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Digital Logic Families:
The basic logic gates discussed above were designed using discrete components like
diodes, transistors and resistances etc. In the recent past, it has been possible to fabricate
many hundreds of thousands of active and passive components on a small silicon chip.
Such fabricated devices are known as integrated circuits (ICs).
The Integrated circuits are broadly classified in two categories namely Linear or analog
ICs and digital ICs. The analog ICs mainly contain amplifiers, operational amplifiers,
audio and power amplifiers etc. However, the digital ICs contain logic gates etc. The
variety of logic gates are fabricated in digital ICs using various technologies.
The digital ICs may further be classified into following categories depending upon
their level of integration:
(i)

Small Scale Integrated Circuits (SSI): Twelve gates per IC are fabricated in SSI
and total number of components per chip is less than 100.

(ii)

Medium Scale Integrated Circuits (MSI): These ICs contain 12 to 100 gates
per IC and total number of components per IC is 100 to 1000.

(iii) Large Scale Integrated Circuits (LSI): The large scale integrated circuits
contain 100 to 1000 gates per IC and number of components is 1000 to 10000 per
IC.
(iv) Very Large Scale Integrated Circuits (LSI): These ICs contain more than 1000
and less than 10000 gates per IC and total number of components per chip is
10000 to 100000.
(v)

Ultra Large Scale Integrated Circuits (LSI): More than 10000 gates per IC are
fabricated and total components are more than 100000 per chip

The logic families are classified into two categories depending upon the technologies
used for fabrication.
1. Bipolar Logic Families
2. Uni-polar Logic Families
The bipolar logic families are mainly of two types.
a. Saturated Logic Circuits: In which the transistors are driven into saturation.
b. Non-Saturated Logic: In non-saturated transistor logic circuits, the transistors
are avoided to go into saturation.
The Saturated logic circuits may further be classified into the following categories:

1. Resistor – Transistor Logic (RTL)
2. Direct Coupled Transistor Logic (DCTL)
3. Integrated Injection Logic (IIL or I2L)
4. Diode – Transistor Logic (DTL)
5. High Threshold Logic (HTL)
6. Transistor – Transistor Logic (TTL)
The non-saturated logic families are:
1. Schottky Transistor – Transistor Logic (STTL)
2. Emitter Coupled Logic (ECL)
The Uni-polar logic families contains MOS FETs, these are:
1. NMOS or PMOS Logic
2. CMOS (Complementary MOS) logic
Before discussing the details of logic families mentioned above, it is necessary to
explain the following characteristics related to them. These parameters will help in
comparing the performances of the logic families.
(i)

Fan – in: The maximum number of inputs that can be applied to a logic gate is
known as Fan – in. Thus a three input AND has fan – in as three.

(ii)

Fan – out: The fan –out of logic gate is the number of gates that can be driven by
it. Thus, if a fan-out of a typical gate is 10, then it implies that this gate can drive
10 such gates.

(iii) Propagation Delay Time: The propagation delay time of a gate is defined as the
time interval between the application of the inputs to a gate and appearance of the
signal at the output of the gate.
In other words it is defined as the time interval between a change in input state
and the resulting change in output state of the gate. This delay is a very small
quantity; it is of the order of few nano second say 20 nsec (20x10 -9 sec) or 50 nsec
(50x10-9 sec). The propagation delay of the gate also specifies the speed of the
logic gate.
The delay time is measured between 50% voltage levels of input and output
waveforms. Figure 1 shows the input and output waveforms of an inverter. If t PHL
is the delay time when the output goes from low state (logic 0) to high state (logic
1) and tPLH is the delay time when the output goes from high state (logic 1) to low

state (logic 0), the propagation delay time of the gate t pd expressed as the average
of the two delays as:

Fig 1.
(iv) Power Dissipation: It is defined as the amount of power that can be dissipated in
an IC. It is calculated as the product of the d.c. voltage applied to an IC and the
current drawn from the d.c. source. It is always desirable to have low power
dissipation per gate. The normal working power per gate is required from few
micro-watts to few milli-watts. The product of speed and power dissipation per
gate is known as the figure of merit of the logic family. A low value of this product
is desirable.
(v)

Operating Temperature:

The temperature range in which an IC functions

properly is known as the operating temperature of the gate. It is specified by the
manufacturer. The acceptable temperature range of the ICs is from 0 to +700C for
commercial applications and this range is from – 550C to 1250C for military
purposes.
(vi) Noise Margin: Spurious signals called noise are sometimes generated in the
connecting leads of the logic circuits due to the stray electric and magnetic fields in
the surroundings. This results the unpredictable operation of the logic circuit. The
noise margin is sometimes called Noise- immunity. It is defined as the difference
between the maximum permitted low input and the maximum guaranteed low

output, and that between the minimum permitted high input and the minimum
guaranteed high output.
The idea of noise margin is illustrated in figure 2.

Fig 2.
Figure 2 shows that VOH(min) is the minimum high voltage for logic 1 and VOL(max) is
the maximum low voltage for logic 0. The output should not occur in the disallowed
range. Similarly, VIH(min) is the minimum high input voltage and VIL(max) is the
maximum low input voltage and the voltage level between V IH(min) and VIL(max) is
the indeterminate range and this voltage range should not be applied to the inputs of the
logic gate.
As per definition of the noise margin, the noise margin for high state (VNH) and
the noise margin for low state (VNL) are given by:
VNH = VOH(min) – VIH(min)
VNL = VOL(max) – VIL(max)
The large noise margin is always desirable.
Resistor – Transistor Logic (RTL):
The resistor–transistor logic is the most common family of logic circuits. It consists of
resistors and transistors hence known as resistor transistor logic. Figure 3 shows the
basic circuit for two - input RTL NOR gate. The operation of this circuit may be
explained as follows:

When both the inputs A and B are at logic 0, the two transistors T 1 and T2 will
be in cutoff and no current flows through collector emitter circuit of the transistors. The
output will, therefore, be high (logic 1). When either of the two inputs is at logic 1, the
corresponding transistor will go into saturation and output will be V CE,Sat of the
transistor ( 2.0 ≈ V). The output is said to be at logic 0. The output will also be low, if
both the inputs are at logic 0, as both the transistors will saturate. It is concluded that it
performs the operation of the NOR gate.
Though this is a simplest logic circuit yet it has become obsolete. RTL has the
advantage that its power dissipation per gate is low. The disadvantages of this family
are that it has low noise margin and its propagation delay is relatively larger.

Fig. 3
Direct Coupled Transistor Logic (DCTL):
The direct coupled transistor logic circuit is similar to RTL, which obtained by omitting
the base resistances in RTL. The DCTL circuit for two-input NOR gate is shown in
figure 4. When one or both the inputs are high (logic1), the corresponding transistor or
transistors will be conducting and the current flows through the resistance R gives the
output low (logic 0).
It, however, corresponds to high output voltage when both the inputs are at low.
This logic is very simple and requires a few components but it has the disadvantage of
low noise margin.

Fig. 4
Integrated Injection Logic (IIL or I2L): This family of bipolar transistors is the
simplest logic family and it has high packing density due to which a large number of
digital functions can be formed on a single chip. The I 2L family is available in LSI
package for complex digital functions such as microprocessor etc and thus individual
gates in SSI package are not available.
Figure 5 shows the logic diagram of three - input I2L NOR gate. The basic unit of this
circuit is an inverter which is shown in the shaded box. The PNP transistor T 1 serves as
a constant current source that injects the current into the base of the transistor T4. If the
input is at logic 0 (grounded), the injected current becomes grounded thus diverting the
current from the base of transistor T 4. This transistor, therefore, goes into cutoff and the
output is high. If on the other hand when the input A of the inverter is high, the injected
current from the current source flows into the base of the transistor T 4 thus turning it
ON. The output is low. The circuit for three - input NOR gate is the combination of
three inverters and its operation may be explained in the similar fashion.
It has a low power requirement and reasonably good switching speeds.

Fig. 5
Diode – Transistor Logic (DTL):
The next family after RTL was diode transistor logic (DTL), which has high noise
margin though slow speed. In DTL diodes and transistor are used hence the name diode
transistor logic. Figure 6 shows the positive logic two input DTL NAND gate. Its
operation may be explained as given below:
When both the inputs are at logic 0, the diodes D1 and D2 will be in forward bias
and the voltage at the point P will be equal to the forward voltage drop of the diode 7.0
≈ V). This voltage is being applied to the base of the transistor T 1 through the diode D3,
due to which the transistor T1 goes in to cutoff. The output voltage will, therefore, be
high (logic1). The diode D3 ensures that the transistor T1 is in cutoff. In the absence of
this diode the transistor could be in active region and output would not be high enough.
When either of the two inputs is at logic 1, the corresponding diode will be in reverse
bias and the other diode will be in forward bias due to which the voltage at point P will
be equal to the forward voltage of the diode. This takes the transistor T 1 into cutoff,
giving the output voltage to be high (logic 1). Now when both the inputs are connected
to logic 1, both the diodes D1 and D2 will be in reverse bias and the voltage at the point
P is high due to which the transistor T1 goes into saturation. The output will be VCE,Sat of
the transistor ( 2.0 ≈ V). The output is said to be at logic 0.
The function of resistance R2 connected between the base of the transistor T 1 and
ground is to remove the stored base charge when the transistor has to be turned off from
the saturated state. The lesser the value of this resistance lesser will be the propagation
delay time of the gate, but the value of this resistance can not be decreased beyond
certain value, otherwise the transistor T 1 will never be in saturation.
The propagation delay of this logic is high approximately 50 nsec.

Fig. 6

High – Threshold Logic (HTL):
A high threshold logic gate is a modification of a DTL gate. It is designed for industrial
applications by providing large noise margin. Figure 7 shows the logic diagram of two –
input HTL NAND gate. This logic circuit has been designed for higher supply voltage
(15 V). It utilizes a zener diode of breakdown voltage of 6.9 V.

Fig. 7
The transistor T2 will conduct when the emitter of transistor T 1 is at 7.5 V, as the sum of
6.9 V zener voltage and VBE of T2 (0.6 V). The low output level of the HTL gate will be
0.2 V and high level will be about 15 V. When one of the inputs or both the inputs are
at low transistor T2 is off. When both the inputs are high transistor T 2 saturates.
The advantage of this gate is that its noise margin is high however it is slow in speed.
Transistor – Transistor Logic (TTL):
The TTL is the most popular amongst all logic families and is widely used IC
technology.. It is the modified form of DTL. The propagation delay time is reduced in
TTL by using multi-emitter transistor in place of diodes. Figure 8 shows the schematic
diagram of a basic TTL positive logic NAND gate. It consists of a multi-emitter
transistor T1. A two emitter transistor is equivalent to two transistors with common base
and common collector as shown in figure 9.
The operation of TTL NAND gate may be explained as follows:
When either of two inputs A or both the inputs are at logic 0, emitter base
junction of the multi-emitter transistor will be in forward bias and base current is
supplied by the resistor R1. The transistor T1 saturates and the voltage at the point will

be equal to VCE,Sat of the transistor ( 2.0 ≈ V). The transistor T2 will be in cutoff and
output voltage will be high (logic 1).

Fig. 8

Fig. 9

When both the inputs are at logic 1 (+5 V), the emitter base junctions of
transistor T1 will be reverse biased and current will flow, through R1 and through the
forward biased base collector junction of transistor T 1 into the base of transistor T2. In
this mode the transistor is said to be operated in the inverted mode, as the collector of
transistor T1 operates as emitter and the emitter as collector. The voltage at the point P
will be sufficient to drive the transistor T 2 into saturation, the output voltage will
therefore, be equal to VCE,Sat ( 2.0 ≈ V) or logic 0.
The propagation delay time of this gate is smaller than that of DTL NAND gate,
since when the transistor T2 goes into cutoff region from saturation region, the transistor
T1 saturates and provides a low impedance path to ground. Thus the stored base charge
of the transistor T2 is quickly removed thereby reducing the propagation delay time.
The output resistance of the basic TTL circuit (fig. 8) is low when the transistor
T2 saturates or output is low (logic 0). However, the output resistance of this circuit is
almost equal to the resistance R, when the transistor is in cutoff or output is high (logic
1). This will restrict the fan out of the gate. The reduction in resistor R would increase
the power dissipation in R and in the gate. Also the reduction in the value of R would
difficult to saturate the transistor T 2. To overcome this difficulty, TTL gate with totem
pole arrangement is used.
TTL NAND Gate with Totem-pole Output:
Figure 10 shows the standard form of a TTL circuit with input NAND gate. The circuit
works as follows:

When either the inputs or both the inputs are low (logic 0), the transistor T2 goes
into cutoff. The transistor T4 will also be in cutoff, as the voltage drop across the
resistor R3 is nearly zero. Now the transistor T 3 conducts and works as emitter follower.
The output voltage available at the emitter of this transistor will be equal to the collector
voltage of the transistor T2, which is high (logic1). The emitter follower, however,
provides a low output resistance to the input of the driven gate.

Fig. 10
When both the inputs are high (or at logic 1), transistor T2 conducts and acts as an
emitter follower. The potential across R3 will be sufficient to drive the transistor T 4 into
saturation. Because the transistor T4 saturates, the output voltage will, therefore, be
equal to VCE,Sat ( 2.0 ≈ V) or logic 0. Since this output is taken at the collector of the
transistor T4, which is in saturation, so it provides the low output impedance. The diode
D prevents the transistor T3 from being conducting when the transistor T 4 saturates. The
potential across the emitter base junction of the transistor T 4 is approximately 0.8 V
(VBE,Sat) and collector emitter voltage of T 2 is 0.2 V (VCE,Sat). This means a total of 1.0
V is applied to the base of transistor T 3. In the absence of the diode D, this voltage
would be sufficient for the conduction of the transistor T3. The diode D, however,
reduces the base emitter voltage of transistor T3 below 0.7 V, required voltage for the
conduction of a transistor. Thus the diode D drives the transistor T3 into cutoff when T4
saturates.
Diodes D1 and D2 protect the transistor T1 from being damaged when the
negative spikes of the voltage appears at the inputs. When the negative spikes appear at
the input terminals the diodes conducts and the spikes are grounded. The transistors T 3

and T4 and the diode D form the totem pole output, which provides the low output
impedance in every case. The TTL gates are faster having the propagation delay of
about 15 nsec.
TTL Inverter:
Figure 11 shows a TTL circuit for an inverter. The operation principle of this is same as
discussed for TTL NAND gate, with the difference that it has only one input. So when
input A is at logic 0, output will be high (logic 1) and if input is high (logic 1), output
will be low (logic 0). This circuit also has the totem-pole output.

Fig. 11
TTL NOR Gate:
Figure 12 shows a TTL circuit for two input NOR gate. It consists of two input
transistors T1 and T2 and two other transistors T3 and T4 connected in parallel which
acts as a phase splitter. In addition the output is obtained using the totem pole circuit
comprising transistors T3, T4 and diode D. The operation of this circuit may be
explained as follows:
When both the inputs are low, the emitter base junctions of the input transistors
will be in forward bias, no current will flow through the base of transistors T 3 and T4.
So these transistors will be in cutoff. The transistor T 5 will, therefore, conduct and T6
will be in cutoff, producing a high (logic 1) output.
When input A is low and input B is high, the transistor T3 is in cutoff and
transistor T4 saturates. The transistor T6 will, therefore, conduct and T5 will be in cutoff,
producing a low (logic 0) output.

Similarly, when input A is high and input B is low, the transistor T 4 saturates
and transistor T3 goes in cutoff. The transistor T6 will, therefore, conduct and T5 will be
in cutoff, producing a low (logic 0) output.
When both the inputs are high, the emitter base junctions of the input transistors
will be in reverse bias, the current will flow through the base of transistors T 3 and T4.
So these transistors will saturate. The transistor T6 will, therefore, conduct and T5 will
be in cutoff, producing a high (logic 0) output.

Fig. 12
TTL AND Gate :
Figure 13 shows a TTL two input AND gate. The AND operation is obtained by
inserting an extra inversion circuit before the totem output of the TTL NAND gate. This
converts the NAND gate to an AND gate. The extra inversion circuit comprises the
transistors T2 and T3.

Fig. 13
TTL OR Gate :
The TTL OR gate is obtained by inserting a common emitter circuit before the totem
pole output of the TTL NOR gate as shown in figure 14. The common emitter circuit
provides an inversion, which converts the NOR gate to an OR gate. The transistor T5
with associated components forms the common emitter circuit.

Fig. 14
Open Collector TTL Gates:
It has been discussed in the previous sections that in all TTL gates totem pole output
circuit is connected. The integrated circuits for TTL gates are also available with open
collector output. Figure 15 shows a two input TTL NAND gate with open collector.

The other gates are also available with open collector outputs. In the open collector
output gates the lower transistor of the totem pole circuit is used with its collector open
or floating. In order to get the proper output, one has to connect an external pull-up
resistor between the collector and the positive supply as shown in figure 16.

Fig. 15

Fig. 16

The advantage of the open collector gates is that their outputs can be wired together and
connected to a common pull-up resistor, thus eliminating the need of an AND gate. This
can be illustrated by connecting the open collectors of three NAND gates together with
a pull-up resistor R as shown in figure 17. Its equivalent circuit is given in figure 18 , in
which output of three NAND gates (open collector) are connected together to a pull-up
resistor R.

Fig. 17

Fig. 18

When any or all transistors are in saturation, the output voltage is pulled down to a low
value. On the other hand, if all the transistors are in cutoff, the pull up resistor R pulls
the output voltage to a high value. It therefore produces the ANDing of the outputs
of three gates. To get the ANDing operation by wiring the outputs of open collector

devices to a common pull-up resistor is known as wire –AND. Any number of gates
may be ANDed together with this method. The output of circuit shown in figure 18 is
given by:

The wire – AND is not possible with the TTL devices having totem pole outputs. If the
outputs of two or more such devices are connected together and one output is low and
the other high, the final output gets short circuited, resulting thereby too much power
dissipation. So for ANDing the outputs of TTL devices, a separate AND gate is needed.
The main disadvantage of open-collector gates is their slow speed.
Tri-state TTL Gates:
It has been observed from the above discussion that the open collector gate has the
facility for wire – AND, but they are slow in speed. However, the gates with totem pole
outputs are faster in speed but the connections for wire –AND are not possible. This led
to the development of new device called tri-state TTL gates.
The tri-state devices allow three possible output states namely, High, Low and High
impedance. The high impedance state offers high impedance between the output
terminal and ground or positive supply. Output in this case is floating. A simple tristate TTL circuit for inverter is shown in figure 19 and its logical symbol is given in
figure 20. In this circuit input A is the normal logic input while the ENABLE E terminal
is an enable input that can produce high impedance output.

Fig.19

Fig. 20

When ENABLE E terminal is high (logic 1), the diode D1 remains in reverse bias so it
has no effect on the working of transistors T3 and T4 and therefore circuit operates as

normal inverter. When ENABLE E terminal is low (logic 0), the diode D 1 will be in
forward bias and it takes away the base current of transistor T3. So this transistor will be
turned off. The forward bias diode D1 also forward biases the emitter base junction of
the transistor T1, transistor T2 will therefore be turned off, which in turn turns off the
transistor T4. So by applying logic 0 to the ENABLE E terminal both the transistors T 3
and T4 of totem pole output go in cutoff state.
The tri-state configuration is possible with other gates also with the similar
circuits. The advantage of this configuration is that wire –ANDing of the outputs of tristate ICs is possible and its speed is also fast.
More TTL Circuits: There are three families of TTL circuits, namely:
High Speed TTL circuits
Medium Speed TTL Circuits
Slow Speed TTL Circuits
The circuit of TTL NAND gate has been reproduced in figure 21 with three
values of each resistor R1, R2, R3 and R4 for the three families. The low values of these
resistances are for high speed but the power dissipation will be larger because low
values of resistances will draw large current from the supply. The 54H/74H series for
TTL gates are available and designed for high speed. The alphabet H represent for high
speed. The typical propagation delay for high speed gate is 6 nsec and power
consumption is 22 mW. The medium values of these resistances are for medium speed.
The 54/74 series is available for medium speed TTL gates. This is the standard series
and the typical propagation delay for this series is 10 nsec and power consumption is 10
mW. For slow speed TTL gates the values of resistances used are high and the series
available for slow speed is 54L/74L. The typical propagation delay for slow speed gate
is 33 nsec and power consumption is 1 mW. The 54 series the counterpart of 74 series
and both are equivalent. The 54 series is used generally for military purposes, as this
series can be operated for wider temperature range and voltage ratings.

Fig. 21
Schottky Transistor – Transistor Logic (STTL):
In Schottky TTL circuits, the operation speed is much more larger than the high speed
TTL circuits. The transistors used in TTL circuits take certain time when the transistors
switch form saturation to cutoff. This limits the propagation delay of the gates. This
delay can however, be reduced by replacing the transistors in TTL circuits by the
Schottky transistors. The Schottky transistor is formed by connecting Schottky barrier
diode between base and collector of a transistor as shown in figure 22. The Schottky
barrier diode (SBD) has a forward drop of only 0.25 V, it therefore prevent the
transistor from saturating fully. Figure 23 shows the circuit diagram of two-input
Schottky TTL NAND gate. Notice the transistor T4 is the ordinary transistor.

Fig. 22

Fig. 23

The 54S/74S series is available for Schottky Transistor – Transistor Logic
(STTL) gates. This series of logic family has less power consumption as compared to
54H/74H series and the speed is double to that of 54/74 series. Still low power

54LS/74LS series of Schottky TTL is available. This series is obtained by increasing
the resistances used in 54S/74S series. This family of logic gates therefore has the same
switching speed as that of standard TTL family (54/74), and the power dissipation is 1/5
of the 54/74 series.
Emitter Coupled Logic (ECL):
Emitter Coupled Logic (ECL) circuits fall in the category of non-saturated digital logic
family i.e. the transistors in this family do not saturate. This eliminates the storage time
delay, so the speed of operation of this family is increased. This logic family has the
fastest speed and propagation delay time per gate is approximately 1 nsec.
Figure 24 shows the basic circuit of four-input ECL OR/NOR gate. The outputs
provide both OR and NOR functions. The transistors T1 through T5 form the differential
amplifier circuit, transistor T6 forms the internal temperature and voltage compensation
bias network and the transistors T7 and T8 gives the emitter follower
outputs for OR and NOR functions. Logic levels for this family are negative, – 0.9 V is
assumed for logic 1 and – 1.75 V for logic 0. The operation of this circuit may be
explained as follows:
When all the inputs are at low (– 1.75 V), the transistors T1 through T4 are off,
as emitter base junctions are reverse biased. The transistor T5 is conducting not
saturated. Due to the proper biasing of the transistor T 6, the base of transistor T5
remains at – 1.29 V. Therefore its emitter is at – 2.09 V which is 0.8 V below the base
voltage. The transistor T5 therefore conducts. The differential voltage between base and
emitter of the transistors T1 through T4 is about –0.34 V, so they are in cutoff. The
emitter follower transistors T7 and T8 give the outputs – 1.75 V (logic 0) and – 0.9 V
(logic1) respectively.
When any one or all the inputs are at – 0.9 V (logic1), in that condition the
corresponding transistor or transistors will conduct. The voltage at the emitters of T 1
through T5 therefore rises to – 2.09 V. Since the base of transistor T5 is held constant at
– 1.29 V due to the bias network, it goes into cutoff. The emitter follower transistors T 7
and T8 give the outputs – 0.9 V (logic1) and – 1.75 V (logic 0) respectively. Symbolic
representation of OR/NOR ECL gate is shown in figure 25.

Fig. 24

Fig. 25

The wired logic can be formed by connecting together the outputs of two or more ECL
gates as shown in figure 26. The external -wired connection of two NOR outputs
produces a wired –OR function. The internal –wired connection of two OR outputs in
some ECL ICs is used to produce a wired –AND logic.

Fig. 26
MOS Logic:
The logic families discussed so far were based on bipolar transistor. Their comparisons
were made with respect to certain parameters of the logic family. One more logic family
based on the unipolar devices such as Metal Oxide Semiconductor field effect transistor
(MOS FET) will now be discussed. The MOS logic family is the simplest to fabricate
and occupies less space. It requires N channel MOS or P channel MOS field effect

transistors and no other components such as resistors, diodes etc. This logic family has
the high packing density, low power dissipation and high fan-out.
The logic circuits may be designed using NMOS (enhancement type N channel
MOS FET’s) or PMOS (enhancement type P channel MOS FET’s). From the operations
of MOS FET’s one can note following characteristics of MOS FET’s. The NMOS
conducts when gate is at a positive potential with respect to source and PMOS,
however, conducts when gate is at a negative potential with respect to source. If the gate
is at zero potential neither of the two MOS FET’s will conduct.
MOS inverter:
Figure 27 shows the circuit diagram for NMOS inverter and figure 28 shows for PMOS
inverter. The working operation of the circuits is same. The MOS FET T1 in both the
circuits work as resistor since T1 is conducting as gate is connected to drain.

Fig. 26

Fig. 27

In figure 26 when input A is at logic 0 (ground potential), the MOS FET T 2 will be OFF
giving the high voltage at the output. So the output is at logic 1. If on the other hand
input A is at logic 1 (VDD potential), the MOS FET T2 will be ON and output will be at
logic 0. This verifies the operation of inverter. The operation of PMOS will be
discussed in the similar fashion with the only difference that it works for negative logic.
MOS NOR gate:
Figure 28 shows the circuit diagram of NMOS positive logic three-input NOR gate and
figure 29 for PMOS negative logic three-input NOR gate. In NMOS NOR gate (ref. fig.
28), when all the three inputs are at logic 0 (ground potential), MOS FET’s T 2 through
T4 will be off giving the high output (logic 1). If all the three inputs or any (one or two)
of the three inputs are at logic 1, the corresponding MOS FET or MOS FETs will
conduct giving low output (logic 0). This verifies the operation of positive logic NOR

gate. The working operation of PMOS NOR gate may be explained in the similar which
works for negative logic. The MOS FET T 1 acts as a resistor in both the circuits.

Fig. 28

Fig. 29

MOS NAND gate:
Three input NAND gate with NMOS and PMOS transistors are shown in figure 30 and
31 respectively. The NMOS NAND gate works with positive logic and PMOS NAND
gate work with negative logic. The working of NMOS NAND gate is explained as
follows (ref. Fig 28).
The NMOS FET’s T2 through T4 will conduct when all the three inputs are at
logic 1 (+ VDD), giving the output low (logic 0). When either of the three inputs or any
(one or two) of the inputs is at logic 0 (ground potential), the corresponding MOS FET
or MOS FET’s will be off giving the high output (logic1). This verifies the operation of
positive logic NAND gate, Similarly, one can explain the operation of PMOS NAND
gate which work with negative logic.

Fig. 30

Fig. 31

Complementary MOS (CMOS) Logic:
The complementary metal oxide semiconductor (CMOS) logic family contains both
enhancement type P-channel and N-channel MOS FET’s arranged in a complementary
connection. The power consumption of CMOS logic family is very less as neither of Pchannel or N-channel MOS FET’s conducts simultaneously when no signal is applied to
the input terminals of the logic.
Thus only the leakage current flows between the terminals of the supply. The
CMOS gate can be operated on wide range of supply voltage between 3 V to 15 V. It
has good noise margin better than TTL devices. Fan-out of this is much larger. The
speed of the CMOS logic is comparable with that of TTL circuits but larger than
Schottky TTL circuits.
CMOS Inverter:
Figure 32 shows the circuit diagram of CMOS inverter which consist of a PMOS
transistor T1 and an NMOS transistor T2 which are connected in complementary mode.
The drains of both the transistors are connected together, through which the output is
taken. The source terminal of PMOS transistor T1 is connected to the positive supply,
where as the source of the NMOS transistor T 2 is grounded.
When the input A is grounded (logic 0), the gate of PMOS transistor T1 is at the
negative potential with respect to its source, so it is ON. The gate of NMOS transistor
T2 is at ground potential, so it is off. The output is, therefore, high (+VDD), logic 1.
If on the other hand input A is high (logic 1), the gate of PMOS transistor T1 is
at zero potential with respect to its source, so it is off. The gate of NMOS transistor T 2
is at the positive potential with respect to ground, so it is ON. The output is, therefore,
low logic 0.

Fig. 32
CMOS NAND Gate:
The circuit diagram of CMOS NAND gate is shown in figure 33. The two
PMOS transistors T1 and T2 are connected in parallel with the sources connected
together and two NMOS transistors T3 and T4 are connected in series.
When both the inputs are at logic 0 (grounded), the gates of T1 and T2 are at
negative potentials with respect to their sources; the gates of T 3 and T4 are at zero
potential. So both PMOS transistors (T1 and T2) are ON and NMOS transistors T3 and
T4 are off. The output will, therefore, be high (logic 1).
When input A is at logic 0 (grounded) and input B is at logic 1, the gate of T 1 is
at negative potential with respect to its source and the gate of T 2 will be zero; the gates
of T4 and T3 are at zero potential and VDD potential respectively. So T1 and T3 are ON
and T2 and T4 are off. The output will, therefore, be high (logic 1).

Fig. 33
When input A is at logic 1 and input B is at logic 0 (grounded), T 1 and T3 will
be off and T2 and T4 will be ON. The output will, therefore, be high (logic 1). When
both the inputs are at logic 1 (+VDD), the gates of T 1 and T2 are at zero potential; the
gates of T3 and T4 are at negative potentials with respect to their sources. So both

PMOS transistors (T1 and T2) are off and NMOS transistors T3 and T4 are ON. The
output will, therefore, be grounded (logic0).
CMOS NOR Gate: :
The circuit diagram of CMOS NOR gate is given in figure 34. The two PMOS
transistors T1 and T2 are connected in series and two NMOS transistors T3 and T4 are
connected in parallel.
When both the inputs are at logic 0 (grounded), the gate of T1 and T2 are at
negative potentials; the gates of T3 and T4 are at zero potential. So both PMOS
transistors (T1 and T2) are ON and NMOS transistors T3 and T4 are off. The output
will, therefore, be high (logic 1).
When input A is at logic 0 (grounded) and input B is at logic 1, the gate of T1 is
at negative potential with respect to its source and the gate of T2 will be zero; the gates
of T3 and T4 are at zero potential and VDD potential respectively. So T1 and T3 are
ON and T2 and T4 are off. The output will, therefore, be low (logic 0).
When input A is at logic 1 and input B is at logic 0 (grounded), T1 and T3 will
be off and T2 and T4 will be ON. The output will be low (logic 0).
When both the inputs are at logic 1 (+VDD), the gates of T1 and T2 are at zero
potential; the gates of T3 and T4 are at VDD potential. So both PMOS transistors (T1
and T2) are off and NMOS transistors T3 and T4 are ON. The output will, therefore, be
grounded (logic0).

Fig. 34
Comparison of Logic Families:

The comparison of important logic families are given in table 1 in respect of
logic parameters.
Table 1

Classification and characteristics of memories:
In digital systems memories are used for the storage of binary information or
data. It is well known that a flip-flop can be used to store the binary bit (0 or 1). So the
flip-flops can be organized to form storage registers. The storage registers also called as
memory registers are normally used for temporary storage of a few bits of information.
These registers are combined to form a memory unit which is capable of storing large
data. So the information to be stored in the digital system is transferred to these
registers, where this information is retained and can be retrieved whenever required for
processing in the digital systems. In this chapter both semiconductor and magnetic
memories and their applications will be discussed.
MEMORY PARAMETERS
The memory unit is the important part of the digital systems or digital computers
as the binary information necessary for processing in the system can be stored in or
retrieved form this unit. The devices used in the memory unit can either be
semiconductor devices or magnetic devices. A device or electronic circuit used to store
a single bit is known as binary memory cell which include a flip-flop, a charged
capacitor, a single spot on magnetic tape or disc.
The characteristics of the device used as a binary memory cell should be as:
1. The device must have two stable states to represent the binary information 0 or 1.
When the binary memory cell is one of the two stable states, it should not consume
any power, if it does consume some power it must be small enough so that the total
power dissipation must not be very large.
2. The cost and size of each cell should be very small so that the physical size
occupied by the memory unit and its total cost are not too large.
3. The time taken to read the information from a group of binary memory cells or for
storing the information in them should be very small.
The memory unit can be used to store a large number of binary words. A binary
word is a combination of binary bits. The word length is different for different digital
system or computers; typically it ranges from 8 to 128 bits. A binary memory cell is
used to store a binary bit. If the length of the word in a system is of 8 bits then eight
binary memory cells are combined to store a word. Each word stored in the memory
unit will have different memory locations. The word will always be treated as an entity

and can be stored in and retrieved form the memory as a unit controlled by the control
signals. The location of the memory unit where a word is to be stored or written is
called the address of the word. So the address of the location is to be specified where
the word is to be stored or retrieved from the memory unit. The word to be stored in the
memory unit is first entered in the memory buffer register (MBR) also called as
memory data register (MDR). The address where the word is to be stored is given in the
Memory Address Register (MAR) and a WRITE signal is initiated by the control unit
and the particular word will be written or stored in the specified memory location or the
address. The length of the MBR is equal to the word length of the system. The length of
MAR will, however, depend on the capacity of the memory locations. If a memory unit
has the capacity to store m words (each of k bits), the length of MAR will be of n bits
such that 2n = m i.e. the length of MAR will be of 12 bits if the memory unit has the
capacity to store 4096 words as 212 = 4096. In order to read or retrieved the stored word,
the address of the location from where the word is to be read is given in MAR and then
read signal is initiated by the control unit. Thus the stored content will be available in
MBR. Figure 35 shows the block diagram of a memory system.

Fig. 35
There are some important terms related to memory unit which will now be discussed.
(i) Destructive and Non-destructive Read Out:

As discussed above to read the

stored content in some memory location the addresses of the location is given in
MAR and when the read signal is initiated the stored content is copied into MBR.

In this process if the copying process leaves the content in the corresponding
location undisturbed, then the read out process is known as non-destructive read
out. If on the other hand, the stored content is lost during the reading process then
the read out process is known as destructive read out. The read out process in the
flip-flop binary cells are non-destructive while read out process in the binary cells
made with magnetic cores is destructive.
(ii) Access Time of Memory: The time interval between the initiation of the READ
signal and the availability of the stored content from the required memory location
is known as the access time of memory.
(ii) Write Time of Memory and Memory Cycle Time: The time interval between the
initiation of the WRITE signal and the storing of the content in the specified
memory location is known as the write time of memory. In the destructive
memory, during the read out process once the stored content is available in the
MBR, the stored content is lost from the memory location. So in the destructive
memory once the content is read from the memory location it is rewritten back in
the same memory location. The time taken for reading the content and rewriting
back in the same memory location is known as memory cycle time.
(iv) Volatile and Non-volatile Memories: The memory unit in which the stored
content is lost when the power is turned off is known as volatile memory. The
memory units consisting of flip-flop binary memory

cells are the volatile

memories as data is lost when the power is turned off. The memory unit consisting
of binary cells made with magnetic cores is known as non-volatile as the stored
data is not lost when the power is turned off.
(v) Memory Capacity: The number of bits that can be stored in a particular memory
device or unit is known as the memory capacity. Suppose a memory unit can store
2048 twenty-bit words so it has a capacity of 40960 bits as 2048 x 20 = 40960.
Further, 8 bit is known as byte so the capacity of 40960 bits memory is 5120 bytes
or 5 K bytes as 1024 = 210 = 1 Kilo.
The larger memory may be represented by mega and 1M (1mega) = 2 20 = 1024 x
1024 = 1048576.
Example 1: What are the sizes of MAR and MBR for a 16K x 32 bit memory?

Solution : The memory has the capacity to store 16 K words and each word is of 32
bits. So the size of MBR is 32 bits as it equal to size of the word. The size
of MBR is 14 bits as 214 = 16 x 1024 = 16 K.
Example 2:How many words can be stored in 8K x 20 memory unit? How many bits
can be stored with this memory unit? What are the sizes of MAR and
MBR?
Solution: It can store 8K = 8 X 1024 = 8192 word and each word is of 20 bits.
It can store 8K x 20 = 8 x 1024 x 20 = 163840 bits.
Size of MBR = 20 bits
Size of MAR = 13 as 213 = 8192.
SEMICONDUCTOR MEMORIES:
The Read Only Memory (ROM) and the Random Access Memory (RAM) are the two
basic types of semiconductor memories. ROMs are those in which information or the
data is permanently stored. The information can be read but fresh information cannot be
written into it. These are nonvolatile memories. The other semiconductor memory RAM
has both read write facilities. So the RAMs are also called as read write (R/W)
memories. These are volatile memories.
READ ONLY MEMORIES:
As discussed above the read only memory is used to read the stored information or data
but the fresh information cannot be written into it. A block diagram of a read only
memory is shown in figure 36, in which 8 words are stored and each
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word is of five bit long. This memory is organized as a two dimensional grid of 8x5
wires. It has eight horizontal wires and 5 vertical wires. At each intersection point in the
grid, diode is either present or absent. If a diode is present at the intersecting point then
that bit of the word is a 1 else it is a 0. This grid connected with diodes at some
intersecting points is known as diode matrix ROM. The 8 words stored in 8 locations of
this diode matrix ROM is given in table 2. This table indicates that at the zero location
word 10101 is stored. To read the stored content the address of the location is given into
MAR, the decoder circuit will activate the corresponding address line and diodes
connected to that horizontal line conduct. The conducting diodes give rise the current
flow in the corresponding vertical wires and a high voltage is developed across the
resistance connected to the vertical line (logic 1). If no diode connected to that
horizontal line no current will flow to the corresponding vertical line and no voltage
(zero voltage) is developed across the resistance connected to the vertical line (logic 0).
Thus bits b4 through b0 will be available in the MBR as per the data available or stored
in the addressed location.

Table 2
The diodes connected at the intersecting points are fixed by the manufacturer at the time
of manufacturing according to the data supplied by the users. The data once fixed by the
manufacturer in the ROM can not be altered.
Most ROMs available in the market are made with bipolar transistors or MOS
transistors instead of diodes. At the intersecting points bipolar transistors or MOS
transistors are connected. A bipolar cell for storing a 1 is shown in figure 37 in
which the base of the transistor is connected to the row wire while the emitter is
connected to the column line. When base is high the transistor conducts and a current
flows through the column wire. A bipolar cell for storing a 0 is shown in figure 38 in
which base connection is left open which result no current to flow through column wire.

Fig. 37

Fig. 38

A block diagram of 8x5 bipolar ROM matrix is shown in figure 39 and the data
stored in different locations are shown in table 3.

Fig. 39

Table 3
A MOS cell for storing a 1 is shown in figure 40 in which the gate of MOSFET is
connected to the row wire while the source of the MOS is connected to the column line.
A MOS cell for storing a 0 is shown in figure 41 in which gate connection is left open.
A block diagram of 8x5 MOS ROM matrix is shown in figure 42 and the data stored in
different locations are shown in table 4.

Fig.40

Fig 41

Fig. 42

Table 4
PROGRAMMABLE READ ONLY MEMORY (PROM):
In ROM’s the data is fixed at the time of manufacture and the user can simply read the
stored content. PROM’s are also basically the same but the users can store the data as
per their requirement. It is programmed by

the user only once. It can not be

reprogrammed. PROM’s are available both in bipolar and MOS technologies. In
PROM’s bipolar or MOS transistors are connected to each joint and fusible links are
provided to these transistors. Figure 43 illustrates a bipolar PROM array with fusible
links provided at the emitter of each transistor connected at the joints. The fusible links
may be burnt to store a bit 0; and a bit 1 is stored to keep the link intact. The user can
burn the necessary links to store the desired data. For this a special device called PROM
programmer is used for its programming.

Fig. 43
Erasable Programmable Read Only Memory (EPROM):
The information or data once stored in ROM or in PROM can not be altered but in
EPROM’s the data can be erased and reprogrammed. Once programmed, the EPROM
is non-volatile and the stored data will be retained indefinitely. Each binary cell in
EPROM is formed with MOS transistor having a floating gate. The floating gate is
surrounded by silicon dioxide which works as an insulator. If a sufficiently high voltage
programming pulse is applied to the transistor, the high energy electrons are injected
into the floating gate. Even after the termination of the programming pulse the electrons
are trapped into the gate. Because the gate is completely isolated the charges can not
leak very rapidly. It loses nearly 30% of its charge in a decade. Once the charges are
stored on the gate the transistor becomes permanently on and the binary cell stores a 0.
The cells which are not programmed store 1. So by proper programming of the memory
the required data may be stored in desired memory locations.
The data can be erased if EPROM chip is exposed to the ultraviolet (UV) light.
A quartz window on the chip is provided for the exposure of ultraviolet light. The
ultraviolet light removes the stored charges on the floating gates of the MOS transistors.
This in turn brings the EPROM chip back to the unprogrammed state. The erasing
process usually takes 25 to 30 minutes. Erased chip may further be programmed with
fresh data. The programmed chip may be protected from stray radiations by placing an
opaque label on the quartz window of the chip.
The various EPROM chips are available with different storing capacities. The
current popular series of these chips are 27XX, where XX indicates the capacity of the

memory in kilo – bits. For example 2716 has the capacity (2 K x 8) to store 2 K words
and each word is of 8 bit. It will have l1 address lines. Similarly, 2732 has (4 K x 8)
capacity (4 K words, each of 8 bits).
Electrically Erasable Programmable Read Only Memory (EEPROM ):
Electrically erasable Programmable Read Only Memories (EEPROMs) are also
available as an improvement over EPROM. In EEPROMs also known as E 2PROMs,
individual word in the memory can be electrically erased and reprogrammed. This
facility is not available in EPROMs. In EPROM’s complete memory contents are to be
erased and reprogramming of the complete memory chip is to be required even if one or
two words of the memory are to be altered. Another advantage of E2PROMs is that the
programming of this chip can be done when connected in the circuit without the use of
ultra violet source and special PROM programmer unit. The memory cells of E 2PROMs
utilize MOS transistors with floating gate structure similar to EPROMs, with the
addition of very thin oxide region above the drain. This modification allows the cell to
be electrically erased. By applying a high voltage (21 V) between the gate and drain of
MOS transistors, where it will remain even when the power is removed. The application
of reversed voltage removes the trapped charges from the floating gate and thus erases
the cell. E2PROMs can be erased in negligibly small time of 10 msec.
APPLICATIONS OF ROMs:
Read Only Memories are used in variety of tasks in the digital systems.
Following are the common applications of ROMs:
Implementation of Logic Functions:
ROMs can be used as the direct substitute of any logic function. For this consider the
following example.
Example 12.3: Use a 32 x 8 bipolar PROM to form the following functions of five
variables:

Solution: The PROM has the capacity to store 32 words of 8 bit long, so for getting
four output functions f1 through f4 the output bits are assigned as:

The remaining output data bits are left open. List of all locations of PROM is prepared
as shown in table 5. Each minterm of the given functions will represent its own address.
The output bits will have logic 1 for the locations in the table for which the minterms is
present in the function. For example, bit 0 b in the PROM will have logic 1 for the
locations corresponding to minterms given in f1 i.e. bit b0 will have logic 1 for the
locations 1,2,6,8,9,13,16,21,29 as illustrated in table 5. The logic diagram for the same
is shown in figure 44.

Table 5

Fig. 44
Look-up tables: It is a usual practice to use ROMs as look-up tables for routine
calculations in a computer. Trigonometric functions, logarithms, exponentials and
square root etc are programmed as look-up tables in ROMs and used in lengthy
calculations. It is economical to use look-up tables, rather than to use subroutine or a

software program to perform the calculations for these functions. For example the lookup table for y = sin x can be formed with 128 x 8 ROM. This ROM will have 8
address lines and 8 output data lines. The address input should represent the angle in
increment of desired accuracy and the output data lines will represent the approximate
sine of the angle.
Code Converters:

The ROMs can be used as code converter circuits. The data

expressed in one type of code can be produced in other type of code. For this address
lines of the appropriate ROM can be used as the representation of the given code and
the output lines gives the equivalent data in the required code.
Example 3: Draw a diode matrix ROM that converts the four bit binary numbers to
gray code.
Solution:

Diode matrix ROM for the conversion of binary number to gray code is
shown in figure 45, in which the address lines are used to represent the
four bit binary numbers and the output gives the gray codes. The data may
be verified from the table 6.

Table 6

Fig. 45
Example 4: Draw a diode matrix ROM that implements the square of decimal numbers
ranging from 0 to 15.
Solution: Table 7 shows the square data of the decimal number from 0 to 15. The
binary equivalent of the decimal numbers represents the address of the
location. This will need the 4 bit address line. It requires eight data lines as the
square of 15 is 225 whose binary equivalent is 11100001. Figure 46 shows the
diode matrix ROM that implements the square of decimal number ranging
from 0 to 15. One can verify the data given in table 7 and ROM matrix.

Table 7

Fig. 46
Character Generators: ROMs can also be used to generate alphanumeric characters
(dot patterns) on the video screen of computer monitor. There are many character
formats that can be designed into ROM character generators. The 5 x 7 dot-matrix
format (fig. 47) is generally used for display systems. The letter E is represented by this
dot matrix. The solid dots in the letter E are lamps which are ON, and open dots are off
light sources. A character generator ROM stores the dot pattern codes for each character
at an address corresponding to the ASCII code for that character. For example, the dot
pattern for the letter E would be stored at address 1000101, where 1000101 is the
ASCII for E.

Fig. 47
Function Generator: The function generator produces sine, saw tooth, triangular and
square waveforms. ROM can be used to produce such waves. Figure 48 illustrates how

ROM look-up table is used to produce sine wave. The output lines of ROM are
connected to a digital to analog converter. The ROM stores 256 different 8 bit values.
The values stored at the different locations of ROM are the values of different voltage
points of the sine wave. The eight address lines of ROM are connected to an 8-bit
counter. The 8 bit counter sequentially excites the address lines of ROM with the
application of clock pulse to the counter. The D/A converter gives analog output
voltage corresponding to the data points of the required waveform. A low pass filter
may be used at the output of the D/A converter to produce the smooth sine wave.

Fig. 48
RANDOM ACCESS MEMORIES:
Random Access Memory (RAM) is also known as Read/write memory. The Data can
be written in to the memory location and can be read /retrieved from the memory
locations. In this memory every memory cell can be addressed directly without the need
of any other previous cell being addressed first. In other words one may say that the
contents of any memory location can be accessed randomly. RAM is volatile memory
that is all the stored contents are lost if power is switched off. Basically RAMs are of
three types Bipolar RAM and Static MOS RAM and Dynamic MOS RAM.
Before discussing the details of the different types of RAM, it becomes
necessary to discuss first the different methods of memory cell addressing. There are
two methods of memory cell addressing namely Linear Selection and Coincident
Selection (or X-Y Selection).
Linear Selection: One method of addressing a RAM is known Linear Selection. In
linear selection a memory cell can be approached by exciting the address lines
appropriately. Suppose a random access memory can store 16 words of 4 bit each. In
this method of selection it will have 64 cells which are arranged into 16 rows and four

columns. One row will be for each word and one column for each bit in a word. Figure
49 illustrates linear addressing of 16 x 4 ROM cells. By four select inputs and 4 to 16
line decoder desired row from 16 rows can approached.

Fig. 49
Coincident Selection or X-Y Selection: The other addressing system known as
coincident selection or X – Y selection shown in Fig.50. In this figure 64 memory
elements are arranged in an 8 x 8 matrix for each word bit. A 64 word 256 bit RAM
will need four 8 x 8 matrix arrays, one for each of the 4 bits in every word.

Fig. 50

Bipolar RAM: The cells of RAM make use of flip-flops which are designed using
bipolar transistors. There are two types of RAM cells are designed using bipolar
transistors shown in figure 51. The first type (fig. 51 a) is made using two dual
emitter transistors. These types of RAM cells are used for linear selection. Triple
emitter transistors are used in second type of RAM cells (fig. 51 b). These types of cells
are used for coincident selection or X – Y selection

Fig. 51

Fig. 52

In the first type (fig. 51) one emitter of each of transistors Q1 and Q2 are connected
together to signal S. The second emitter of transistor Q 1 serves to sense or write a logic
0 (Q1 ON). Similarly the second emitter of transistor Q2 serves to sense or write a logic
1 (Q2 conducting). The sense and select terminals provides the low resistance path
between the emitter and the round thus cell works as a flip-flop. Normally the select
terminal S is kept low and the current form the conducting transistor flows out of this
select terminal. For read operation, select line S is kept high. The conducting transistor
will not conduct through select line but will conduct through sense ‘0’ or sense ‘1’ line
depending upon whether logic ‘0’ or logic ‘1’is stored in the cell. For writing or storing
operation, the select line S is kept high. For storing logic ‘0’ in the cell, the sense line
‘0’ is kept low and sense line ‘1’ is kept high. The transistor Q 1 now conducts to store
logic 0. For storing logic ‘1’ in the cell, sense line ‘0’ is kept high and sense line ‘1’
is kept low thus making the transistor Q2 to conduct. Thus the cell stores logic 1.
In the second type bipolar RAM cell (fig. 52) two select terminals X and Y are
obtained for connecting them to X and Y lines of coincident selection. The working
of this triple emitter RAM cell is similar to dual emitter RAM cell. Normally both X
and Y select terminals are kept low and the current from the conducting transistors flow
out of these select lines. For read operation, select terminals X and Y are kept high; and
thus no current flow through these select lines. The conducting transistor will conduct

through sense ‘0’ or sense ‘1’ line depending upon whether logic ‘0’ or logic ‘1’is
stored in the cell. For writing or storing operation, the select lines X and Yare kept high.
Similarly one can explain that for storing logic ‘0’ in the cell the transistor Q 1 conducts
and Q2 becomes off; and for storing logic ‘1’ in the cell, the transistor Q2 conducts and
Q1 becomes off.
Static MOS RAM Cell: A static MOS RAM cell also known as SRAM cell is shown
in figure 53. It consists of a flip-flop formed by n-channel MOS transistors. Here the
MOS transistors Q3 and Q4 work as active load and MOS transistors Q1 and Q2 work as
two NOT gates. The cross coupled NOT gates with active loads work as a flip-flop. It
stays in the given state and retains the data indefinitely as long as power is applied
to the flip-flop. The MOS transistors Q5 and Q6 provide the ‘1’ sense line and ‘0’ sense
line respectively. The gates of these two transistors are connected together to form a
select terminal for linear selection.

Fig. 53
Normally the select terminal S is kept low and for read operation, select line S is kept
high. The transistors Q5 and Q6 will conduct through select line. In order to read or
sense the state of the flip-flop suppose Q1 in ON and Q2 is OFF. Then the current flows
through ‘1’ sense line while no current flows through ‘0’ sense line as Q2 is OFF.
Similarly through the select line, the flip-flop can be set to logic ‘1’ or logic ‘0’ by
using sense line as data input.
Dynamic MOS RAM Cell: Figure 54 illustrates a dynamic MOS RAM cell also called
DRAM cell. It consists of a MOS transistor and a capacitor. The charging of the

capacitor is controlled by the MOS transistor. The capacitor can hold a very small
charge when it is charged. The MOS transistor is connected to an address line and a
bit/sense line. This transistor works as pass transistor. To write a bit ‘1’ on the cell the
address line is kept high, a high voltage is applied to the bit/sense line. The transistor is
switched ON and the capacitor is charged. The logic ‘1’ is stored in the cell. However
to write a bit ‘0’, 0 volt is applied to the sense line and the capacitor is discharged and 0
is stored. Though the capacitor has a very large leakage resistance yet it is not an ideal
capacitor. Thus the charge stored on the capacitor (when logic 1 is stored) discharges
very slowly and the will be lost. It is therefore necessary to rewrite or refresh the data
periodically.

Fig. 54
To read the stored data in the cell high voltage is again applied to the address line. This
switches ON the transistor and the capacitor voltage appears on the bit/sense line. If
a ‘1’ is stored in the cell, the voltage of the bit/sense line will tend to go up to the high
voltage; and if a ‘0’ is stored in the cell, the voltage of the bit bit/sense line will go
down to 0 volt. The reading operation of this type of cell is destructive so a write
operation should immediately be followed.
The dynamic RAMs are much cheaper than SRAMs as they allow high packing
density (bits/chip) due to the simple structure of DRAM cells. The power consumption
of DRAMs is very small as compared to the SRAMs. The dynamic RAMs are however
slower in speed than Static RAM. Dynamic RAMs also require refreshing operation
after regular intervals whereas SRAMs do not require this operation of refreshing.
RAM ICs:

Figure 55 illustrates RAM IC 7489 of 16 x 4 memory. It is capable of

storing 16 words of 4 bits. Data can be stored into memory by applying the address to

Fig. 55
the Select input and by providing low voltage to Memory enable (ME ) and write
signal. However to read the stored content the address is given to the Select input and
memory enable and read signal are applied low voltages. The data in complemented
will appear at the Data out terminals. The functional block diagram of this IC is shown
in figure 56.

Fig. 56
RAM ICs can be connected in parallel to increase the word size. Two ICs 7489 (16 x4)
are connected in parallel which is used as 16 x 8 memory. This is illustrated in figure
57.

Fig. 57
Figure 58 shows an IC 2147 which is a Static MOS RAM of capacity 4K x 1. It
contains separate terminals for DATA in (Din ) and DATA out (Dout ). The chip select
terminal (CS ) should be low to activate the chip. The bit may be written or stored in the
RAM if write signal (WE ) is made low, of course the chip select terminal should also
be activated. Data out (Dout) terminal remains isolated with the rest of the circuit
during the write operation.

Fig. 58
Figure 59 shows Dynamic MOS RAM chip 4164 of capacity 64K x 1. It has 8 bit
address line. However for 64K memory it should have 16 bit address line, as 216 = 64K
= 64*1024 = 65536. For this the memory is arranged into 256 rows and 256 columns as
256 x 256 = 65536. It contains ROW ADDRESS STROBE ( RAS ) and COLUMN
ADDRESS STROBE (CAS ) pins for selecting row and column of address. The
memory arrangement for 256 x 256 is shown in figure 60.

Fig. 59

Fig. 60
The combination of 8 PROMs (1K x 8) to produce a total capacity of 4 K X 8 is
illustrated in figure 61. This arrangement can very be understood.

Fig. 61

Figure 62 illustrates the construction of 4K x 8 memory using 4 PROMs (1K x 8). The
PROM 1K x 8 has 10 address lines. However, for 4K memory, it requires 12 address
lines. Two extra address lines in combination with 2 to 4 line decoder are used to select
the particular chip. This is clearly specified in the figure 62.

Fig. 62

Programmable logic devices:
Categories of Logic Devices
There are two broad categories of logic devices. These are the fixed logic devices and
programmable logic devices. .
Fixed Logic Device :
A fixed logic device performs a given logic function that is known to the user at the
time the device is being manufactured. Such fixed logic device includes devices such as
a logic gate or a multiplexer or a flip-flop. In terms of the internal schematic
arrangement of the two types of device, the circuits or building blocks and their
interconnections in a fixed logic device are permanent and cannot be altered after the
device is manufactured. The figure below illustrates a simple logic circuit of a four
three-input AND gates with an output OR gate and when accessing the circuit diagram
above, one finds out that it is a fixed logic device as the circuit is unalterable from
outside due to its fixed interconnections between the various building blocks. This
circuit above will produce an output that is the sum output of a full adder and in such a
case, A and B are the two bits to be added together while input C is the carry-in bit.

Programmable Logic Device :
A programmable logic device can be configured by the user to perform a large variety
of logic functions. This logic device offer the user or vendor a wide range of logic
capacity in terms of digital building blocks which can be configured by the user to
perform the intended function or set of functions. They also allow this configuration to
be modified or altered as many times as possible by the user through reprogramming
the device instruction in readiness for execution. In an anti-fuse, the initial resistance is
very high. This means that each AND gate can produce the desired three-variable
product term. An anti-fuse performs a function that is opposite to that performed by a
conventional electrical fuse.

The figure below illustrates a simple programmable device. We can visualize that the
logic circuit above as having a programmable AND array at the input and a fixed OR
gate at the output. This type of architecture of programmable logic devices called
programmable array logic (PAL). The device has an array of four six-input AND gates
at the input and a four-input OR gate at the output and each AND gate handles three
variables and thus can produce a product term of three variables. The three variables (A,
B and C) or their complements can be programmed to appear at the inputs of any of the
four AND gates through fusible links called anti-fuses.

Comparison between Fixed Logic and Programmable Logic devices :
1. When building a fixed logic device to perform a certain specific function, the time
required from design to the final stage when the manufactured device is actually
available for use could easily be several months to a year or so while
programmable logic device (PLD-based) design requires much less time from
design cycle to production run.
2. The process of design validation followed by incorporation of changes in fixed logic
devices, involves substantial non-recurring engineering (NRE) costs, which leads to
an enhanced cost of the initial prototype device while in programmable logic device
(PLD-based) design inexpensive software tools can be used for quick validation of
designs. The programmable feature of these devices allows quick incorporation of
changes and quick testing of the device in an actual application environment.
3. Fixed logic device does not allow any changes while in programmable logic
devices, the user can change the circuit as often as they want until they build a
design of their satisfaction. PLDs offer to the users much more flexibility during
the design cycle and therefore design iterations are nothing but changes to the
programming file.
4. Fixed logic devices have an edge for large-volume applications as they can be
produced in mass and more economically. They are also the preferred choice in
applications requiring the highest performance level.
Types of Programmable Logic Devices
There are many types of programmable logic device. They are distinguishable from one
another in terms of architecture, logic capacity, programmability and other certain other
specific features.
Programmable Read Only Memory (ROMs)
This type consists of two types of programmable memories:
(i) Programmable Read Only Memory- (PROM)
(ii) Erasable Programmable Read Only Memory - (EPROM)
Programmable ROM architecture allows the user to do hardware- implementation using
any arbitrary combinational function of a given number of inputs. When programmable
ROM is used as a memory device, n inputs of the ROM form the address lines and m
outputs which form the data lines can be used to store 2nm-bit words. In this case the

PLD can be used to implement m different combinational functions with each function
chosen from n variables. At such a state any n-variable Boolean function can be made
to appear at any of the m output lines. A generalized ROM device with n inputs and m
outputs has 2n hard-wired AND gates at the input and m programmable OR gates at the
output. Each AND gate has n inputs but each OR gate has 2 n inputs. Each OR gate can
be used to generate any Boolean function of n variables. This generalized ROM can be
used to produce m arbitrary n-variable Boolean functions where each AND array
produces all possible minterms of a given number of input variables while a
programmable OR array allows only the desired minterms to appear at their inputs.
Shows in the figure below is the internal architecture of a four input line PROM having
a hard-wired array of 16 AND gates and a programmable array of four OR gates. In this
figure a cross (×) represents an unprogrammed fusible link or interconnection while a
dot (•) represnts a hard-wired interconnection PROMs, EPROMs and EEPROMs
(Electrically Erasable Programmable Read Only Memory) are programmed using
standard PROM programmers.
Most PROMs inefficient use their logic capacity and therefore it is not
economical to use PROMs for all those applications where only a few minterms are
desired. Its inefficiency also includes relatively higher power consumption and an
inability to provide safe covers for most asynchronous logic transitions or operations.
Finally, it worth to mention here that they are much slower than the dedicated logic
circuits and as well, they cannot be used to implement sequential logic operations since
they do not have flip-flops.

Programmable Logic Array (PLA) :
In digital electronics, a programmable logic array device is a device that has a
programmable AND array at the input and includes a programmable OR array as well at
the output. This makes them one of the most versatile PLDs and thus their internal
architecture differs greatly from that of an ordinary PROM in many ways. It is
composed of a programmable AND array instead of a hard-wired AND array; its
number of AND gates in an m-input PROM are always equal to 2m.
In a PLA, the number of AND gates in the programmable AND type of array
for an m input variables is are always lower or much less than 2m while the number of
inputs of each of the OR gates are always equal to the number of AND gates. Therefore
each OR gate resent can generate a Boolean function with maximum of minterms
always equal to the number of AND gates in the logic architecture. We can also have
an internal architecture of a PLA device with four input lines in which we have a
programmable array of eight AND gates at the input and another programmable array of
two OR gates at the output. Such a PLA device uses more efficiently logic capacity than
a PROM.
Programmable Array Logic :
In type of a Programmable array logic architecture, a programmable AND array is
presented at the input and at its output, a fixed OR array is used though the
programmable AND array of a PAL device is always almost similar to that of a PLA
device since the number of programmable AND gates is smaller than the number
required to generate all possible minterms of the given number of input variables. In
this case the OR array is usually fixed and the AND outputs present are divided equally
amongst the available OR gates in the design.
In many commercial PALs, device can have eight input variables, 64
programmable AND gates and four fixed OR gates with each OR gate having 16 inputs.
This means that each OR gate is fed from 16 of the 64 AND outputs. The figure below
shows the internal architecture of a PAL device that has four input lines, an array of
eight AND gates at the input and two OR gates at the output, to introduce readers to the
arrangement of various building blocks inside a PAL device and allow them a
comparison between different programmable logic devices.

Complex Programmable Logic Device (CPLD) :
The term complex here refers to more advanced and hard task performing functions and
therefore programmable logic devices such as PLAs, PALs,

and other PAL-like

devices are categorized into a single category called simple programmable logic devices
(SPLDs). This makes it easy to distinguish them from the others which are more
complex in design and operation. A complex programmable logic device is a much
more complex device than any of the programmable logic devices contain circuitries
equivalent to that of several PAL devices cascaded or linked to each other by
programmable interconnections.
The figure below shows the internal structure of a typical CPLD where each of
the four logic blocks illustrated imply a PLD (e.g. PAL device) and it is worth to
mention here that the number of logic blocks in a CPLD can be more or less than the
four shown and each of the logic blocks has it own programmable interconnections. The
illustration below is a switch matrix. This switch is used for logic block to logic block
interconnection switching. The switch matrix in any CPLD may or may not be fully
connected implying that some of the very possible connections between logic block
outputs and logic block inputs may not be supported by a specific given CPLD block.
CPLD can have a complexity equivalent to tens of thousands of logic gates or even
more hence forming complex programmable logic circuitry. A CPLD can be
programmed either by using a PAL programmer or by feeding it with a serial data

stream from a PC after soldering it on the PC board. A circuit on the CPLD decodes the
data stream and configures it to perform the intended logic function.

CPLDs offer predictable timing characteristics owing to their less flexible internal
architecture than FPGAs. That is why they are mostly ideal for critical control
applications and other applications where a high performance level or complex
operations are necessary or are required. It is also noted that because of their relatively
much lower power consumption and lower cost, CPLDs form a class of ideal solution
gadgets for battery-operated portable applications. That is why they are commonly used
in gadgets like mobile phones and digital assistants.
Programmable ROMs :
Memory is simply a store of data. A Read Only Memory (ROM) is a memory device
that can be used to store a certain fixed set of binary information or instructions. ROM
as devices have certain links that can be made or broken depending upon the type of
fusible link used to store any user-specified binary information in the device.

The figure above shows an internal logic diagram of a un-programmed 4×2 PROM with
the use of a fuse and an antifuse to produce output-1 = AB. Note that in the case of a
fuse an unprogrammed interconnection is a ‘make’ connection, whereas in the case of
an antifuse it is a ‘break’ connection. Once a given pattern is formed, it remains as such
even if power is turned off and on. In the case of PROMs, the user can erase the data
already stored on the ROM chip and load it with fresh data.
A PROM in general has n input lines and m output lines and is designated as a
2n × m PROM. Looking at the internal architecture of a PROM device, it is a
combinational circuit with the AND gates wired as a decoder and having OR gates
equal to the number of outputs. A PROM with five input lines and four output lines, for
instance, would have the equivalent of a 5×32 decoder at the input that would generate
32 possible minterms or product terms. Each of these four OR gates would be a 32input gate fed from 32 outputs of the decoder through fusible links.
The internal architecture of a 32×4 PROM has quite a number of AND gates
with output having four OR gates with the input side hardwired to produce all possible
32 product terms corresponding to five variables. All 32 product terms or minterms are
available at the inputs of each of the OR gates through programmable interconnections.
This allows the users to have four different five-variable Boolean functions of their
choice. Very complex combinational functions can be generated with PROMs by

suitably making or breaking these links. To sum up, for implementing an n-input or nvariable, m-output combinational circuit, one would need a 2n×m PROM. This PROM
can be used to implement Boolean function with two outputs of the type shown below;
F1 (A, B, C) = ∑m(1,2)
F2 (A, B, C) = ∑m(1,4,7)
This Boolean function would require an 8×2 PROM for it to be implemented. In
practice a When implementing Boolean functions using PROMs, the process becomes
economical for those Boolean functions that have a large number of ‘don’t care’
conditions and in cases each ‘don’t care’ condition has either all 0s or all 1s. PROM
would not be used to implement as simple a Boolean function as that illustrated above.
The purpose here is to indicate to readers how a PROM implements a Boolean function.
In actual practice, PROMs would be used only in the case of very complex Boolean
functions.
Illustration
Determine the size of the PROM required for implementing the following logic circuits:
(a) a binary mult iplier that mult iplies two four-bit numbers;
(b) a dual 8-to-1 multiplexer with common selection inputs;
(c) a single-digit BCD adder/subtractor with a control input for selection of operation.
Solution
(a) The number of inputs required here would be eight. The result of
multiplication would be in eight bits. Therefore, the size of the PROM = 28 × 8 = 256 ×
8.
(b) The number of inputs = 8 + 8 + 3 = 19 (the number of selection inputs = 3).
The number of outputs = 2. Therefore, the size of the PROM = 219 ×2 = 512K × 2.
(c) The number of inputs = 4 (augend bits) + 4 (addend bits) + 1 (carry-in) + 1
(control input) = 10. The number of outputs = 4 (sum or subtraction output bits) + 1
(carry or borrow bit) = 5. The size of the PROM = 210 ×5 = 1024 × 5 =1K × 5.
Programmable Logic Array (PLA) :
A discussion was made on sum- of –product forms of Boolean functions. Based on this
a programmable logic array enables logic functions to be expressed in sum-of-products
form and be implemented directly. The product terms so produced can be summed up in
an array of programmable OR gates and that is why we have a programmable OR gate

array at the output. The input and output gates are constructed in the form of arrays with
input lines orthogonal to product lines and product lines orthogonal to output lines.
When analyzed closely, it is similar in concept to a PROM but unlike in a PROM, the
PLA on the other hand does not provide full decoding of the input variables nor
generate all possible minterms.
A PROM has a fixed AND gate array at the input and a programmable OR gate
array at the output while a PLA device has a programmable AND gate array at the input
and a programmable OR gate array at the output. Likewise in a PLA device, each of the
product terms of the given Boolean function is generated by an AND gate which is also
can be programmed to form the AND of any subset of inputs or their complements.

The figure above shows the internal architecture of a programmable PLA device with
AND gate array having eight AND gates with four input lines, eight product lines and
four output lines. Each of the AND gates has eight inputs which corresponds to four
input variables and their complements. In this case the input to each of the AND gates is
programmed to take any of the 16 combinations possible of four input variables and
their complements. This means then that four OR gates at the output can generate four
different Boolean functions where each Boolean functions should have a maximum of
eight minterms out of 16 minterms possible with four variables each. PLAs have
inverters at the output of OR gates to enable them implement a given Boolean
function in either AND-OR or AND-OR-INVERT form.

The figure below therefore, summarizes a generalized block schematic
representation of a PLA device having n inputs, m outputs and k product terms with n,
m and k respectively representing the number of input variables, the number of OR
gates and the number of AND gates. The number of inputs to each OR gate and each
AND gate are therefore k and 2n respectively as indicated in the figure.

In normal cases, a PLA is specified in terms of the number of inputs, the number of
product terms and the number of outputs and thus a PLA would always have a total of
2Kn+Km programmable interconnections. This implies then a ROM with the same
number of input and output lines would have 2 n×m p rogrammable interconnections and
therefore a PLA is either mask programmable or field programmable. For a mask
programmable PLA, the customer submits a program table to the manufacturer to
produce a custom made PLA having the desired internal paths between inputs and
outputs as he or she desires. In the case of a field-programmable logic array (FPLA) it is
programmed by the users themselves by means of a hardware programmer unit
available commercially in the market.
The implementation of a given Boolean function with a PLA, each expression is
simplified to a minimum number of product terms that minimize the number of AND
gates required. Since all input variables are available to different AND gates, The
simplification of Boolean functions reduce the number of literals in various product
terms to become unimportant. Each of the Boolean functions and their complements
should be simplified and thus what is desirable is the fewer product terms that are
common to other functions.

Programmable Array Logic (PAL) :
The PAL device is a trademark of Advanced Micro Devices Inc. PAL devices are
however less flexible than PLA devices. The idea to have a fixed OR gate array at the
output and make the device less complex originated from the fact that there were many
applications where the product-term sharing capability of the PLA was not fully utilized
and thus wasted. The flexibility of a PAL device can be enhanced by having different
output logic configurations including the availability of both OR and NOR outputs and
bidirectional pins that can act both as inputs and outputs, having clocked flip-flops at
the outputs to provide what is called registered outputs. The programmable array logic
device is a variant of the PLA device. It has a programmable AND gate array at the
input and a fixed OR gate array at the output.
These features present in the PLA allow the device to be used in a wider range
of applications other than would be possible with a device with fixed input and output
allocations. The mask-programmed version of PAL is known as the HAL (Hard Array
Logic) device. A HAL device is pin-to-pin compatible with its PAL counterpart.
PAL Architecture :
The figure below show a generalized PLA architecture of a PAL device and device has
a programmable AND gate array that is fed with various input variables and their
complements. Programmable input connections allow any of the input variables or their
complements to appear at the inputs of any of the AND gates in the array. Each of the
AND gates generates a minterm of a user- defined combination of input variables and
their complements. The figure below gives an example of the generation of minterms
from a generalized PAL device the outputs from this programmable AND array are feed
into an array of hard-wired OR gates.
The output of each of the AND gates do not feed directly on the input of each of
the OR gates but each OR gate is fed from a subset of AND gates in the array as shown
in the illustration below. This implies that the sum-of-product Boolean functions
generated by each of the OR gates at the output will have only a restricted number of
minterms depending upon the number of AND gates from which it is being fed. Outputs
from the PAL device are available both as OR outputs as well as complemented (or
NOR) outputs. Practical PAL devices offer various output logic arrangements. One of
them, is the availability of both OR and NOR outputs. Another feature available with
many PAL devices is that of registered outputs in which case of registered outputs, the

OR gate output drives the D-input of a D-type flip-flop, which is loaded with the data
on either the LOW-to-HIGH or the HIGH-to-LOW edge of a clock signal.

Programmability of inputs in a PAL Devices
Another feature is the availability of bidirectional pins, which can be used both as
outputs and inputs and all the above features allows the user to feed a product term back
to the programmable AND array. It also helps particularly in those multi-output
function logic circuits that share some common minterms when in need of them. Some
PAL devices offer an EX-OR gate following the OR gate at each output. One of the
inputs to the EX-OR gate is programmable, which allows the user to configure it as
either an inverter or a non-inverting buffer or as a two-input EX-OR gate. This feature
is particularly useful while implementing parity and arithmetic operations.

Complex Programmable Logic Devices (CPLDs) :
Complex programmable logic devices have the same basic internal structure that we see
in the case of SPLDs. CPLDs can offer a logic capacity equivalent to that of about 50
SPLDs. Programmable logic devices with much higher logic capacities would require a
different approach rather than simple extension of the concept of SPLDs. The internal
architecture of simple programmable logic devices such as PLAs and PALs, do not
increase their complexity beyond a certain level because the size of the programmable
plane increases too rapidly with increase in the number of inputs to make it a practically
viable device. This type of increase can only be done indirectly through other ways.
One way to increase the logic capacity of simple programmable logic devices is to
integrate multiple SPLDs on a single chip with a programmable interconnect between
them.
Internal Architecture of Programmable Logic Devices :
A CPLD is the integration of multiple PLDs with a programmable interconnect matrix
having an Input/ Output control block on a single chip where identical PLDs are taken
as a logic block or function block.

From block schematic arrangement above the programmable interconnect matrix is
capable of connecting the input or output of any of the logic blocks to any other logic
block. The input and output pins connect directly to both the interconnect matrix as well
as logic blocks where the logic blocks further comprise smaller logic units called
macro-cells, in which each of the macro-cells is a subset of a PLD-like logic block.

Each macro-cell comprises a set of product terms generated by a subset of the
programmable AND array and feeding a configurable output logic. The output logic
comprises of an OR and EX-OR gates and at least a single flip-flop. The flip-flop used
in CPLDs is configurable as a D-type, J-K, T, or R-S flip-flop. The OR gate is fed with
any or all of the product terms generated within the macro-cell.
Most contemporary CPLDs also offer an architecture where the OR gate can
also be fed with some additional product terms generated within other macro-cells of
the same logic block. A logic block of the MAX-7000 series of CPLDs offers this
product-term flexibility, where the OR gate of each macro-cell can have up to 15 Inputs
additional product terms from other macrocells in the same logic block. There may be
minor variations in devices from different manufacturers. For example, macrocells in
the XC-7000 series CPLDs from Xilinx have two OR gates fed from a two-bit
arithmetic logic unit (ALU) and its output feeds a configurable flip-flop.
Applications of CPLDs :
Owing to their less flexible internal architecture leading to predictable timing
performance, high speed and a range of logic capacities, PLDs find extensive use in a
wide assortment of applications and these include, the implementation of random glue
logic in prototyping small gate arrays, implementing critica control designs such as
graphics controllers, cache control, UARTs, LAN controllers and III CPLDs are fast
replacing SPLDs in complex designs.
Complex designs using a large number of SPLDs can be replaced with a CPLDbased design with a much smaller number of devices such as mobile phones digital
assistants and so on. CPLD architecture particularly suits those designs that exploit
wide AND/OR gates and do not require a large number of flip-flops. The
reprogramming feature of CPLDs makes the incorporation of design changes very easy.
With the availability of CPLDs having an in-circuit programming feature, it is even
possible to reconfigure the hardware without power down. One of the most significant
advantages of CPLD architecture comes from its simple SPLD like structure, which
allows the design to partition naturally into SPLD-like blocks.

