flip flop then racing can be avoided. This is
done by using edge triggering rather than level triggering.

If the flip flop is made to toggle over one clock period then
racing can be avoided. This introduced the concept of
Master Slave JK flip flop.



JK MASTER-SLAVE FLIP-FLOPS-1

“ To begin with, the master
IS positive-level-triggered
and the slave is negative-
level-triggered.

“ Therefore, the master
responds to its J and K
inputs before the slave.

“If J =1 and K = 0, the
master sets on the
positive clock transition.
The high Q output of the
master drives the J input
of the slave, so on the
negative clock transition,
the slave sets, copying
the action of the master.
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—7 0 7 O
C | —0
C J K| 0O,.¢| Acton
JL L L| Q, | Nochange
L L H} L RESET
JLH L H SET
JLH H “QJH Toggle
}1R
—J p—0
e
—dx b—0




JK MASTER-SLAVE FLIP-FLOPS-2

-If ] =0 and K =1, the
master resets on the PT
of the clock. The high
Q output of the master
goes to the K input of
the slave.

- Therefore, the NT of
the clock forces the
slave to reset.

- Again, the slave has
copied the master.
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—7 0o 7 o
C | —
1 —K 0 K O
C J K| 0O,.¢| Acton
L L L] Q, |Nochange
JLL H} I RESET
JLH L H SET
JLH H @H Toggle
PR
4
—J p—0
e
—K Tp— 0O




JK MASTER-SLAVE FLIP-FLOPS-3

If the master's J and K
inputs are both high, it
toggles on the PT of the
clock and the slave then
toggles on the clock NT.

Regardless of what the
master does, therefore,
the slave copies it: if the
master sets, the slave
sets: if the master resets,
the slave resets.

If J = K =0, the flip-flop is
disabled and Q remains
unchanged.

353

—7 0 7 O
C T —a
C J K| 0O,.¢| Acton
JL L L| Q, | Nochange
L L H} L RESET
JLH L H SET
JLH H “QJH Toggle
IlR
—J p—0
e
—dx b—0




JK MASTER-SLAVE FLIP-FLOPS-4

The truth table reveals this action by means of the pulse
symbol

Second, the symbol | appearing next to the Q and the Q’
outputs is the IEEE designation for a postponed output.

In this case, it means Q does not change state until the
clock makes an NT.

In other words, the contents of the master are shifting
into the slave on the clock NT, and at this time Q changes
state.

To summarize: The master is set according to J and K
while the clock is high; the contents of the master are
then shifted into the slave (Q changes state) when the
clock goes low.

This flip-flop might be referred to as pulse-triggered, to
distinguish it from the edge-triggered flip-flops.
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JK MASTER-SLAVE FLIP-FLOPS-5

“ The JK master-slave flip-flop J
and K inputs tied to + Vcc and
a series of pulses (actually a
square wave) are applied to its
C input.

“ Since J=K=I, the flip-flop simply
toggles each time the clock

goes low. -
“ The waveform at Q has a (.

period twice that of the C = ‘ : 'f,_;': = %
waveform. S A ey o SRS
“ In other words, the frequency of Q AR Rt

Q is only one-half that of C.

“ This circuit acts as a frequency
divider - the output frequency is
equal to the input frequency
divided by 2.
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JK MASTER-SLAVE FLIP-FLOPS-5

“ Lab Experiment:

“ Realize a J-K Master-Slave Flip-Flop using NAND
gates and verify its truth table.

e
— T e

[I:)O' Input Output
Qn+1

| O|=|O |~
~|lo|O
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SWITCH CONTACT BOUNCE CIRCUITS-1

“ Keyboard mechanical switch used to generate the logic
signal.

“ The single-pole single- throw (SPST) switch shown in
figure.

“ When the switch is open, the voltage at point Ais +5 V
dc; when the switch is closed, the voltage at point Ais 0
V dc.

8 +5vde  voltage waveform at A should appear as

O

ire (b) as the switch is moved from open to
e versa.
RS
Open
&~ 4 Switch position pe
Closed {f
L] .
+5V
SP. S1 ‘1 Voltage at 4
switch 0 A

~ (b) Ideal voltage at 4



SWITCH CONTACT BOUNCE CIRCUITS-2

“ But actually the waveform at point A will appear more or less as shown in
figure (c), as the result of a phenomenon known as contact bounce.

“ Any mechanical switching device consists of a moving contact arm
restrained by some sort of a spring system. As a result, when the arm is
moved from one stable position to the other, the arm bounces, much as a
hard ball bounces when dropped on a hard surface. The number of bounces
that occur and the period of the bounce differ for each switching device.

“ Notice carefully that in this particular instance, even though actual physical
contact bounce occurs each time the switch is opened or closed, contact
bounce appears in the voltage level at point A only when the switch is
closed.

“ When the switch is closed, the circuit will respond as if multiple signals were
applled rather than the smgle -switch closure intended-the undesired result
"""""" ' "ntact bounce.

+ 5 Vdc
e Open
Switch position P
R
§ Cl?;cs —{ == Bounce
¢—=4  Voltageatd l i | 1 | ‘ ‘ I 1 period
& 0 j_ h
SPST — |
switch : ' r:runce Bounce

(¢) Voltage at 4 showing contact bounce



SWITCH CONTACT BOUNCE CIRCUITS-3

“ A Simple RS latch Debounce Circuit to eliminate the
contact bounce problem.

e
“ When the switch is moved to position H, R =0 s ol—
and S = 1. Bouncing occurs at the S input due to H %R
L =

the switch.

“ The flip-flop "sees" this as a series of high and
low inputs, settling with a high level. Sk

“ The flip-flop will immediately be set with Q = 1 at

the first high level on S. (a) Switch contact bounce eliminator

“ When the switch bounces, losing contact, the .
input signals are R = S = 0, therefore the flip-flop Switch #
remains set (Q = 1). When the switch regains Pposttion [ . e

contact, R = 0 and S = 1; this causes an attempt | SMWU Switch]
to again set the flip-flop. But since the flip-flop is R— ™ bmmce} ”ﬂ_
already set, no changes occur at Q. 0

“ The result is that the flip-flop responds to the - T
first, and only to the first, high level at its S input, ~ (b) Switch bounce

3fesulting in a "clean" low-to-high signal at its
outout (0).



VARIOUS REPRESENTATIONSOF FLIP-
FIOPS-1

“ Characteristic Equations of Flip-flops

“ The characteristic equations of flip-flops are useful in analyzing
circuits made of them. Here, next output Qn+7 is expressed as a
function of present output Qn and input to flip-flops.

R S| ©, | Action D 0,41
0o o5 No change X | O, (laststate)
state
0 1 1 SET 0 0
I 0| 0 |RESET l 1
1 1 ? | Forbidden
SR -
00 01 11 10 0, 0 ]
0 0 0 b4 1 0 1
1 1 0 X 1 0 1
(@) 0,.,=S+RQ, ®Q, ., =D

J K Qﬂ + ] T Q.-, me
0 0} Q,(last state) 0 0 0
0 1(0 0 1 1
o1 1 0 1
1 1] Q, (toggle) | 1 0
JK T
0, 00 01 11 10 Q, 0 1
0 0 | 1 0f O 1
1] o | o {[1 1 0

[C) Qﬂ + 1 =szﬂ + f Qn

(d) Qn-'r i TQH N TQ::

Characteristic equations of (a) SR flip-flop, (b) D flip-flop, (c) JK flip-flop, (d) T flip-flop



VARIOUS REPRESENTATIONSOF FLIP-
FIOPS-2

“ Flip-Flops as (FSM) Finite State Machine :

“In a sequential logic circuit the value of all the
memory elements at a given time define the state of
that circuit at that time.

“ Finite State Machine (FSM) concept offers a better
alternative to truth table in understanding progress of
sequential logic with time. For a complex circuit a
truth table is difficult to read as its size becomes too
large.

“ In FSM, functional behavior of the circuit is explained
using finite number of states.
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VARIOUS REPRESENTATIONSOF FLIP-

FIOPS-3

“ All the flip-flops are represented as finite state
machine through their state transition diagrams.

- 10
oD}
10

01
(a) SR flip-flop

—

3
0
0

10
11

JK - :
01 N\ - 10
01
11

(c)JK flip-flop

State transition diagram of (a) SR flip-flop, (b) D flip-flop, (c) JK flip-flop, [d_)-TfIip-fIOp

(d) T flip-flop



VARIOUS REPRESENTATIONSOF FLIP-

FIOPS-4

SR flip-flop is developed from its truth
table or characteristic equation. Each flip
-flop can be at either of 0 or 1 state
defined by its stored value at any given
time. Application of input may change
the stored value, i.e. state of the flip-flop.
This is shown by directional arrow and
the corresponding input is written
alongside.

If SR flip-flop stores 0, then for SR = 00
or 011 the stored value does not change.

For SR=10, flip-flop output changes to 1.
Note that, SR= 11 is not allowed in SR
flip-flop.

When SR flip-flop stores 1, application
of SR= 00 or 10 does not change its
valti® and only when SR= 01, output

| 10
SR
HEONIBOY
01 10
01
SR flip-flop
10
SR
00 00
1o
01



VARIOUS REPRESENTATIONSOF FLIP-
FIOPS-5

“ Flip-Flop Excitation Table:

“ Excitation table of a flip-flop is looking at its truth
table in a reverse way.

“ Here, flip-flop input is presented as a dependent
function of transition Qn—Qn+ 1 and comes later in
the table.

“ This is derived from flip-flop truth table or

characteristic equation and directly from its state
transiti| 0, - Q,+,| § R|J K| D|T

0 0 0 x 10 X010

0 | ] 0 | X l ]

] 0 0 1 | X l 0] 1

I ] X 0t{tx 01t 110
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VARIOUS REPRESENTATIONSOF FLIP-
FIOPS-6

Excitation table for SR Flip-
Flop

One can see if present state
is 0 application of SR = 0x
does not alter its value
where 'X' denotes don't care
condition in R input.

State 0 to 1 transition occurs
when SR = 10 is present at
the input side

While state 1 to O transition
occurs if SR = 01.

Present state | is maintained
if SR=0,i.e. SR=00o0r SR
= 01.
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VARIOUS REPRESENTATIONSOF FLIP-
FIOPS-7

“ Example:

“ A fictitious flip-flop with two inputs A and B functions like this. For
AB= 00 and 11 the output becomes 0 and 1 respectively. For AB=
01, flip-flop retains previous output while output complements for
AB= 10. Draw the truth table , excitation table and state transition
diagrams of this flip-flop.

[©2% 04
[ 8-0 fo .
| 0—1 J0

— o x x|w|
e e R Y T e )
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HDL Implementation of FLIP-FLOP-1

“ Use behavioural model is preferred for sequential

circuit and always keyword is used in all these
circuits.

“ For any flip-flop if EN = 1, output changes according
to equation and if EN = 0, output does not change,
l.e. remains latched to previous value.
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HDL Implementation of FLIP-FLOP-2

module (D,EN, Q);
Input D,EN;

Output Q;

always @ ( EN or D)
if (EN)

Q=D;

//from characteristic
equation

endmodule
368

module
SRLatch(S,R,EN,Q);

input S,R,EN;

output Q;

reg Q;

always @ (EN or S or R)
if (EN)

Q=S |(~R&Q) ;

//from characteristic
equation

endmodule



HDL Implementation of FLIP-FLOP-3

“ A clocked flip-flop.

“ E.g. A D flip-flop with positive edge trigger, negative edge
trigger and positive edge trigger with reset (CLR).

“ Here, the CLR input is active low, i.e. it clears the output
(Q =0)when CLR is 0.

“ Use keywords posedge and negedge for this.

“ With keyword always it ensures execution of always
block once every clock cycle at corresponding edge.

“ The always sensitivity list (after@) contains any number
of edge statements including clock and asynchronous
iInputs.

“ The always block puts all asynchronous conditions in the

beginning through else or else if and the /ast else

statement responds to clock transition.
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HDL Implementation of FLIP-FLOP-4

| _ . _ D flip-flop with positive
D  flip-flop  with D flip-flop with edge trigger with reset
Positive edge trigger  Negative edge trigger (cLR).

module module module
DFFpos(D,C,Q); DFFneg(D,C,Q): PFFpos_cIr(D,C,CLR,Q);
input D,C; input D,C; ;;néout ?’CILCLR;

/IC is clock 11C is clock out::uct(();

output Q; output Q: reg Q ’

reg Q reg Q; always@ (posedge C or
always@ (posedge C) negedge CLR)

Q=D: always @ (negedge C) if (~CLR) Q=1b0:
endmodule Q=D; //Q stores 1 binary bit 0

endmodule else Q=D;
endmodule
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Introduction

A register is simply a group of flip-flops that can be used to store a
binary number. There must be one flip-flop for each bit in the binary
number.

A register is a digital circuit with two basic functions: data storage
and data movement.

E.g. a register used to store an 8-bit binary number must have
eight flip-flops.

Naturally the flip-flops must be connected such that the binary
number can be entered (shifted) into the register and possibly shifted
out.

A group of flip-flops connected to provide either or both of these
functions is called a shift register.

Applications:

A data register is often used to momentarily store binary
information e.g. RAM.

371 A register used in a microprocessor chip. E.g. Processor Register
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TYPES OF REGISTERS-1

The bits in a binary number can be moved from one place to
another in either of two ways.

The first method involves shifting the data 1 bit at a time in a
serial fashion, beginning with either the most significant bit
(MSB) or the least significant bit (LSB). This technique is
referred to as serial shifting.

The second method involves shifting all the data bits
simultaneously and is referred to as parallel shifting.

There are two ways to shift data into a register (serial or
parallel) and similarly two ways to shift the data out of the
register.
This leads to the construction of four basic register types:
Serial-in-serial out (SISO) 54/74L.591, 8 bits
Serial in-parallel out (SIPO) 54/74164, 8 bits
Parallel in-serial out (PISO) 54/74165, 8 bits
Parallel in-parallel out (PIPO) 54/74198, 8 bits
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TYPES OF REGISTERS-2

Senal Serial
data — — data
input i output

(a) Serial in—serial out

Parallel data inputs
/ - \
MSB LSB

{c) Parallel in—serial out

Serial S
data — 8 bi
input i
MSB LSB
1" " r
Parallel data outputs

(b) Serial in—parallel out

Parallel data inputs

.

MSB LSB
8 s B

MSB LSB
A"

Parallel data outputs
(d) Serial in—parallel out

Shift register types
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TYPES OF REGISTERS-3

Data in
i—

g e el J Drata out

Dita 1n =0 =t =t = Data out Data out <= = == |2 [y in
i
(a) Serial in/shift right/serial out (b) Serial in/shift left/serial out
Data in
e = N
it in =] —po e =1 N - —— —
\S—— —
Dty out Data oput
(d) Serial in/paraliel out (e) Parallel in/parallel out (f) Rotate right

(c) Parallel infserial out

() Rotate left

Basic data movement in shift registers. {Four bits are used for illustration. The bits move in the direction of the amows.)
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TYPES OF REGISTERS4

118 stored. 0 is stored.
om0 Rl d D ¢ v
I
' Whena | is on D, ' When a0 is on D,

CLK —rl > C () becomes a | at the CLK —ﬂ e 0 becomes a () at the
triggering edge of CLK trigeering edge of CLK
or remains a 1 if already or remains a 0 if already
in the SET state. in the RESET state.

The flip-flop as a storage element.
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SERIAL IN-SERIAL OUT-1

The flip-flops used to construct registers are usually edge
-triggered JK, SR or D types.

D flip-flops connected as shown in figure forming 4-bit
shift register. A common clock provides trigger at its
negative edge to all the flip-flops.

As output of one D flip-flop is connected to input of the
next at every Clock trigger data stored in one flip-flop is
transferred to the next.

For this circuit transfer takes place like this Q - R, R —
S, S — T and serial data input is transferred to Q.

Scrial{. J 0 .J' .R J S J T

data > |—-o> {—o> —O>

mput JEK 0 k Rk 3 K Tl
[

Clock




SERIAL IN-SERIAL OUT-1

Serial
data
input } X
Clock

Serial
data
input

377
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SERIAL IN-SERIAL OUT-2

Seral
data
mput

“ At clock edge A,

J
>

K

0

0

{ D
Clock %

iInputs

corresponding
outputs

get

that QRS T=0000.

J _R J S J T Time
> > —o>
rK EFK 3 K Th— C}”"k:}
' Serial FJ“:,
_dﬂtﬂ-{ -]
“ D =0-Q, Q—R, R—>S, S->T "™ [k,
“ When clock triggers, these o!
transferred to 0
flip-flop 2!
simultaneously so 0
|
S
“ Thus at clock trigger, values ?
at DQRS is transferred to Ty

s®RST.

A B C D;

) | I t

1 1 I i

i | 1 i

| | : 1

| | t N

. | " —_

| ! i

| : : i

: ' : —-T—

l | ] )

| i } '

| ! 1 |

| | 1 I

i | ) 1

- :

] 1 I i

| | I i

; I I W

: : i I

: \ ' k

| ) i |

SRR

\ I i 1

AR
0




SERIAL IN-SERIAL OUT-3

Seral
data
input

{D J 0 J R J S J Tr—  Time

P > > —O>
1
kK 0 |-OK R _r“K S gk Tl Clock

| 1 o

0
Serial |7
0
0

Clock l '

“ At clock edge B, serial data in gy 4

D=0, i.e. DQRS = 0000. So after jppyt |, |

1
NT at B, QRST= 0000. X
“ Serial data becomes 1 in next |
clock cycle. - O
“ At clock edge C, DQRS = 1000 .
and after NT QRST= 1000. RU
“ Serial data goes to 0 in next clock
cycle 5!
“ At clock edge D, DQRS = 0100 0
and after NT ORST = 0100. -
CLEAR | QD | Q1 [ 02 | 03 0
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SERIAL IN-SERIAL OUT-4

“ Example: Show how a number 0100 is entered serially in
a 4-bit shift register using D flip-flop. Also write state
table.

data ——D QD RF D S D T

mput g | e L@ e |

Clock | Serial input 0o R'. S T
"o 0 ~_ 0~ O~ 0
1 1\\\0 \‘:} ™~
AN ™~
\ N
N \
N N

-]
|
Al

/C.‘-

S

Paal o
T _3_:.::. _0- ; 0
380 T
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SERIAL IN-SERIAL OUT-5

“ Example: Suppose that it has the 4-bit number

QRST = 1010 stored in it so draw the waveform

Time J? (;:' ‘? -
Clock {1] | ]
0 0 1 1 0 y ; |
1 o\o\j\o\1 1 i:‘ i:r 1:'
D :. 4 :
, 0\0\0\1\0 0 : ; ;
3 0\0\0\0\1 ¢ (11' I % i 0
N 1 i
4 \0\0\0\0 . tl)_“o__ i 5'0
I 1 1
s ; 1 ; : 0
i I
381 T:} 0 | Im l__{}._r
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ERIAL IN-SERIAL OUT-6

74L.S91 8-bit shift register

The data input is applied at either A (pin 10) or B (pin 12). Notice that
a data level at A ( or B) is complemented by the NAND gate and then
applied to the R input of the first flip-flop.

The same data level is complemented by the NAND gate and then
complemented again by the inverter before it appears at the S input.
So, a 1 at input A will set the first flip-flop (in other words, this 1 is
shifted into the first flip-flop) on a positive clock transition.

The NAND gate with inputs A and B simply provides a gating
function for the input data stream if desired.

If gating is not desired, simply connect pins 10 and 12 together and
apply the input data stream to this connection.

0F—S 9HS 0F—s O—s 0

B_

Clock~l>c : : — — 4

S ) {S S S ) S )
~q> ~> —> —> ~> ~D> ~> -
R OH-R R OFR R R R R

i}
ol
Ol
A=}

]




SERIAL IN-PARALLEL OUT-1

“ Data is shifted in serially, but shifted out in parallel.

“ In order to shift the data out in parallel, it is simply
necessary to have all the data bits available as

outputs at the same time.

“ E.g. 4-bit shift register

Data inpst ——1 D -—1 D

P> C

—o—1D

>C
HKJ

f

f

48
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SERIAL IN-PARALLEL OUT-1
“ E.g. 8-Dbit shift register

CLEAR —d >0 ]
RO

CLOLK I e -
A_EIL_'L' in,l_
0 R Op—1-R R Op—R O

QIP—7—*

B — LGR A C
> o> -g> >
S O +4-S Opl-e—S Qc+s

(>
1o

R QH'

4 4

- —-a> g
S QE‘_""‘ S Q;r—-—

S Qi

~

~ Parallel data uutpulb
(b) Logic diagram

Oy Op QOc Op Ok OF
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SERIAL IN-PARALLEL OUT-2

“ How long will it take to shift an 8-bit number into a 8-
bit shift register if the clock is set at 10 MHz?

“ A minimum of eight clock periods will be required
since the data is entered serially. One clock period is
100 ns, so it will require 800 ns minimum.
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SERIAL IN-PARALLEL OUT-3

“ The waveforms shown below, show the typical response of a
54/74164. The serial data is input at A (pin 1 ), while a gating control
signal is applied at B (pin 2). The first clear pulse occurs at time A
and simply resets all flip-flops to O.
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Control (B)

) A B CD E F G H I J K L
Tme —r—y—"+———7T T 7 T 1 ;
Clear  LIv 0 0 0 0 on L]
) i i L : 1 t : : i 1 ¢
Data (A) E " L"i‘_l_l ; E | : i | [ H '
H p L 1 1 1 1 " f
= _
) 4 4 4 4 ) 4 A 4 !
v ¥ 1 ; I 1 ] 1 i i 1 "
] ] [ I i I 1 I 1 1 1
[} 1 13 I 1 I i i ] 1 |
Clock :i | [ LI | ! [ | | ‘ l I i l l I | | i
: — ol 1 i i :
QA _ 0 1 I E :0 1 0
. _“_: : H ! " : -
1 I 1 i
Oc __10 I3 Lo
[ 1
QD__EO | I() i 0
- i I ]
R ! 1
QE__EU | E] l 0
Op Z_10 [T I[ 0
. 1 ] ]
Q¢ __10 ' 0 Lo
1 I i
Oy~ 10 L 0 y O




PARALLEL IN-SERIAL OUT-1

For a register with parallel data inputs, the bits are entered
simultaneously into their respective stages on parallel lines rather
than on a bit-by-bit basis on one line as with serial data inputs.

Next slide illustrates a 4-bit parallel in/serial out shift register and a
typical logic symbol.

Notice that there are four data-input lines, Do, D1, D2 and D3 and a
SHIFT/LOAD input, which allows four bits of data to load in parallel
into the register.

When SHIFT/LOAD is LOW, gates G1 through G4 are enabled,
allowing each data bit to be applied to the D input of its respective flip
-flop. When a clock pulse is applied, the flip-flops with D = 1 will set
and those with D = 0 will reset. thereby storing all four bits
simultaneously.

When SHIFT/LOAD is HIGH, gates G1 through G4 are disabled and
gates G5 through G 7 are enabled, allowing the data bits to shift right
from one stage to the next.

The OR gates allow either the normal shifting operation or the
parallel data-entry operation, depending on which AND gates are
enabled by the level on the SHIFT/LOAD input.
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PARALLEL IN-SERIAL OUT-2

“ 4-bit parallel in/serial out shift register.

I, )
- I
SHIFTILOAD ——T -c[>~~ -» * —»

CLK © * ®
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PARALLEL IN-SERIAL

OUT-3

“ The 54/74166 is an 8-bit
shift register.

Inputs Internal Levels | Outputs

Shift/ | Clock .. {Parallel d |

Clear oad | inkibit Clock Se.nall A H| 0, an ,QE QH.
L X X X X | X L L L

H L L | XX |G Ool| Qo
HiL | L |t | X |ahla b |h

Hi{H| LY B x [H 0,10,

HlH LY x| L 0l 0

Hix | H |V X (X | Qo Oo| Qo

X =lrrelevant, H = High level, L = Low level
} = Positive transition -
a...h=Steady state input level at 4. . .4 respectively
040 Opo=Level at 0, Op . . . before steady state

Q. O, = Level of O or Qp before most recent transition () 4

shilvLcad - [
L
1) b - .
| J_EI TH
o 03 -! }}j L Y
R {x 5
- | = .
o '
. J_EI TH s
ngj_\/l :
(5]
[m]
[
o -
[ | .
e 10 , Y
o .
I [N ]
e - Y
R {i g
I_ I [ ]
% I]
(12)
G
[7 o @
- I
m]
R
Clacw ) J_v: wr
Slock INHIBIT
o ]



PARALLEL IN- PARALLEL OUT-1

“ The parallel in/parallel out register employs both
methods. Immediately following the simultaneous
entry of all data bits, the bits appear on the parallel
outputs.

i

CIL B, ————a—

JYv

=

I

=




D O+ 0,

PARALLEL IN- PARALLELQ - 1
!Clu:a:r
D, 7:'::{4} p o2 o,
“The 74174 is an example of a 6- .
bit parallel in-parallel out register. = ;
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PARALLEL IN- PARALLEL OUT-3

“ The 74LS174 data sheet gives a setup time of 20 ns
and a hold time of 5 ns. What is the minimum
required width of the data input levels (D7 ... D6) for
the 74L.51747
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PARALLEL IN- PARALLEL OUT-4

“ The 5417495A describes it as a 4-bit parallel-access shift register. It also
has serial data input and can be used to shift data to the right (from QA
toward QB) and in the opposite direction to the left.

Data inputs

AL
- - =

A B C D
Mode (6)(6) (2)(14) (3)2) (4)(3) (5)(5)
tr 1 L2 £ &

PUHITTT gy e ; . _

input ' . 1]

Clock 1 |7 ]

right shift '

Clock 2 | R L fr R 2

left shift  (gy(g) | : | SCK | ' 5(3_5 >CK | —ap>CK

| —15 0, S Opl— —S O SOp
(13)(13) l | (1:2)(12) (‘11)(10) (10)(;_)—‘
Ry Op - Qe Op,

Note: The pin numbers in parentheses correspond to v
the (93 A, 'LS95) ("L93), respectively. Outputs



PARALLEL IN- PARALLEL OUT-4

“ The 5417495A describes it as a 4-bit parallel-access shift register. It also

has serial data input and can be used to shift data to the right (from QA
toward QB) and in the opposite direction to the left.

Serial data input

(95, LS95) ('L95) Data inputs
e A e B e C o— D
Mode (6)(6) (2)(14) (3)(2) (4)(3) (5)(5)
control _"D‘}L:D ? T T
Senal (L) T |
input . h b

Clock 1 (ON7)
right shift

L 4 L o
Clock 2 R R R R
leftshift — (8)(8) &> CK > CK o> CK —>CK
S Q,; S QB S Qc—ﬁ SQD‘
(13)(13) i (12&(12) ‘ (11)(10) (10)(9)
8

4 Oc—e - Yp—9

Outputs




PARALLEL IN- PARALLEL O™

Draw the waveforms you would
expect if the 4-bit binary number 1010
were shifted into a 5417495A in
parallel.

The mode control line must be high,
The data. input line must be stable
for more than 10 ns prior to the clock
NTs (setup time for the data sheet
information). A single clock NT will
enter the data. If the clock is stopped
after the transition time T, the levels
on the input data lines may be
changed, However, if the clock is not
stopped, the Input data line levels

Sthust be maintained.

Clock

e
O - O = O - O

oo

'

e

————————

————————

————————

ﬂﬂﬂﬂﬂﬂﬂﬂ




UNIVERSAL SHIFT REGISTER-1

“ Basic types of shift register ,the following operations
are possible-serial in-serial out, serial in-parallel out,
parallel in-serial out, and parallel in-parallel out.
Serial in or serial out again can be made possible by
shifting data in any of the two directions, left shift
(QA—QB—QC—QD<«Data in) and right shift (Data
iIN—QA—-QB—QC—QD). A universal shift register
can perform all the four operations and is also
bidirectional in nature.
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UNIVERSAL SHIFT REGISTER-2

Parallel outputs

A; A Ay Ay
»>— .—
Q Q Q Q
Clear b — 4 =
C C C C
A D A D L A D
CLK *
y y y y
5y — - —
4x1 4x1 4x1 4% 1
MUX MUX MUX MUX
.S'[p —_—
3210 3210 3210 3210
_ Serial Serial
input for — input for
shift-right shift-left
f3 .l‘z I| I[,.
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Parallel inputs

Mode Control
5 5o, Register Operation
0 0 Nochange
0 I Shift right
Shift left

—_—
p—
=

Parallel load




APPLICATIONS Of SHIFT REGISTERS-1

“ Shift register can be used to count number of pulses
entering into a system as ring counter or switched-
tail counter. As ring counter it can generate various
control signals in a sequential manner.

“ Shift register can also generate a prescribed
sequence repetitively or detect a particular sequence
from data input. It can also help in reduction of
hardware by converting parallel data feed to serial
one.

“ Serial adder is one such application discussed in this
section.
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APPLICATIONS Of SHIFT REGISTERS-2

. Clock

“ A ring counter is obtained from a shift
register by directly feeding back the true
output of the output flip-flop to the data
input terminal of the input flip-flop.

0
1
2
“ |f D flip-flops are being used to construct  °
the shift register, the ring counter, also 4

5

6

7

called a circulating register, can be
constructed by feeding back the Q
output of the output flip-flop back to the
D input of the input flip-flop.

- O O o -~ o o o
o o o -~ O o o o

0
0
1
0
0
0
1
0

0
1
0
0
0
1
0
0

(o] 1 2
™ FFO —of > FF1 — > FF2 — > FF3
\ CK CK CK CK
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APPLICATIONS OF SHIFT REGISTERS-3

Flip-flop FFO is initially set to the logic ‘1’ state and all other flip-flops are
reset to the logic ‘0’ state.

The counter output is therefore 1000. With the first clock pulse, this ‘1’ gets
shifted to the second flip-flop output and the counter output becomes 0100.

Similarly, with the second and third clock pulses, the counter output will
become 0010 and 0001. With the fourth clock pulse, the counter output will
again become 1000. The count cycle repeats in the subsequent clock
pulses.

Clock 4 L w+ -« w N

x

Q-OCutput

Q4 -Cutput

Q-OCutput

Q4-Cutput




APPLICATIONS Of SHIFT REGISTERS-4

Waveforms of this type are frequently used in the control section of a
digital system. They are ideal for controlling events that must occur in
a strict time sequence-that is, event A, then event B, then C, and so
on.

For instance, the logic diagram in figure shows how to generate
RESET, READ, COMPLEMENT, and WRITE ( a fictitious set of
control signals) as a set of control pulses that occur one after the
other sequentially.

There is, however, a problem with such ring counters. In order to
produce the waveforms shown in figure, the counter should have
one, and only one, 1 in it. The chances of this occurring naturally
when power is first applied are very remote indeed. If the flip-flops
should all happen to be in the reset state when power is first applied

! RESET LR —
Ao . (@prEAD LT
 Contollogie "COMPLEMENT ¢ oy ~ (Op) COMPLEMENT L [
| _WRITE | o (@ WRITE L L[]
: _— . o oy P
. . . '

Time



APPLICATIONS Of SHIFT REGISTERS-5

“ Switched-Tail
Johnson Counter

“ In Ring counter what happens if
non-inverting output of the first flip-
flop is fed back to first flip flop of
the shift register. If we instead feed
inverting output back (or switch the
tail) as shown in figure for a 4-bit
shift register we get switched tail
counter, also known as twisted tail
counter or Johnson counter.

Counter or

Clock

Serialin=7 |

I)_'EQ.’TI

—lololojolciclo

clo|lwu|lajluwin|lwvu|n]—

.—-—o(:ac:.—-p—-_-..-

—~lolo|lcloj=|—~|—|=|c|O

cio|lo|~|~i~|—~lc|o|oln

olo|l=i=|~=l~lojolc|lo|N

repeats

1
sl

s

Ll

CLK
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APPLICATIONS Of SHIFT REGISTERS-6

From state table similar. Assume all the flip-flops are cleared in the
beginning. Then all the flip-flop inputs have 0 except the first one,
Serial data in which is complement of the last flip-flop, i.e. 1.

When clock trigger occurs flip-flop stores QRST as | 000. This makes
1100 at the input of QRST when the next clock trigger comes and
that gets transferred to output at NT.

Note that output Y = Q'T" and state of the circuit repeats every eighth
clock cycle. Thus this 4-bit shift register circuit can count 8 clock
pulses or called modulo-8 counter.

Following above logic and preparing state table for any N-bit shift
register we see switched-tail configuration can count up to 2N
number of clock pulse and gives modulo-2N counter. The output Y,
derived similarly by AND operation of first and last flip-flop inverting
outputs gives a logic high at every 2N-th clock cycle.

This two-input AND gate which decodes states repeating in the
memory units to generate output that signals counting of a given
number of clock pulses is called decoding gate.
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APPLICATIONS Of SHIFT REGISTERS-7

“ Sequence Generator and Sequence Detector

“ Sequence generator is useful in generating a
sequence pattern repetitively.

“ 1t may be the synchronizing hit pattern sent by a
digital data transmitter or it may be a control word
directing repetitive control task.

“ Sequence detector checks binary data stream and
generates a signal when a particular sequence is
detected.
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APPLICATIONS Of SHIFT REGISTERS-8

405

“ Sequence Generator

Figure gives the basic block diagram of a sequence generator
where shift register is presented as pipe full of data and each
flip-flop represents one compartment of it.

The leftmost flip-flop is connected to serial data in and
rightmost provides serial data out. The clock is implied and
data transfer takes place only when a clock trigger arrives.

Note that the shift register is connected like a ring counter and
with triggering of clock the binary word stored in the clock
comes out sequentially from serial out but does not get lost as
it is fed back as serial in to fill the register all over again.
Sequence generated for binary word 1011 is shown in the
figure and for any n-bit long sequence to be generated for this
configuration we need to store the sequence in an n-bit shift
register =

t ol 1] ------=- 1011 1011




APPLICATIONS Of SHIFT REGISTERS-9

“ Sequence detector

“ The circuit that can detect a 4-bit binary sequence is shown in figure.
It has one register to store the binary word we want to detect from
the data stream. Input data stream enters a shift register as serial
data in and leaves as serial out.

“ At every clocking instant, bit-wise comparisons of these two registers
are done through Ex-NOR gate as shown in the figure. Two input Ex-
NOR gives logic high when both inputs are low or both of them are
high, i.e. when both are equal. The final output is taken from a four

input AND gate, which becomes 1 only when all its inputs are 1, i.e.
all |

ﬂDEDE ? =
>

406 1 0 1 1

Sequence to be detected

N%




APPLICATIONS Of SHIFT REGISTERS-10

“ Serial Adder

“ For 8 bit full adder (FA) circuit need 8 FA units. There the
addition is done in parallel. Using shift register we can convert
this parallel addition to serial one and reduce number of FA
units to only one. The benefit of this technique is more

pronounced if the hardware unit that's needed to be used in
parallel is verv costlv.

Sy
Serial in Sy | So | A7 | Ag | As | Ay | Az | A; 4 35

=2 4, S

213

C, Ci 1 G C,

Lo

Serial in

\

—o> ’ ) Serial out P

CLK




APPLICATIONS Of SHIFT REGISTERS-11

The LSBs of two numbers (A0 and BO) appearing at serial out of respective
registers are added by FA during 1st clock cycle and generate sum (S0) and carry
(C0). S0 is available at serial data input of register A and CO at input of D flip-flop.

At NT of clock shift registers shift its content to right by one unit. SO becomes MSB
of A and CO appears at D flip-flop output. Therefore in the second clock cycle FAis
fed by second bit (A 1 and B 1) of two numbers and previous carry ( CO).

In second clock cycle, S1 and C1 are generated and made available at serial data
in of A register and input of D flip-flop respectively. At NT of clock S1 becomes MSB
of A and So occupies next position. A2 and B2 now appear at FA data input and
carry input is C1.

In 3rd clock cycle, S2 and C2 are generated and they get transferred similarly to
register and flip-flop. This process goes on and is stopped by inhibiting the clock
after 8 clock cycles. At that time shift register A stores the sum bits, S7 in leftmost
(MSB) position and So in rightmost (LSB) position. The final carry is available at D
flip-flop output.

The limitation of this scheme is that the final addition result is delayed by eight clock
cycles. In parallel adder the result is obtained almost instantaneously, after
nan4%§econd order propagation delay of combinatorial circuit. However, using a high
frequency clock the delay factor can be reduced considerably.



REGISTER IMPLEMENTATION IN HDL-1

The PIPO, When Clear is
activated (active LOW) all 6

outputs of Q are reset.

module regpipo
(D,clock,clear,Q);

input Clock, clear;
input [5:0] D;
output [5:0] Q;
reg [5:0] Q;

always@ (negedge
Clock or negedge
Clear)

if (~Clear) Q=6'b0;
//Q stores 6 binary 0
else Q=D;

endmodule

Shift right register , where T
is the final output and Q, R, SIPO
S are internal outputs.

module SRreg (D, Clock, module SR2(D,Clock,Q);

:I'); input Clock, D;
input Clock, D;
output T; output [3:0] Q;
reg T: reg [3 :0] Q;
reg Q,R,S; always @ (negedge
always @ (negedge Clock) C¢lock)
begin begin
Q<=D; Q[0]<=D;
R<=Q; Q[1]<=Q[0];
S<=R; Q[21<=Q[1];
T<=S; Q[3]<=Q[2};
end end
endmodule endmodule



REGISTER IMPLEMENTATION INHDL-2

“ Assignment operator <= within always block which
unlike = operator executes all associated statements
concurrently.

“ Assignment operator must start with begin
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REGISTER IMPLEMENTATION INHDL-3

“ Write Verilog code for switched tail counter
module STC(Clock,Clear,Y); //Switched Tail Counter
input Clock, Clear;
output Y;
reg Q,R,S,T; /internal outputs of flip-flops
assign Y= (~Q)&(~T);
always@ (negedge Clock)
begin
if (~Clear) Q=6'b0; //Q stores 6
else
begin
Q <=~T; //Tail is switched and connected to input
R<=Q;
S <=R;
T<=S;
end
endmodule
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COUNTER INTRODUCTION

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.

There are Dbasically two different types of counters-
synchronous and asynchronous.

Serial, or asynchronous counter is defined as each flip-flop is
triggered by the previous flip-flop, and thus the counter has a
cumulative settling time.

An increase in speed of operation can be achieved by use of a
parallel or synchronous counter. Here, every flip-flop is
triggered by the clock (in synchronism), and thus settling time
Is simply equal to the delay time of a single flip-flop.

Serial and parallel counters are used in combination to
compromise between speed of operation and hardware count.
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ASYNCHRONOUS COUNTERS-1

+ The term asynchronous refers to events that do not have a fixed time relationship
with each other and, generally, do not occur at the same time.

+ An asynchronous counter is one in which the flip-flops (FF) within the counter do

not change states at exactly the same time because they do not have a common
clock pulse.

- A 2-Bit Asynchronous Binary Counter

- Figure shows a 2-bit counter connected for asynchronous operation. Notice that
the clock (CLK) is applied to the clock input (C) of only the first flop-flop, FFO,
which is always the least significant bit (LSB). The second flip-flop, FF1, is

triggered by the @, out-put of FF0. FF0 changes state at the positive-going edge of
ea

clock pulse, but FF1 changes only when triggered by a negative-goin
transition ofpthe QO output of FFO.g Y B8 y & gOME

HIGH —¢ \ | *‘
- - CLK . | |2 | 3 el
| | |

&l (e

| T u
= | ~ | i—
. Curputs < 0, (LSB
0, Iiputs § (4 (L3B) 1 L

|0, (MSB)




ASYNCHRONOUS COUNTERS-2

Ripple Counters (Up Counter)

Figure shows (Next slide) three negative edge- triggered, JK
flip-flops connected in cascade.

The system clock, a square wave, drives flip-flop A. The
output of A drives B, and the output of B drives flip-flop C. All
the J and K inputs are tied to +V - This means that each flip-
flop will change state (toggle) with a negative transition at its
clock input.

When the output of a flip-flop is used as the clock input for the
next flip-flop, we call the counter a ripple counter, or
asynchronous counter.

The A flip-flop must change state before it can trigger the B flip
-flop, and the B flip-flop has to change state before it can
trigger the C flip-flop.

If each flip-flop in this three-flip-flop counter has a propagation
delay time of 10 ns, the overall propagation delay time for the
counter is 30 ns.
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ASYNCHRONOUS COUNTERS-3

ee—e ¢
Negative State
I I . o A 1/ B 1/ C clock or
Clock — 1% > - transitions| C B A | count
K i K B| K.C — 1o o )
A B C, a |0 0 1] 1
Outputs b o 1 0 2
(2) Three-bit binary ripple counter - c 01 1] 3
Time a b ¢ d e f g h 0 ] d 1 0 04 4
im | ' ' r - _
N T S S S T S T S AR IR
Clock . 11 1 - o : i1 ol s
4__ U L1 4 L4 L4 L o e
g 1 1 1} 7
- : | Rolo o of o
(b) Waveforms (¢) Truth table
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ASYNCHRONOUS COUNTERS-4

“ The waveform at the output of flip-flop A is one-half
the clock frequency.

“ The waveform at the output of flip-flop B is one-half
the frequency of A and one-fourth the clock
frequency.

“ The frequency of the waveform at C is one-half that
at B, but it is only one-eighth the clock frequency.

“What is the clock frequency, if the period of the
waveform at C is 24 us?

“ Since there are eight clock cycles in one cycle of C,
the period of the clock must be 24/8 = 3 us. The
clock frequency must then be I/(3 x 10-) = 333 kHz.
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ASYNCHRONOUS COUNTERS-5

A binary ripple counter counts in a straight binary sequence, a
counter having n flip-flops will have 2" output conditions.

For instance, the three-flip-flop counter just discussed has 23 = 8
output conditions (000 through 111). Five flip-flops would have 2° =
32 output conditions (00000 through 11111), and so on.

The largest binary number that can be represented by n cascaded
flip-flops has a decimal equivalent of 21,

For example, the three-flip-flop counter reaches a maximum decimal
number of 23-1,

The maximum decimal number for five flip-flops is 2°5-! = 31, while six
flip-flops have a maximum count of 63.

A three-flip-flop counter is often referred to as a modulus-8 (or mod-
8) counter since it has eight states. Similarly, a four-flip-flop counter
Is a mod-16 counter, and a six-flip-flop counter is a mod-64 counter.

The modulus of a counter is the total number of states through which
the counter can progress.
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ASYNCHRONOUS COUNTERS-6

“ How many flip-flops are required to construct a mod-
128 counter? A mod-32? What is the largest decimal
number that can be stored in a mod-64 counter?

“ A mod-128 counter must have seven flip-flols, since
27 =128.

“ Five flip-flops are needed to construct a mod-32
counter.

“ The largest decima1 number that can be stored in a
six-flop flip counter (mod-64) is 111111= 63.

“ Note carefully the difference between the modulus (
total number of states) and the maximum decimal

number.
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ASYNCHRONOUS COUNTERS-8

“ The 54/7493A

“ A 4-bit binary counter that can be used In either a
mod-8 or a mod-16 configuration. If the clock is
applied at input CKB, the outputs will appear at QB,
QC, and QD, and this is a mod-8 binary ripple
counter.

“ |If the clock is applied at input CKA and flip-flop QA is
connected to input CKB, have a mod-16, 4-bit binary
ripple counter. The outputs are QA, QB, QC, and
QD.
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ASYNCHRONOUS COUNTERS-9

L93 (top view)

CK.A Oy, Op GND O O
—_fial I3l 12l Ji12} fo]l _Jol Is]
[ I | | |
QA Q_D Q.S
P .
(“93A) ['L93]} - T493.A O <
12 -
(14) g ol Lo Rocry Rogzy
CF A —o> K | ]
K Nl pn Flpn Elpn El g El a3 Ed
T CKB Rgcyy Roizy NC Ve NC NC
{9 Positive logic: see function tables
1) JOQOQbe—— Op NC — No internal connection
CED N ST (b) DIP pinout
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.4 sSequernce
(8) Count Outrput
‘ g O le— O~ O O~ Op O,
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ASYNCHRONOUS COUNTERS-8

“ Example

4z

1o
J J J J
Qo Qi Q2 Qal—
Clockl J~ FFo 4> FF1 > FF2 4> FF3
K K K K
QGD 51 C(.;Q QOS
B B . - £l B g
| |3||__|T |5i| 6] |7 |J§h'm-1“ BZRERT
|
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ASYNCHRONOUS COUNTERS-9

“ Ripple Counters (Down Counter)

“ In 3-bit ripple up counter the system clock is still used at the
clock input to flip-flop A, but the complement of A, A’, is used
to drive flip-flop B, IlkeW|se B’is used to drive fllp-flop C.

+VCC_‘ I—
gL ¢ 4 J B ?_-J ¢ : Coumnt] C B A4
Clock o> o o> : ; :
K 4 K B K CH 71 1o
! | 6 |1 1 0
4 B C 50711 0 1
(@) 4 1 0 E
ST 3 0 ]. 1
Timem—2 b ¢ d e J & h i | 2 o 1 o0
e e R s B e o o
cock J LI LML LML LML L™ 0o o 0o 0
S e A e T e T e T T
B__ [ LI 1___ T
) c__| | |

e
o
R
—
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ASYNCHRONOUS COUNTERS-10

“ Ripple Counters (4-bit Down Counter)

F
Clock
Input (> Clk

—q .

Q4
FF1
| Clk

o F

il

|

i)

—q

FF2
[~ cIk

Qol—

Q2

i}

i

—q .|

FF3
4> Clk

il
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ASYNCHRONOUS COUNTERS-11

“ Asynchronous up-down counter

“ Count-up=1 works as Up counter

“ Count-down=1 works as down counter
“ Both should not set to 1

L 1

Count-up T_
NN J AL

Clock P

YN

i W

K A4

S

!

O -
Bl rG

Note: The J and X inputs-are all tied to +V -
The counter outputs are 4, B, and C.

Count-down [—




DECODING GATES-1

“ A decoding gate can be connected to the outputs of a
counter in such a way that the output of the gate will be
high (or low) only when the counter contents are equal to
a given state.

“ For Instance, the decoding gate connected to the 3-bit
ripple counter in below figure will decode state 7 ( CBA =
111). Thus the gate output will be high only when A = 1,
B =1, and C = 1 and the waveform appearing at the
output of the gate is labelled 7. The Boolean expression
for this gate can be written 7 = CBA.

Halgh J A J B J C
Clock o> o—o> &—o>
K 4 K B K C

425 ' ' )




DECODING GATES-2

UL J 4 J B J C
Clock —————> _‘ru “—r¢ _
K 4 K B K C
(a) Decoding gate for state 7
Clock
A 1 I I N L 1L L
c = e
¢ | : ' o T l L
7 e : u L
s — — -
(b) Waveforms
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DECODING GATES-3

“ Decoding gates for a 3-bit binary ripple counter

A A — A . p—
52— 0 BF— s 2 B— 3
- A— | 4 A " A
5 B 4  B— . B 6 B— 7
D 51D EHD-s 5D
_ . | (a) Gates
Clock [ M Mo Cleck UMM
A_ L I L1 I 1I A__ L L I ir
B_____ [ I 10T B__ I bL__ I 1T L
C | L ] 1 [
0~ | 1 | 0 1 1
11 1 1 S :
2 11 i 2 R B -
3 1 ST 3 I -
4 B 4 S : 1
6 . 6 1 .
7 - 1 7__ 11 [

(b) Count-up mode TR " (¢) Count-down mode



SYNCHRONOUS COUNTERS-1

The ripple counter is the simplest to build, but there is a limit to
its highest operating frequency. As each flip-flop has a delay
time.

In a ripple counter these delay times are additive, and the total
"settling" time for the counter is approximately the delay time
times the total number of flip-flops.

There is the possibility of glitches occurring at the output of
decoding gates used with a ripple counter.

To overcome by the use of a synchronous parallel counter.

The main difference here is that every flip-flop is triggered in
synchronism with the clock.

The term synchronous refers to events that have a fixed time
relationship with each other.

A synchronous counter is one in which all the flip-flops in the
counter are clocked at the same time by a common clock

Jpulse.



SYNCHRONOUS COUNTERS-2

“ A 2-Bit Synchronous Binary Counter

“ Notice that an arrangement different from that for the asynchronous counter
must be used for the J and K inputs of FF1 in order to achieve a binary
sequence.

“ The operation of this synchronous counter is as follows: First, assume that
the counter is initially in the binary 0 state that is both flip- flops are RESET.
When the positive edge of the first clock pulse is applied, FFQ will toggle and
QO will therefore go HIGH. What happens to FF1 at the positive-going edge
of CLK1? To find out, let's look at the input conditions of FF1. Inputs J1 and
K1 are both LOW because QO0, to which they are connected, has not yet
gone HIGH. Remember, there is a propagation delay from the triggering
edge of the clock pulse until the Q output actually makes a transition.

HIGH

FFO FFI i
0 CLK |1 2 3 4|
f— JG L 4 JI — i II I :
| [ 1
> C > ¢ Oy _| |
‘._ |
K, K, o— O Q,




SYNCHRONOUS COUNTERS-3
“ A 3-Bit Synchronous Binary Counter

HIGH
¢y 0
*— *—— 1, ——
> = C
t J X K,
CLK -
CLOCK PULSE Q;
Initially
ck [1] [21 [3] [a] [s} [le [7] [s] !
I |
I : I | I : | I 2
| | I | I I I I 3
Q“ = 1 i 1 4
[ | [ I [ I | !
[ i | I : I | i 5
I ! !
CGRiEe | 1 | | L= 6
! | I | [ |
. . ; . ; | 4 | 7
I | : : :
o, r I l 8 (recycles})

0

[ e == B i B i

@

=

0 = = G O e e O

3
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SYNCHRONOUS COUNTERS-4

First, let's look at Q0. Notice that Q0 changes on each
clock pulse as the counter progresses from its original
state to its final state and then back to its original state.

Next, let's see how FF2 is made to change at the proper
times according to the binary sequence. Notice that both
times Q2 changes state it is preceded by the unique
condition in which both Q0 and Q1 are HIGH.

This condition is detected by the AND gate and applied to
the J2 and K2 inputs of FF2. Whenever both Q0 and Q1
are HIGH, the output of the AND gate makes the J2 and
K2 inputs of FF2 HIGH, and FF2 toggles on the following
clock pulse.

“ At all other times, the J2 and K2 inputs of FF2 are held

LOW by the AND gate output, and FF2 does not change
state.

431



SYNCHRONOUS COUNTERS-4

“ Each flip-flop should have its J and K inputs
connected such that they are HIGH only when
the outputs of all lower order flip-flops are in the
HIGH state.
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SYNCHRONOUS COUNTERS-5

“ A 4-Bit Synchronous Binary Counter

“ Notice that both of these transitions occur following the times that
QO0, Q1 and Q2 are all HIGH. This condition is decoded by AND gate
G2 so that when a clock pulse occurs FF3 will change state.

HIGH
FFO FF1 L oY || FI-2 L o0 O FF3
g ¥, G, }—. E—‘-
o/ - Iy o > I, _L' — L 4y — O
— = —-q;:-.a-c = 8 =
Ku Kl o 1 Kz K.l
ClLEK
(—-)n Q] Q(>Q1 Q:'_ Q[!QI QHQ)I L":
CLK i1 |
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M S D B e TR T NNl
c |-
1 ] ] ] 1 [ ] (] 1 1 1 1 1 ] ] ]
1 1 1 [ ] 1 1 1 1 ] ] ]
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SYNCHRONOUS COUNTERS-6

“ UP/DOWN SYNCHRONOUS COUNTERS
“ Below shows Synchronous 4-bit up-down counter.

“ To operate in the count-up mode, the logic High is
applied at the count-up input, while the count-down
iInput is held low.

“ To operate in the count-down mode, the logic Low is
applied at the count-down input while holding the
count-up input low.
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SYNCHRONOUS COUNTERS-7
“ UP/IDOWN SYNCHRONOUS COUNTERS

Count up .
_ P
‘ X _ ' X5

i~

J A \J B
o> E /1 —o> : Zy
_ K A K B . , Y
“—'y | Iy
A_._
LML I
Clock ' © : °-
Count down v — & :
(a) Logic diagram
Clock |
PR T e N e A e e A e N e N e O
B___..,........._........ | S—
c | B | |
D | I

(b) Count upl waveforms : +:




SYNCHRONOUS COUNTERS-8
“ UP/IDOWN SYNCHRONOUS COUNTERS

Count up .
_ P
| NS o ' Xy

J
e
K

NS
I

i~

S . : 2
A_..._
LML I
Clock - © : o

Count down o & |
_ a b ¢ d e f g h i 7 ! m n o p ¢
Tme——F—%—v % ¥ ¥ ¥ ¥ ¥ (2NN R T TR B
Clock
PR B R R S R N I N | [ T A
B__| A D B L[
c I 1 l I [
D] I [
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SYNCHRONOUS COUNTERS-8

“ 74193 SYNCHRONOUS 4-BIT UP-DOWN COL"

Bomow output

2y '
Camy output

(15)

Data input A

(3)

(4)
Count down —[:PC
5
Count up[—){>0

(1)

Data input B

100
Data input C (10)

(2)

9y
Data input D !

(6)

Clear IEDD

Coad 4>

(7)

Output O,

Oukput O

Orutput O~

Ouiput O,

Inputs Outputs " 'Inputs

Wi

“Daa " Data Data )
Vee A Clear Borrow CarryLoad C

[i6] [is] [ia] [13] [12] [11] [io] [_l
I Y S S O

A Clear Borrow Carry Load C

B 74193 D

o Count Count
Qp @, down wp Q. Q)

| 1 [ |
L 2] 3] Laf Ls] Lef [7] L&}
Dat Count C GND
B Lr O, Gun Ot L O
Input  Outputs """EVTS"—‘ Outputs
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“ Counter that can also be
cleared and preset to any
desired count-attributes that
we discuss later. Now,
should carefully examine
the steering logic for each
flip-flop and study the OR
gate and the two AND gates
at the input of the OR gate
used to provide the clock to
each flip-flop.




SYNCHRONOUS COUNTERS-9

“ Parallel up-down counter

Count up

Ve
J A Dt
o> . .
T _ Count up
K 7 DI~ ‘ .

UL { - ” . Count down
Clock ' 5 = 4 _ : ,

Count down é &
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SYNCHRONOUS COUNTERS-9

“191. L5191 Binary counters

clook L2150 o Foom
pownn [0 _ —
“ 54/74191  synchronous [, =D T
up-down counter D 1
« A careful examination of == ® el
the AND-OR-gate logic Ce |
used to precondition the J =~ o= A o
and K inputs to each flip- | e,
flop will reveal that this | D“_ﬂ
counter uses look-ahead "~ B 5
« Additional logic allows one O |
to clear or preset this ™=~ D P
counter to any desired | ﬁ}
count b Rt




CHANGING THE COUNTER MODULUS-1

Counter Modulus

A modulus given by 2", where n indicates the number of flip-flops. Such counters
are said to have a "natural count" of 2".

A mod-2 counter consists of a single flip-flop; a mod-4 counter requires two flip-
flops, and it counts through four discrete states. Three flip-flops form a mod-8
counter, while four flip-flops form a mod-16 counter.

Thus we can construct counters that have a natural count of 2, 4, 8, 16, 32, and
so on by using the proper number of flip-flops.

It is often desirable to construct counters having a modulus other than 2, 4, 8,
and so on. For example, a counter having a modulus of 3, or 5, would be useful.
A small modulus counter can always be constructed from a larger modulus
counter by skipping states. Such counters are said to have a modified count.

It is first necessary to determine the number of flip-flops required. The correct
number of flip-flops is determined choosing the lowest natural count that is
greater than the desired modified count.

For example, a mod-7 counter requires three flip-flops, since 8 is the lowest
natural count greater than the desired modified count of 7.
MOD number =2N

where N is the number of flip-flops connected
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CHANGING THE COUNTER MODULUS-2

“ Question

“ Indicate how many flip-flops are required to construct
each of the following counters: (a) mod-3, (b) mod-6,
and (c) mod-9.

“ The lowest natural count greater than 3 is 4. Two flip

-flops provide a natural count of 4. Therefore, it
requires at least two flip-flops to construct a mod-3

counter.

“ Construction of a mod-6 counter requires at least
three flip-flops, since 8 is the lowest natural count
greater than 6.

“ A mod-9 counter requires at least four flip-flops,
since 16 is the lowest natural count greater than 9.
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CHANGING THE COUNTER MODULUS-3
“ A Mod-3 Counter

- Time —2—2 5 .
J Ap—e— J B Clock Y ¥ ¥
Clock > o L
TVC('-—-—K 4 *Yece—{k B A -“
| B
| Y -
A B
{a) Logic diagram {b) Waveforms
B A |Count ol
0 0} O Clock—=|  Mod-3 |
0 111 S e
i 0 2 ' e
0 o] o | l l
' A B

(c) Truth table (d) Logic block



CHANGING THE COUNTER MODULUS-4

“ A Mod-3 Counter

“ Above circuit considered as a divide-by-3 block,
since the output waveform at B ( or at A) has a
period equal to three times that of the clock-in other
words, this counter

“ divides the clock frequency by 3.
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CHANGING THE COUNTER MODULUS-5

“ If we consider a basic flip-flop to be a mod-2 counter,
we see that a mod-4 counter (two flip-flops in series)
IS simply two mod-2 counters in series.

“ Similarly, a mod-8 counter is simply a 2 x 2 x 2
connection, and so on.

“ Thus a great number of higher-modulus counters
can be formed by using the product of any number of
lower modulus counters.
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CHANGING THE COUNTER MODULUS-6

A Mod-6 Counter
Mod-6 counteris a (3 x 2 = 6).

The output of the single flip-flop is labeled C. Notice that it is a
symmetrical waveform, and it also has a frequency of one-sixth that
of the input clock.

Also, this can no longer be considered a synchronous counter since
flip flop C is triggered by flip-flop B; that is, the flip-flops do not all
change status in synchronism with the clock.

_VCC
iy $1J Q
Clock — Mod-3. | o> Clock |

. x B

¢ p e
B

Y - ...
C C -

(a) 3 x 2 Mod-6 counter (b) Waveforms



CHANGING THE COUNTER MODULUS-6

The 54/7492A

The 5417492A ('92A) is a
divide-by-12. A careful
examination of the logic
diagram will reveal that flip
-flops QB, QC, and QD are
exactly the same as the 3
X 2 counter.

Thus if the clock is applied
to input B of the '92A and
the outputs are taken at
QB, QC, and QD, this is a
mod-6 counter.

On the other hand, if the
clock is applied at input A
and QA is connected to
input B, we have a 2 x 3 X
2 mod-12 counter.
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"O2A,'L892
12
(14) J o }QA
Input A o CK
(CKA) K
. |
(11
(1) 1 oo
Input B &> CK
(CKB) K
I
9
) Q—'_*QQC
QPC'KM
K QF
L

B 8

‘ J 0O ()QD
> CK
K

LT

R
0 1) =—ed
7 30—4

(a) Logic

‘02A, 'LS92 Count sequence
(See Note C)

Output
QD Qc QB QA

L
L
H

Count

I b~

L
L
L
L
H
H
L
L

(b) Truth table

= =~ ~ B I (L U Sy YR S i ]
iR bl l e B e ol o
halivoll B ol ol o T ool ol ol N o
bl ol i ol i ol e

—

Input A 92A, L5092, (Top view)
(CKA)NC @4 @y GND C¢ Op

ﬁﬂ[ﬁllfhi_llﬁ?ﬁl_‘f'll'ﬂ

Qs Op Qc

> A Op -
74924
> B R{J(zp -

Roqy

[
L (2] 8] [4] (5] o] [7]
InputBNC NC NC Ve Ry Ry
(CKB) positive logic: See function tables.
Note: Output 0, connected to input B

(c) Pinout



MODULE-5

Counters
&
DAC and ADC
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Text Books Referred

“ Donald P Leach, Albert Paul Malvino & Goutam
Saha: Digital Principles and Applications, 7t Edition,
Tata McGraw Hill, 2015

“ Thomas L. Floyd: Digital Fundamentals, 9th Edition.,
Pearson International Edition.
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DECADE COUNTERS-1
“ A Mod-5 Counter

e o ® 9

Clock ————e¢—+—o>

JLIL K

=

K

|

S| - —= O O | W

ol—m—o oo oln
Ol — o = |
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DECADE COUNTERS-2

“ A Mod-5 Counter

“ A modulo — 5 counter, the counter should reset when
It reaches state 101.
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DECADE COUNTERS-3

“ A Mod-10 Counter




DECADE COUNTERS-4
“ Lab Experiment: The 7490

‘90A, L0, 'LS90

(12)

(%)

(1)

39(1}
Ro(2y o _j" t &
I
Input (14) o> C‘KQ
A rid
T
L
Ingut {1) o CKQ
rid
[0
J O
o> (R
K
L5
L s o
o> (CK
— R O
Rocy 22 °
Roq2) D‘:
(3)

O

Op

90A, 'LO0, 'LS90
BCD count sequence

’90.."-\. ‘Log, 'LS90
-§u1nar}r {5-2)

Input BJ.I-ED{13 RU'IZJ

NC  Veor Ry, Ropy

Positive logic: See function tables

Note: A output J, connected to input &
B output U, connected to input 4

{(See note A) ez note B)
Output Output
Count Count ‘P
On G- O Oy Oy COp G- OUp
0 L L L L 0 L L L L
1 L L L H 1 L L L H
2 L L H L 2 L L H L
3 L. L H H 3 L L H H
4 L H L L 4 L. H L L
5 L H L H 5 H L L L
6 L H H L & H L L H
7 L H H H 7 H L H L
s H L L L 8 H L H H
9 |&H L L H 9 H H L L
{b) Truth table
‘90A, ‘190, ‘LS990 (Top view)
Input A NC O, COp GND Oy O
f14f f13] 12} j11] f1o] fo} [s]
QA _Qﬂ QB
T490A
Roy Ro o1y
bl 2§ (31 (a4l 5] el L[7]



DECADE COUNTERS-5

“ Lab Experiment: The 7490
“ MOD-10 Counter

453

(J

0 CLK

QD | QC | QB | QA v
0 0 0 0 0
1 0 0 0 1
2 0 0 1 0 14,INPUT A 05,vcc 01,INPUT B 12 QA
3 0 0 1 1
4 0 1 0 0 06, Rql IC 7490 09 — 98
5 0 1 0 1 07, ROL DECADE COUNTER 08 |——oc
6 0 1 1 0 oD
7 0 1 1 1 10, GND 1
8 1 0 0 0
9 1 0 0 1 =



DECADE COUNTERS-6
“ Lab Experiment: The 7490

“ MOD-8 Counter

454

U

: QD | QC | QB QA CLK +5V

0 0 0 0 0

1 0 0 0 1

2 0 0 1 0 14,INPUT A 05,vce 01,INPUT B 12 QA
3 0 0 1 1

4 0 1 0 0 06,Rql IC 7490 09 — 9B
5 0 1 0 1 07, Rq2 DECADE COUNTER 08 oc
6 0 1 1 0

7 0 1 1 1 11 QD




DECADE COUNTERS-7

Cascaded 7490's can count to 999
An interesting application using three decade counters is shown in figure below.

The three '90A counters are connected in series such that the first one ( on the right)
counts the number of input pulses at its clock input. We call it a units counter.

The middle '90A will advance one count each time the units counter counts 10 input
pulses, because D from the units counter will have a single negative transition as that
counter progresses from count 9 to 0. This middle block is then called tens counter.

The left '90A will advance one count each time the tens counter progresses from
count 9 to 0. This will occur once for every 100 input pulses. Thus this block is called
the hundreds counter.

Now the operation should be clear. This logic circuit is capable of counting input
pulses from one up to 999.

The procedure is to reset all the '90As and then count the number of pulses at the
inout to the units counter.

¢—————— Reset pulse :

1

© Hundreds



PRESETTABLE COUNTERS-1

“ As many counters ICs are of type synchronous or
asynchronous, but have little control over the internal
logic used to implement each counter.

“ So efforts are concentrated on inputs, outputs, and
control signals for implementing desired counters.
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PRESETTABLE COUNTERS-2

Synchronous Up Counters
A 54/74163 synchronous 4-bit counter.

The four flip-flop outputs are QA, QB, Qc, and QD, while the
CARRY output on pin 15 can be used to enable successive
counter stages (e.g. in a units, tens, hundreds application).

The two ENABLE inputs (Pon pin 7 and Ton pin 10) are used
to control the counter.

A low level on the CLEAR input will reset all flip-flop outputs
low at the very next clock transition.

When a low level is applied to the LOAD input, the counter is
disabled.

The count length can be very easily modified by making use of
the synchronous CLEAR input. It is a simple matter to use a
NAND gate to decode the maximum count desired, and use
the output of this NAND gate to clear the counter
synchronously to count 0000.
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PRESETTABLE COUNTERS-3

o |
= — 11—
C J Q‘--w-t-!-:‘-]-qd i
N >‘{ cx
Do )] N,_j; i p
—
+— tD 1 J 0 "“0.'
) < D{ &
) f
Dota 8 :)g X
o 2 Do ™
)
— "—"n"t
/ -
e v?_\ [
-~ |
*_:}. -
+H C Oo4+—0
* _/
® %
Dot D 1_
0
EEPL%
Mr@r} [j (13) Rippl

Outputs

Camry . Enable
Vecouput Oy Qp QO Op T Load
16 15 14 13 12 11 10 9

output T
Clear 54/74163 Load
Enable
CK- 4B ¢ D P
1 2 3 4 5 6 7 8
ClearClock 4 B8 C D EnableGND
Data inputs .. . . P
OF+~- 1 F~2F+~3F+4
15 5
14 6
13 7
3 |
12— 1l =10} % |+ 8




PRESETTABLE COUNTERS-4
“ Mod-10 Counter

FromQ, e

From 0 e—

D

From O e—

o

From Q) e

459

To Clear input
(Pin1)

0 b1 2 4
Pl l
15} 5
l
114! 6
l
113! 7
PRI l
(12} 117 110] «— 8




PRESETTABLE COUNTERS-5

“ Synchronous Up-Down Counters
“ 54/74193 is a 4-bit synchronous up-down binary counter

“ Pin PL (active low) is a control input for loading data into pins PA, PB, PC, and PD. PL
is low, the data present at these four inputs is shifted into the counter

“ Pin MR is the master reset, a high level on MR will reset all flip-flops.

“ Qutputs TCU and TCD are to be used to drive the following units, such as in a
cascade arrangement.

Placing the clock on CPu will cause the counter to count up, and placing the clock on
CPD will cause the counter to count down.

oL 11 121314

F-Y 1 *
b I v
PL P, Py P~ Pp Tb' 2
— CTPLJ' TC[/' o— 1;' . i ¥
54/74193 Ta Count up p-

CPD TCD o ry : e e C‘Jur]t d{)“"n ‘!‘
¥ M

MR Qs Op Qc Op 13 7

{ I | | I A } Fy
¥ I |

12 "SIl _Twl"Tlo T8

(a) (b)




PRESETTABLE COUNTERS-6

461 12 b 11 10 9 8

Here is another technique for modifying the count. Simply use a NAND gate
to detect any of the stable states, say, state 15 (1111), and use this gate
output to take PL low.

The only time PL will be low is when QD, QC, QB and QA are all high, or
state 15(1111). At this time, the counter will be preset to the data
PD,PC,PB,PA.

For example, suppose that PDPCPBPA = 1001 (the number 9). When the
clock is applied, the counter will progress naturally to count 15(1111). At this
time, PL will go low and the number 9 (1001) will be shifted into the counter.

The counter will then progress through states 9, 10, 11, 12, 13, and 14, and
at count 15 it will again be preset to 9. (Similarly Down Counter can
designed)

o 2 3 4 0 f— 123}

1

(s 5 1£ 5
1 |

14 6 14 ' ME'__

! t

13 7 13 7

12 11 10 9 | 8 |




COUNTER DESIGN AS A SYNTHESIS
PROBLEM-1

S.

6.

DESIGN OF SYNCHRONOUS COUNTERS

At any given time the memory is in a state called the present state
and will advance to a next state on a clock pulse a determined by
conditions on the excitation lines.

Steps used in the design of the counter follows. In general, these
steps can be applied to any sequential circuit:

Specify the counter sequence and draw a state diagram.
Derive a next-state table from the state diagram.

Develop a State (synthesis) Table or transition table showing the
flip-flop inputs required for each transition. The transition table is
always the same for a given type of flip-flop (Here will take JK flip-
flop).

Transfer the J and K states from the transition table to Karnaugh
maps. There is a Karnaugh map for each input of each flip-flop.

Group the Karnaugh map cells to generate and derive the logic
expression for each flip-flop input.

Implement the expressions with combinational logic and combine
with the flip- flops to create the counter.

“ ,0e follow the step with help of example as Mod-6 (Lab Experiment)



COUNTER DESIGN AS A SYNTHESIS

PROBLEM-1
“1C 7476

463

CLK1

PRE1

CLR1

Jl

VCC

CLK2

PRE2

CLR2

k2 Q2

N4

16
g1 oQif— |15
__:> 14
K1 (_;!1J 13

7
6 12
J2 Q2 11

10

o

K1l

Q1

Q1

GND

K2

Q2

Q2

J2



COUNTER DESIGN AS A SYNTHESIS
PROBLEM-2

“ Step 1: State Diagram

“ A state diagram shows the progression of states
through which the counter advances when it is
clocked.

“ Mod-6
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COUNTER DESIGN AS A SYNTHESIS
PROBLEM-3

“ Step 2: Next-State Table

“ Derive a next- state table, which lists each state of
the counter (present state) along with the
corresponding next state.

“ The next state is the state that the counter goes to
from its present state upon application of a clock
pulse. The next-state table is derived from the state

diagram.

Bn Cn+1 Bn+1 An+1

C, A
0 0
0 1
0 0
0 1
1 0
1 1

0
0
0
1
1
0

Ol Ol = | =

0
1
1
0
0
0

Ol | = | =0 | O
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COUNTER DESIGN AS A SYNTHESIS
PROBLEM-4

“ Step 3: State (synthesis) Table
“ State table written from Excitation table of the flip-flop.

“ Excitation table gives inputs need to be present when clock triggers a
certain Qn—Qn+ 1 transition of the flip-flop.

“ State table shows the present state, next state and input state of the

each flip-flop. . Ouput_ ____________nput__

: +1 K
“ Combine the Step 2 and 3 an 2 X L
0 1 1 X
1 0 X 1
1 1 X 0
Present State Next State Inputs
Cn Bn An Cn+1 Bn+1 An+1 JC KC JB KB JA KA
0 0 0 0 0 1 0 X 0 X 1 X
0 0 1 0 1 0 0 X 1 X X 1
0 1 0 0 1 1 0 X X 0 1 X
0 1 1 1 0 0 1 X X 1 X 1
1 0 0 1 0 1 X 0 0 X 1 X
1 0 1 0 0 0 X 1 0 X X 1




COUNTER DESIGN AS A SYNTHESIS
PROBLEM-5

“ Step 4&5: Karnaugh Maps

“ Karnaugh maps can be used to determine the logic required for the J and K
inputs of each flip-flop in the counter. There is a Karnaugh map for the J
input and a Karnaugh map for the K input of each flip-flop. In this design
procedure, each cell in a Karnaugh map represents one of the present states

in the count \g, n
Cn
e X"00 01 11 10 00 01 11 10
ololol1]lo 0| X | X | X | X
1 x 1 x| x| X 1/0/[0|1]0
J=A_B, Ke=A,B,

n

G X\'00 01 11 10
o/x|[x|1]o0
1 x| x |10

J.=A, Ke=A,
o=
&‘ 00 01 11 10 C&l 00 01 11 10
ol 1 x| x| 1 o X1 |1 | X
467 111 I x 1 x| x 1 X1 |1 | X




COUNTER DESIGN AS A SYNTHESIS
PROBLEM-6

“ Step 6: Counter Implementation (Circuit Diagram)

“ From the Karnaugh maps obtained the expressions
for the J and K inputs of each flip-flop.

“ The final step is to implement the combinational logic
from the expressions for the J and K inputs and
connect the flip-flops to form the complete Mod-6
counter.

L

1— K, Al

[
vy}

Po)
o
]

CLK — ¢ .

468 Q Qe



COUNTER DESIGN AS A SYNTHESIS
PROBLEM-7

“ An irregular counter is the one which does not
follow any regular binary sequence but has N
number of distinct states and thus qualifies as a
modulo-N counter.

“ What happens if the circuit for any reason goes to
one of the unused state”? Does it come back to any
of the valid counting state or in the worst case gets
locked as shown in below Fig.?

ORCECHO
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COUNTER DESIGN AS A SYNTHESIS
PROBLEM-7

“ For Mod-6, initializing the designed circuit with 110 or 111 unused
state we find that they get back to counting sequence as shown in
below Fig.

“ Lock-out condition : Lock-out of a counter occurs when the counter
remains locked into unused states and does not function properly.

“ However, a designer may not leave unused states to chances and
want them to follow certain course if the circuit accidentally enters
into one of them .

“ This can be achieved by Self-correctinn 2ac tha rircuiit ramac ninit nn
its own from an invalid state to a valid ¢ 0
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COUNTER DESIGN AS A SYNTHESIS
PROBLEM-7

“ Design a self-correcting modulo-6 counter, in which
all the unused state leads to state CBA = 000.

“ Step-1
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COUNTER DESIGN AS A SYNTHESIS

PROBLEM-8

“ Step-2 & 3

Inputs

Next State

Present State

Bn+1 An+1

Cn+1
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COUNTER DESIGN AS A SYNTHESIS
PROBLEM-9

“ Step-4 & 5

B, A, - B A, | B, A,

C, 00 01 11 10 C,\_00 01 11 10 C,\_00 01 11 10
o 0 0 1 0 0] x X X X 0] 0O 1 X X
1] x X X X 11 0 1 1 1 11 0 0 X x

Jo=B, A4, Ke=A,+B, Jy=C 4
B A B A, B, A”. | -

C, 00 01 11 10 c, 00 01 11 10 C, 00 01 11 10
0] X X 1 0 0} i1 X X | 0] X l 1 X
111X X 1 ] 1 1 X X 0 11} % 1 1 X

Ky=A4,+C, J,=C,+B, K,=1
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COUNTER DESIGN AS A SYNTHESIS
PROBLEM-10

“ Step-6
A
Iy F}”’B B 3> Jjo €
. |/
1 — K, A \%—:D'KB B K, L
NN
T Ca g
- >
CLK
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COUNTER DESIGN AS A SYNTHESIS
PROBLEM-11

“ Design a modulo-4 irregular counter with following

counting sequence using D flip-flop.
00— 10— 11— 01

=
i
a

' BnH i Ap+t Dp . Dy

T 0 s 0

P e T

0
0 s
1 s

= ]

noo 1 AI\BH 0 ] | j )
n 1 L“‘“’"“"'“"" | - - J

D Q

Flip-flop 4 Flip-flop B

—opClKk 0 —d>ck O

h Clock




COUNTER DESIGN AS A SYNTHESIS
PROBLEM-12

“ Show how a modulo-4 counter designed with two flip-flops can generate a
repetitive sequence of binary word '1101" with minimum number of memory
elements?

“ The corresponding outputis 1—1 — 0 — |. As shown in Figure the sequence
'"1101' will be gpnnm’rnd renatitivelv hv Y Kamaiinh Man renraceantatinn nf Y

and will get Y= B
y B Y AN O 1
0 0 1 of{1|]| 0
0 1] 1
] o T o 141 1
S Y=A+B

(a) (b)

o —ly 4 - J  Bl—
ka5 L_g;, | “}[}r
' 1T 11— K ' \TK

|
|
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COUNTER DESIGN AS A SYNTHESIS
PROBLEM-13

“ Design a counter with the irregular binary count
sequence shown in the state diagram below. Use J-
K flip-flops.
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COUNTER DESIGN AS A SYNTHESIS
PROBLEM-14

“ State Table

Qn Q44 J K

0 0 0 X

0 1 1 X

1 0 X 1

1 1 X 0

Present State Next State

Q, Q, Q, Qi1 Qqug Qi Jz K, Jq K, Jo Ky
0 0 1 0 1 0 0 X 1 X X 1
0 1 0 1 0 1 1 X X 1 1 X
1 0 1 1 1 1 X 0 1 X X 0
1 1 1 0 0 1 X 1 X 1 X 0




COUNTER DESIGN AS A SYNTHESIS

PROBLEM-15

“ K-Map Simplification

Qo

0,0, o 1
o| x|o
o [
Nan
0| x [ X
5= Q
0,0, & 4
LN L] x
o [
11 Lx 1J
0] x| o
479 K, = Q,

0
oo (x| 1)
o1 | x | x
n x| x
wollx |1

J =1
o
¥ 1
oo [(x | x)
o1 f| 1 | x
THIEEE
0 [N

K, =1

3-—



COUNTER DESIGN AS A SYNTHESIS
PROBLEM-16

“ Circuit Diagram

J[}=1=Ku=@2
JIZKIZI
J, = K; = 0,

QU
HIGH J HIGH
L Jq o—1J

1 . Jz
= > C = C
Kq K, Kz

CLK ® ®

0,



Difference between
Synchronous Counter

1)Clock input is applied to
LSB flip-flop. The output
of first flip-flop IS
connected as clock to next
FF.

2)All Flip-Flops are toggle
flip-flop.

3) Speed depends on no. of
flip-flop used for n bit .

4)No extra Logic Gates are
required.

5)Cost is less.
481

Asynchronous and

1)Clock input is common
to all flip-flop.

2)Any flip-flop can
used.

3)Speed is independent of
no. of flip-flop used.

be

4)Logic Gates are
required based on
design.

5)Cost is more.



A DIGITAL CLOCK-1

Logic diagram of a digital clock that displays seconds, minutes, and hours is
shown in next slide.

First, a 60 Hz sinusoidal ac voltage is converted to a 60 Hz pulse waveform
and divided down to a 1 Hz pulse waveform by a divide-by-60 counter
formed by a divide-by-10 counter followed by a divide-by-6 counter.

Both the seconds and minutes counts are also produced by divide-by-60
counters the details of which are shown in next slide. These counters count
from 0 to 59 and then recycle to 0; synchronous decade counters are used in
this particular implementation.

Notice that the divide-by-6 portion is formed with a decade counter with a
truncated sequence achieved by using the decoder count 6 to
asynchronously clear the counter. The terminal count, 59, is also decoded to
enable the next counter in the chain.

The hours counter is implemented with a decade counter and a flip-flop as
shown in next slide. Consider that initially both the decade counter and the
flip-flop are RESET, and the decode-I2 gate and decode-9 gate outputs are
HIGH. The decade counter advances through all of its states from zero to
nine, and on the clock pulse that recycles it from nine back to zero, the flip-
flop goes to the SET state (J = 1, K= 0). This illuminates a 1 on the tens-of-
hours display. The total count is now ten (the decade counter is in the zero
state and the flip-flop is SET).
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A DIGITAL CLOCK-2

Divide-by-60
60 Hr ac 60 Hz 1 Hz
Wave- gigigly DIV 10 [ DIV 6 | L1 L] L
Uy —]shaping > o EN -
circuin |—:.:- C
FE Hours counter Minutes counter (divide-by-60) Seconds counter (divide-by-60)
Q DIV 10 DIV 6 DIV 10 DIV 6 DIV 10 gy
C <o0——| EN EN EN EN
C -'-':—] C {—l C -ﬁi—l C {—l C <]
ECIY7-seg BCIVW7-seg BCD/7-seg BCDY7-seg BCDf7-scg BCD/7-seg
w-.-—' S— —-r i — —
( Aoy - | N
a =
(0 1) (0—9) (0-5) (0-9) (D -5) (09
p" _— | S —_— — L. -

Minites
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A DIGITAL CLOCK-3

“ Logic diagram of typical divide-by-60 counter using
synchronous decade counters. Note that the outputs
are in binary order (the right-most bit is the LSB).

E SR DIV 10 SR SR DIV 6
CEP CEP
HIGH CET

= ET
~ C TC =% C
=
| To next
- e T e S
CLK Decode 6 nter
.___
B
L
*.—.-.
' I 50
’ Decode 59 To ENABLE
? ] : 3 CLOUL Fet K
¢, Q; ¢, Q" 0, 0. 0, G of next C1'R
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A DIGITAL CLOCK-4

“ Logic diagram for hours counter and decoders. Note

that on the counter inputs and outputs, the right-most
bit is the LSB.

0 {) 0 1
[22[2:]2 |
PE —C 7
DIV 10 O
—
CLK [—
K
E (2212412 L <P
o> |
L
Decokle 9 D
- 2
Decode
I — T T 12>
8 ra § 2 1 p— B 4 | 2 1
BCDY7-seg DBCI7-segx
FAL.547F TALS47F
g2 Ff e d ¢ b a g Ff e d c b a
L. 7 — e _—
To units-of-hours Tk hours
display ] sp l
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A DIGITAL CLOCK-5

“ Setting the clock can be quite easily accomplished

by means of the SET push-buttons shown

diagram.

Hours

1J

]

Se

PR

)
hours

e

= 60
10 x6

l_J

1

g

Set

Minutes minutes

——p—

- Set

+ 60
10X 6

[

Ll

Tens
decode

Units
decode

Tens | Units Tens | Units
decode{decode decode | decode
{ ! } !
HInEN HIBEN
I | || | |
Tens  Units Tens Units
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:

I
I

B

-_—

I

—

!

L

Tens

Units

Seconds seconds

1 Hz

+ 60

IN

60 Hz




COUNTER DESIGN USING HDL-1

“ Counter design in HDL is straight forward if one uses
arithmetic operator + and - that corresponds to
binary addition and subtraction respectively.
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COUNTER DESIGN USING HDL-2

- Mod-8 Counter

module UC(Clock, Reset,Q);

input Clock, Reset;

output [2:0] Q;

//modulo 8 requires 3 flip-flop

reg [2 : 0]Q;

always@ (negedge Clock or negedge Reset)
if (~Reset) Q=3'b0;

else Q= Q+l;

endmodule



PROBLEM SOLVING WITH MULTIPLE
METHODS-1

“ Design a self correcting modulo-3 down counter.

“We need 2 flip-flop, say B and A for this purpose
which has 4 states. Let the down counter count like
10—-01—-00—10 and undesired state 11 corrects
itself to 10. The excitation table shown below is used
for the design purpose.

“ State table for the self correcting modulo 3 down
counter and required inputs using
Design with SR flip-flops
Design with JK flip-flops
Design with D flip-flops
Design with T flip-flops
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PROBLEM SOLVING WITH MULTIPLE

METHODS-2
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VARIABLE, RESISTOR NETWORKS-1

“ Digital signal into an equivalent analog signal is to change the
n digital voltage levels into one equivalent analog voltage.

“ Binary Equivalent Weight

“ To change the possible digital signals into equivalent analog
voltages.

“ E.g. For the 3-bit binary signal, the smallest number
represented is 000, let make this equal to OV. The largest
number is 111:let make this equal to +7 V.

“ So between 000 and 111thera ara seven discrete levels to be
defined. Therefore, it wi_ 2" |2 | 2" :nient to divide the analog
signal into seven levels.

—_———_O e OO

— O~ — O — O
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VARIABLE, RESISTOR NETWORKS-2

“ Smallest incremental change in the digital signal is
represented by the least-significant bit (LSB), 2°. So
to have this bit cause a change in the analog output
that is equal to one seventh of the full-scale analog
output voltage.

“ The resistive divider will then be designed such that
a 1 in the 2° position will cause + 7 x 1/7 =+ 1V at
the output.

“ For 2'= +2V
“ and 2%= +4V so continued for 3-bit binary number.

“ The binary equivalent weight assigned to the LSB is
(2"-1), where n is the number of bits. The remaining
sweights are found by multiplying by 2, 4, 8, and so

1/



VARIABLE, RESISTOR NETWORKS-3

Bit | Weight Digital input | Analog output
0 0 00 0V
21 o 0 0 1 +1V
?_2 217 01 0 2V
2 4/7 0 1 1 3V
1 0 0 +4 'V
_ Tev
Sum| 7/7 B By
1 11 +7V
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VARIABLE, RESISTOR NETWORKS-4

“ Find the binary equivalent weight of each bit in a 4-
bit system.

S !unon “The LSB hasawcluﬂ of l/(24 l) lf(lﬂ l)' .or l pat in 13, The sccond LSB has 2 weight of 2 X
E = E The third LSB has_a wel htof4 Xz ® = andtthSmawmbhtofo -8 Asachcck. the sum

1 2 ‘nsals* e 1515
.ofmcwclghtsmmthuall'lhusﬁftﬁ 5t i T I

Bit | Weight

20| 115

2L 2715

22 1 4/15

2% | 8/15

Sum| 15/15
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VARIABLE, RESISTOR NETWORKS-5

“ Resistive Divider

“« The other desired Digital input | Analog output

0 00 +OV
voltage levels  are 0 0 1 REY
I I . 0 1 0 +2V
shown in Figure; they, 3 11 RV
It 1 0 0O +4V
too, | gre additive L0 ¢ Y
combinations of 1 10 +6V
1 1 1 +7V

voltages.
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VARIABLE, RESISTOR NETWORKS-6

“ Thus the resistive divider must do two things in order
to change the digital input into an equivalent analog
output voltage:

The 2° bit must be changed to + 1 V, and 27 bit must be
changed to +2 V, and 22 bit must be changed to +4 V.

These three voltages representing the digital bits must be
summed together to form the analog output voltage.
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VARIABLE, RESISTOR NETWORKS-7

Assume that the digital input signal 001
is applied to this network.

Recallingthat0=0Vand1=+7YV,so
the equivalent circuit shown in Figure.

Resistance RL is considered large and
is neglected.

The analog output voltage VA can be
most easily found by use of Millman's
theorem,

Which states that the voltage appearing
at any node in a resistive network is
equal to the summation of the currents
entering the node (found by assuming
that the node voltage is zero) divided
by the summation of the conductances
connected to the node.

So for 001 VA is equal to
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VARIABLE, RESISTOR NETWORKS-8

A resistive divider can be built to change a digital voltage into an
equivalent analog voltage. The following criteria can be applied to
this divider:

There must be one input resistor for each digital bit.

Beginning with the LSB, each following resistor value is one-half the
size of the previous resistor.

The full-scale output voltage is equal to the positive voltage of the
digital input signal. (The divider would work equally well with input
voltages of 0 and -V.)

The LSB has a weight of 1/(2"-1 ), where n is the number of input
bits.

The change in output voltage due to a change in the LSB is equal to V/
(2"-1), where V is the digital input voltage level.

The output voltage VA can be found for any digital input signal by

using the foll Vo’?” 12! +V32 N V323 +y,_ 2"
VA ) 2!? _"1

where VO, V1, V2, V3, ...., Vn-1 are the digital input voltage levels (0
46 V) and n is the number of input bits.



VARIABLE, RESISTOR NETWORKS-9

“ This resistive divider has two serious drawbacks.

“ The first is the fact that each resistor in the network
has a different value. Since these dividers are
usually constructed by using precision resistors, the
added expense becomes unattractive.

“ The resistor used for the MSB is required to handle a
much greater current than that used for the LSB
resistor. For example, in a 10-bit system, the current
through the MSB resistor is a approximately 500
times as large as the current through the LSB
resistor.

“ For these reasons, a second type of resistive
snetwork, called a ladder, has been developed.



VARIABLE, RESISTOR NETWORKS-10

“ BINARY LADDERS

“ The binary ladder is a resistive network whose
output voltage is a properly weighted sum of the
digital inputs.

“ Such a ladder, designed for 4 bits, is shown in
Figure.

“It is constructed of resistors that have only two
values.

“ The lef 22 22 ited in a
resistanc idder (the
output) i gZR §ER 2R §2R

2R R R R |
A ——AM AN —8—AAN——— T
500 L A B ¢ D




VARIABLE, RESISTOR NETWORKS-11

“ Assuming that all the digital inputs are at ground.

“ Beginning at node A, the total resistance looking into
the terminating resistor is 2R.

“ The total resistance looking out toward the 2 input is
also 2R. These two resistors can be combined to
form an equivalent resistor of value R as shown in
Figure below.
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VARIABLE, RESISTOR NETWORKS-12

“ We can conclude that the total resistance looking from
any node back toward the terminating resistor or out
toward the digital input is 2R.

“ Notice that this is true regardless of whether the digital
iInputs are at ground or +V.

“ Assume that the digital input signal is 1000. With this
iInput signal, the binary ladder can be drawn as shown in
below.

“ So output voltaae VA i§V1 iIn the MSB position will provide

+V
——-4‘? " o
= = = 2R +V
2R R R R 2R
AW MA——NN—— AN\ —— T, Va

A B C D D



VARIABLE, RESISTOR NETWORKS-13

“ Binary ladder with a o -
digital input of 0100 : ? : o

« Partially reduced S T® Tk I
equivalent circuit T nﬁ\, %Rm & f\ﬁ,\M ff/\, .

“ Final equivalent circuit = 1y ’ ‘ !
using Thevenin's ® s
theorem.

“ Qutput voltage IS
second MSB provides

an output voltage of
+V/4.

+V 2R +V
503V 4= X =
2 R+R+2R 4



VARIABLE, RESISTOR NETWORKS-14

“ This process can be continued, and it can be shown that
the third MSB provides an output voltage of +V/8, the
fourth MSB provides an output voltage of +V/16, and so

on.

“ The output voltages for the binary ladder are summarized
in figure; notice th~*s~oh ot imae et i transformed into

Bit
a properly weight position

Binary

weight

Qutput
voltage .

~ MSB

- 2d MSB
- 3d'MSB |
“4th MSB -
Sth MSB .
-6th MSB
Jth'MSB |

504

b

172
1/4

1/8:- -
Hio p
1 1/32
1764

e

Viz .
viga

V16
5k v A
L/ V64

V28

ol



VARIABLE, RESISTOR NETWORKS-15

“ In equation form, the output voltage is given by

111 1 1
“VA=%+;+%+%+'“+Q_‘iumbervﬂ=V[E+I+E+T§+_'"+?)
“ This equation can be simplified somewhat by

factoring and collecting terms. The output voltage
can then be given in the form

_ Vo2’ + V2 +132° #1327 41 Y, 2"
2?]'
“where VO, V1, V2, ... , Vn-1 are the digital input
voltage levels. Equation can be used to find the
output voltage from the ladder for any digital input

signal.
505 g
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VARIABLE, RESISTOR NETWORKS-16

“ The operational amplifier (OA) shown in Figure is
connected as a unity-gain noninverting amplifier.

“ It has a very high input impedance, and the output
voltage is equal to the input voltage. It is thus a good
buffer amplifier for connection to the output of a
resistive ladder. It will not load down the ladder and
thus will not disturb the ladder output voltage V,, V,
will then appear at the output of the OA.

_ 20 2:-:—~] 2"'
® +15
%2}: %zx ?‘m ~Vde
OM
+
1 2R R R ,ﬁ d is Va
= _ A E 3
_:L .\?dc _i_
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VARIABLE, RESISTOR NETWORKS-17

“ Connecting an OA with a feedback resistor R as shown in

Figure results in an amplifier that acts as an inverting current-
to-voltage amplifier.

“ That is, the output voltage V, is equal to the negative of the
iInput current | multiplied by ?—? The input impedance to this
amplifier is essentlally 0 Q thus, when it is connected to an R-

2R |~~~ "5{)‘ AA__A‘;’;I” "‘“:"2‘; R e ~=~*~ntial.
ZR% . 2R. 2R
L 2R R R
. | | Virtual
ground

V V vV VvV
507 1{1 = (_R)( “+ + J e & &



D/A CONVERTERS-1

“ Either the resistive divider or the ladder can be used
as the basis for a digital-to-analog (D/A) converter.

“ 1t is in the resistive network that the actual translation
from a digital signal to an analog voltage takes place.
There is, however, the need for additional circuitry to
complete the design of the D/A converter.
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D/A CONVERTERS-2

“ An integral part of the D/A converter

are
“ A register that used to store the Digital input data
digital information. This register could | —— A \

be any one of the many types (Using
RS flip-flop or other type of flip-flop).

“ The level amplifiers between the
register and the resistive network to
ensure that the digital signals
presented to the network are all of
the same level and are constant.

“ Finally, the gating on the input of the : _ _
register such that the flip-flops can N PO N lines=-=~-- |
be set with the proper information R .
from the digital system.

“ A complete D/A converter in block-
diagram form is shown in Figure.

509



D/A CONVERTERS-3

Dlglta] input

21

1

“ Complete schematlc for a 4-bit D/A converter

READ IN

(strobe)

pulSe

Le‘rﬂi
amplifier

10V

: Le'*‘ﬂi ._
AW

Precision|
valmge
2R

_ source

Va



D/A CONVERTERS-4

The level amplifiers each have two inputs: one input is the + 10 V
from the precision voltage source, and the other is from a flip-flop.

The amplifiers work as when the input from a flip-flop is high, the
output of the amplifier is at +10V. When the input from the flip-flop is
low, the output is OV.

The flip-flop on the right represents the MSB, and the flip-flop on the
left represents the LSB.

Each flip-flop is a simple RS latch and requires a positive level at the
R or S input to reset or set it. With this particular gating scheme, the
flip flops need not be reset (or set) each time new information is
entered.

When the READ IN line goes high, only one of the two gate outputs
connected to each flip-flop is high, and the flip-flop is set or reset
accordingly.

Thus data are entered into the register each time the READ IN
(strobe) pulse occurs.
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D/A CONVERTERS-5

Multiple Signals

Quite often it is necessary to decode more than one signal-for example, the X
and Y coordinates for a plotting board.

In this event, there are two ways in which to decode the signals.
The first method is simply to use one D/A converter for each signal.

The diagram shown in diagram, has the advantage that each signal to be
decoded is held in its register and the analog output voltage is then held fixed.

The digital input lines are connected in parallel to each converter.
The proper converter is then selected for decoding by the select lines.

Digital input lines

- D/A converter. [T V)

T % Analog
| D/A eonverter. [T 742 outputs
i I i
¥ ! ¥
512 "1 DfA converfefj._ T VA",J




D/A CONVERTERS-6

“ The second method involves the use of only one D/A
converter and switching its output. This is called
multiplexing, and shown in figure.

“ The disadvantage here is that the analog output
signal must be held between sampling periods, and
the outputs must therefore be equipped with sample-
and-hold amplifiers.

Sample and hold

L _ amplifiers
Digital input lines

:  pimimemiie . /- Multiplex :} N
L 0 il o j Vi— ~
e o e > Vo
D/A converterf | S B
513 e—3ll,, |
— } = Van




D/A CONVERTERS-7

“ Sample and Hold Circuit

amplifier.

“ An OA connected as in figure is a unity-gain noninverting
with a capacitor in figure to form a sample-and-hold

voltage amplifier-that is, Vo = Vi. Two such OAs are used
“ When the switch is closed, the capacitor charges to the
D/A converter output voltage.

“ When the switch is opened, the capacitor holds the
voltage level until the next sampling time.
“ The obnerational

amblifier

nrovides

a |




D/A CONVERTERS-8

“To reduce the sampling rate to the minimum
necessary to extract all the necessary information
from the signal.

“ The solution to this problem involves more than we
have time for here, but the results are easy enough
to apply.

“ If the signal is sinusoidal, it is necessary to sample at
only twice the signal frequency. For instance if the
signal is a 5kHz sine wave, it must be sampled at a
rate greater than or equal to 10kHz.
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D/A CONVERTERS-9

516

D/A Converter Testing
Steady-state accuracy test and the Monotonicity test.

The steady-state accuracy test involves setting a known digital number in the
input register, measuring the analog output with an accurate meter, and
comparing with the theoretical value.

Monotonicity means checking that the output voltage increases regularly as
the input digital signal increases. This can be accomplished by using a
counter as the digital input signal and observing the analog output on an
oscilloscope. For proper monotonicity, the output waveform should be a
perfect staircase waveform, as shown in figure.

The steps on the staircase waveform must be equally spaced and of the
exact same amplitude.

IV“SSlng stere ctanc nf Aiffarant om_h_lifllda r.\r ctane in a Hn\Alqward fashlon
indicate me




D/A CONVERTERS-10

“ A D/A converter can be regarded as a logic block having

517

numerous digital inputs and a single analog output as shown
in figure.

It is interesting to compare this logic block with the
potentiometer shown in Figure.

The analog output voltage of the D/A converter is controlled by
the digital input signals while the analog output voltage of the
potentiometer is controlled by mechanical rotation of the
potentiometer shatft.

Considered in this fashion, it is easy to see how a D/A
converter could be used to generate a voltage waveform

oty o sdghaly
—eanaiily P V,
¢ ; - 4 -

1||i



D/A CONVERTERS-11

“ Available D/A Converters

“ Very popular D/A converter is the DAC0808, an 8-bit
D/A converter.

“In Figure a DACO0808 is connected to provide a full-
scale output voltage of VO =+10 V dc when all 8
digital inputs are 1s (high). If the 8 digital inputs are
all Os (low), the output voltage will be VO = 0 Vdc.

“ First of all, two dc power-supply voltages are
required for the DACO0808: V cc= +5 V dc and VEE=
-15 Vdc.

“ The 0.1-uF capacitor is to prevent unwanted circuit
oscillations, and to isolate any variations in VEE-

“ Pin2 is ground (GND), and pin 15 is also referenced
sto ground through a resistor.



D/A CONVERTERS-12

Veoe=+5Vdc
T R_=5kQ ¥, =+10Vdc
‘MsB) 4;—5 13 4 VWv——e
Az_&ﬁ D Iref
Ay —17 % 15 |
Digital Ay —
inlgl al 4 g 0 e R=510
puts Ag—9 g A,
Ag—10 0 = +15
A —I11 8 4 — Vdc
 (LSB) Ag—12 16 I +0A e +
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D/A CONVERTERS-13

“ The output of the D/A converter on pin 4 has a very
limited voltage range (+0.5 to -0.6 V). Rather, it is
designed to provide an output current /o.

“ The minimum current (all digital inputs low) is 0.0
mA, and the maximum current (all digital inputs
high), is Iref- This reference current is established
with the resistor at pin 14 and the reference voltage

as. .
Jfrl:tf = Vrcf/ Rref

“« The D/ A copvertar niitniit crirrant In ic given as

Al A2 A3 A8
I, =1 5 + 2 + 2 +W+E

“where A1, A2, A3, ..., A8 are the digital input levels
5{110r0).



D/A CONVERTERS-14

“The OA is connected as a current-to-voltage
converter, and the output voltage is given as:

Vo=1,XR
A
Vt):vreferEfK[Al'!'A2+A3+“‘+‘“"8—)XR
“Ifwe set _.._ _. .. _\2__4 8 ___ 25/__13| to Rref,

then

(Al A2 A3 A8
Vo = Viet + + toot ——
2 4 8 256
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D/A CONVERTERS-15

“ Suppose all digital inputs are Os (all low). Then

Vﬂ%mex[9+9-+9-+---+ 0 J
2 4

| 3 256
= Vref x 0=0.0 Vdc | |
“ Now all digital inputs are Is (all high). Then
PP L -
2 4 8 256

= (Vyer) X —i-z—z) =0.996 X V. ¢

“ Vref is +10 Vac, the output voltage Is seen to have a
range between 0.0 and +9.96 Vdc. It doesn't quite
reach +10 Vdc,
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