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Unit 1- Infegrated Circuits

m \What is an Integrated Circuit?
m Where do you use an Integrated Circuit?

m \Why do you prefer an Integrated Circuit to the circuits

made by interconnecting discrete components?



Def: The “Integrated Circuit “ or IC Is a miniature,
low cost electronic circuit consisting of active and

passiyve components that are irreparably joined

togéther on a single crystal chip of silicon.



Applications of an Integrated Circuit

m Communication
m Control

m Instrdmentation

m Cgmputer

lectronics



Advantages

Small size

Low cost

Less weight

Low supply voltages
Low power consumption
Highly reliable

Matched devices

Fast speed



Classification

m Digital ICs

m LinearlICs
Integrated circuits

l B 1
Monolithic circuits Thick Hybrid circuits
l l &Thin film
Bipolar Uni polar
Dielectric MOiFET JEET
isolation

lassification of



Chip size and

Complexity

Invention of Transistor (Ge) - 1947

m Development of Silicon - 1955-1959
m Silicon Planar Technology - 1959
First ICs, SSI (3- 30gates/chip) - 1960

SI ( 30-300 gates/chip) - 1965-1970

LSI ( 300-3000 gates/chip) -1970-1975
VLSI (More than 3k gates/chip) - 1975

ULSI (more than one million active devices are integrated on single

chip)



SSI MSI LSI VLSI ULSI

< 100 active |100-1000 1000- >100000 Over 1

devices active 100000 active million
devices active devices active

devices devices

Integrate BJT'’s and MOSFETS | 8bit, 16bit Pentium

resistors; Enhanced Microproces | Microproces

diodes/& MOSFETS Sors sors

BJT




Selection of IC

Type PACKAQE Criteria
Metal can |1. Heat dissipation is important
package |, For high power applications like power
amplifiers, voltage regulators etc.
DIP 1.  For experimental or bread boarding
purposes as easy to mount
2.I1f bending or soldering of the leadsis
not required
3.  Suitable for printed circuit boards as
lead spacing is more
Flat pack |[1. More reliability is required

2. Light in weight
3.  Suited for airborne applications




actors affecting selection of IC
package

/

m Relative cost

Reliability
Weight of the package

Ease of fabrication

Power to be dissipated

eed of external heat sink




Temperature
Ranges

. Military temperaturerange  : -550C to +1250 C (-55°C to +850C)
. Industrial temperature range : -20°C to +850 C (-400C to +85°C))

. Commercial temperature range: 0o C to +70°C (0cC to +75°C)



Operational Amplifier

The operational amplifier (Op-Amp) is a multi-
terminal device which internally is quite

complex.




Operational
Amplifier

n “Operational amplifier’ is a direct coupled high-gain
amplifier usually consisting of one or more differential

amplifiers and usually followed by a level translator and

The operational amplifier is a versatile device that can be
used to amplify dc as well as ac input signals and was
ofiginally designed for computing such mathematical
nctions as addition, subtraction, multiplication and

tegration.



Basic Information of Op-Amp

Op-amps have five basic terminals, that is, two input
terminals, one output terminal and two power supply

terminails.




Package

Fairchild 702 opamp

The metal can (TO) The Flat Package

A\ . %
' "(“ POASES A

v, 4
s

s ENRI A N

The Dual-in-Line (DIP)

Package



Basic Information of an Op-amp
contd...

Power supply connection:

The power supply voltage may range from about + 5V to

The/common terminal of the V+and V- sources iIs

cagnnected to a reference point or ground.



Manufacturer’s Designation for Linear ICs

m Fairchild - LA, HAF

m National Semiconductor - LM,LH,LF TBA
otorola - MC,MFC
RCA - CA,CD

Texas Instruments - SN
Signetics - N/S,NE/SE

Burr- Brown - BB



other manufactures as follows
National Semiconductor - LM741
Motorola - MC1741
RCA - CA3741
Texas Instruments - SN>2741
- N5741

Signetics




Military grade op-amp
Commercial grade op-amp
Improved version of 741

Improved version of 741C

Military grade op-amp with higher slewrate

Commercial grade op-amp with higher slewrate




Ditferential Amplifier

Vo=Aq4(V1—V;)

As=20l0g:0(Aq) iINdB
Ve (vrvy)
CMRR=p =| Md




Characteristics and performance parameters
of Op-amp

Input offset Voltage
m |nput offset current
Input bias current

Differential inputresistance

put capacitance
Open loop voltage gain
CMRR

Output voltage swing



Characteristics and performance
parameters of Op-
amp

Output resistance
m Offset adjustmentrange
Input Voltage range

upply rejectionratio

Power consumption
Slew rate
ain — Bandwidth product

Equivalent input noise voltage and current



Characteristics and performance
parameters of Op-

am
m Average temperature coefficient of offset par%meters
m Output offset voltage

m Supply current




1. Input Offset
Voltage

The differential voltage that must be applied between the

two input terminals of an op-amp, to make the output

voltage zero.

It Is denoted as Vs

or op-amp 741C the input offset voltage is 6mV



2. Input offset current

he algebraic difference between the currents flowing into

the two input terminals of the op-amp

It is denoted as ligs = | lp1— lpo]

For op-amp 741C the input offset current is 200nA




3. Input bias current

The average value of the two currents flowing

Into the op-amp input terminals

It is expressed mathematically as

|y + 1y
2

For 741C the maximum value of I, is 500nA



4. Differential Input Resistance

/

It is the equivalent resistance measured at either the

Inverting or non-inverting input terminal with the other

Input terminal grounded

It is denoted as R,

For 741C it is of the order of 2MQ



5. Input capacitance

/

It is the equivalent capacitance measured at either the
Inverting or non- inverting input terminal with the other

Input terminal grounded.

It iIs denoted as C,

For 741C it is of the 1-4 pF



6. Open loop Voltage
/ gain

It is the ratio of output voltage to the differential input
voltage, when op-amp is in open loop configuration,

without any feedback. It is also called as large signal

voltageéin

It is/denoted asAo, | Aot=Vo/ Vd

Fok|V41C it is typically 200,000




/. CMRR

It is the ratio of differential voltage gain A; to common mode

voltage gain A,

CMRR = A4 /A,

IS open loop voltage gain Ag . and A. = Voc /' Ve

FoYt op-amp 741C CMRR is 90 dB



3. Output Voltage
sSWiNng
The op-amp output voltage gets saturated at +V..and —

Vee and it cannot produce output voltage more than +V.
and —Vge Practically voltages +V,;;and -V, are

slightly less than +V..and —Vgg.

Fok pp-amp 741C the saturation voltages are + 13V for supply voltages + 15V



9. Output Resistance

|

It is the equivalent resistance measured between the output

terminal of the op-amp and ground

It is denoted as R,

Fol Op-amp 741 it is 75Q



10. Offset voltage adjustment
range

/

The range for which input offset voltage can be adjusted

using the potentiometer so as to reduce output to zero

For\op-amp 741C itis + 15mV



11. Input Voltage
| range

It is the range of common mode voltages which can be

applied for which op-amp functions properly and given

offset specifications apply for the op-amp

r + 15V supply voltages, the input voltage range is +13V



12. Power supply rejection ratio

/

PSRR is defined as the ratio of the change in input offset
voltage due to the change in supply voltage producing it,

keeping the other power supply voltage constant. Itis

also yﬁled as power supply sensitivity (PSV)

PSRR= (Avi,s/ AV )|constant Ve PSRR= (Av,y,s/ AVgg)|constant V.

typical value of PSRR for op-amp 741C is 30uV/V



13. Power
Consumption

It is the amount of quiescent power to be consumed by op-

amp with zero input voltage, for its proper functioning

It Is denoted as P,

741C it 1Is 85mW



14. Slew rate

It is defined as the maximum rate of change of output

voltage with time. The slew rate is specified in V/usec

Slew rate = S = dV,/ dt |ax

ecified by the op-amp in unity gain condition.

The slew rate is caused due to limited charging rate of the
compensation capacitor and current limiting and saturation of the
ternal stages of op-amp, when a high frequency large amplitude

nal is applied.



Slew rate

It is given by dV./dt =1/C

For large charging rate, the capacitor should be small or

the current should be large.

S =lhax/C

For 741 IC the charging current is 15 pA and
the internal capacitor is 30 pk S= 0.5V/ usec



Slew rate equation

d\o
V= V., sinwt = Vi wcoswt
dt
V,=V,sinwt
d\o
S =slew rate =
dt max

S=Vaw=2mfVy, For distortion free output, the

S 7‘2 mfV,V/sec maximum allowable input

frequency f,, can be obtained as

S
21 V

IS IS also called full

er bandwidth of the f m




15. Gain — Bandwidth
product

It is the bandwidth of op-amp when voltage
gain is unity (1).1t is denoted as GB.

he GB is also called unity gain bandwidth
(UGB) or closed loop bandwidth

It is about 1MHz for op-amp 741C



quivalent Input Noise Voltage and
Current

The noise Is expressed as a power density
Thus equivalent noise voltage is expressed as V2 /Hz

while the equivalent noise current is expressed as A2




. Average temperature coefficient of offset parameters

The average rate of change of input offset voltage per unit
change in temperature is called average temperature coefficient of

Input offset voltage or input offset voltage drift

It is measured in pV/eC. For 741 C itis 0.5 uV/eC

The average rate of change of input offset current per unit
hange in temperature is called average temperature coefficient of

put offset current or input offset current drift

It is measured in NA/eC or pA/eC . For 741 C itis 12 pA/°C



18. Output offset voltage ( Voos

/

The output offs}et voltage is the dc voltage present at the

output terminals when both the input terminals are

grounded.

/ It IS denoted as Vg




Factors affecting parameters of Op-amp

Supply
\oltage

. Input voltage range
Ppwer consumption

\\Input offset current

Fr il e S

A 4

Frequency

Voltage gain

Input resistance
Output resistance
CMRR

Input noise voltage

Input noise current

LS. Y =

o

A 4

Temperature

Input offset current
Input offset voltage
Input bias current
Power consumption

Gain-Bandwidth
product

Slew rate

Input resistance



|

Parameter consideration for
various applications

For A.C. applications

For D.C. applications

Input resistance

Input resistance

Output resistance

Output resistance

Open loop v/oltage gain

Open loop voltage gain

Slew rate/

Input offset voltage

Output/oltage swing Input offset current
\\Gair/bandwidth product Input offset voltage and current
drifts

\\pflt noise voltage and current

Im‘ut offset voltage and current
dnfs

\




Absolute Maximum Ratings of Op-
amp
m Maximum power dissipation: This is the maximum

power which can be dissipated, in the internal stages of

the op-amp in the form of heat

Opgrating temperature range: As specified in the data
sheet, op-amp can work satisfactorily, over the operating

emperature range, as required for the given application



Absolute Maximum Ratings of Op-

amp
m Maximum supply voltage: This is the maximum d.c.

supply voltage which can be applied to the op-amp

um differential input voltage: This rating gives

the/maximum value of difference between the two input

vpltages, applied to the two input terminals of the op-



Absolute Maximum Ratings of Op-
amp

m Maximum common mode input voltage: This is the

maximum value of the input voltage which can be

simultaneously applied to the two input terminals

age temperature range: This gives the temperature

range over which the op-amp can be stored safely.



Op-amp characteristics
dependent on the power

supply voltages

m Absolute maximum power supply voltage
m Absplute maximum differential input voltages

solute maximum common mode input voltage



Ideal Op-amp:

1.An ideal op-amp draws nocurrent at both the input
terminalsl.e. I, =1,= 0. Thus its inputimpedance is infinite.
Any sourcecan drive it and there is no loading

2. The gain of an ideal op-amp is infinite, hence the

on the driver stage
differential input V4=V, — V,is essentially zero for the

finite output voltage V,

. The output voltage V, is independent of the current
drawn from the output terminals. Thus its output
Impedance is zero and hence output can drive an infinite

number of other circuits



The ldeal Operational
Amplifier

Open loop voltage gain Aol =

m |nput Impedance R = o0
m Output Impedance Ro =0
Bandwidth BW = o0
Zerg offset (V,= 0 when Vi =V5=0) Vg =0

0 = oo

S = oo

No effect of temperature

Power supply rejection ratio PSRR =0



ldeal Voltage transfer
curve

+Vgat

AOL: 00

A
A 4

EVsar= £Vcc

'Vsat




Practical voltage transfer
curve

1. Ifvgis greater than corresponding to b,
the output

®» gftains +Vggt

f Vg4 is less than corresponding to a, the
output attains

»-V

sat

3. Thus range a-b is input range for which output varies

linearily with the input. ButAg, s very high,

practically this range is very small



Equivalent circuit of practical op-
amp

= Large signal open loop voltage gain
= Difference voltage V-V,

= Non-inverting input voltage with respect to ground

= Inverting input voltage with respect to ground

= Input resistance of op-amp

= Qutput resistance of op-amp



Transient Response Rise time

|

When the output of the op-amp is suddenly changing like
pulse type, then the rise time of the response depends on

ff frequency fy of the op-amp. Such arise time is




Op-amp
Characteristics

m DC Characteristics

Input bias current Input offset current Input

offset voltage Thermal drift

Characteristics

rate Frequency response



DC Characteristics Thermal Drift

The op-amp parameters input offset

voltage Vi, and input offset current

l,s are not constants but vary with

the factors

1. Temperature
2. Supply Voltage changes

3. Time




Thermal Voltage Drift

It is defined as the average rate of change of input offset voltage per

unit change in temperature. It is also called as input offset

voltagyift

AVios
AT

Input offset voltage drift =

Vi,s = change in input offset voltage

T = Change in temperature



g

pressed in yV/0c. The drift is not constant and it is

®» Notf uniform over specified operating temperature

nge. The value of input offset voltage may increase or

pCcrease with the increasing temperature

Slope can be of
either polarities

Input Offset Voltage Drift

~ Ta, ambient

~ tempinoc




Input bias current drift

/

It is defined as the average rate of change of input bias

current per unit change in temperature

Al
AT

It is measured in nA/°C or pA/oc. These parameters vary

Thermal drift in input bias current =

randomly with temperature. i.e. they may be positive in

one temperature range and negative in another



Input bias current drift

100 —

80
Ibin
nA 60 |

40

Taambient temp.
in oC

v

-25 0 25 50 75




Input Offset current drift

[

It is defined as the average rate of change of input offset

current per unit change in temperature

AIios
AT

Thermal drift in input offset current =

easured in nA/oC or pA/ec. These parameters vary randomly with

erature. i.e. they may be positive in one temperature range and negative in



Input Offset current Drift

Slope can be of
either polarities

[

Ta, ambient
temp in oc



AC
Characteristics

/ Frequency Response

|deally, an op-amp should have an infinite bandwidth but practically op-
amp gain decreases at higher frequencies. Such a gain reduction

with re/s;z{ect to frequency is called as roll off.

The' plot showing the variations in magnitude and phase
angle of the gain due to the change in frequency is called

equency response of the op-amp




en the gain in decibels, phase angle in degrees are
otted against logarithmic scale of frequency, the plot is

called Bode Plot

The manner in which the gain of the op-amp changes with

lation in frequency is known as the magnitude plot.

The manner in which the phase shift changes with variation

In frequency is known as the phase-angle plot.




Obtaining the frequency

response

To obtain the frequency response , consider the high frequency model

of the op-amp with capacitor C at the output, taking into account the

capacy»ée effect present

Aol
L( f ) — -
1+ J2ITIR,C

Aot

AOL(f) —

14 j(if)

0

Where

AoL(f) = open loop voltage gain as a
function of frequency

AoL= Gain of the op-amp at OHz F =

operating frequency

Fo = Break frequency or cutoff
frequency of op-amp



given op-amp and selected value of C, the frequency f, is constant.

The above equation can be written in the polar form as

Aot

I

‘AOL(f)‘:

2

LA, (f)=d(f)=—tan! |(Tf)




Frequency Response of an op-amp

3 4 567891

& — S ? - - i Magnitude
- i : plot

20 Log

[AoL ()

indB

Frequency (f)
: inHz.

Tk 10 k “ 100 k T

Fig. 1.49 Frequency response of an op-amp




following observations can be made from the frequency response of an

P

1)The open loop gain Ag_is almost constant from O Hz to the break

frequency f,
II) at I=f, , the gain is 3dB down from its value atOHz . Hence the frequency

fois also called as -3dB frequency. It is also know as corner frequency
o, the gain Ag, (f) decreases at a rate of 20 dB/decade or

6dB/octave. As the gain decreases, slope of the magnitude plot is -

20dB/decade or -6dB/octave, after f=f, .

IV)At a certain frequency, the gain reduces to 0dB. This means
20log|AoL | Is

OdB i.e. |AoL | =1. Such a frequency is called gain cross-over frequency or
unity gain bandwidth (UGB). Itis also called closed loop bandwidth.
IS the gain bandwidth product only if an op-amp has a single breakover

frequancy, before Ag, (f) dB is zero.



For an op-amp with single break frequency
f,, after f, the gain bandwidth product is

constant equal to UGB
UG B:AOL fo

UGB is also called gain bandwidth product and denoted as f; Thus

product of gain of op-amp and bandwidth.

The break frequency is nothing but a corner frequency f, . Atthis
frequency, slope of the magnitude plot changes. The op-amp for

hich there is only once change in the slope of the magnitude plot,

Is called single break frequency op-amp.



For a single break frequency we can also write

UGB:Af ff

A: = closed loop voltage gain F;
bandwidth with feedback

The phase angle of an op-amp with

reak frequency varies between 00to 900. The maximum possible
phase shift is -900, i.e. output voltage lags input voltage by 90° when

phase shift is maximum

VI)At a corner frequency f=f,, the phase shift is -450

Fo= UGB /AoL



Frequency f in Hz

Aot (f) | in dB = 20 log % i [f
V < . in degrees
0 106.02 dB 0°

5 103.01 dB — 45°
10 99.03 dB = 63.43°
100 79.98 dB — 87.13°
1000 60.00 dB ~89.71°
100 x 1083 20.00 dB - 89.99°
1x 106 0 dB — 89.999¢°

Table 1.6

T




The modes of using an op-
amp

m Open Loop : (The output assumes one of the two
possible output states, that is +V,: 0r — Vg and the

amplifier acts as a switch only).

sed Loop: ( The utility of an op-amp can be greatly

Increased by providing negative feed back. The output in
this case Is not driven into saturation and the circuit

behaves in a linear manner).



Open loop configuration of op-
amp

m The voltage transfer curve indicates the inability of op-
amp to work as a linear small signal amplifier in the open

loop mode

m Such an open loop behaviour of the op-amp finds some
rare applications like voltage comparator, zero crossing

detector etc.



Open loop op-amp
configurations

The configuration in which output depends on input, but output has

no effect on the input is called open loop configuration.

No feed back from output to input is used in such configuration.

amp works as high gain amplifier

m  Theg op-amp can be used in three modes in open loop

configuration they are

Differential amplifier
Inverting amplifier

Non inverting amplifier



Differential Amplifier

The amplifier which amplifies the difference between the two input

voltages is called differential ampilifier.

/
V= Ao Vs = Ao (Vi~V2) = Ao (Vin—Vin2)

point: For very small Vg, output gets driven into saturation due to high Ag_
h&nce this application is applicable for very small range of differential input



Inverting Amplitier

/
The amplifier in which the output is inverted i.e. having 1809

phase shift with respect to the input is called an inverting

amplifier

Vo= -AoL Vinz

Ke oint: The negative sign indicates that there is phase shift of 1800 between
nd output i.e. output is inverted with respect to input.



Non-inverting Amplifier

he amplifier in which the output is amplified without any

phase shift in between input and output is called non

Inverting amplifier

Vo=AoL Vin

point: The positive output shows that input and output are in phase and
t is amplified Ag, times to get the output.



Why op-amp is generally not used in
open loop

. _ mode?e |
As open loop gain of op-amp is very large, very small input

voltage drives the op-amp voltage to the saturation level.

open loop configuration, the output is at its

posjtive saturation voltage (+Vs,: ) Or negative saturation
voltage (-Vsat ) depending on which input V4 or V5 Is more
an the other. For a.c. input voltages, output may

switch between positive and negative saturation voltages



VO
Vo Distorted

!
output
+V l}
+V sat
sal f===-mmmn | by +Vsat '

1
I
& il
o
@ 0 1 o

1 t ¢ —-

d
| ® !
I | l' 1
! ] I

e - A Output
-V | | | : | voltage without
na : g 2 g . distortion Vgt
! ] I
1 | !
Differential | L ' _Range a-b
v, ——» C::: IS very small |~ input exceeding
wilhin range a-b : range a-b
I
I
(a)
(b)
Fig. 1.55

IS Indicates the inability of op-amp to work as a linear small signal

plifier in the open loop mode. Hence the op-amp in open loop

cQNfiguration is not used for the linear applications




General purpose op-amp
/4]

/

The IC 741 is high performance monolithic op-amp IC. Itis

available in 8pin, 10pin or 14pin configuration. It can

operate over a temperature of -550 C to 1259 C.

o frequency compensation required

Short circuit protection provided

ji) Offset Voltage null capability

Iv) Large common mode and differential voltage range

) No latch up



Internal schematic of 741 op-amp

Invehing input

Non
inverting Q,
input

kL Dl J0 dnewsyds jeussyul gg'| *Biy

Rg
100 kQ 50 kO

ﬂv




The 8pin DIP package of IC 741

The 8 pin DIP package of IC 741 is shown in the Fig. 1.59.

Offset null 1 8 | No connection
Inverting input 2 7 | +Veco
IC 741
Noninverting input 3 6 | Output
=Nl 4 S | Offset null

Fig. 1.59 8 Pin diagram

1.26.3 Ideal Vs Practical Characteristics of IC 741 Op-Amp

The Table 1.7 lists the ideal op-amp characteristics and the typical characteristics |
741 IC, a popular general purpose op-amp IC.

Sr. No Parameter Symbol Ideal Typical for 741 IC

1 Open loop voltage gain Aot o0 2 %103

2 Output impedance Zowt 0 75 Q

3 Input impedance Zin 0 2 MQ

¢l Input offset current Lios 0] 20 nA

5 Input offset voltage Vios 0 1 mv

6 Bandwidth B.W - o 1 MHz
7 CMRR P 0 90 dB

8 Slew rate S oG 0.5 V/usec
9 Input bias current Iy (0] 80 nA
10 PSRR PSRR 0 30 pVv/v

Table 1.7




Realistic simplifying assumptions

Zero input current: The current drawn by either of the

Input terminals (inverting and non-inverting) Is zero

| ground :This means the differential input voltage
Vy/ between the non-inverting and inverting terminals is
ssentially zero. (The voltage at the non inverting input
erminal of an op-amp can be realistically assumed to be

gual to the voltage at the inverting input terminal



Closed loop operation of op-

amp:

The utility of the op-amp can be increased considerably by
operating in closed loop mode. The closed loop
operation is possible with the help of feedback. The

feedback allows to feed some part of the output back to

the/input terminals. In the linear applications, the op-

p Is always used with negative feedback. The
egative feedback helps in controlling gain, which
otherwise drives the op-amp out of its linear range, even

or a small noise voltage at the input terminals



Unit - |l

» Applications of OP-Amp




ldeal Inverting Amplifier

The output is inverted with respect to input, which is indicated by minus
sign.
2. The voltage gain is independent of open loop gain of the op-amp, which is

assumed to be large.

If R¢> Ry, the gain is greater than 1 If R< R, the gain is less than 1

¢ = Ry, the gain is unity

Thivs the output voltage can be greater than, less than or equal to the input

oltage in magnitude



5 If the ratio of Rrand R; is K which is other than one, the

circuit is called scale changer while for R/R; =1 it is called

phase inverter.

6. The closed loop gain is denoted as Ajsor Ac, i.e. gain with feedback




ldeal Non-inverting Amplifier

The voltage gain is always greater than one

2. The voltage gain is positive indicating that for a.c. input, the output
and input are in phase while for d.c. input, the output polarity is

same as that of input

voltage gain is independent of open loop gain of op-amp, but

epends only on the two resistance values

The desired voltage gain can be obtained by selecting proper

values of R;and R;



Comparison of the ideal inverting and
non- inverting op-amp

Ideal Inverting amplifier

Ideal non-inverting amplifier

1. Voltage gain=-R{/R;

1. Voltage gain=1+R{/R;

2. The output is inverted with

respect to input

2. No phase shift between input

and output

3. The voltage gain can be
djusted as greater than, equal to

less than one

3. The voltage gain is always

greater than one

A\ \The input impedance is R,

4. The input impedance is very

large




Practical Inverting Amplifier

Aol Ry
R, +R; +R;Ag,

Closed Loop Voltage gain = Ao =—




Practical Non-Inverting Amplifier

Ar A R+R)

OL 1

Closed Loop Voltage gain = —
Ri+ Ri + R/Aq




Instrumentation Amplifier

In a number of Industrial and consumer
applications, the measurement of physical quantities
IS usually done with the help of transducers. The output
of trapsducer has to be amplified So that it can
Ivg the indicator or display system. This function is
performed by an instrumentation amplifier




Vin

Sample Ans Hold Circuit

vVCC

Sample and Hold
circuit

Q1
MOSFET

R

.|_
Voltage follower

Control Pulse Input

4P
)

c

(Sample and hold command) —

ANA—

vCC

+
Voltage follower

Holding capacitor

Output



Definition: The Sample and Hold circui t is an electronic circuit which
creates the samples of voltage given to it as input, and after that, it
holds these samples for the definite time. The time during

which sample and hold circuit generates the sample of the input
signal is called sampling time.

= /Sample and Hold Circuit takes samples from the analog input
signal and hold them for particular period of time and then
outputs the sampled part of input signal. This circuit is only useful
for sampling few microseconds of input signal. A Sample and
Hold circuit consist of switching devices, capacitor and an
operational amplifier.



Log and Antilog Amplifer

Basic Antilog Amplifier

Vin is converted in to current | = Igg,eV'"*

Vin ,\'}\',\ * Atransistorora

o@ diode can be used as

B the input element.
out

+ * The operation of the
circuit is based on the
= factthatV,,, = -R{,
’ ; and | = lggoeVinK
ou = =Rl poanti 1"(@] where K = 0.025V

11

[Fig2]

Opamp - diode log amplifier

Vout




» A |ogarithmic amplifier, or a log amplifier, is an electronic
circuit that produces an output that is proportional to the
logarithm of the applied input. This section discusses about
the op-amp based logarithmic amplifier in detail.

» |n the antilog amplifier, the input signal is at the inverting
pin of the operational amplifier, which passes through a
diode. As observed in the circuit shown above, the negative
feedback is achieved by connecting the output to the
inverting input terminal.




Instrumentation Amplifier

K&
o—— +
R,
AN
Riﬂ
SVAVAN. — v
—0
Rm
_|_
= R,
Vo
ot —




eatures of instrumentation amplifier

1. high gain accuracy
2. high CMRR

3. high gain stablility with low temperature co-
efficient

low dc offset
low output impedance




AC AMPLIFIER




Differentiator

A
—— AN
—{=
'
Vi C Vi[>
i
o \
_|_
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Differential amplifier

This circuit amplifies only the difference between
the two inputs. In this circuit there are two
resistors labeled R n Which means that their
values are equal. The differential amplifier
amplifies the difference of two inputs while the
differentiator amplifies the slope of an input




Summer




Comparat

or . . .
A comparator Is a circuit which compares

a signal voltage applied at one input of an
op- amp with a known reference voltage at
the other input. It is an open loop op - amp
with output + Vsat



Comparat

oV+
RQ E Rz
Vi V Vi W
in_Yb| =~ L aly
Vi %
Vg 1 Vb B Vin




Applications of

comparator
Zero crossing detector

Window detector
Time marker generator
Phase detector



Schmitt frigger




Multivibrator Circuit;

BASIC MULTIVIBRATOR CIRCUIT

- T 7
R3 R4
470R 470R
“ R1 H R2
SZy, DI 470K 470K -
LED C1 c2 \\E:D ——
N N |
1 " u \ I \ [I 1 }
10uF 10uF !
Q2 a1

BC647 g . BC547




Triangle Square Wave generator:

} i
uare wave generator Int
g.._ Sq ge . ntegrator s
Ry
VWV C

) 1
1l

3 JUL
v TR 3 /NVA

G \J!

.‘||}
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UNIT Il

m Active filters
m Timer and phase locked loops




Filter

Filter is a frequency selective circuit that passes
signal of specified Band of frequencies and attenuates
the signals of frequencies outside the band

ype of Filter

1. Passive filters

2. Active filters



Passive filters

Passive filters works well for high frequencies.
But at audio frequencies, the Inductors become
problematic, as they become large, heavy and
expensive.For low frequency applications, more number
of turns of wire must be used which in turn adds to the
serigs resistance degrading inductor’s performance ie,
low Q, resulting in high power dissipation




Active filters

Active filters used op- amp as the active
element and resistors and capacitors as passive

elements. By enclosing a capacitor in the feed back loop
, Inductor less active filters can be obtained




ome commonly used acftive

filters

Low pass filter
High pass filter
Band pass filter
Band reject filter
All pass filter




ive Filters

m Active filters use op-amp(s) and RC components.
m Advantages over passive filters:

op-amp(s) provide gain and overcome circuit losses
Ingrease input impedance to minimize circuit loading
igher output power

arp cutoff characteristics can be produced simply
nd efficiently without bulky inductors

Single-chip universal filters (e.g. switched-capacitor
ones) are available that can be configured for any type of
filter or response.




eview of Filter Types & Responses

m 4 major types of filters: low-pass, high-pass, band pass,
and band-reject or band-stop

m 0 dB attenuation in the passband (usually)

enuation at the critical or cutoff frequency, f. (for
Butterworth filter)

m Roll-off at 20 dB/dec (or 6 dB/oct) per pole outside

the passband (# of poles = # of reactive elements).
ttenuatinn at anv freniieanev f ic:

atten.(dB)at f = Iog||(p}fatten.(d8) atf ..




Review of Filters (cont’'d)

m Bandwidth of a filter: BW = f, - f
m Phase shift: 450/pole at f.; 90°/pole at >> f,
m 4 types of filter responses are commonly used:

Butterworth - maximally flat in passband; highly non-
(near phase response with frequecny

/ Bessel - gentle roll-off; linear phase shift with freq.

Chebyshev - steep initial roll-off with ripples in
passband

Cauer (or elliptic) - steepest roll-off of the four types
but has ripples in the passband and in the stopband




Frequency Response of Filters

7[A(dB) o TAB)  pp pAAB)  goe

Pass-
band

>f > f > f

C fc 1:cl 1:cu
A(dB)
o Butterworth
Chebyshev
Bessel —
> f




nity-Gain Low-Pass Filter Circuits




esign Procedure for Unity-Gain LPF

x Determine/select number of poles required.
@ Calculate the frequency scaling constant, K; = 2xf

# Divide normalized C values (from table) by K;to obtain
frequengy-scaled C values.

elect a desired value for one of the frequency-

led €alues and calculate the impedance scaling
_frequency — scaled C value

desired C value

X

£ Divide all frequency-scaled C values by

SetR =K, Q



AN
Example

Design a unity-gain LP Butterworth filter with a critical
frequency of 5 kHz and an attenuation of at least 38 dB
at 15 kHz.

The attenuation at 15 kHz is 38 dB

e attenuation at 1 decade (50 kHz) = 79.64 dB.
We require a filter with a roll-off of at least 4 poles.
31,416 rad/s. Let’s pick C; =0.01 uF (or 10
nF).Then C,=8.54 nF, C3=24.15 nF, and C, = 3.53 nF.
Ick standard values of 8.2 nF, 22 nF, and 3.3 nF. K, =
444

ake all R = 3.6 kQ (standard value)




nity-Gain High-Pass Filter Circuits

= = 3-pole

=
T:
.I"""\.EI
[
=l
5 |
-
—
=




esign Procedure for Unity-Gain HPF

m The same procedure as for LP filters is used except for
step #3, the normalized C value of 1 F is divided by K;.
Then pick a desired value for C, such as 0.001 uF to 0.1

uF, to calculate K,. (Note that all capacitors have the

.g. Design a unity-gain Butterworth HPF with a critical
guency of 1 kHz, and a roll-off of 55 dB/dec. (Ans.: C
01 uF, R;=4.49 kQ2, R, = 11.43 kQ), R3=78.64 kQ.;
p\ek standard values of 4.3 kQ, 11 kQQ, and 75 k).



0.01 uF), then:

are used In

Select C

Equal-Component Filter Design

Yin
o
C
- 2-pole HPF
A, for # of poles Is givenin
a table and

IS the same for
A = Rr 1+1LPand HP
filter de\,5|gnR—
I



Exampl
e

Design an equal-component LPF with a critical
frequency of 3 kHz and a roll-off of 20 dB/oct.

um # of poles =4
Choose C = 0.01 uF; R =5.3kQ
From table, A,; = 1.1523, and A, = 2.2346.

elect standard values: 5.1 kQ, 1.5 kQ, and 12 kQ).



andpass and Band-Rejection Filter

——  BPF @\ BRF
=
2
©
/ =
b
/ 2
1:cl 1:ctr fCU 1:cl 1:c:tr 1:cu

, 0, of a filter is given by: Q _ _fctr

here BW = f, - fyand BW
fctr — \/ 1:cu 1:cl




More On Bandpass Filter
If BWand f are given, then:

A BPF-ean-be obtained by cembintrg-a LPF and
BW2 BW 2
a4 HPfF \/ ctr — BW y Teu= \/ T fcfr T oW
4 2 4 2
> 1.
The Q of this filter is usually
Cl Rl
l i

I ‘ )
— 1
in R R C C BIFET o
- —e—if +
Ce—k F:E%




Broadband Band-Reject
Filter

A LPF and a HPF can also be combined to give abroadband
BRF: C1

2-pole band-reject filter




Narrow-band Bandpass Filter

LE BW = fctr 1
f Q
v R1 | Gl A y Cl=C2=C27T Ry
I[ —_ -
O ——t ._H_:fET oul R2—2CR1
R R
g S}
= = 20Q° -1

/

R can be adjusted or trimmed

1
f = L b to change f cxwithout affecting
'NB R;  the BW. Note that
27w R, Q<1

C




Narrow-band Band-Reject
Filter

Easily obtained by combining the inverting output of a
narrow-band BRF and the original signal:

he equations for R1, R2, R3, C1, and C2 are the same as before.
= Rgfor unity gain and is often chosen to be >> R1.




TRIANGULAR WAVE
GENERATOR

TS amel x|
7 ?W r>—

R2




555 IC

The 555 timer is an Integrated circuit
specifically designed to perform signal
generation and timing functions.

Yoo @

%Ra T2 4
25K ©
Reset
Upper
G . Comp.
253
> Yoo |

Trigger 5

Control
Input §5K' Lower —
-+ Comp. F/F
-
o U 2 v >J7
o cc |
T1
7 l Power DUt%Ut
— §5K | Output 2
[
1

Ground Fig. 3




Features of 555 Timer Basic blocks

1. It has two basic operating modes: monostable
and astable

It is avallable in three packages. 8 pin metal can,
In dip, 14 pin dip.

t has very high temperature stability




Applications of 5565 Timer

astable multivibrator

monostable multivibrator

Missing pulse detector
Inear ramp generator

Frequency divider

Pulse width modulation

FSK generator

Pulse position modulator

Schmitt trigger




Astable multivibrator

I Voo +5 to +15 volts
—

8 4 Reset
R1

[} J‘_-”ﬂ

P
R.l?

6 Basic astable mode.
T1=693(R1+R2)C1
2 T2=.693(R2 x C1)

Freq=1.44 / (R1+R2)C1
+
cC1 =

Basic
I o1uf Astable
Mode




Astable multivibrator

When the voltage on the  capacitor
reaches (2/3)Vcc, a switch is closed at pin 7 and the
capacitor is discharged to (1/3)Vcc, at which time the
switch Is opened and the cycle starts over




onostable multivibrator

+¥
I ?ﬂ
R
‘ . 3
Inpat - 555 —+ Output
trigger i
. F
——
cC | 1




Voltage conftrolled
oscillator

A voltage controlled oscillator Is an
oscillator circuit  in  which the frequency of
oscillations can be controlled by an externally
applied voltage

he features of 566 VCO

Wide supply voltage range(10- 24V)
2. Very linear modulation characteristics
3. High temperature stabllity



Monolithic pll Ic:

MONOLITHIC PHASE LOCKED LOOPS (PLL IC 565)

Pin Configuration of PLL IC 565:

-V E 14| NC
INeUT | 2 13| NC
INPUT | 3 12| NC
NE/SE
veo
OUTPUT E % E] e
PHASE COMPARATOR | 5 10[+V
/CO INTPUT
REFERENCE g EXTERNAL CAPACITOR
ouTPUT FORVCO
DEMODULATED [ 7 s] EXTERNAL RESISTOR
OUTPUT FOR VCO
14-Pin DIP Package

Basic Block Diagram Representation of 1C 565




Advantages of Monolith:

The Advantages of using monoliths Monolithic
applications are a natural way for an application to evolve.
Most applications start out with a single objective or a
small number of related objectives. Over time, features are
added to the application to support business needs.

It is generally used in multimedia, communication and in
many other applications. There are two different types of
PLL's — linear and nonlinear. The nonlinear is difficult and
complicated to design in the real world, but the linear
control theory is well modeled in analog PLL's.



UNIT -1V

m DATA CONVERTETRS
m VOLTAGE CONVERTS




Classification of ADCs

1. Directtype ADC.
2. Integrating type ADC

Direct type ADCs

1. Flash (comparator) type converter
2.  Counter type converter
3. Tracking or servo converter.

4.  Successive  approximation
type converter




Integrating type
converters

An ADC converter that perform conversion
In an indirect manner by first changing the
analog I/P signal to a linear function of time or
frequency and then to a digital code is known as
iIntegrating type A/D converter



Weighted Resistor DAC:

Binary Weighted Resistor DAC

Full - Scale output Voltage —» 35/8
30/8
25/8
20/8
15/8
10/8

5/8



R-2R Ladder DAC:

: i
o B I
—vout | . O5] Ty

< 04 o

>3 0.31
(b)
01 g === Analog ourput
0.0 S S —

(a) 0 50 100 150 200

Time(us)




Inverted R-2R Ladder DAC:

Inverted R-2R Ladder DAC

* A very common DAC circuit architecture with good precision.

* Currents in the ladder and the reference source are independent of digital
input. This contributes to good conversion precision.

* Complementary currents are available at the output of inverted ladder.

* The *“bit switches™ need to have very low on-resistance to minimize
CONVersion errors.



Parral type comparator:

Parallel comparator/ s
Flash ADC i

il

(102) Wk s~

in

°

- N |
(V4] ek it~ 2-BIT FLASH ADC

-

Analog input voltage V, volts | Comparator outputs Priority encoder outputs
c3 CZ Cl Yl YO

0 <V, <Vr/4
Vr/4 <V, <Vr/2
Vr/2 <V, <3Vr/4
3Vr/4 <V, < Vr

O S O
= = O O
- = O O

0 0
1 1
0 0
1 1




Successive Approximation:

Successive Approximation ADC Explained

Successive
Approximation Register

Comparator




ADC and Dual slope DAC:

| C |
|1
I || |
Va o | R I
-Vr(" L ] - I
/ } Binary |
. + |—‘ Counter |
b Clock —— ]
T i
Output
Latch
y '

Digital Output




Counter type ADC:

Counter Type ADC Explained




INTRODUCTION TO VOLTAGE
REGULATORS

m A voltage regulator is designed to
automatically maintain a constant voltage
level. A voltage regulator may be a simple

feed-forward" design or may Include

negative feedback control loops. It may use
an electromechanical mechanism, or
electronic components.




|C Woltage Regulators:

m There are basically two kinds of IC voltage
regulators:

Multipin type, e.g. LM723C
73-pin type, e.g. 78/79XX

ultipin regulators are less popular but they provide
the greatest flexibility and produce the highest
quality voltage regulation

m 3-pin types make regulator circuit design simple




Multipin IC Voltage
Regulator

m The LM723 has an
equivalent circuit that
contains most of the parts
of the op-amp voltage
regulator discussed
earlier.

m [t has an internal voltage

MC L
Il|r-r.|1; |

Isense i

Imvy IPL

Ml I/F L L
: reference, error amplifier,
ref pass transistor, and
Grd O current limiter all in one

|C package.
LM 723C Schematic




LM723 Voltage
Regulator

Can be either 14-pin DIP or 10-pin TO-100 can

m May be used for either +ve or -ve, variable or fixed
regulated voltage output

Using'the internal reference (7.15 V), it can operate as a
Igh-voltage regulator with output from 7.15 V to about
37/V, or as a low-voltage regulator from 2 Vto 7.15 V

ax. output current with heat sink is 150 mA
ropout voltage is 3V (i.e. Vce > Voimax) + 3)




Configuration
+\',1,][rﬂg.]

ternal pass transistor and
cAltrent sensing added.

/23 In High-Voltage

Design equations:

V (R +R
V0 ref ( 1 )
RZ
R . RlRZ Rsens — _7
3 I
R+ R, .

Choose R;+ R,=10

kQ,

and C.= 100 pF.

To make V, variable,

replace R, with a pot.



/23 In Low-Voltage
Configuration

|

Yq unrag. ] 3

_RNV, +0./(R, £R,)
R.R...
_07(R,+R.)
R:R
0.7V,

I short

R =1 (V +0.7)-0.71

— — — short

\y(th external pass transistor Under foldback condition:
d foldback t limiti
a 0] aCK current iimiting Ve O7R. (R4 4 Rs).

v = ReV ° RR -RR
0 R1—|-R2 5 sens 4 L

\\

L(max)




e-Terminal Fixed Voltage Regulators

m Less flexible, but simple to use

m Come in standard TO-3 (20 W) or TO-220 (15 W)
transistor packages

m/8/79XX series regulators are commonly available with
S, 0,8/12, 15, 18, or 24 V output

m Max. output current with heat sink is 1 A
uilt-in thermal shutdown protection
-V dropout voltage; max. input of 37 V

egulators with lower dropout, higher in/output, and
tter regulation are available.




ic Circuits With 78/79XX Regulators

m Both the 78XX and 79XX regulators can be used to
ovide +ve or -ve output voltages

1 and C, are generally optional. C; is used to cancel
any inductance present, and C, improves the transient
response. If used, they should preferably be either 1 uF
antalum type or 0.1 uF mica type capacitors.



Dual-Polarity Output with
/8/79XX




XX Regulator with Pass Transistor

m Q. starts to conduct when

E_].:"— VRZ = 0.7 V.
— ZR; m R2 is typically chosen so
o [ } Lir—al ¢ that max. lg,  is 0.1A.

_'é]—r GF o 2R mPower dissipation of QIS
o P= (Vi'VO)IL-
m Q;ls for current limiting

protection. It conducts
0.0 o _0J when Vg, = 0.7 V.

| =5 m Q,must be able to pass
max. 1 A; but note that
max. Vcgs I1Sonly 1.4 V.




/8XX Floating Regulator

m |t IS used to obtain an
output > the Ve,
value up to a max.of

37 V.
m R;Is chosen so that
R, & 0.1

Veflo, Where | Is
the




3-Terminal Variable
Regulator

m The floating regulator could be made into a variable
regulator by replacing R, with a pot. However, there are
several disadvantages:

Minimum output voltage is V4 instead of O V.
|4 1s relatively large and varies from chip to chip.

/Power dissipation in R, can in some cases be quite
large resulting in bulky and expensive equipment.

variety of 3-terminal variable regulators are available,
. LM317 (for +ve output) or LM 337 (for -ve output).




ic LM317 Variable Regulator Circuits

() (b)
Circuit with capacitors Circuit with protective
to iImprove performance diodes




Notes on Basic LM317 Circuits

m The function of C; and C,is similar to those used In
the 78/79XX fixed reqgulators.

m C;is used to improve ripple rejection.

mProtective diodes in circuit (b) are required for high-
current/high-voltage applications.

LV where V= 1.25 V,and l,g; IS
Vo =Vref ( T Iadj h:\)z

Iief the current flowing into the adj.

1 ) terminal (typically 50 uA).
R -V
R. = 1(Vo ref ) Rl = Vref /IL(min)’ where IL(min) IS
> Vgt LgRy typically 10 mA.




Ircuit with pass transistor
d current limiting

LM317 Regulator Circuits

—
1'I::ln 1'I::-
Fef - -“_':
= eupply
LH:31
_IE * - & ﬂ_

Circuit to give OV min.
output voltage



UNIT-V

= Digital Logic families

= CMOS Logic

= Combinational circuits
= Sequnitional circuits



Overview

Integration, Moore’s law

Early families (DL, RTL)

TTL

Evolution of TTL family

ECL

CMOS family and its evolution
Overview



— SSI
— MSI
— LSl
— VLS
- U

Integration Levels

» Gate/transistor ratio is roughly 1/10

< 12 gates/chip

< 100 gates/chip

..1K gates/chip

... 10K gates/chip
..100K gates/chip

..1Meg gates/chip




» A prediction made by Moore (a co-founder of Intel) in
1965: “... a number of transistors to double every 2

years.”
1971 4004
l 8008
1972
197, £g 8080
197, P '
3 78 l 8386 Moore's Law
982 - 286 Means More Performance
1985 & 386™ Processor
1939 486™ DX Processor

Intium® Processor

Pentium® 4 Processor
| |1oo.ooo.ooo

v | 10,000,000

'4,000,000
|

2 ~ r5
Sing P 100,000 5isto



In the beginning...

Diode Logic (DL) Viem SV A
simplest; does not % Ry

scale _} = - -

*‘NOT not possible Vs il
(need an active =

erlgesMiseinpty)- VY
Transistor Logic (RTL) -
sreplace diode switch y

ouT

Ith a transistor switch i oo’
-can be cascaded _:}— B e
large power draw Ve




was...

amplification

faster than RTL

Diode-Transistor Logic (DTL)
-essentially diode logic with transistor

‘reduced power consumption

(4KQ) S R

(-2V)

VpE

DL AND gate

Saturating inverter



Logic families: V levels

Vou(min) — The minimum voltage level at an output in the logical “1” state under
defined load conditions

VoL(max) — The maximum voltage level at an output in the logical “0” state under
defined load conditions

Vin(min) — The minimum voltage required at an input to be recognized as “1”
logical state

V\L(max) — The maximum voltage required at an input that still will be recognized
as “0” logjcal state

Vcc Vcc Vcc
O———2= - O O—>
—+ + + +
VOH VI H VOL V| L




Logic families: | requirements

lon — Current flowing into an output in the logical “1” state under specified load
conditions

lo. — Current flowing into an output in the logical “0” state under specified load
conditions

Iy — Current’flowing into an input when a specified HI level is applied to that
input I, —Current flowing into an input when a specified LO level is applied to

that input

Vcc Vcc




gic families: fanout

Fanout: the maximum number of logic inputs (of the
same logic family) that an output can drive reliably

|
\T/

T
I

7
\f/ N

N/

3
&
|
%

C fanout = min(




Logic families: propagation delay

>t

= TromAL = TeprH

Tpp HL— INput-to-output
propagation delay from Hi
to LO output Tpp 4 — input-
to-output propagation delay
from LO to HI output

Speed-power
product: Tep x Payg



gic families: noise margin

Vee

Output

Logic 1

Abnormal
Operation

Vce

Input

Logic 1

Indetermined
Range

Logic O

HI state noise margin:
Vi = Vor(min) —V,y(min)

LO state noise margin:
Ve = Vie(max) — VoL (max)

Noise margin:
Vv =min(Vy, Vo)



Ipolar Transistor-Transistor Logic (TTL)
first iIntroduced by in 1964 (Texas Instruments)

L has shaped digital technology in many ways
Standard TTL family (e.g. 7400) is obsolete
Newer TTL families still used (e.g. 74ALS00)

istirict features 3 !
Multi-emitter transistors —
{otem-pole transistor —
ngement
en LTspice example: il

T NAND 2-input NAND



TL evolution

Schottky series (74LS00) TTL

A major slowdown factor in BJTs is due to
ransistors going in/out of saturation

Shottky diode has a lower forward bias (0.25V)
*When BC junction would become forward biased,
he Schottky diode bypasses the current
oreventing the transistor from going into saturation

> &




TL family evolution

74 Series

Bipolar. Saturated BJTs. Practically
obsolete. Don't usein new designsl

&

74S Series

Bipdar. Deep saturation prevented by

BC Schottky Diode. Reduced storage-

time delay. Practically obsolete.

&

b

T4AS Series

Innovations in IC designand
fabrication. Improvement in speed and
power dssipation. Relatively popular .
Fastest TTL available.

74LS Series T4ALS Series T4F Series
Bipolar . Lower-power slower-speed [_P Innovations in IC designand Innovations in IC designand
version of the 745 Series. L fabrication. Improvement in speed and fabrication. Popular.
power dissipation. Popular .

A\ ]

Ledacy: don’t use in
new\f\esigns

Widely used today




ECL

Emitter-Coupled Logic (ECL)

PROS: Fastest logic family available (~1ns)
CONS: low noise margin and high power
dissipation

Operated In emitter coupled geometry (recall
differential amplifier or emitter-follower),
ransigtors are biased and operate near their Q-

boint/(never near saturation!)

Lgic levels. “0”: —=1.7V. “1”: —0.8V

Buch strange logic levels require extra effort
“w interfacing to TTL/CMOS logic families.

l\n LTspice example: ECL inverter...




OS

Complimentary MOS (CMOS)

 Other variants: NMOS, PMOS (obsolete)

* Very low static power consumption

« Scaling capabilities (large integration all MOS)

 Full swing: rail-to-rail output

 Things to watch out for:
—/don’t leave inputs floating (in TTL these will

float

to HI, in CMOS you get undefined behaviour)
—susceptible to electrostatic damage (finger of
death)




Product Life Cycle

Tl - sourced

1

1

|

:

|

: i Bipoalar
cDiooo | &> CMOS

|

1

¢ BICMOS

< Other

Maturity Decline '‘Obsolescence







QOutline

m Decoder




History: Computer and
the Rationalist

m Modern research issues in Al are formed and
evolve through a combination of historical,
social and cultural pressures.

he rationalist tradition had an early
proponent in Plato, and was continued on
through the writings of Pascal, Descates, and
Liebniz
m For the rationalist, the external world Is
reconstructed through the clear and distinct
iIdeas of a mathematics




History: Development of
Formal Logic

m The goal of creating a formal language for
thought also appears in the work of George

Boole, another 19th century mathematician

whoge work must be included in the roots of Al

Importance of Boole's accomplishment is in
the extraordinary power and simplicity of the
ystem he devised: Three Operations




Three Operations

m three basic Boolean operations can be
defined arithmetically as follows.

=X +Yy =Xy
1-X _
Figure 1. Truth tables

X |y [ty | x ||
O(0j07]0 0 1
11offo]1 | || 0
0 1 0 1
11 1 11 1




Boolean function and logic
diagram

* Boolean algebra: Deals with binary
variables and logic operations operating
on those variables.

gic diagram: Composed of graphic
ymbols for logic gates. A simple circuit
sketch that represents inputs and outputs
of Boolean functions.



asic ldentities of Boolean Algebra

(1) X+0=x
(2) X -0=0
(3) Xx+1=1
4) Xx-1=1

X B




Gate
S

m Refer to the hardware to implement Boolean operators.

m The ryt basic gates are

Name Graphic Algebraic Truth

aymbol function table
Alx
Inverter A—|>0— x X=A a1
1|0
A— ABix :
AND | x x = RB 0 0[0  True if both are true.
b 0 1|0
1 0|0
1 1)1

" A Blx

OR . X x=A+B g ‘f True if either one 1s true.
1 1
1 1




le

+ Other common gates iclude:
Name Graphic

symbol

Algebraic
functicn

lean function and truth

Truth
table

Bxclusive-OR A
(XOR) 5 X

HOR X

X =

L
n

ADEB
A'B + AR’

(AB)'

A+ E

=]
m

— = i3
= O =
= = l:llH

=]
o

[ =
— 3 = 3
PR P

R
m

DDDI—'lH

— = 3
= O =

Parity check: True if only one
15 true.

Inversion of AND,

Inversion of OR,



QOutline

m Boolean Algebra




Decod
er

Accepts a value and decodes it
m Output corresponds to value of n inputs

onsists of:

= [nputs (n)

m Outputs (2n, numbered from 0 —» 2n-1)

m Selectors / Enable (active high or active low)



The truth table of 2-to-4
Decoder

S, So E|0, 0, 0, 05
X X 0/l0 0 0 0O
0o 0 1|1 0 0 0O
o1 1/l0 1 0 0
1 0 1/0 0 1 0
1 1 110 0 0 1




2-to-4
Decoder

(b)

S S 0, O, 0,
X X 0 0
0 ] 0
0 1 0
1 0 0




2-to-4
Decoder

Oo

Oy

shX

s, E 5, 2-4 Line Decoder




The truth table of 3-t0-8

Decoder

A2 Al AO DO D1 D2 D3 D4 D5 D6 D7
0 0 0 1

0 0 1 1

0 1 0 1

0 1 1 1

1 0 0 1

1 0 1 1

1 1 0 1

1 1 1 1




3-10-8
Decoder

S
—
D

JUUUUUU U




3-t0-8 Decoder with

Enable

>
D
>

TYTITITY

=
o

)

=3
ha

=
]

[
=

=
L

=
-

O
-

=
ha
P

=

I
ha
}'I

Is

p
ra
F

p]

p=J|
ha

>
B



Decoder

Expansion

m Decoder expansion

Combine two or more small decoders with
enable inputs to form a larger decoder

-8-line decoder constructed from two 2-to-
line decoders

m The MSB Is connected to the enable inputs
m iIf A,=0, upper is enabled; if A,=1, loweris
enabled.



Decoder
Expansion

2—Fo—
Cecoder
a
=4 1
=1 =
3
De Enable
2—Fo—
Cecoder
a
=4 1
=1 =
3
Enable




Combining two 2-4 decoders to form
one 3-8 decoder using enable switch

'a, & A ||Dy D D, D, D D D D
0 0 0 o0 0 0 0 0 0
0 0 0 0 0 0 0 0 1 0
0 1 D 0 0 0 0 0 1 0 0
0 1 1 0 0 0 0 1 0 0 0
10 D 0 0 0 L 0 0 0 0
10 1 O 0 1L 0 0 0 0 0
1D 0 1 0 0 0 0 0 0
111 L0 0 0 0 0 0 0

TR highest bit Is used for the enabl

2-fo+4
Decoder
00,
A 2 —D,
3 —D3
Enable
2-p—4
Decoder
0 Dy
20 i Ds
21 2 — DE
3 D,
Enable




How about 4-16

decoder
m Use how many 3-8 decoder?
m Use how many 2-4 decoder?




QOutline

m Boolean Algebra
m Decoder




Encoders

m Perform the inverse operation of a
decoder

n (or less) input lines and n outputlines
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Encoders




Encoders with OR gates

Input 0

Input 1

Input 2
Input 3

Output
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riority Encoder

Accepts multiple values and encodes them
orks when more than one input is active
nsists of:
= [nputs (2n)
= Outputs

when more than one output is active, sets
output to correspond to highest input

V (indicates whether any of the inputs are
active)

m Selectors / Enable (active high or active low)




AO
X
0
1
1
0
0
0
0
1
1
1
1
1
1
1
1

Al
X
0
0
0
1
1
1
1
1
1
1
1
1
1
1
1

o
NolwojW|lo|w|lOoO|H O[O+ |O|+H |O |+
—
N ocololdlwlolo|ld |0l |+H|+H|O|lO |- |H
o\
Nolololo|lw|wn |||l |- [—H |+ |H

D3
0
0
0
0
0
0
0
0
1
1
1
1
1
1
1
1




Priority Encoder
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ultiplexer (MUX)

A multiplexer can use addressing bits to
select one of several Input bits to be the

A selector chooses a single data input and
passes it to the MUX output

It has one output selected at a time.




Function table with enable

5 S E | Output
—Y 4-1
] MUX X X 0 X
——» Output 0 0 1 | o
I2 N 2
0O 1 1 |1
s —>35, 5, E 1o 1| I2
[ [ | 11 1| 13




10

means 2 3
tion lines s,

4 to 1 line multiplexer

S: |Se |F
0 0 I0
0 1 I1
1 0 I2
1 1 I3




Multiplexer (MUX)

1Consists of:
m [nputs (multiple) =2n
= Output (single)
m Selectors (# depends on # of inputs) = n
m Enable (active high or active low)




Multiplexers versus decoders

A Multiplexer uses n binary select bits to choose froma
maximum of 2nunique input lines.

«Decoders have 2*n number of output lines while
exers have only one output line.

*The output of the multiplexer is the data input whose index is
specified by the n bit code.



ultiplexer Versus Decoder
3— = _D—.E-.“IADE
% _} T A1 A0E
| D. >_ T 1l 1 80F
.._D_ o t A1 ADE
A
— Tpo—

In degqder. There are four inputs plus two selecs inmultiplexer.



ading multiplexers

MUX

Using three 2-1 MUX
to make one 4-1 MUX

—— F
S. [So |F
0 0 I0
0 1 I1
1 0 I2
1 1 I3




Example: Constructan
[tiplexer using
Itiplexers.

7))
[y

™~

= = O O

-

~Q

~——

= = O

HOHOHB\HO(’)
o

/

| A

| A




Example : Construct 8-to-1 multiplexer using one 2-to-1 multiplexer and
multiplexers

1))
N
7))
[
7))
o
>

0 MUX

Ln

¢ N
P~
m—m

MUX

>
= = =] = O O O o

= = O O Hkl = O O
= O = O = O] = O
| |
D




Quadruple 2-to-1 Line Multiplexer

dULﬁLH JUUU

ot Used to supply four bits to the
(enabiel output. In this case two inputs four
bits each.




druple 2-to-1 Line

Multiplexer
0 X All 0's
1 0 A
1 1 B







Combinational
LogicC

m Combinational Logic:
Output depends only on current input
Has no memory




Sequential Logic

m Sequential Logic:

Output depends not only on current input but
also on past input values, e.g., design a
counter

Need some type of memory to remember the
past input values




Sequential Circuits

Circuits thatwe Information Storing
have learned Circuits
so far
Inputs ——m! ) » Outputs
Combinational Next !
circuit state P t
[ _- esléﬁqg%?s Stgi;i-‘:ﬂ




Sequential Logic:
Concept

m Sequential Logic circuits remember past
Inputs and past circult state.

mOutputs from the system are

“fed back™ as new inputs

With gate delay and wire delay

he storage elements are circuits that are

capable of storing binary information:
memory.




chronous vs. Asynchronous

There are two types of sequential circults:

mSynchronous sequential circuit: circuit output
changes only at some discrete instants of time.
This type of circuits achieves synchronization by
using/a timing signal called the clock.

nchronous sequential circuit: circuit output
can change at any time (clockless).




Clock
Period

G

Smallest clock period = largest combinational
circuit delay between any two directly
connected FF, subjected to impact of FF
setup time.



SR Latch (NAND version)

Q Q

S R
00
01 1 0O Set
10
11




SR Latch (NAND version)

Q Q

S R
OO0
01 1 0O Set
10
11

1 0 Hold

X Y| NAND
00 1
01 1
10 1
11| O




SR Latch (NAND version)

S RIQ Q@
>°—'—Qo 00
?< 01 |1 0 Set
}, 10 | 0O 1 Reset
R —— Q1 11 |1 0 Hold

X Y| NAND
00 1
01 1
10 1
11| O




SR Latch (NAND version)

S RIQ Q@
>°—'—Qo 00
?< 01 |1 0O Set
} | 10 | O 1 Reset
R —— Q1 11 |1 0 Hold
O 1 Hold
X Y| NAND

00| 1

01| 1

10| 1

11| 0O




SR Latch (NAND version)

) S R Q Q
Q1 OO0 | 1 1Disallowed
?< 01 1 0 Set
| 10 1 1 Reset
—}Ql 11 | 2 0 Hold
O 1 Hold
X Y| NAND
00 1
01 1
10 1
11 O




atch

mOne way to eliminate the undesirable
Indeterminate state in the RS flip flop Is to
ensure that inputs S and R are never 1
simultayeously. This is done in the D latch:

G
C » >< 0
1
1

> )H—DDiLQ

Mext state of Q

MNo change
Q = 0; Reset state
Q = 1; Set state




D Latch with Transmission Gates

D TGq Dc Q
5 :7
Q
TG 2 . Q

C=1-> T61 closes and TG2 opens > Q'=D' and Q=D
C=0 - TG1 closes and TG2 opens > Hold Q and Q'

2015/7/4 Sequential Circuits



Flip-Flops

m Latches are “transparent” (= any change
on the inputs is seen at the outputs
Immediately when C=1).

m This causes synchronization problems.

m Solution: use latches to create flip-flops
hat can respond (update) only on specific
times (instead of any time).

Types: RS flip-flop and D flip-flop

2015/7/4 Sequential Circuits




D Flip-Flop




Characteristic Tables

m Defines the logical properties of a flip-flop
(such as a truth table does for a logic gate).

m Q(f) — present state at time' t
) — next state at time t+1




D Flip-Flop Timing Parameters

D S Q

D
— C

—|>c

Q

Setup time




Shift register:

Block Diagram of a Universal
Shift Register Do D1 02 03
PRESET + + +
ENABLE
A_par
1 1 4
s() ﬁ
MSB iy = Shift_Register e [ SB it Din D ; Q D : Q D ) Q D ) Q DOUT
FF1 FF2 FF3 FF4
CLK — ' 2 (K CK K (K
B v v Y Y
;Ziéilgﬁlz%tgg:g;ﬁ;o; shift register because it has both shifts and UL




Seqgquential Circuit Analysis

m Analysis: Consists of obtaining a suitable description
that demonstrates the time sequence of inputs, outputs,
and states.

m Logic diagram: Boolean gates, flip-flops (of any kind),
and appropriate interconnections.

logic diagram is derived from any of the following:

; Boolean Equations (FF-Inputs, Outputs)
/1 State Table
State Diagram




ample

- Input:  x(t)
m Output: y(t)
m State: (A(1), B(1))

m What Is the Qutput |

m \What Is the Next State
unction?

1

L

»
/
\v
@)
+_ QO
© >

cP—ePc Q




ample (continued)

m Boolean equations -
for the functions: - | Q_LA

A =ADx0 DL L
+ B(t)x(t) Next State

(t+1) = A (t)x(t) :
y(t) = X (1)(B(t) + A(t))

’

Y

»
(11\
(;/D
Q ©

o




State Table Characteristics

mState table — a multiple variable table with the
following four sections:

Present State — the values of the state variables for each
allowed state.

Input — the input combinations allowed.

Next-state — the value of the state at time (t+1) based onthe
g‘esent state and the jnput.

Output — the value of the output as a function of the present
state and (sometimes) the input.

m /rom the viewpoint of a truth table:

the inputs are Input, Present State
and the outputs are Output, Next State




State
Diagrams

m The sequential circuit function can be represented in
graphical form as a state diagram with the following
components:

A circle with the state name in it for each state

rected arc from the Present State to the Next State foreach
state transition

A label on each directed arc with the Input values which causes
the state transition, and

A label:
m On each circle with the output value produced, or
m On each directed arc with the output value produced.




Diagram

m Diagram gets
confusing for
large circuits

m For small circuit
usually easier to

understand than
the state table

Example: State

x=0/y=6

D
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Memory

m  Sequential circuits all depend upon the presence of memory.
A flip-flop can store one bit of information.
A register can store a single “word,” typically 32 or 64 bits.

m  Memory allows us to store even larger amounts of data.
Read Only Memory (ROM)
Ranidom Access Memory (RAM)

m Static RAM (SRAM)

m Dynamic RAM (DRAM)




Picture of Memory

mYou can think of memory as being one big array of
data.

The address serves as an array index.
Each address refers to one word of data.

m  You can read or modify the data at any given
memory address, just like you can read or modify
the contents of an array at any given index.

Address
00000000

00000001

0000000
2

FFFFFFF

D
FFFFFFFE

FFFFFFFF

Word




Memory Signhal Types

m  Memory signals fall into three groups
Address bus - selects one of memory locations

m Read: the selected location’s stored data is put on the data bus

s Write (RAM): The data on the data bus is stored into the selected
location

Control signals - specifies what the memory is to do
Control signals are usually active low
= Most common signals are:
CS: Chip Select; must be active to do anything
OE: Output Enable; active to read data
WR: Write; active to write data




ory Address, Location andsize

All bits in location are read/written together
Cannot manipulate single bits in a location
m For k address signals, there are 2klocations in memory device
m Each location contains an n bit word
m  Memory size is specified as
#loc x bits per location

m/224x 16 RAM - 224= 16M words, each 16 bitslong
m 24 address lines, 16 data lines
#bits

m The total storage capacity is 224 x 16 = 228 bits




Size matters!

emory sizes are usually specified in numbers of bytes (1 byte= 8 bits).
The 228-bit memory on the previous page translates into:

228 bits / 8 bits per byte = 225 bytes

m  With the abbreviations below, this is equivalent to 32 megabytes.

Prefix Base 2 Base 10
'§/ Kilo 210-1,024 103=1,000
M Mega 220-1,048576 10 = 1,000,000
G Giga 230=1,073,741,824 10° = 1,000,000,000




Read-only memory (ROM)

2%kx N ROM * Non-volatile

— If un-powered, its content retains
* Read-only

— normal operation cannot change
OE contents

: CS Out

—&/—1 ADRS Data |l—n/

k-bit ADRS specifies the address or location to read from

A Chip Select, CS, enables or disables the RAM

An Output Enable, OE, turns on or off tri-state output buffers
Data @ut will be the n-bit value stored at ADRS




ROM PROGRAMMING

Programmed ROM (PROM): contents loaded at the factory
= hardwired - can’t be changed

edded mass-produced systems

OTP'(One Time Programmable): Programmed by user
UYPROM: reusable, erased by UV light

EPROM: Electrically erasable; clears entire blocks with single
operation




Usage

m ROMs are useful for holding data that never changes.

O Arithmetic circuits might use tables to speed up computations of logarithms
or divisions.

OMany computers use a ROM to store important programs that should not be
modified, such as the system BIOS.

tion programs of embedded systems,PDAs, game machines, cell
phones, vending machines, etc., are stored in ROMs




M Structure

A0 O—
Al O—

- row storage
- decoder array
L
POWER POWER
Amr—1 Oo—| oM ‘|j0 OMN
POWER
Am O oM
Arme+1 O column
: multiplexer
[
An—1 O

CS L OoO——O . . - w oW
OE_ L oO——O

Db—1 Db—2




AB
AT
ASB
A9
Al10
Al
A2
A13
Al4g

AD
A

A2
A3
A

32Kx8 ROM

9-to-512
decoder

512 x 64| 512 x 6864|512 x 6451264 |512 64 |512x 864|512 x 64 |512 =< 64
array array array array array array array array
Gd-to-1 B4-to-1 B4-to-1 54-to-1 B4-to-1 54-1o-1 54-to-1 54-to-1
mux mux mux MU mux X X X
D7 D& Ds D4 D3 Dz D1 Do




iIcal commercial EEPROMSs

BK =8 16K =<8 32K =8 G4 K =8
2764 27128 27256 27512
Ve —wpp Ve —vpp Ve —vPP 91 Ao
Vi %O PGM Vi fz PGM 12 A0 Z A1
A0 A0 Al A2
i °1 a1 °l Az "1 Az
2 A2 oo 11 : A2 oo 11 ; A3 oo 11 : Ad oo 11
. A3 o1 12 . A3 o1 12 - Aa o1 12 " AS O 12
= Ad oo 12 . Ad o2 13 " A5 o2 12 3 AB oz 12
” A5 O3 15 " A5 O3 15 S AG O3 15 e AT O3 15
3 AB Oa 16 3 AB Oa 16 e AT Oa 16 - AB Oa 16
AT 17 AT 17 AB 17 A9 17
25 AB o5 18 25 AB o5 18 24 A9 ©S 18 21 A10 S 18
24 Ag o6 T 24 A9 o6 o 21 A1D o6 .= 23 A1 o6 -
21 A10 o7 21 A10 o7 23 Al o7 z A2 o7
=L a1 =l S = PP il
Zl a1z a1z il P 2 a1a
o nlcs all T =l P "1 ais
22 ol o 2 ales 2 ales 2 lcs
22 ol oE o Fe'= 22 ol cEnPP




microprocessor

lication

roprocessor EPROM

A0

+5 V 27256 27256 27256 27256
1 vpp "vep VPP VPP
AD A0 AD AD
Al Al Al Al
A2 Az Az A2
A3 A3 A3 A3
oo
A4 o A4 A4 A4
A5 P A5 AS A5
AB o3 AB AB AB
A7 o A7 A7 A7
AB on A8 A8 AB
A9 P A9 A9 A9
A10 Pt A10 A10 A10
A1 A1 Al A1
A2 A2 Alz A2
A13 A13 A13 A13
Al4 Al4 Al4 Al4
cs cs cs cs
OE OE OE OE
us Ua uUs
A[19-0]
D[7—0]
74x10 1/2 74%139
1z HIMEM_L 1a 1vo 4 SE0000_L
)o 9 v1 las SEs000_L
us 2| :YQ & SFO000_L
B 1va ko’ SFE000T




ROM Timing

stable

A

stable

stable

- = Taa
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| MAXE 0 g o)

|t

valid

B

—| ton

B

"

fow

i S

————
— =

valid

B

| Ty
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—— o |—=—

A




m  ROMs are actually combinational devices, not
sequential ones!

You can store arbitrary data into a ROM, so
the same address will always contain the
same data.

You can think of a ROM as a combinational
circuit that takes an address as input, and
produces some data as the output.

table is basically just a truth table.

he table shows what data is stored at each
ROM address.

ou can generate that data combinationally,
sing the address as the input.

Memories and functions

Address
A>A1A0

Data
V2ViVo

000
001
010
011

000
100
110
100

100
101
110
111

101
000
o1
011




LogQ

c-IN-ROM Example

10—
1AD)

1A1)

Yoy

—{>o
" -—<>—{>c>
[>o

o
1
PCL

8 x4 ROM
A Do
{ A3 e
A2 s

D3 p—e

YO
Y1
Y2
Y3

npwts Ot puts

A2 AT Ao o3 o2 D7 Do
0 (&) i} 1 I 1 O
O O 1 1 i O 1
0 1 0 1 O |
0 1 I O I | 1
1 O 0 O o 0 1
1 O 1 O O | (o]
1 1 o O 1 O (o)
1 1 1 1 O o (&)




ding RAM

« 50 MHz CPU - 20 ns clock cycle time

« Memory access time= 65 ns

« Maximum time from the application of the address to the
appearance of the data at the Data Output

Clock

Audd rn.:.l'-.l-'-lzx MAuddress valid X I
Memory
enable _/ \\—

HRead!
Write

Iata I X I?ata valid x I

oLl

|

GBS ns L
o, Tnc.

= R, Kime (b)) Read cyele



WRITING RAM

2k X nmemory
—k—/—E ADDRESS DATA |—hAL—

IN/OUT
IRD/WR’
CS

able the chip by setting CS = 1.

elect the write operation, by setting RD/WR’ = 0.
Send the desired address to the ADRS input.

I Send the word to store to the DATAIN/OUT.




RITING RAM

« 50 MHz CPU - 20 ns clock cycle time

 Write cycle time= 75 ns

Maximum time from the application of the address to the
completion of all internal memory operations to store a word

Audd |'c.l'-.l'-D( Mvddress valid X i
_/ \
N /
| h 4 Data valid X !

=X T5 ns -
(a) Write cycle



Staftic memory

How can you implement the memory chip?

m There are many different kinds of RAM.

We’'ll start off discussing static memory, which is most commonly used in
caches and video cards.

Later we mention a little about dynamic memaory, which forms the bulk of a
computer’s main memaory.

m Static mgmory is modeled using one latch for each bit of storage.

m  Why yse latches instead of flip flops?

A latch can be made with only two NAND or two NOR gates, but a flip-
uires at least twice that much hardware.
In general, smaller is faster, cheaper and requires less power.

The tradeoff is that getting the timing exactly right is a pain.




RAM Cell with SR Latch

D——S Q ._JI
HHY v oL




M Bit Slice Model

I?ata in

Hit

select

©

RAM cell

e adWrite

logic

——][3ata in

Data out
Read! Hit
WTile selact

(b)) Symbol

IPata out



RAM Using a 4x4 RAM Cell Array

Row decodar

2-to-4
Decoder 1}
R I I I I
RAn call BLAD cell RAn cell BL.AM cell
: .
~ 0 1] 1 2 3
' I I I I
Row RAN call R h.:1 cell RAn call BAD cell
=clect 4 = (<] 7
.
RAn call RAN cell BAD cell BADT cell
= o 1
* ] ] ] I
RAn call RAN cell RAN cell AN cell
2 3 5

ReadWrite
Lo logic logic
Datain — Patain Data in Datain
Data out 4 Data out 4 Data cut Data out 1
BT il Bi il Bit
T s loet sl L sl ol s ol
Column selact | Data
0 1 cutput O
Coturn 4162 Decoder b
Heside with enable
A0 Enabl IDrata
= -""l"‘- output 1

Acation, Tne.
"arles R, Kime Ao Chip se lect




AM Devices

HMB264
0| Ao
i N
i Y
Z Az
s :; 10
4 AB (@] ]
3 A7 102
25 A8 103
24 AD 104
21 105
23 i: ? 106
2 Al2 107
2T~ wE
— 22l csi
2° lcse
22 OFE

11

1z
12
15
16
17
12
12

HM6B2256
° | g
i N
i
Z A3
s :; 10
4 AB 101
3 AT 102
25 A8 103
24 A9 104
21 A10 105
23 A1l 106
22 Az 7
] A13
Al4
iO WE
2 lcs
ﬁc OE

11
1z
12
15
16
17
12

19

HMB28128
2 | a0
1 A
10 | Ao
Z A3
7 Al 1C0
] AS 101
5 ig 102
27 A8 103
26 A9 104
23 A1D 105
25 A1 106
2; A2 1oF
- A3
= Ald
> A1S5
A16
2 alwe
2 olesq
20 lcse
2 oloe

13
14
15
17
12
19
20

21

HMBG28512
2 | Ao
1] aq
10 | o
Z A3
7 Ad 1C0
] AS 101
5 :6 102
27 A; 103
26 A9 104
23 A1D 105
25 | a11 106
4 A2 o7
i
3:13 Al4
> A15
A16
20 1 a7
1latse
ﬁo WE
= nlcs
io OE

13
14
15
17
18
19
20
21



Dynamic memory

Dynamic memory is built with capacitors.
A stored charge on the capacitor represents a logical 1.
No charge represents a logic O.

m  However, capacitors lose their charge after a few milliseconds. The memory
requires constant refreshing to recharge the capacitors. (That’s what'’s

A single bit of data can be stored with just one capacitor and one
transistor, while static RAM cells typically require 4-6 transistors.

his means dynamic RAM is cheaper and denser—more bits can be
tored in the same physical area.



DRAM Cell

I
V-

(8

(h)
* DRAM cell: One transistor and one capacitor

 1/0 = capacitor charged/discharged

*« SRAM/ell: Six transistors — Costs 3 times more (cell complexity)

» Cost'per bit is less for DRAM — reason for why large memories are
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