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Chapter 1

Resistor

Axial-lead resistors on tape. The component is cut from the tape
during assembly and the part is inserted into the board.

A resistor is a passive two-terminal electrical component
that implements electrical resistance as a circuit element.
Resistors act to reduce current flow, and, at the same time,
act to lower voltage levels within circuits. In electronic
circuits resistors are used to limit current flow, to adjust
signal levels, bias active elements, terminate transmission
lines among other uses. High-power resistors that can dis-
sipate many watts of electrical power as heat may be used
as part of motor controls, in power distribution systems,
or as test loads for generators. Fixed resistors have resis-
tances that only change slightly with temperature, time or
operating voltage. Variable resistors can be used to ad-
just circuit elements (such as a volume control or a lamp
dimmer), or as sensing devices for heat, light, humidity,
force, or chemical activity.

Resistors are common elements of electrical networks
and electronic circuits and are ubiquitous in electronic
equipment. Practical resistors as discrete components
can be composed of various compounds and forms. Re-
sistors are also implemented within integrated circuits.

The electrical function of a resistor is specified by its
resistance: common commercial resistors are manufac-
tured over a range of more than nine orders of magni-
tude. The nominal value of the resistance will fall within
a manufacturing tolerance.

1.1 Electronic symbols and nota-
tion

Main article: Electronic symbol

Two typical schematic diagram symbols are as follows;

e (a) resistor, (b) rheostat (variable resistor), and (c)
potentiometer

e JEC resistor symbol

The notation to state a resistor’s value in a circuit diagram
varies, too. The European notation BS 1852 avoids using
a decimal separator, and replaces the decimal separator
with the SI prefix symbol for the particular value. For ex-
ample, 8k2 in a circuit diagram indicates a resistor value
of 8.2 kQ. Additional zeros imply tighter tolerance, for
example /5M0. When the value can be expressed with-
out the need for an SI prefix, an 'R’ is used instead of the
decimal separator. For example, /R2 indicates 1.2 Q,
and /8R indicates 18 Q. The use of a SI prefix symbol or
the letter 'R’ circumvents the problem that decimal sep-
arators tend to 'disappear’ when photocopying a printed
circuit diagram.

1.2 Theory of operation

1.2.1 Ohm’s law

Main article: Ohm’s law

The behavior of an ideal resistor is dictated by the rela-
tionship specified by Ohm’s law:

V=I-R.

Ohm’s law states that the voltage (V) across a resistor is
proportional to the current (I), where the constant of pro-
portionality is the resistance (R). For example, if a 300
ohm resistor is attached across the terminals of a 12 volt
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The hydraulic analogy compares electric current flowing through
circuits to water flowing through pipes. When a pipe (left) is
filled with hair (right), it takes a larger pressure to achieve the
same flow of water. Pushing electric current through a large re-
sistance is like pushing water through a pipe clogged with hair:
It requires a larger push (voltage drop) to drive the same flow
(electric current).!’

battery, then a current of 12 / 300 = 0.04 amperes flows
through that resistor.

Practical resistors also have some inductance and
capacitance which will also affect the relation between
voltage and current in alternating current circuits.

The ohm (symbol: Q) is the SI unit of electrical resis-
tance, named after Georg Simon Ohm. An ohm is equiv-
alent to a volt per ampere. Since resistors are specified
and manufactured over a very large range of values, the
derived units of milliohm (1 mQ = 10~3 Q), kilohm (1
kQ = 10? Q), and megohm (1 MQ = 10° Q) are also in
common usage.

1.2.2 Series and parallel resistors

Main article: Series and parallel circuits

The total resistance of resistors connected in series is the
sum of their individual resistance values.

Ry R

Req:R1+R2+"'+Rn.

The total resistance of resistors connected in parallel is
the reciprocal of the sum of the reciprocals of the indi-
vidual resistors.
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So, for example, a 10 ohm resistor connected in paral-
lel with a 5 ohm resistor and a 15 ohm resistor will pro-
duce the inverse of 1/10+1/5+1/15 ohms of resistance,
or 1/(.1+.2+.067)=2.725 ohms.

A resistor network that is a combination of parallel and
series connections can be broken up into smaller parts
that are either one or the other. Some complex networks
of resistors cannot be resolved in this manner, requiring
more sophisticated circuit analysis. Generally, the Y-A
transform, or matrix methods can be used to solve such
problems. 213114

1.2.3 Power dissipation

At any instant of time, the power P (watts) consumed by
a resistor of resistance R (ohms) is calculated as: P =
I’R=1V = V{ where V (volts) is the voltage across
the resistor and I (amps) is the current flowing through
it. Using Ohm’s law, the two other forms can be de-
rived. This power is converted into heat which must be
dissipated by the resistor’s package before its temperature
rises excessively.

Resistors are rated according to their maximum power
dissipation. Most discrete resistors in solid-state elec-
tronic systems absorb much less than a watt of electri-
cal power and require no attention to their power rating.
Such resistors in their discrete form, including most of
the packages detailed below, are typically rated as 1/10,
1/8, or 1/4 watt.

An aluminium-housed power resistor rated for 50 W when heat-
sinked

Resistors required to dissipate substantial amounts of
power, particularly used in power supplies, power con-


https://en.wikipedia.org/wiki/Hydraulic_analogy
https://en.wikipedia.org/wiki/Voltage_drop
https://en.wikipedia.org/wiki/Electric_current
https://en.wikipedia.org/wiki/Ampere
https://en.wikipedia.org/wiki/Inductance
https://en.wikipedia.org/wiki/Capacitance
https://en.wikipedia.org/wiki/Alternating_current
https://en.wikipedia.org/wiki/Ohm_(unit)
https://en.wikipedia.org/wiki/%CE%A9
https://en.wikipedia.org/wiki/International_System_of_Units
https://en.wikipedia.org/wiki/Electrical_resistance
https://en.wikipedia.org/wiki/Electrical_resistance
https://en.wikipedia.org/wiki/Georg_Simon_Ohm
https://en.wikipedia.org/wiki/Volt
https://en.wikipedia.org/wiki/Ampere
https://en.wikipedia.org/wiki/Series_and_parallel_circuits
https://en.wikipedia.org/wiki/Y-%CE%94_transform
https://en.wikipedia.org/wiki/Y-%CE%94_transform
https://en.wikipedia.org/wiki/Equivalent_impedance_transforms#2-terminal,_n-element,_3-element-kind_networks
https://en.wikipedia.org/wiki/Ampere
https://en.wikipedia.org/wiki/Ohm%2527s_law

1.4. FIXED RESISTOR

version circuits, and power amplifiers, are generally re-
ferred to as power resistors; this designation is loosely ap-
plied to resistors with power ratings of 1 watt or greater.
Power resistors are physically larger and may not use the
preferred values, color codes, and external packages de-
scribed below.

If the average power dissipated by a resistor is more than
its power rating, damage to the resistor may occur, per-
manently altering its resistance; this is distinct from the
reversible change in resistance due to its temperature co-
efficient when it warms. Excessive power dissipation may
raise the temperature of the resistor to a point where it can
burn the circuit board or adjacent components, or even
cause a fire. There are flameproof resistors that fail (open
circuit) before they overheat dangerously.

Since poor air circulation, high altitude, or high operating
temperatures may occur, resistors may be specified with
higher rated dissipation than will be experienced in ser-
vice.

Some types and ratings of resistors may also have a max-
imum voltage rating; this may limit available power dis-
sipation for higher resistance values.

1.3 Nonideal properties

Practical resistors have a series inductance and a small
parallel capacitance; these specifications can be important
in high-frequency applications. In a low-noise amplifier
or pre-amp, the noise characteristics of a resistor may be
an issue.

The temperature coefficient of the resistance may also be
of concern in some precision applications.

The unwanted inductance, excess noise, and tempera-
ture coefficient are mainly dependent on the technology
used in manufacturing the resistor. They are not normally
specified individually for a particular family of resistors
manufactured using a particular technology.”! A family
of discrete resistors is also characterized according to its
form factor, that is, the size of the device and the position
of its leads (or terminals) which is relevant in the practical
manufacturing of circuits using them.

Practical resistors are also specified as having a maximum
power rating which must exceed the anticipated power
dissipation of that resistor in a particular circuit: this is
mainly of concern in power electronics applications. Re-
sistors with higher power ratings are physically larger and
may require heat sinks. In a high-voltage circuit, attention
must sometimes be paid to the rated maximum working
voltage of the resistor. While there is no minimum work-
ing voltage for a given resistor, failure to account for a
resistor’s maximum rating may cause the resistor to in-
cinerate when current is run through it.

1.4 Fixed resistor

A single in line (SIL) resistor package with 8 individual, 47 ohm
resistors. One end of each resistor is connected to a separate pin
and the other ends are all connected together to the remaining
(common) pin — pin 1, at the end identified by the white dot.

1.4.1 Lead arrangements

Resistors with wire leads for through-hole mounting

Through-hole components typically have leads leaving
the body axially. Others have leads coming off their body
radially instead of parallel to the resistor axis. Other com-
ponents may be SMT (surface mount technology) while
high power resistors may have one of their leads designed
into the heat sink.

1.4.2 Carbon composition

Carbon composition resistors consist of a solid cylindri-
cal resistive element with embedded wire leads or metal
end caps to which the lead wires are attached. The body
of the resistor is protected with paint or plastic. Early
20th-century carbon composition resistors had uninsu-
lated bodies; the lead wires were wrapped around the ends
of the resistance element rod and soldered. The com-
pleted resistor was painted for color-coding of its value.

The resistive element is made from a mixture of finely
ground (powdered) carbon and an insulating material
(usually ceramic). A resin holds the mixture together.
The resistance is determined by the ratio of the fill ma-
terial (the powdered ceramic) to the carbon. Higher
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Three carbon composition resistors in a 1960s valve (vacuum
tube) radio

concentrations of carbon— a good conductor— result
in lower resistance. Carbon composition resistors were
commonly used in the 1960s and earlier, but are not
so popular for general use now as other types have bet-
ter specifications, such as tolerance, voltage dependence,
and stress (carbon composition resistors will change value
when stressed with over-voltages). Moreover, if internal
moisture content (from exposure for some length of time
to a humid environment) is significant, soldering heat will
create a non-reversible change in resistance value. Car-
bon composition resistors have poor stability with time
and were consequently factory sorted to, at best, only 5%
tolerance.® These resistors, however, if never subjected
to overvoltage nor overheating were remarkably reliable
considering the component’s size.!”!

Carbon composition resistors are still available, but com-
paratively quite costly. Values ranged from fractions of
an ohm to 22 megohms. Due to their high price, these re-
sistors are no longer used in most applications. However,
they are used in power supplies and welding controls.[”!

1.4.3 Carbon pile

A carbon pile resistor is made of a stack of carbon disks
compressed between two metal contact plates. Adjusting
the clamping pressure changes the resistance between the
plates. These resistors are used when an adjustable load
is required, for example in testing automotive batteries or
radio transmitters. A carbon pile resistor can also be used
as a speed control for small motors in household appli-
ances (sewing machines, hand-held mixers) with ratings
up to a few hundred watts.®! A carbon pile resistor can
be incorporated in automatic voltage regulators for gen-
erators, where the carbon pile controls the field current
to maintain relatively constant voltage.”! The principle is
also applied in the carbon microphone.

1.4.4 Carbon film

A carbon film is deposited on an insulating substrate,
and a helix is cut in it to create a long, narrow resis-

CHAPTER 1. RESISTOR

Carbon film resistor with exposed carbon spiral (Tesla TR-212 1
kQ)

tive path. Varying shapes, coupled with the resistivity
of amorphous carbon (ranging from 500 to 800 u&2 m),
can provide a wide range of resistance values. Compared
to carbon composition they feature low noise, because
of the precise distribution of the pure graphite without
binding."'%! Carbon film resistors feature a power rating
range of 0.125 W to 5 W at 70 °C. Resistances available
range from 1 ohm to 10 megohm. The carbon film resis-
tor has an operating temperature range of —55 °C to 155
°C. It has 200 to 600 volts maximum working voltage
range. Special carbon film resistors are used in applica-
tions requiring high pulse stability.[”)

1.4.5 Printed carbon resistor

A carbon resistor printed directly onto the SMD pads on a PCB.
Inside a 1989 vintage Psion Il Organiser

Carbon composition resistors can be printed directly onto
printed circuit board (PCB) substrates as part of the PCB
manufacturing process. Although this technique is more
common on hybrid PCB modules, it can also be used on
standard fibreglass PCBs. Tolerances are typically quite
large, and can be in the order of 30%. A typical applica-
tion would be non-critical pull-up resistors.

1.4.6 Thick and thin film

Thick film resistors became popular during the 1970s,
and most SMD (surface mount device) resistors today are
of this type. The resistive element of thick films is 1000
times thicker than thin films,'!! but the principal differ-
ence is how the film is applied to the cylinder (axial resis-
tors) or the surface (SMD resistors).
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1.4. FIXED RESISTOR

Thin film resistors are made by sputtering (a method of
vacuum deposition) the resistive material onto an insulat-
ing substrate. The film is then etched in a similar manner
to the old (subtractive) process for making printed cir-
cuit boards; that is, the surface is coated with a photo-
sensitive material, then covered by a pattern film, irradi-
ated with ultraviolet light, and then the exposed photo-
sensitive coating is developed, and underlying thin film is
etched away.

Thick film resistors are manufactured using screen and
stencil printing processes.!”!

Because the time during which the sputtering is per-
formed can be controlled, the thickness of the thin film
can be accurately controlled. The type of material is
also usually different consisting of one or more ceramic
(cermet) conductors such as tantalum nitride (TaN),
ruthenium oxide (RuO

2), lead oxide (PbO), bismuth ruthenate (Bi

2Ru

20

7), nickel chromium (NiCr), or bismuth iridate (Bi

2Ir

20

7).

The resistance of both thin and thick film resistors af-
ter manufacture is not highly accurate; they are usually
trimmed to an accurate value by abrasive or laser trim-
ming. Thin film resistors are usually specified with toler-
ances of 0.1, 0.2, 0.5, or 1%, and with temperature co-
efficients of 5 to 25 ppm/K. They also have much lower
noise levels, on the level of 10—100 times less than thick
film resistors.

Thick film resistors may use the same conductive ceram-
ics, but they are mixed with sintered (powdered) glass
and a carrier liquid so that the composite can be screen-
printed. This composite of glass and conductive ceramic
(cermet) material is then fused (baked) in an oven at about
850 °C.

Thick film resistors, when first manufactured, had toler-
ances of 5%, but standard tolerances have improved to
2% or 1% in the last few decades. Temperature coef-
ficients of thick film resistors are high, typically 200 or
+250 ppm/K; a 40 kelvin (70 °F) temperature change can
change the resistance by 1%.

Thin film resistors are usually far more expensive than
thick film resistors. For example, SMD thin film resis-
tors, with 0.5% tolerances, and with 25 ppm/K tempera-
ture coefficients, when bought in full size reel quantities,
are about twice the cost of 1%, 250 ppm/K thick film
resistors.

1.4.7 Metal film

A common type of axial resistor today is referred to
as a metal-film resistor. Metal electrode leadless face

(MELF) resistors often use the same technology, but are
cylindrically shaped resistors designed for surface mount-
ing. Note that other types of resistors (e.g., carbon com-
position) are also available in MELF packages.

Metal film resistors are usually coated with nickel
chromium (NiCr), but might be coated with any of the
cermet materials listed above for thin film resistors. Un-
like thin film resistors, the material may be applied using
different techniques than sputtering (though this is one of
the techniques). Also, unlike thin-film resistors, the resis-
tance value is determined by cutting a helix through the
coating rather than by etching. (This is similar to the way
carbon resistors are made.) The result is a reasonable tol-
erance (0.5%, 1%, or 2%) and a temperature coefficient
that is generally between 50 and 100 ppm/K.["?! Metal
film resistors possess good noise characteristics and low
non-linearity due to a low voltage coefficient. Also bene-
ficial are their efficient tolerance, temperature coefficient
and stability.!”)

1.4.8 Metal oxide film

Metal-oxide film resistors are made of metal oxides such
as tin oxide. This results in a higher operating tempera-
ture and greater stability/reliability than Metal film. They
are used in applications with high endurance demands.

1.4.9 Wire wound

=7
il i%\“h‘h‘\mﬂgg b

High-power wire wound resistors used for dynamic braking on
an electric railway car. Such resistors may dissipate many kilo-
watts for an extended length of time.

Wirewound resistors are commonly made by winding a
metal wire, usually nichrome, around a ceramic, plastic,
or fiberglass core. The ends of the wire are soldered or
welded to two caps or rings, attached to the ends of the
core. The assembly is protected with a layer of paint,
molded plastic, or an enamel coating baked at high tem-
perature. These resistors are designed to withstand un-
usually high temperatures of up to 450 °C.l"] Wire leads
in low power wirewound resistors are usually between 0.6
and 0.8 mm in diameter and tinned for ease of solder-
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Types of windings in wire resistors:
1. common

2. bifilar

3. common on a thin former

4. Ayrton-Perry

ing. For higher power wirewound resistors, either a ce-
ramic outer case or an aluminum outer case on top of
an insulating layer is used — if the outer case is ceramic,
such resistors are sometimes described as “cement” resis-
tors, though they do not actually contain any traditional
cement. The aluminum-cased types are designed to be
attached to a heat sink to dissipate the heat; the rated
power is dependent on being used with a suitable heat
sink, e.g., a 50 W power rated resistor will overheat at a
fraction of the power dissipation if not used with a heat
sink. Large wirewound resistors may be rated for 1,000
watts or more.

Because wirewound resistors are coils they have more un-
desirable inductance than other types of resistor, although
winding the wire in sections with alternately reversed di-
rection can minimize inductance. Other techniques em-
ploy bifilar winding, or a flat thin former (to reduce cross-
section area of the coil). For the most demanding circuits,
resistors with Ayrton-Perry winding are used.

Applications of wirewound resistors are similar to those
of composition resistors with the exception of the high
frequency. The high frequency response of wirewound
resistors is substantially worse than that of a composition
resistor.”!

1.4.10 Foil resistor

The primary resistance element of a foil resistor is a spe-
cial alloy foil several micrometers thick. Since their in-
troduction in the 1960s, foil resistors have had the best
precision and stability of any resistor available. One of
the important parameters influencing stability is the tem-
perature coeflicient of resistance (TCR). The TCR of foil
resistors is extremely low, and has been further improved
over the years. One range of ultra-precision foil resistors
offers a TCR of 0.14 ppm/°C, tolerance +0.005%, long-
term stability (1 year) 25 ppm, (3 year) 50 ppm (further
improved 5-fold by hermetic sealing), stability under load
(2000 hours) 0.03%, thermal EMF 0.1 uV/°C, noise —42
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dB, voltage coefficient 0.1 ppm/V, inductance 0.08 uH,
capacitance 0.5 pF.[!3]

1.4.11 Ammeter shunts

An ammeter shunt is a special type of current-sensing
resistor, having four terminals and a value in milliohms
or even micro-ohms. Current-measuring instruments, by
themselves, can usually accept only limited currents. To
measure high currents, the current passes through the
shunt across which the voltage drop is measured and in-
terpreted as current. A typical shunt consists of two solid
metal blocks, sometimes brass, mounted on an insulat-
ing base. Between the blocks, and soldered or brazed to
them, are one or more strips of low temperature coef-
ficient of resistance (TCR) manganin alloy. Large bolts
threaded into the blocks make the current connections,
while much smaller screws provide volt meter connec-
tions. Shunts are rated by full-scale current, and often
have a voltage drop of 50 mV at rated current. Such me-
ters are adapted to the shunt full current rating by using
an appropriately marked dial face; no change need to be
made to the other parts of the meter.

1.4.12 Grid resistor

In heavy-duty industrial high-current applications, a grid
resistor is a large convection-cooled lattice of stamped
metal alloy strips connected in rows between two elec-
trodes. Such industrial grade resistors can be as large
as a refrigerator; some designs can handle over 500 am-
peres of current, with a range of resistances extending
lower than 0.04 ohms. They are used in applications such
as dynamic braking and load banking for locomotives
and trams, neutral grounding for industrial AC distribu-
tion, control loads for cranes and heavy equipment, load
testing of generators and harmonic filtering for electric
substations. 1411131

The term grid resistor is sometimes used to describe a
resistor of any type connected to the control grid of a
vacuum tube. This is not a resistor technology; it is an
electronic circuit topology.

1.4.13 Special varieties
e Cermet
e Phenolic
e Tantalum

e Water resistor

1.5 Variable resistors
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1.6. MEASUREMENT

1.5.1 Adjustable resistors

A resistor may have one or more fixed tapping points so
that the resistance can be changed by moving the connect-
ing wires to different terminals. Some wirewound power
resistors have a tapping point that can slide along the re-
sistance element, allowing a larger or smaller part of the
resistance to be used.

Where continuous adjustment of the resistance value dur-
ing operation of equipment is required, the sliding resis-
tance tap can be connected to a knob accessible to an op-
erator. Such a device is called a rheostat and has two
terminals.

1.5.2 Potentiometers

Main article: Potentiometer

A common element in electronic devices is a three-
terminal resistor with a continuously adjustable tapping
point controlled by rotation of a shaft or knob. These
variable resistors are known as potentiometers when all
three terminals are present, since they act as a continu-
ously adjustable voltage divider. A common example is
a volume control for a radio receiver.!'®’

Accurate, high-resolution panel-mounted potentiometers
(or “pots”) have resistance elements typically wirewound
on a helical mandrel, although some include a conductive-
plastic resistance coating over the wire to improve reso-
lution. These typically offer ten turns of their shafts to
cover their full range. They are usually set with dials that
include a simple turns counter and a graduated dial. Elec-
tronic analog computers used them in quantity for setting
coefficients, and delayed-sweep oscilloscopes of recent
decades included one on their panels.

1.5.3 Resistance decade boxes

Resistance decade box “KURBELWIDERSTAND”, made in for-
mer East Germany.

A resistance decade box or resistor substitution box is
a unit containing resistors of many values, with one or
more mechanical switches which allow any one of vari-
ous discrete resistances offered by the box to be dialed
in. Usually the resistance is accurate to high precision,
ranging from laboratory/calibration grade accuracy of 20
parts per million, to field grade at 1%. Inexpensive boxes
with lesser accuracy are also available. All types offer a
convenient way of selecting and quickly changing a resis-
tance in laboratory, experimental and development work
without needing to attach resistors one by one, or even
stock each value. The range of resistance provided, the
maximum resolution, and the accuracy characterize the
box. For example, one box offers resistances from 0 to
100 megohms, maximum resolution 0.1 ohm, accuracy
0.1%.17

1.5.4 Special devices

There are various devices whose resistance changes with
various quantities. The resistance of NTC thermistors
exhibit a strong negative temperature coefficient, mak-
ing them useful for measuring temperatures. Since their
resistance can be large until they are allowed to heat up
due to the passage of current, they are also commonly
used to prevent excessive current surges when equipment
is powered on. Similarly, the resistance of a humistor
varies with humidity. One sort of photodetector, the
photoresistor, has a resistance which varies with illumi-
nation.

The strain gauge, invented by Edward E. Simmons and
Arthur C. Ruge in 1938, is a type of resistor that changes
value with applied strain. A single resistor may be used,
or a pair (half bridge), or four resistors connected in a
Wheatstone bridge configuration. The strain resistor is
bonded with adhesive to an object that will be subjected
to mechanical strain. With the strain gauge and a filter,
amplifier, and analog/digital converter, the strain on an
object can be measured.

A related but more recent invention uses a Quantum Tun-
nelling Composite to sense mechanical stress. It passes a
current whose magnitude can vary by a factor of 10'? in
response to changes in applied pressure.

1.6 Measurement

The value of a resistor can be measured with an
ohmmeter, which may be one function of a multimeter.
Usually, probes on the ends of test leads connect to the
resistor. A simple ohmmeter may apply a voltage from
a battery across the unknown resistor (with an internal
resistor of a known value in series) producing a current
which drives a meter movement. The current, in ac-
cordance with Ohm’s law, is inversely proportional to
the sum of the internal resistance and the resistor being
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tested, resulting in an analog meter scale which is very
non-linear, calibrated from infinity to O ohms. A digital
multimeter, using active electronics, may instead pass a
specified current through the test resistance. The voltage
generated across the test resistance in that case is linearly
proportional to its resistance, which is measured and dis-
played. In either case the low-resistance ranges of the
meter pass much more current through the test leads than
do high-resistance ranges, in order for the voltages present
to be at reasonable levels (generally below 10 volts) but
still measurable.

Measuring low-value resistors, such as fractional-ohm re-
sistors, with acceptable accuracy requires four-terminal
connections. One pair of terminals applies a known, cal-
ibrated current to the resistor, while the other pair senses
the voltage drop across the resistor. Some laboratory
quality ohmmeters, especially milliohmmeters, and even
some of the better digital multimeters sense using four
input terminals for this purpose, which may be used with
special test leads. Each of the two so-called Kelvin clips
has a pair of jaws insulated from each other. One side of
each clip applies the measuring current, while the other
connections are only to sense the voltage drop. The re-
sistance is again calculated using Ohm’s Law as the mea-
sured voltage divided by the applied current.

1.7 Standards

1.7.1 Production resistors

Resistor characteristics are quantified and reported using
various national standards. In the US, MIL-STD-202!18!
contains the relevant test methods to which other stan-
dards refer.

There are various standards specifying properties of re-
sistors for use in equipment:

e BS 1852
e EIA-RS-279
e MIL-PRF-26

e MIL-PRF-39007 (Fixed Power, established reliabil-
ity)

e MIL-PRF-55342 (Surface-mount thick and thin
film)

e MIL-PRF-914
e MIL-R-11 STANDARD CANCELED

e MIL-R-39017 (Fixed, General Purpose, Estab-
lished Reliability)

e MIL-PRF-32159 (zero ohm jumpers)

There are other United States military procurement MIL-
R- standards.
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1.7.2 Resistance standards

The primary standard for resistance, the “mercury ohm”
was initially defined in 1884 in as a column of mercury
106.3 cm long and 1 square millimeter in cross-section,
at 0 degrees Celsius. Difficulties in precisely measuring
the physical constants to replicate this standard result in
variations of as much as 30 ppm. From 1900 the mer-
cury ohm was replaced with a precision machined plate
of manganin.["®! Since 1990 the international resistance
standard has been based on the quantized Hall effect dis-
covered by Klaus von Klitzing, for which he won the No-
bel Prize in Physics in 1985.12%!

Resistors of extremely high precision are manufactured
for calibration and laboratory use. They may have four
terminals, using one pair to carry an operating current and
the other pair to measure the voltage drop; this eliminates
errors caused by voltage drops across the lead resistances,
because no charge flows through voltage sensing leads. It
is important in small value resistors (100-0.0001 ohm)
where lead resistance is significant or even comparable
with respect to resistance standard value.!*!)

1.8 Resistor marking
Main article: Electronic color code

Most axial resistors use a pattern of colored stripes to in-
dicate resistance, which also indicate tolerance, and may
also be extended to show temperature coefficient and reli-
ability class. Cases are usually tan, brown, blue, or green,
though other colors are occasionally found such as dark
red or dark gray. The power rating is not usually marked
and is deduced from the size.

The color bands of the carbon resistors can be four, five
or, six bands. The first two bands represent first two digits
to measure their value in ohms. The third band of a four-
banded resistor represents multiplier and the fourth band
as tolerance. For five and six color-banded resistors, the
third band is a third digit, fourth band multiplier and fifth
is tolerance. The sixth band represents temperature co-
efficient in a six-banded resistor.

Surface-mount resistors are marked numerically, if they
are big enough to permit marking; more-recent small
sizes are impractical to mark.

Early 20th century resistors, essentially uninsulated, were
dipped in paint to cover their entire body for color-
coding. A second color of paint was applied to one end
of the element, and a color dot (or band) in the middle
provided the third digit. The rule was “body, tip, dot”,
providing two significant digits for value and the deci-
mal multiplier, in that sequence. Default tolerance was
+20%. Closer-tolerance resistors had silver (£10%) or
gold-colored (£5%) paint on the other end.
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1.8. RESISTOR MARKING

1.8.1 Preferred values

Main article: Preferred number

Early resistors were made in more or less arbitrary round
numbers; a series might have 100, 125, 150, 200, 300,
etc. Resistors as manufactured are subject to a certain
percentage tolerance, and it makes sense to manufacture
values that correlate with the tolerance, so that the ac-
tual value of a resistor overlaps slightly with its neigh-
bors. Wider spacing leaves gaps; narrower spacing in-
creases manufacturing and inventory costs to provide re-
sistors that are more or less interchangeable.

A logical scheme is to produce resistors in a range of
values which increase in a geometric progression, so that
each value is greater than its predecessor by a fixed multi-
plier or percentage, chosen to match the tolerance of the
range. For example, for a tolerance of +20% it makes
sense to have each resistor about 1.5 times its predeces-
sor, covering a decade in 6 values. In practice the factor
used is 1.4678, giving values of 1.47, 2.15, 3.16, 4.64,
6.81, 10 for the 1-10 decade (a decade is a range in-
creasing by a factor of 10; 0.1-1 and 10-100 are other
examples); these are rounded in practice to 1.5, 2.2, 3.3,
4.7, 6.8, 10; followed, by 15, 22, 33, ... and preceded
by ... 0.47, 0.68, 1. This scheme has been adopted as
the E6 series of the IEC 60063 preferred number values.
There are also E12, E24, E48, E96 and E192 series for
components of progressively finer resolution, with 12, 24,
96, and 192 different values within each decade. The ac-
tual values used are in the IEC 60063 lists of preferred
numbers.

A resistor of 100 ohms +20% would be expected to have a
value between 80 and 120 ohms; its E6 neighbors are 68
(54-82) and 150 (120-180) ohms. A sensible spacing,
E6 is used for +20% components; E12 for £10%; E24
for £5%; E48 for £2%, E96 for £1%; E192 for £0.5% or
better. Resistors are manufactured in values from a few
milliohms to about a gigaohm in IEC60063 ranges ap-
propriate for their tolerance. Manufacturers may sort re-
sistors into tolerance-classes based on measurement. Ac-
cordingly a selection of 100 ohms resistors with a toler-
ance of +10%, might not lie just around 100 ohm (but no
more than 10% off) as one would expect (a bell-curve),
but rather be in two groups — either between 5 to 10% too
high or 5 to 10% too low (but not closer to 100 ohm than
that) because any resistors the factory had measured as
being less than 5% off would have been marked and sold
as resistors with only +5% tolerance or better. When de-
signing a circuit, this may become a consideration.

Earlier power wirewound resistors, such as brown
vitreous-enameled types, however, were made with a dif-
ferent system of preferred values, such as some of those
mentioned in the first sentence of this section.

1.8.2 SMT resistors
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This image shows four surface-mount resistors (the component
at the upper left is a capacitor) including two zero-ohm resistors.
Zero-ohm links are often used instead of wire links, so that they
can be inserted by a resistor-inserting machine. Their resistance
is non-zero but negligible.

Surface mounted resistors are printed with numerical
values in a code related to that used on axial resistors.
Standard-tolerance surface-mount technology (SMT) re-
sistors are marked with a three-digit code, in which the
first two digits are the first two significant digits of the
value and the third digit is the power of ten (the number
of zeroes). For example:

Resistances less than 100 ohms are written: 100, 220,
470. The final zero represents ten to the power zero,
which is 1. For example:

Sometimes these values are marked as /0 or 22 to prevent
a mistake.

Resistances less than 10 ohms have 'R’ to indicate the po-
sition of the decimal point (radix point). For example:

Precision resistors are marked with a four-digit code, in
which the first three digits are the significant figures and
the fourth is the power of ten. For example:

000 and 0000 sometimes appear as values on surface-
mount zero-ohm links, since these have (approximately)
Zero resistance.

More recent surface-mount resistors are too small, phys-
ically, to permit practical markings to be applied.

1.8.3 Industrial type designation

Format: [two letters]<space>[resistance value (three

digit) J[<nospace>[tolerance code(numerical — one digit)]
[22]
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1.9 Electrical and thermal noise

Main article: Noise (electronics)

In amplifying faint signals, it is often necessary to mini-
mize electronic noise, particularly in the first stage of am-
plification. As a dissipative element, even an ideal resistor
will naturally produce a randomly fluctuating voltage or
“noise” across its terminals. This Johnson—Nyquist noise
is a fundamental noise source which depends only upon
the temperature and resistance of the resistor, and is pre-
dicted by the fluctuation—dissipation theorem. Using a
larger value of resistance produces a larger voltage noise,
whereas with a smaller value of resistance there will be
more current noise, at a given temperature.

The thermal noise of a practical resistor may also be
larger than the theoretical prediction and that increase is
typically frequency-dependent. Excess noise of a practi-
cal resistor is observed only when current flows through it.
This is specified in unit of wV/V/decade — uV of noise per
volt applied across the resistor per decade of frequency.
The wV/V/decade value is frequently given in dB so that
a resistor with a noise index of 0 dB will exhibit 1 uV
(rms) of excess noise for each volt across the resistor in
each frequency decade. Excess noise is thus an example
of 1/f noise. Thick-film and carbon composition resistors
generate more excess noise than other types at low fre-
quencies. Wire-wound and thin-film resistors are often
used for their better noise characteristics. Carbon com-
position resistors can exhibit a noise index of 0 dB while
bulk metal foil resistors may have a noise index of —40
dB, usually making the excess noise of metal foil resistors
insignificant.[**! Thin film surface mount resistors typi-
cally have lower noise and better thermal stability than
thick film surface mount resistors. Excess noise is also
size-dependent: in general excess noise is reduced as the
physical size of a resistor is increased (or multiple resis-
tors are used in parallel), as the independently fluctuating
resistances of smaller components will tend to average
out.

While not an example of “noise” per se, a resistor may act
as a thermocouple, producing a small DC voltage differ-
ential across it due to the thermoelectric effect if its ends
are at different temperatures. This induced DC voltage
can degrade the precision of instrumentation amplifiers
in particular. Such voltages appear in the junctions of the
resistor leads with the circuit board and with the resistor
body. Common metal film resistors show such an effect
at a magnitude of about 20 uV/°C. Some carbon compo-
sition resistors can exhibit thermoelectric offsets as high
as 400 pV/°C, whereas specially constructed resistors can
reduce this number to 0.05 uV/°C. In applications where
the thermoelectric effect may become important, care has
to be taken to mount the resistors horizontally to avoid
temperature gradients and to mind the air flow over the
board.?#!
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1.10 Failure modes

The failure rate of resistors in a properly designed circuit
is low compared to other electronic components such as
semiconductors and electrolytic capacitors. Damage to
resistors most often occurs due to overheating when the
average power delivered to it (as computed above) greatly
exceeds its ability to dissipate heat (specified by the resis-
tor’s power rating). This may be due to a fault external to
the circuit, but is frequently caused by the failure of an-
other component (such as a transistor that shorts out) in
the circuit connected to the resistor. Operating a resistor
too close to its power rating can limit the resistor’s lifes-
pan or cause a significant change in its resistance. A safe
design generally uses overrated resistors in power appli-
cations to avoid this danger.

Low-power thin-film resistors can be damaged by long-
term high-voltage stress, even below maximum specified
voltage and below maximum power rating. This is often
the case for the startup resistors feeding the SMPS inte-
grated circuit.

When overheated, carbon-film resistors may decrease or
increase in resistance.!”>! Carbon film and composition
resistors can fail (open circuit) if running close to their
maximum dissipation. This is also possible but less likely
with metal film and wirewound resistors.

There can also be failure of resistors due to mechanical
stress and adverse environmental factors including hu-
midity. If not enclosed, wirewound resistors can corrode.

Surface mount resistors have been known to fail due to
the ingress of sulfur into the internal makeup of the re-
sistor. This sulfur chemically reacts with the silver layer
to produce non-conductive silver sulfide. The resistor’s
impedance goes to infinity. Sulfur resistant and anti-
corrosive resistors are sold into automotive, industrial,
and military applications. ASTM B809 is an industry
standard that tests a part’s susceptibility to sulfur.

An alternative failure mode can be encountered where
large value resistors are used (hundreds of kilohms and
higher). Resistors are not only specified with a maximum
power dissipation, but also for a maximum voltage drop.
Exceeding this voltage will cause the resistor to degrade
slowly reducing in resistance. The voltage dropped across
large value resistors can be exceeded before the power
dissipation reaches its limiting value. Since the maximum
voltage specified for commonly encountered resistors is a
few hundred volts, this is a problem only in applications
where these voltages are encountered.

Variable resistors can also degrade in a different man-
ner, typically involving poor contact between the wiper
and the body of the resistance. This may be due to dirt
or corrosion and is typically perceived as “crackling” as
the contact resistance fluctuates; this is especially noticed
as the device is adjusted. This is similar to crackling
caused by poor contact in switches, and like switches,
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potentiometers are to some extent self-cleaning: running
the wiper across the resistance may improve the contact.
Potentiometers which are seldom adjusted, especially in
dirty or harsh environments, are most likely to develop
this problem. When self-cleaning of the contact is in-
sufficient, improvement can usually be obtained through
the use of contact cleaner (also known as “tuner cleaner”)
spray. The crackling noise associated with turning the
shaft of a dirty potentiometer in an audio circuit (such as
the volume control) is greatly accentuated when an unde-
sired DC voltage is present, often indicating the failure of
a DC blocking capacitor in the circuit.

1.11 See also

e thermistor

e piezoresistor

e Circuit design

e Dummy load

e FElectrical impedance
e Iron-hydrogen resistor
e Shot noise

e Trimmer (electronics)
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1.13 External links

e 4-terminal resistors — How ultra-precise resistors
work

e Beginner’s guide to potentiometers, including de-
scription of different tapers

e Color Coded Resistance Calculator — archived with
WayBack Machine

e Resistor Types — Does It Matter?

e Standard Resistors & Capacitor Values That Indus-
try Manufactures

e Ask The Applications Engineer — Difference be-
tween types of resistors

e Resistors and their uses

e Thick film resistors and heaters
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Chapter 2

Electronic color code

RMA (Radio Manufacturers Association) Resistor Color Code
Guide, c. 1945-1955.

The electronic color code is used to indicate the values
or ratings of electronic components, usually for resistors,
but also for capacitors, inductors, and others. A separate
code, the 25-pair color code, is used to identify wires in
some telecommunications cables.

The electronic color code was developed in the early
1920s by the Radio Manufacturers Association (now part
of Electronic Industries Alliance!!! (EIA)), and was pub-
lished as EIA-RS-279. The current international standard
is IEC 60062.!%!

Colorbands were used because they were easily and
cheaply printed on tiny components. However, there
were drawbacks, especially for color blind people. Over-
heating of a component or dirt accumulation, may make
it impossible to distinguish brown from red or orange.
Advances in printing technology have now made printed
numbers practical on small components. Where passive
components come in surface mount packages, their values
will be identified with printed alphanumeric codes instead
of a color code.
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=15 His
=33 =39
=68 E82

One decade of the EI12 series (there are twelve preferred values
per decade of values) shown with their electronic color codes on
resistors

A 100 k2, 5% axial-lead resistor

2.1 Resistor color-coding
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A 0 Q resistor, marked with a single black band

A 2260 ohm, 1% precision resistor with 5 color bands (E96 se-
ries), from top 2-2-6-1-1; the last two brown bands indicate the
multiplier (x10), and the 1% tolerance. The larger gap before
the tolerance band is somewhat difficult to distinguish.

Tolerance
Multiplier

1st Band
2nd Band

To distinguish left from right there is a gap between the

CHAPTER 2. ELECTRONIC COLOR CODE

C and D bands.

e band A is the first significant figure of component
value (left side)

e band B is the second significant figure (some preci-
sion resistors have a third significant figure, and thus
five bands).

e band C is the decimal multiplier

e band D if present, indicates tolerance of value in
percent (no band means 20%)

For example, a resistor with bands of yellow, violet, red,
and gold will have first digit 4 (yellow in table below),
second digit 7 (violet), followed by 2 (red) zeros: 4,700
ohms. Gold signifies that the tolerance is 5%, so the real
resistance could lie anywhere between 4,465 and 4,935
ohms.

Resistors manufactured for military use may also in-
clude a fifth band which indicates component failure rate
(reliability); refer to MIL-HDBK — 199 for further details.

Tight tolerance resistors may have three bands for signif-
icant figures rather than two, or an additional band indi-
cating temperature coefficient, in units of ppm/K.

All coded components will have at least two value bands
and a multiplier; other bands are optional.

The standard color code per EN 60062:2005 is as follows:

Resistors use preferred numbers for their specific values,
which are determined by their tolerance. These values re-
peat for every decade of magnitude: 6.8, 68, 680, and so
forth. In the E24 series the values are related by the 24th
root of 10, while E12 series are related by the 12th root of
10, and E6 series by the 6th root of 10. The tolerance of
device values is arranged so that every value corresponds
to a preferred number, within the required tolerance.

Zero ohm resistors are made as lengths of wire wrapped
in a resistor-shaped body which can be substituted for
another resistor value in automatic insertion equipment.
They are marked with a single black band.*!

The "body-end-dot' or 'body-tip-spot' system was used for
radial-lead (and other cylindrical) composition resistors
sometimes still found in very old equipment; the first band
was given by the body color, the second band by the color
of the end of the resistor, and the multiplier by a dot or
band around the middle of the resistor. The other end of
the resistor was colored gold or silver to give the tolerance,
otherwise it was 20%.!!

2.2 Capacitor color-coding

Capacitors may be marked with 4 or more colored bands
or dots. The colors encode the first and second most sig-
nificant digits of the value, and the third color the decimal
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multiplier in picofarads. Additional bands have meanings
which may vary from one type to another. Low-tolerance
capacitors may begin with the first 3 (rather than 2) dig-
its of the value. It is usually, but not always, possible
to work out what scheme is used by the particular col-
ors used. Cylindrical capacitors marked with bands may
look like resistors.

*or £0.5 pF, whichever is greater.

Extra bands on ceramic capacitors will identify
the voltage rating class and temperature coefficient
characteristics.”) A broad black band was applied to
some tubular paper capacitors to indicate the end that
had the outer electrode; this allowed this end to be
connected to chassis ground to provide some shielding
against hum and noise pickup.

Polyester film and “gum drop” tantalum electrolytic ca-
pacitors are also color-coded to give the value, working
voltage and tolerance.

2.3 Diode part number

The part number for diodes was sometimes also encoded
as colored rings around the diode, using the same numer-
als as for other parts. The JEDEC “IN” prefix was as-
sumed, and the balance of the part number was given by
three or four rings.

2.4 Postage stamp capacitors and
war standard coding

Capacitors of the rectangular 'postage stamp” form made
for military use during World War Il used American War
Standard (AWS) or Joint Army Navy (JAN) coding in six
dots stamped on the capacitor. An arrow on the top row
of dots pointed to the right, indicating the reading order.
From left to right the top dots were: either black, indi-
cating JAN mica, or silver, indicating AWS paper; first
significant digit; and second significant digit. The bot-
tom three dots indicated temperature characteristic, tol-
erance, and decimal multiplier. The characteristic was
black for 1000 ppm/°C, brown for £500, red for +200,
orange for 100, yellow for —20 to +100 ppm/°C, and
green for 0 to +70 ppm/°C. A similar six-dot code by EIA
had the top row as first, second and third significant dig-
its and the bottom row as voltage rating (in hundreds of
volts; no color indicated 500 volts), tolerance, and multi-
plier. A three-dot EIA code was used for 500 volt 20%
tolerance capacitors, and the dots signified first and sec-
ond significant digits and the multiplier. Such capacitors
were common in vacuum tube equipment and in surplus
for a generation after the war but are unavailable now.®’
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Postage-stamp mica capacitors marked with the EIA 3-dot and
6-dot color codes, giving capacitance value, tolerance, working
voltage, and temperature characteristic. This style of capacitor
was used in vacuum-tube equipment.

2.5 Mnemonics

Further information: List of electronic color code

mnemonics

A useful mnemonic matches the first letter of the color
code, by order of increasing magnitude. Here is one that
includes tolerance codes gold, silver, and none:

e B B ROY Goes Bombay Via Gateway With
Genelia and Susanne.[”]

e Bad beer rots our young guts but vodka goes well —
get some now. %!

The colors are sorted in the order of the visible light spec-
trum: red (2), orange (3), yellow (4), green (5), blue (6),
violet (7). Black (0) has no energy, brown (1) has a little
more, white (9) has everything and grey (8) is like white,
but less intense.[”!

2.6 Examples

\

Color-coded resistors

From top to bottom:

o Green-Blue-Black-Black-Brown


https://en.wikipedia.org/wiki/Resistor
https://en.wikipedia.org/wiki/JEDEC
https://en.wikipedia.org/wiki/Vacuum_tube
https://en.wikipedia.org/wiki/List_of_electronic_color_code_mnemonics
https://en.wikipedia.org/wiki/List_of_electronic_color_code_mnemonics
https://en.wikipedia.org/wiki/Mnemonic
https://en.wikipedia.org/wiki/Magnitude_(mathematics)

16

e 560 ohms * 1%

e Red-Red-Orange-Gold
e 22.000 ohms * 5%

e Yellow-Violet-Brown-Gold
e 470 ohms + 5%

e Blue-Gray-Black-Gold

e 68 ohms £ 5%

The physical size of a resistor is indicative of the power
it can dissipate, not of its resistance.

2.7 Transformer wiring color codes

Power transformers used in North American vacuum-
tube equipment often were color-coded to identify the
leads. Black was the primary connection, red secondary
for the B+ (plate voltage), red with a yellow tracer was the
center tap for the B+ full-wave rectifier winding, green or
brown was the heater voltage for all tubes, yellow was the
filament voltage for the rectifier tube (often a different
voltage than other tube heaters). Two wires of each color
were provided for each circuit, and phasing was not iden-
tified by the color code.

Audio transformers for vacuum tube equipment were
coded blue for the finishing lead of the primary, red for
the B+ lead of the primary, brown for a primary cen-
ter tap, green for the finishing lead of the secondary,
black for grid lead of the secondary, and yellow for a
tapped secondary. Each lead had a different color since
relative polarity or phase was more important for these
transformers. Intermediate-frequency tuned transform-
ers were coded blue and red for the primary and green
and black for the secondary.!®!

2.8 Other wiring codes

Wires may be color-coded to identify their function, volt-
age class, polarity, phase or to identify the circuit in which
they are used. The insulation of the wire may be solidly
colored, or where more combinations are needed, one or
two tracer stripes may be added. Some wiring color codes
are set by national regulations, but often a color code is
specific to a manufacturer or industry.

Building wiring under the US National Electrical Code
and the Canadian Electrical Code is identified by colors
to show energized and neutral conductors, grounding con-
ductors and to identify phases. Other color codes are used
in the UK and other areas to identify building wiring or
flexible cable wiring.

CHAPTER 2. ELECTRONIC COLOR CODE

Thermocouple wires and extension cables are identified
by color code for the type of thermocouple; interchanging
thermocouples with unsuitable extension wires destroys
the accuracy of the measurement.

Automotive wiring is color-coded but standards vary by
manufacturer; differing SAE and DIN standards exist.

Modern personal computer peripheral cables and con-
nectors are color-coded to simplify connection of speak-
ers, microphones, mice, keyboards and other peripherals,
usually according to the PC99 scheme.

A common convention for wiring systems in industrial
buildings is; black jacket - AC less than 1000 volts, blue
jacket - DC or communications, orange jacket - medium
voltage 2300 or 4160 V, red jacket 13,800 volts or higher.
Red-jacketed cable is also used for fire alarm wiring, but
has a much different appearance, since it operates at rel-
atively low voltages.

Local area network cables may also have jacket colors
identifying, for example, process control network vs. of -
fice automation networks, or to identify redundant net-
work connections, but these codes vary by organization
and facility.

2.9 See also

e Color code

o Electrical wiring — AC power wiring inside build-
ings, including standard color codes
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2.11. EXTERNAL LINKS

2.11 External links
e IEC 60062 (IEC Webstore)

e 5-band Resistor Color Code Calculator

e Resistor color code calculator (Used to explore E-
ranges and color codes.)

e Guide to SMD resistor codes, including alphanu-
meric codes
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Chapter 3

Surface-mount technology

Surface-mount components on a USB flash drive's circuit board.
The small rectangular chips with numbers are resistors, while the
unmarked small rectangular chips are capacitors. The capaci-
tors and resistors pictured are 0603 (1608 metric) package sizes,
along with a very slightly larger 0805 (2012 metric) ferrite bead.
Not shown here, even smaller chip capacitors are 0402 (1005
metric) and 0201 (0603 metric) sizes.

Surface-mount capacitor

Surface-mount technology (SMT) is a method for pro-
ducing electronic circuits in which the components are
mounted or placed directly onto the surface of printed
circuit boards (PCBs). An electronic device so made is
called a surface-mount device (SMD). In the industry
it has largely replaced the through-hole technology con-
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struction method of fitting components with wire leads
into holes in the circuit board. Both technologies can be
used on the same board for components not suited to sur-
face mounting such as large transformers and heat-sinked
power semiconductors.

An SMT component is usually smaller than its through-
hole counterpart because it has either smaller leads or no
leads at all. It may have short pins or leads of various
styles, flat contacts, a matrix of solder balls (BGAs), or
terminations on the body of the component.

3.1 History

Surface mounting was
mounting”.!!!

originally called “planar

Surface-mount technology was developed in the 1960s
and became widely used in the late 1980s. Much of the
pioneering work in this technology was by IBM. The de-
sign approach first demonstrated by IBM in 1960 in a
small-scale computer was later applied in the Launch Ve-
hicle Digital Computer used in the Instrument Unit that
guided all Saturn IB and Saturn V vehicles.””! Compo-
nents were mechanically redesigned to have small metal
tabs or end caps that could be directly soldered to the sur-
face of the PCB. Components became much smaller and
component placement on both sides of a board became
far more common with surface mounting than through-
hole mounting, allowing much higher circuit densities.
Often only the solder joints hold the parts to the board,
in rare cases parts on the bottom or “second” side of the
board may be secured with a dot of adhesive to keep com-
ponents from dropping off inside reflow ovens if the part
has a large size or weight. Adhesive is sometimes used to
hold SMT components on the bottom side of a board if
a wave soldering process is used to solder both SMT and
through-hole components simultaneously. Alternatively,
SMT and through-hole components can be soldered to-
gether without adhesive if the SMT parts are first reflow-
soldered, then a selective solder mask is used to prevent
the solder holding the parts in place from reflowing and
the parts floating away during wave soldering. Surface
mounting lends itself well to a high degree of automa-
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tion, reducing labor cost and greatly increasing produc-
tion rates. SMDs can be one-quarter to one-tenth the size
and weight, and one-half to one-quarter the cost of equiv-
alent through-hole parts.

3.2 Terms

Because “surface-mount” refers to a methodology of
manufacturing, there are different terms used when re-
ferring to the different aspect of the method, which dis-
tinguishes for example the components, technique, and
machines used in manufacturing. These terms are listed
in the following table:

3.3 Assembly techniques

Assembly line with SMT placement machines

Where components are to be placed, the printed cir-
cuit board normally has flat, usually tin-lead, silver, or
gold plated copper pads without holes, called solder pads.
Solder paste, a sticky mixture of flux and tiny solder par-
ticles, is first applied to all the solder pads with a stainless
steel or nickel stencil using a screen printing process. It
can also be applied by a jet-printing mechanism, simi-
lar to an inkjet printer. After pasting, the boards then
proceed to the pick-and-place machines, where they are
placed on a conveyor belt. The components to be placed
on the boards are usually delivered to the production line
in either paper/plastic tapes wound on reels or plastic
tubes. Some large integrated circuits are delivered in
static-free trays. Numerical control pick-and-place ma-
chines remove the parts from the tapes, tubes or trays and
place them on the PCB.

The boards are then conveyed into the reflow soldering
oven. They first enter a pre-heat zone, where the temper-
ature of the board and all the components is gradually,
uniformly raised. The boards then enter a zone where the
temperature is high enough to melt the solder particles in
the solder paste, bonding the component leads to the pads
on the circuit board. The surface tension of the molten
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solder helps keep the components in place, and if the sol-
der pad geometries are correctly designed, surface tension
automatically aligns the components on their pads. There
are a number of techniques for reflowing solder. One is
to use infrared lamps; this is called infrared reflow. An-
other is to use a hot gas convection. Another technology
which is becoming popular again is special fluorocarbon
liquids with high boiling points which use a method called
vapor phase reflow. Due to environmental concerns, this
method was falling out of favor until lead-free legislation
was introduced which requires tighter controls on solder-
ing. Currently, at the end of 2008, convection soldering
is the most popular reflow technology using either stan-
dard air or nitrogen gas. Each method has its advantages
and disadvantages. With infrared reflow, the board de-
signer must lay the board out so that short components
don't fall into the shadows of tall components. Compo-
nent location is less restricted if the designer knows that
vapor phase reflow or convection soldering will be used in
production. Following reflow soldering, certain irregular
or heat-sensitive components may be installed and sol-
dered by hand, or in large-scale automation, by focused
infrared beam (FIB) or localized convection equipment.

If the circuit board is double-sided then this printing,
placement, reflow process may be repeated using either
solder paste or glue to hold the components in place. If
a wave soldering process is used, then the parts must be
glued to the board prior to processing to prevent them
from floating off when the solder paste holding them in
place is melted.

After soldering, the boards may be washed to remove flux
residues and any stray solder balls that could short out
closely spaced component leads. Rosin flux is removed
with fluorocarbon solvents, high flash point hydrocarbon
solvents, or low flash solvents e.g. limonene (derived from
orange peels) which require extra rinsing or drying cycles.
Water soluble fluxes are removed with deionized water
and detergent, followed by an air blast to quickly remove
residual water. However, most electronic assemblies are
made using a “No-Clean” process where the flux residues
are designed to be left on the circuit board [benign]. This
saves the cost of cleaning, speeds up the manufacturing
process, and reduces waste.

Certain manufacturing standards, such as those written by
the IPC - Association Connecting Electronics Industries
require cleaning regardless of the solder flux type used
to ensure a thoroughly clean board. Even no-clean flux
leaves a residue which, under IPC standards, must be re-
moved. Proper cleaning removes all traces of solder flux,
as well as dirt and other contaminants that may be invisi-
ble to the naked eye. However, while shops conforming to
IPC standard are expected to adhere to the Association’s
rules on board condition, not all manufacturing facilities
apply IPC standard, nor are they required to do so. Addi-
tionally, in some applications, such as low-end electron-
ics, such stringent manufacturing methods are excessive
both in expense and time required.
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Finally, the boards are visually inspected for missing or
misaligned components and solder bridging. If needed,
they are sent to a rework station where a human operator
repairs any errors. They are then usually sent to the test-
ing stations (in-circuit testing and/or functional testing) to
verify that they operate correctly.

3.4 Advantages

The main advantages of SMT over the older through-hole
technique are:

e Smaller components. As of 2012 smallest was 0.4
x 0.2 mm (0.016 x 0.008 in: 01005). Expected to
sample in 2013 are 0.25 x 0.125 mm (0.010 x 0.005
in, size not yet standardized)

e Much higher component density (components per
unit area) and many more connections per compo-
nent.

e Lower initial cost and time of setting up for produc-
tion.

e Fewer holes need to be drilled.

e Simpler and faster automated assembly. Some
placement machines are capable of placing more
than 136,000 components per hour.

e Small errors in component placement are corrected
automatically as the surface tension of molten solder
pulls components into alignment with solder pads.

e Components can be placed on both sides of the cir-
cuit board.

e Lower resistance and inductance at the connection;
consequently, fewer unwanted RF signal effects and
better and more predictable high-frequency perfor-
mance.

e Better mechanical performance under shake and vi-
bration conditions.

e Many SMT parts cost less than equivalent through-
hole parts.

e Better EMC performance (lower radiated emis-
sions) due to the smaller radiation loop area (be-
cause of the smaller package) and the smaller lead
inductance.!

3.5 Disadvantages

e Manual prototype assembly or component-level re-
pair is more difficult and requires skilled operators
and more expensive tools, due to the small sizes and
lead spacings of many SMDs. 4!
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e SMDs cannot be used directly with plug-in

breadboards (a quick snap-and-play prototyping
tool), requiring either a custom PCB for every
prototype or the mounting of the SMD upon
a pin-leaded carrier. For prototyping around a
specific SMD component, a less-expensive breakout
board may be used. Additionally, stripboard style
protoboards can be used, some of which include
pads for standard sized SMD components. For
prototyping, "dead bug" breadboarding can be
used.!

SMDs’ solder connections may be damaged by
potting compounds going through thermal cycling.

Solder joint dimensions in SMT quickly become
much smaller as advances are made toward ultra-
fine pitch technology. The reliability of solder joints
becomes more of a concern, as less and less solder
is allowed for each joint. Voiding is a fault com-
monly associated with solder joints, especially when
reflowing a solder paste in the SMT application. The
presence of voids can deteriorate the joint strength
and eventually lead to joint failure.[61”!

SMT is unsuitable for large, high-power, or high-
voltage parts, for example in power circuitry. It
is common to combine SMT and through-hole
construction, with transformers, heat-sinked power
semiconductors, physically large capacitors, fuses,
connectors, and so on mounted on one side of the
PCB through holes.

SMT is unsuitable as the sole attachment method for
components that are subject to frequent mechanical
stress, such as connectors that are used to interface
with external devices that are frequently attached
and detached.

3.6 Rework

Removal of surface-mount device using soldering tweezers

Main article: rework (electronics)
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Defective surface-mount components can be repaired by
using soldering irons (for some connections), or using a
non-contact rework system. In most cases a rework sys-
tem is the better choice because SMD work with a sol-
dering iron requires considerable skill and is not always
feasible. There are essentially two non-contact solder-
ing/desoldering methods: infrared soldering and solder-
ing with hot gas.

3.6.1 Infrared

With infrared soldering, the energy for heating up the sol-
der joint is transmitted by long- or short-wave infrared
electromagnetic radiation.

Benefits:

e Easy setup
e No compressed air required

e No requirement for different nozzles for many com-
ponent shapes and sizes, reducing cost and the need
to change nozzles

e Fast reaction of infrared source (depends on system
used)

Disadvantages:

e Central areas will be heated more than peripheral
areas

e Temperature control is less precise, and there may
be peaks

e Nearby components must be shielded from heat to
prevent damage, which requires additional time for
every board

e Surface temperature depends on the component’s
albedo: dark surfaces will be heated more than
lighter surfaces

e The temperature additionally depends on the sur-
face shape. Convective loss of energy will reduce
the temperature of the component

e No reflow atmosphere possible

3.6.2 Hot gas

During hot gas soldering, the energy for heating up the
solder joint is transmitted by a hot gas. This can be air or
inert gas (nitrogen).

Benefits:

e Simulating reflow oven atmosphere
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e Some systems allow switching between hot air and
nitrogen

e Standard and component-specific nozzles allow high
reliability and faster processing

e Allow reproducible soldering profiles

o Efficient heating, large amounts of heat can be trans-
ferred

e Even heating of the affected board area

e Temperature of the component will never exceed the
adjusted gas temperature

e Rapid cooling after reflow, resulting in small-
grained solder joints (depends on system used)

Disadvantages:

e Thermal capacity of the heat generator results in
slow reaction whereby thermal profiles can be dis-
torted (depends on system used)

Reworking usually corrects some type of error, either
human- or machine-generated, and includes the follow-
ing steps:

e Melt solder and remove component (s)
e Remove residual solder
e Print solder paste on PCB, directly or by dispensing

e Place new component and reflow.

Sometimes hundreds or thousands of the same part need
to be repaired. Such errors, if due to assembly, are of-
ten caught during the process. However, a whole new
level of rework arises when component failure is discov-
ered too late, and perhaps unnoticed until the end user of
the device being manufactured experiences it. Rework
can also be used if products of sufficient value to justify
it require revision or re-engineering, perhaps to change
a single firmware-based component. Reworking in large
volume requires an operation designed for that purpose.

3.7 Packages

Main article: Chip carrier

Surface-mount components are usually smaller than their
counterparts with leads, and are designed to be handled by
machines rather than by humans. The electronics industry
has standardized package shapes and sizes (the leading
standardisation body is JEDEC). These include:

The codes given in the chart below usually tell the length
and width of the components in tenths of millimeters or
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hundredths of inches. For example, a metric 2520 com-
ponent is 2.5 mm by 2.0 mm which corresponds roughly
to .10 inches by .08 inches (hence, imperial size is 1008).
Exceptions occur for imperial in the two smallest rectan-
gular passive sizes. The metric codes still represent the
dimensions in mm, even though the imperial size codes
are no longer aligned. Problematically, some manufac-
turers are developing metric 0201 components with di-
mensions of 0.25 mm x 0.125 mm (0.0098 in x 0.0049
in),’®! but the imperial 01005 name is already being used
for the 0.4 mm x 0.2 mm (0.0157 in x 0.0079 in) pack-
age.

Metric Imperial
comparison code code comparison
0.1x0.1 mm 0402 - 01005 51,0011
0603 - 0201 (10x10 mils)
1005 - 0402
1608 = 0603
imm 2012 = 0805 m
0.1x0.1in
2520 ® 1008  (100x100 mils)
3216 = 1206
3225 B 1210
4516 == 1806
4532 I 1812
e
icm 6332 HE 2512
Actual 0.5x0.5in
size (500x500 mils)

Example of component sizes, metric and imperial codes and com-
parison included

|
104

SMD capacitors (on the left) with two through-hole capacitors
(on the right)

e Two-terminal packages

e Rectangular passive components (mostly
resistors and capacitors):
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01005 (0402 metric): 0.4 mm x 0.2 mm
(0.0157 in x 0.0079 in). Typical power
rating for resistors = 0.031 watt'®!

0201 (0603 metric): 0.6 mm x 0.3 mm
(0.024 in x 0.012 in). Typical power rat-
ing for resistors = 0.05 watt!’!

0402 (1005 metric): 1.0 mm x 0.5 mm
(0.039 in x 0.020 in). Typical power rat-
ing for resistors = 0.1 ! or 0.062 watt!"!
0603 (1608 metric): 1.6 mm x 0.8 mm
(0.063 in x 0.031 in). Typical power rat-
ing for resistors = 0.1 watt!”!

0805 (2012 metric): 2.0 mm x 1.25 mm
(0.079 in x 0.049 in). Typical power rat-
ing for resistors = 0.125 watt'®!

1008 (2520 metric): 2.5 mm x 2.0 mm
(0.098 in x 0.079 in). Typical inductor
and ferrite bead package!'!!

1206 (3216 metric): 3.2 mm x 1.6 mm
(0.126 in x 0.063 in). Typical power rat-
ing for resistors = 0.25 watt'’!

1210 (3225 metric): 3.2 mm X 2.5 mm
(0.126 in x 0.098 in). Typical power rat-
ing for resistors = 0.5 watt!”!

1806 (4516 metric): 4.5 mm x 1.6 mm
(0.177 in x 0.063 in)!1?!

1812 (4532 metric): 4.5 mm X 3.2 mm
(0.18 in x 0.13 in). Typical power rating
for resistors = 0.75 watt!"!

2010 (5025 metric): 5.0 mm x 2.5 mm
(0.197 in x 0.098 in). Typical power rat-
ing for resistors = 0.75 watt'®!

2512 (6332 metric): 6.3 mm X 3.2 mm
(0.25 in x 0.13 in). Typical power rating
for resistors = 1 watt!”!

2920: 7.4 mm x 5.1 mm (0.29 in x 0.20
in)l13]

e Tantalum capacitors length (typ.) x width
(typ.) x height (max.):1141115]

EIA 2012-12 (Kemet R, AVX R): 2.0
mm X 1.3 mm x 1.2 mm

EIA 3216-10 (Kemet I, AVX K): 3.2 mm
x 1.6 mm x 1.0 mm

EIA 3216-12 (Kemet S, AVX S): 3.2 mm
x 1.6 mm x 1.2 mm

EIA 3216-18 (Kemet A, AVX A): 3.2
mm X 1.6 mm x 1.8 mm

EIA 3528-12 (Kemet T, AVX T): 3.5 mm
x 2.8 mm x 1.2 mm

EIA 3528-21 (Kemet B, AVX B): 3.5 mm
x 2.8 mm x 2.1 mm

EIA 6032-15 (Kemet U, AVX W): 6.0
mm X 3.2 mm X 1.5 mm

EIA 6032-28 (Kemet C, AVX C): 6.0
mm X 3.2 mm X 2.8 mm
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e Aluminium capacitor

EIA 7260-38 (Kemet E,
mm X 6.0 mm x 3.8 mm

EIA 7343-20 (Kemet V,
mm X 4.3 mm x 2.0 mm
EIA 7343-31 (Kemet D, AVX D): 7.3
mm X 4.3 mm x 3.1 mm
EIA 7343-43 (Kemet X,
mm X 4.3 mm X 4.3 mm
g:[161[1171[18]

AVX V): 7.3

AVX Y): 7.3

AVX E): 7.3

(Panasonic / CDE A, Chemi-Con B): 3.3
mm X 3.3 mm

(Panasonic B, Chemi-Con D): 4.3 mm x
4.3 mm

(Panasonic C, Chemi-Con E): 5.3 mm x
5.3 mm

(Panasonic D, Chemi-Con F): 6.6 mm x
6.6 mm

(Panasonic E/F, Chemi-Con H): 8.3 mm
x 8.3 mm

(Panasonic G, Chemi-Con J): 10.3 mm x
10.3 mm

(Chemi-Con K): 13.0 mm x 13.0 mm
(Panasonic H): 13.5 mm x 13.5 mm

(Panasonic J, Chemi-Con L): 17.0 mm x
17.0 mm

(Panasonic K, Chemi-Con M): 19.0 mm
%x 19.0 mm

e SOD: Small Outline Diode

SOD-723: 1.4 x 0.6 x 0.59 mm 1!

SOD-523 (SC-79): 1.25 x 0.85 x 0.65
mm [207

SOD-323 (SC-90): 1.7 x 1.25 x 0.95 mm
[21]

SOD-128: 5% 2.7 x 1.1 mm P22

SOD-123: 3.68 x 1.17 x 1.60 mm 23!
SOD-80C: 3.50 x 1.50 x More info 24

e MELF (Metal Electrode Leadless Face):
mostly resistors and diodes; barrel shaped
components, dimensions do not match those
of rectangular references for identical codes.

MicroMelf (MMU) Size 0102: length:
2.2 mm, diam.: 1.1 mm. Typical rating
for resistors = 0.2 to 0.3 watt / 150 VI®!
MiniMelf (MMA) Size 0204: length: 3.6
mm, diam.: :1.4 mm. Typical rating for
resistors = 0.25 to 0.4 watt / 200 V12!
Melf (MMB) Size 0207: length: 5.8 mm,
diam.: 2.2 mm. Typical rating for resis-
tors = 0.4 to 1 watt / 300 V{23!

e DO-214

DO-214AA (SMB): 5.30 x 3.60 x 2.25
mm (Dimension include leads) 2%
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DO-214AB (SMC): 7.95 x 590 x 2.25
mm (Dimension include leads) 7!

DO-214AC (SMA): 5.20 x 2.60 x 2.15
mm (Dimension include leads) 13!

e Three-terminal packages

e SOT: Small Outline Transistor, three termi-

nals

SOT-223: 6.7 mm x 3.7 mm x 1.8 mm
body: four terminals, one of which is a
large heat-transfer pad [>°!

SOT-89: 4.5 mm X 2.5 mm x 1.5 mm
body: four terminals, center pin is con-
nected to a large heat-transfer pad 3"
SOT-23 (SC-59, TO-236-3): 2.9 mm x
1.3/1.75 mm X 1.3 mm body: three ter-
minals for a transistor 3!

SOT-323 (SC-70): 2 mm x 1.25 mm x
0.95 mm body: three terminals (%!
SOT-416 (SC-75): 1.6 mm x 0.8 mm X
0.8 mm body: three terminals 3!
SOT-663: 1.6 mm x 1.6 mm x 0.55 mm
body: three terminals 34!

SOT-723: 1.2 mm % 0.8 mm x 0.5 mm
body: three terminals: flat lead!®>!
SOT-883 (SC-101): 1 mm x 0.6 mm X

0.5 mm body: three terminals: leadless
[36]

e DPAK (TO-252, SOT-428): Discrete Packag-

ing.
powered devices.
terminal versions

Developed by Motorola to house higher

Comes in three- or five-
[37]

e D2PAK (TO-263, SOT-404): bigger than the
DPAK; basically a surface mount equivalent of
the TO220 through-hole package. Comes in 3,
5,6, 7, 8 or 9-terminal versions 8

e D3PAK (TO-268): even larger than D2PAK

[39]

¢ Five- and six-terminal packages

e SOT: small-outline transistor, with more than
three terminals

SOT-23-5 (SOT-25, SC-74A): 2.9 mm X
1.3/1.75 mm x 1.3 mm body: five termi-
nals 1401

SOT-23-6 (SOT-26, SC-74): 2.9 mm x
1.3/1.75 mm x 1.3 mm body: six termi-
nals (4!

SOT-23-8 (SOT-28): 2.9 mm x 1.3/1.75
mm x 1.3 mm body: eight terminals 4!
SOT-353 (SC-88A): 2 mm x 1.25 mm X
0.95 mm body: five terminals 43!
SOT-363 (SC-88, SC-70-6): 2 mm X

1.25 mm x 0.95 mm body: six terminals
[44]
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SOT-563: 1.6 mm x 1.2 mm x 0.6 mm
body: six terminals !

SOT-665: 1.6 mm x 1.6 mm x 0.55 mm
body: six terminals “°!

SOT-666: 1.6 mm x 1.6 mm x 0.55 mm
body: six terminals (47!

SOT-886: 1.5 mm x 1.05 mm X 0.5 mm
body: six terminals: leadless

SOT-886: 1 mm x 1.45 mm X 0.5 mm
body: six terminals: leadless 43!

SOT-891: 1.05 mm x 1.05 mm x 0.5 mm
body: five terminals: leadless

SOT-953: 1 mm x 1 mm x 0.5 mm body:
five terminals

SOT-963: 1 mm x 1 mm x 0.5 mm body:
six terminals

SOT-1115: 0.9 mm x I mm x 0.35 mm
body: six terminals: leadless [4°!

SOT-1202: 1 mm x 1 mm X 0.35 mm
body: six terminals: leadless !
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Various SMD chips, desoldered

e Packages with more than six terminals

[51]

e Dual-in-line

o flatpack was one of the earliest surface-

mounted packages.

e SOIC: (Small-Outline Integrated Cir-

cuit), dual-in-line, 8 or more pins, gull-
wing lead form, pin spacing 1.27 mm

e SOJ: Small-Outline Package, J-Leaded,

the same as SOIC except J-leaded 5!
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MLP package 28-pin chip, upside down to show contacts

A

32-pin MQOFP chip with manually soldered wires attached for
prototyping. The same effect can be achieved using commercially
available breakout boards

TSOP: Thin Small-Outline Package,
thinner than SOIC with smaller pin
spacing of 0.5 mm

SSOP: Shrink Small-Outline Package,
pin spacing of 0.65 mm, sometimes 0.635
mm or in some cases 0.8 mm

TSSOP: Thin Shrink Small-Outline
package.

QSOP: Quarter-Size Small-Outline pack-
age, with pin spacing of 0.635 mm
VSOP: Very Small Outline Package, even
smaller than QSOP; 0.4, 0.5 mm or 0.65
mm pin spacing

DFEN: Dual Flat No-lead, smaller foot-
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print than leaded equivalent
e Quad-in-line

e PLCC: Plastic Leaded Chip Carrier,
square, J-lead, pin spacing 1.27 mm

e QFP: Quad Flat Package, various sizes,
with pins on all four sides

e LQFP: Low-profile Quad Flat Package,
1.4 mm high, varying sized and pins on
all four sides

e PQFP: Plastic Quad Flat-Pack, a square
with pins on all four sides, 44 or more pins

e CQFP: Ceramic Quad Flat-Pack, similar
to PQFP

e MQFP: Metric Quad Flat Pack, a QFP
package with metric pin distribution

e TQFP: Thin Quad Flat Pack, a thinner
version of PQFP

e QFN: Quad Flat No-lead, smaller foot-
print than leaded equivalent

e LCC: Leadless Chip Carrier, contacts are
recessed vertically to “wick-in” solder.
Common in aviation electronics because
of robustness to mechanical vibration.

e MLP (MLF): Micro Leadframe Pack-
age (Micro Lead-Frame package) with a
0.5 mm contact pitch, no leads (same as
QFN) 531

e PQFN: Power Quad Flat No-lead, with
exposed die-pad[s] for heatsinking

e Grid arrays

e PGA: Pin grid array.

e BGA: Ball Grid Array, with a square or
rectangular array of solder balls on one
surface, ball spacing typically 1.27 mm

o LGA: An array of bare lands only. Simi-
lar to in appearance to QFN, but mating is
by spring pins within a socket rather than
solder.

o FBGA: Fine pitch Ball Grid Array, with a
square or rectangular array of solder balls
on one surface

o LFBGA: Low profile Fine pitch Ball Grid
Array, with a square or rectangular array
of solder balls on one surface, ball spacing
typically 0.8 mm

e TFBGA: Thin Fine pitch Ball Grid Ar-
ray, with a square or rectangular array of
solder balls on one surface, ball spacing
typically 0.5 mm

e CGA: Column Grid Array, circuit pack-
age in which the input and output points
are high temperature solder cylinders or
columns arranged in a grid pattern.
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e CCGA: Ceramic Column Grid Array,
circuit package in which the input and
output points are high temperature solder
cylinders or columns arranged in a grid
pattern. The body of the component is
ceramic.

e uBGA: micro-BGA, with ball spacing
less than 1 mm

e LLP: Lead Less Package, a package with
metric pin distribution (0.5 mm pitch).

e Non-packaged devices (although surface-
mount, these devices require specific process
for assembly):

e COB: Chip-On-Board; a bare silicon
chip, that is usually an integrated circuit,
is supplied without a package (usually a
lead frame overmolded with epoxy) and
is attached, often with epoxy, directly to
a circuit board. The chip is then wire
bonded and protected from mechanical
damage and contamination by an epoxy
“glob-top”.

o COF: Chip-On-Flex; a variation of COB,
where a chip is mounted directly to a flex
circuit.

e COG: Chip-On-Glass; a variation of
COB, where a chip, typically a Liquid
crystal display (LCD) controller, is
mounted directly on glass:.

There are often subtle variations in package details from
manufacturer to manufacturer, and even though standard
designations are used, designers need to confirm dimen-
sions when laying out printed circuit boards.

3.8 Identification

3.8.1 Resistors

For 5% precision SMD resistors usually are marked with
their resistance values using three digits, two significant
digits and a multiplier digit. These are quite often white
lettering on a black background, but other colored back-
grounds and lettering can be used.

The black or colored coating is usually only on one face
of the device, the sides and other face simply being the
uncoated, usually white ceramic substrate. The coated
surface, with the resistive element beneath is normally po-
sitioned face up when the device is soldered to the board
although they can rarely be seen mounted with the un-
coated underside face up, whereby the resistance value
code is not visible.

For 1% precision SMD resistors, the code is used, as three
digits would otherwise not convey enough information.
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This code consists of two digits and a letter: the digits
denote the value’s position in the E96 sequence, while the
letter indicates the multiplier.

Typical examples of resistance codes
102=1000= 1,000 Q=1kQ
0R2=0.2Q

684 = 68 0000 = 680,000 Q = 680 kQ
68X =499 x 0.1 =499 Q

There is an online tool to translate codes to resistance val-
ues. Resistors are made in several types; a common types
uses a ceramic substrate. Resistance values are available
in several tolerances defined in EIA Decade Values Table

E3 50% tolerance (no longer used)

E6 20% tolerance (now seldom used)

E12 10% tolerance

E24 5% tolerance

E48 2% tolerance

E96 1% tolerance

E192 0.5, 0.25, 0.1% and higher tolerances

3.8.2 Capacitors

Non electrolytic capacitors are usually unmarked and the
only reliable method of determining their value is re-
moval from the circuit and subsequent measurement with
a capacitance meter or impedance bridge. The materials
used to fabricate the capacitors, such as Nickel Tantalate,
possess different colours and these can give an approxi-
mate idea of the capacitance of the component.

Light grey body colour indicates a capacitance
which is generally less than 100 pF.

Medium Grey colour indicates a capacitance
anywhere from 10 pF to 10 nF.

Light brown colour indicates a capacitance in a
range from 1 nF to 100 nF.

Medium brown colour indicates a capacitance
in a range from 10 nF to 1 pF.

Dark brown colour indicates a capacitance
from 100 nF to 10 pF.

Dark grey colour indicates a capacitance in the
uF range, generally 0.5 to 50 uF, or the de-
vice may be an inductor and the dark grey is
the color of the ferrite bead. (An inductor will
measure a low resistance to a multimeter on the
resistance range whereas a capacitor, out of the
circuit, will measure a near infinite resistance.)
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Generally physical size is proportional to capacitance and
voltage”2 for the same dielectric. For example, a 100 nF
50 V capacitor may come in the same package as a 10 nF
150 V device.

SMD (non electrolytic) capacitors, which are usually
monolithic ceramic capacitors, exhibit the same body
color on all four faces not covered by the end caps.

SMD electrolytic capacitors, usually tantalum capacitors,
and film capacitors are marked like resistors, with two
significant figures and a multiplier in units of pico Farads
or pF, (107!2 Farad.)

Examples
104 = 100 nF = 100,000 pF
226 =22 pF = 22,000,000 pF

The electrolytic capacitors are usually encapsulated in
black or beige epoxy resin with flat metal connecting
strips bent underneath. Some film or tantalum electrolytic
types are unmarked and possess red, orange or blue body
colors with complete end caps, not metal strips.

3.8.3 Inductors

Due to the small dimensions of SMDs, SMT inductors
are limited to values of less than about 10 mH. Smaller
inductance with moderately high current ratings are usu-
ally of the ferrite bead type. They are simply a metal con-
ductor looped through a ferrite bead and almost the same
as their through-hole versions but possess SMD end caps
rather than leads. They appear dark grey and are mag-
netic, unlike capacitors with a similar dark grey appear-
ance. These ferrite bead type are limited to small values
in the nH (nano Henry), range and are often used as power
supply rail decouplers or in high frequency parts of a cir-
cuit. Larger inductors and transformers may of course be
through-hole mounted on the same board.

SMT inductors with larger inductance values often have
turns of wire or flat strap around the body or embedded in
clear epoxy, allowing the wire or strap to be seen. Some-
times a ferrite core is present also. These higher induc-
tance types are often limited to small current ratings, al-
though some of the flat strap types can handle a few amps.

As with capacitors, component values and identifiers are
not usually marked on the component itself; if not doc-
umented or printed on the PCB, measurement, usually
removed from the circuit, is the only way of determining
them.

3.8.4 Discrete semiconductors

Discrete semiconductors, such as transistors, diodes and
F.E.T.s are often marked with a two- or three-symbol
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code in which the same code marked on different pack-
ages or on devices made by different manufacturers can
translate to different devices.

Many of these codes, used because the devices are too
small to be marked with more traditional numbers used
on through-hole equivalent devices, correlate to more fa-
miliar traditional part numbers when a correlation list is
consulted.

GM4PMK in the United Kingdom has prepared a
correlation list, and a similar .pdf list is also available,
although these lists are not complete.

3.8.5 Integrated circuits

Generally, integrated circuit packages are large enough
to be imprinted with the complete part number which in-
cludes the manufacturer’s specific prefix, or a significant
segment of the part number and the manufacturer’s name
or logo.

Examples of manufacturers’ specific prefixes:

e Philips HEF4066 or  Motorola
MC14066. (a 4066 Quad Analog
Switch.)

e Fujitsu Electric FA5502. (a 5502M
Boost Architecture Power factor correc-
tion controller.)

3.9 See also

Board to board connectors

e Chip carrier

e Electronics

e Electronics Manufacturing Services

e List of electronics package dimensions
e Plastic leaded chip carrier

e Point-to-point construction

e Printed circuit board

e ROHS

e SMT placement equipment

e Through-hole technology

e Wire wrap
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Chapter 4

Operational amplifier

An operational amplifier (op-amp) is a DC-coupled
high-gain electronic voltage amplifier with a differential
input and, usually, a single-ended output.!) In this config-
uration, an op-amp produces an output potential (relative
to circuit ground) that is typically hundreds of thousands
of times larger than the potential difference between its
input terminals.!?’

Operational amplifiers had their origins in analog com-
puters, where they were used to do mathematical opera-
tions in many linear, non-linear and frequency-dependent
circuits. Characteristics of a circuit using an op-amp
are set by external components with little dependence on
temperature changes or manufacturing variations in the
op-amp itself, which makes op-amps popular building
blocks for circuit design.

Op-amps are among the most widely used electronic de-
vices today, being used in a vast array of consumer, in-
dustrial, and scientific devices. Many standard IC op-
amps cost only a few cents in moderate production vol-
ume; however some integrated or hybrid operational am-
plifiers with special performance specifications may cost
over $100 US in small quantities.®’ Op-amps may be
packaged as components, or used as elements of more
complex integrated circuits.

The op-amp is one type of differential amplifier. Other
types of differential amplifier include the fully differen-
tial amplifier (similar to the op-amp, but with two out-
puts), the instrumentation amplifier (usually built from
three op-amps), the isolation amplifier (similar to the in-
strumentation amplifier, but with tolerance to common-
mode voltages that would destroy an ordinary op-amp),
and negative feedback amplifier (usually built from one
or more op-amps and a resistive feedback network).

4.1 Operation

The amplifier’s differential inputs consist of a non-
inverting input (+) with voltage V., and an inverting input
(=) with voltage V_; ideally the op-amp amplifies only the
difference in voltage between the two, which is called the
differential input voltage. The output voltage of the op-
amp V, is given by the equation:
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VOUt

An op-amp without negative feedback (a comparator)

Vou = Aor (Vi — V1)

where AOL is the open-loop gain of the amplifier (the
term “open-loop” refers to the absence of a feedback loop
from the output to the input).

4.1.1 Open loop amplifier

The magnitude of AOL is typically very large—100,000
or more for integrated circuit op-amps—and therefore
even a quite small difference between V, and V_ drives
the amplifier output nearly to the supply voltage. Situ-
ations in which the output voltage is equal to or greater
than the supply voltage are referred to as saturation of the
amplifier. The magnitude of AOL is not well controlled
by the manufacturing process, and so it is impractical to
use an operational amplifier as a stand-alone differential
amplifier.

Without negative feedback, and perhaps with positive
feedback for regeneration, an op-amp acts as a
comparator. If the inverting input is held at ground (0
V) directly or by a resistor R,, and the input voltage Vi,
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applied to the non-inverting input is positive, the output
will be maximum positive; if V;, is negative, the output
will be maximum negative. Since there is no feedback
from the output to either input, this is an open loop cir-
cuit acting as a comparator.

4.1.2 Closed loop

An op-amp with negative feedback (a non-inverting amplifier)

If predictable operation is desired, negative feedback is
used, by applying a portion of the output voltage to the
inverting input. The closed loop feedback greatly re-
duces the gain of the circuit. When negative feedback
is used, the circuit’s overall gain and response becomes
determined mostly by the feedback network, rather than
by the op-amp characteristics. If the feedback network is
made of components with values small relative to the op
amp’s input impedance, the value of the op-amp’s open
loop response AOL does not seriously affect the circuit’s
performance. The response of the op-amp circuit with its
input, output, and feedback circuits to an input is charac-
terized mathematically by a transfer function; designing
an op-amp circuit to have a desired transfer function is
in the realm of electrical engineering. The transfer func-
tions are important in most applications of op-amps, such
as in analog computers. High input impedance at the in-
put terminals and low output impedance at the output ter-
minal(s) are particularly useful features of an op-amp.

In the non-inverting amplifier on the right, the presence
of negative feedback via the voltage divider Ry, R, deter-
mines the closed-loop gain ACL =V, / Vi,. Equilibrium
will be established when V, is just sufficient to “reach
around and pull” the inverting input to the same voltage
as Vi,. The voltage gain of the entire circuit is thus 1 +
Ri/Rg. As a simple example, if Vi; =1V and Ry = R,,
Vour Will be 2 V, exactly the amount required to keep V-
at 1 V. Because of the feedback provided by the R¢, R,
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network, this is a closed loop circuit.

Another way to analyze this circuit proceeds by making
the following (usually valid) assumptions:!

e When an op-amp operates in linear (i.e., not satu-
rated) mode, the difference in voltage between the
non-inverting (+) pin and the inverting (—) pin is
negligibly small.

e The input impedance between (+) and (—) pins is
much larger than other resistances in the circuit.

The input signal V;, appears at both (+) and (-) pins, re-
sulting in a current i through R, equal to V;,/R,.

Vin

= R,
Since Kirchhoff’s current law states that the same current
must leave a node as enter it, and since the impedance into
the (—) pin is near infinity, we can assume practically all
of the same current i flows through Ry, creating an output
voltage

. Vi
Vou = V}n""ZXRf = ‘/1n+<]%1; X Rf) = Vin+ Rg

By combining terms, we determine the closed-loop gain
ACL:

4.2 Op-amp characteristics

4.2.1 Ideal op-amps

out

An equivalent circuit of an operational amplifier that models
some resistive non-ideal parameters.

An ideal op-amp is usually considered to have the follow-
ing properties:

‘/inXRf_

R
Vin <1+Rj

£
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o Infinite open-loop gain G = vy / 'vin

o Infinite input impedance Ry, and so zero input cur-
rent

e Zero input offset voltage
¢ Infinite voltage range available at the output

o Infinite bandwidth with zero phase shift and infinite
slew rate

e Zero output impedance Ry
e Zero noise
o Infinite Common-mode rejection ratio (CMRR)

o Infinite Power supply rejection ratio.

These ideals can be summarized by the two “golden
rules":

I. The output attempts to do whatever is nec-
essary to make the voltage difference between
the inputs zero.

II. The inputs draw no current.1177

The first rule only applies in the usual case where the op-
amp is used in a closed-loop design (negative feedback,
where there is a signal path of some sort feeding back
from the output to the inverting input). These rules are
commonly used as a good first approximation for analyz-
ing or designing op-amp circuits.>1177

None of these ideals can be perfectly realized. A real
op-amp may be modeled with non-infinite or non-zero
parameters using equivalent resistors and capacitors in
the op-amp model. The designer can then include these
effects into the overall performance of the final circuit.
Some parameters may turn out to have negligible effect
on the final design while others represent actual limita-
tions of the final performance that must be evaluated.

4.2.2 Real op-amps

Real op-amps differ from the ideal model in various as-
pects.

DC imperfections

Real operational amplifiers suffer from several non-ideal
effects:

Finite gain Open-loop gain is infinite in the ideal oper-
ational amplifier but finite in real operational am-
plifiers. Typical devices exhibit open-loop DC gain
ranging from 100,000 to over 1 million. So long
as the loop gain (i.e., the product of open-loop and
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feedback gains) is very large, the circuit gain will be
determined entirely by the amount of negative feed-
back (i.e., it will be independent of open-loop gain).
In cases where closed-loop gain must be very high,
the feedback gain will be very low, and the low feed-
back gain causes low loop gain; in these cases, the
operational amplifier will cease to behave ideally.

Finite input impedances The  differential  input
impedance of the operational amplifier is defined as
the impedance between its two inputs; the common-
mode input impedance is the impedance from each
input to ground. MOSFET-input operational ampli-
fiers often have protection circuits that effectively
short circuit any input differences greater than a
small threshold, so the input impedance can appear
to be very low in some tests. However, as long as
these operational amplifiers are used in a typical
high-gain negative feedback application, these
protection circuits will be inactive. The input bias
and leakage currents described below are a more
important design parameter for typical operational
amplifier applications.

Non-zero output impedance Low output impedance is
important for low-impedance loads; for these loads,
the voltage drop across the output impedance effec-
tively reduces the open loop gain. In configurations
with a voltage-sensing negative feedback, the output
impedance of the amplifier is effectively lowered;
thus, in linear applications, op-amp circuits usually
exhibit a very low output impedance indeed.

Low-impedance outputs typically require high quiescent
(i.e., idle) current in the output stage and will dis-
sipate more power, so low-power designs may pur-
posely sacrifice low output impedance.

Input current Due to biasing requirements or leakage, a
small amount of current (typically ~10 nanoamperes
for bipolar op-amps, tens of picoamperes (pA) for
JFET input stages, and only a few pA for MOSFET
input stages) flows into the inputs. When large re-
sistors or sources with high output impedances are
used in the circuit, these small currents can produce
large unmodeled voltage drops. If the input currents
are matched, and the impedance looking out of both
inputs are matched, then the voltages produced at
each input will be equal. Because the operational
amplifier operates on the difference between its in-
puts, these matched voltages will have no effect. It
is more common for the input currents to be slightly
mismatched. The difference is called input offset
current, and even with matched resistances a small
offset voltage (different from the input offset volt-
age below) can be produced. This offset voltage can
create offsets or drifting in the operational amplifier.
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Input offset voltage This voltage, which is what is re-

quired across the op-amp’s input terminals to drive
the output voltage to zero,'®"™ 1l is related to the
mismatches in input bias current. In the perfect am-
plifier, there would be no input offset voltage. How-
ever, it exists in actual op-amps because of imper-
fections in the differential amplifier that constitutes
the input stage of the vast majority of these devices.
Input offset voltage creates two problems: First, due
to the amplifier’s high voltage gain, it virtually as-
sures that the amplifier output will go into satura-
tion if it is operated without negative feedback, even
when the input terminals are wired together. Sec-
ond, in a closed loop, negative feedback configura-
tion, the input offset voltage is amplified along with
the signal and this may pose a problem if high pre-
cision DC amplification is required or if the input
signal is very small.["®2!

Common-mode gain A perfect operational amplifier

amplifies only the voltage difference between its
two inputs, completely rejecting all voltages that are
common to both. However, the differential input
stage of an operational amplifier is never perfect,
leading to the amplification of these common volt-
ages to some degree. The standard measure of this
defect is called the common-mode rejection ratio
(denoted CMRR). Minimization of common mode
gain is usually important in non-inverting amplifiers
(described below) that operate at high amplification.

Power-supply rejection The output of a perfect opera-

tional amplifier will be completely independent from
ripples that arrive on its power supply inputs. Ev-
ery real operational amplifier has a specified power
supply rejection ratio (PSRR) that reflects how well
the op-amp can reject changes in its supply voltage.
Copious use of bypass capacitors can improve the
PSRR of many devices, including the operational
amplifier.

Temperature effects All parameters change with tem-

perature. Temperature drift of the input offset volt-
age is especially important.

Drift Real op-amp parameters are subject to slow

change over time and with changes in temperature,
input conditions, etc.

Noise Amplifiers generate random voltage at the output

even when there is no signal applied. This can be due
to thermal noise and flicker noise of the devices. For
applications with high gain or high bandwidth, noise
becomes a very important consideration.
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AC imperfections

The op-amp gain calculated at DC does not apply at
higher frequencies. Thus, for high-speed operation, more
sophisticated considerations must be used in an op-amp
circuit design.

Finite bandwidth All amplifiers have finite bandwidth.
To a first approximation, the op-amp has the fre-
quency response of an integrator with gain. That
is, the gain of a typical op-amp is inversely propor-
tional to frequency and is characterized by its gain—
bandwidth product (GBWP). For example, an op-
amp with a GBWP of 1 MHz would have a gain of
5 at 200 kHz, and a gain of 1 at 1 MHz. This dy-
namic response coupled with the very high DC gain
of the op-amp gives it the characteristics of a first-
order low-pass filter with very high DC gain and low
cutoff frequency given by the GBWP divided by the
DC gain.

The finite bandwidth of an op-amp can be the
source of several problems, including:

e Stability. Associated with the band-
width limitation is a phase difference be-
tween the input signal and the amplifier
output that can lead to oscillation in some
feedback circuits. For example, a si-
nusoidal output signal meant to interfere
destructively with an input signal of the
same frequency will interfere construc-
tively if delayed by 180 degrees form-
ing positive feedback. In these cases,
the feedback circuit can be stabilized by
means of frequency compensation, which
increases the gain or phase margin of the
open-loop circuit. The circuit designer
can implement this compensation exter-
nally with a separate circuit component.
Alternatively, the compensation can be
implemented within the operational am-
plifier with the addition of a dominant
pole that sufficiently attenuates the high-
frequency gain of the operational am-
plifier. The location of this pole may
be fixed internally by the manufacturer
or configured by the circuit designer us-
ing methods specific to the op-amp. In
general, dominant-pole frequency com-
pensation reduces the bandwidth of the
op-amp even further. When the desired
closed-loop gain is high, op-amp fre-
quency compensation is often not needed
because the requisite open-loop gain is
sufficiently low; consequently, applica-
tions with high closed-loop gain can make
use of op-amps with higher bandwidths.
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e Noise, Distortion, and Other Effects.
Reduced bandwidth also results in lower
amounts of feedback at higher frequen-
cies, producing higher distortion, noise,
and output impedance and also reduced
output phase linearity as the frequency in-
creases.

Typical low-cost, general-purpose op-amps ex-
hibit a GBWP of a few megahertz. Specialty
and high-speed op-amps exist that can achieve
a GBWP of hundreds of megahertz. For very
high-frequency circuits, a current-feedback op-
erational amplifier is often used.

Input capacitance Most important for high frequency
operation because it further reduces the open-loop
bandwidth of the amplifier.

Common-mode gain See DC imperfections, above.

Non-linear imperfections

The input (yellow) and output (green) of a saturated op amp in
an inverting amplifier

Saturation Output voltage is limited to a minimum
and maximum value close to the power supply
voltages.[™® 3 The output of older op-amps can reach
to within one or two volts of the supply rails. The
output of newer so-called “rail to rail” op-amps can
reach to within millivolts of the supply rails when
providing low output currents.

Slewing The amplifier’s output voltage reaches its maxi-
mum rate of change, the slew rate, usually specified
in volts per microsecond. When slewing occurs, fur-
ther increases in the input signal have no effect on
the rate of change of the output. Slewing is usu-
ally caused by the input stage saturating; the result
is a constant current i driving a capacitance C in the
amplifier (especially those capacitances used to im-
plement its frequency compensation); the slew rate
is limited by dv/dt=i/C.
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Slewing is associated with the large-signal per-
formance of an op-amp. Consider for, exam-
ple an op-amp configured for a gain of 10. Let
the input be a 1 V, 100 kHz sawtooth wave.
That is, the amplitude is 1 V and the period
is 10 microseconds. Accordingly, the rate of
change (i.e., the slope) of the input is 0.1 V
per microsecond. After 10x amplification, the
output should be a 10 V, 100 kHz sawtooth,
with a corresponding slew rate of 1 V per mi-
crosecond. However, the classic 741 op-amp
has a 0.5 V per microsecond slew rate speci-
fication, so that its output can rise to no more
than 5 V in the sawtooth’s 10 microsecond pe-
riod. Thus, if one were to measure the output,
it would be a 5 V, 100 kHz sawtooth, rather
than a 10 V, 100 kHz sawtooth.

Next consider the same amplifier and 100 kHz
sawtooth, but now the input amplitude is 100
mV rather than 1 V. After 10x amplification
the output is a 1 V, 100 kHz sawtooth with a
corresponding slew rate of 0.1 V per microsec-
ond. In this instance the 741 with its 0.5 V per
microsecond slew rate will amplify the input

properly.

Modern high speed op-amps can have slew
rates in excess of 5,000 V per microsecond.
However, it is more common for op-amps to
have slew rates in the range 5-100 V per mi-
crosecond. For example, the general purpose
TLO81 op-amp has a slew rate of 13 V per mi-
crosecond. As a general rule, low power and
small bandwidth op-amps have low slew rates.
As an example, the LT1494 micropower op-
amp consumes 1.5 microamp but has a 2.7 kHz
gain-bandwidth product and a 0.001 V per mi-
crosecond slew rate.

Non-linear input-output relationship The output

voltage may not be accurately proportional to
the difference between the input voltages. It is
commonly called distortion when the input signal
is a waveform. This effect will be very small in a
practical circuit where substantial negative feedback
is used.

Phase reversal In some integrated op-amps, when the

published common mode voltage is violated (e.g. by
one of the inputs being driven to one of the supply
voltages), the output may slew to the opposite polar-
ity from what is expected in normal operation.[8!
Under such conditions, negative feedback becomes
positive, likely causing the circuit to “lock up” in that
state.


https://en.wikipedia.org/wiki/Current-feedback_operational_amplifier
https://en.wikipedia.org/wiki/Current-feedback_operational_amplifier
https://en.wikipedia.org/wiki/Capacitance
https://en.wikipedia.org/wiki/Clipping_(signal_processing)
https://en.wikipedia.org/wiki/Power_supply
https://en.wikipedia.org/wiki/Slew_rate
https://en.wikipedia.org/wiki/Frequency_compensation
https://en.wikipedia.org/wiki/Linear

34

Power considerations

Limited output current The output current must be fi-
nite. In practice, most op-amps are designed to limit
the output current so as not to exceed a specified
level — around 25 mA for a type 741 IC op-amp —
thus protecting the op-amp and associated circuitry
from damage. Modern designs are electronically
more rugged than earlier implementations and some
can sustain direct short circuits on their outputs with-
out damage.

Output sink current The output sink current is the
maximum current allowed to sink into the output
stage. Some manufacturers show the output voltage
vs. the output sink current plot, which gives an idea
of the output voltage when it is sinking current from
another source into the output pin.

Limited dissipated power The output current flows
through the op-amp’s internal output impedance,
dissipating heat. If the op-amp dissipates too much
power, then its temperature will increase above
some safe limit. The op-amp may enter thermal
shutdown, or it may be destroyed.

Modern integrated FET or MOSFET op-amps approx-
imate more closely the ideal op-amp than bipolar ICs
when it comes to input impedance and input bias cur-
rents. Bipolars are generally better when it comes to input
voltage offset, and often have lower noise. Generally, at
room temperature, with a fairly large signal, and limited
bandwidth, FET and MOSFET op-amps now offer better
performance.

4.3 Internal circuitry of 741-type
op-amp

Jon-inverting
input ===

A component-level diagram of the common 741 op-amp. Dotted
lines outline: current mirrors (red); differential amplifier (blue);
class A gain stage (magenta), voltage level shifter (green); output
stage (cyan).

Sourced by many manufacturers, and in multiple similar
products, an example of a bipolar transistor operational
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amplifier is the 741 integrated circuit designed by Dave
Fullagar at Fairchild Semiconductor after Bob Widlar's
LM301 integrated circuit design.””’ In this discussion, we
use the parameters of the Hybrid-pi model to character-
ize the small-signal, grounded emitter characteristics of a
transistor. In this model, the current gain of a transistor
is denoted Ay, more commonly called the §.1!!

4.3.1 Architecture

A small-scale integrated circuit, the 741 op-amp shares
with most op-amps an internal structure consisting of
three gain stages:

1. Differential amplifier (outlined blue) — provides
high differential amplification (gain), with rejec-
tion of common-mode signal, low noise, high input
impedance, and drives a

2. Voltage amplifier (outlined magenta) — provides
high voltage gain, a single-pole frequency roll-off,
and in turn drives the

3. Output amplifier (outlined cyan and green) — pro-
vides high current gain (low output impedance),
along with output current limiting, and output short-
circuit protection.

Additionally, it contains current mirror (outlined red) bias
circuitry and a gain-stabilization capacitor (30 pF).

Differential amplifier

A cascaded differential amplifier followed by a current-
mirror active load, the input stage (outlined in blue) is a
transconductance amplifier, turning a differential voltage
signal at the bases of Q1, Q2 into a current signal into the
base of Q15.

It entails two cascaded transistor pairs, satisfying conflict-
ing requirements. The first stage consists of the matched
NPN emitter follower pair Q1, Q2 that provide high input
impedance. The second is the matched PNP common-
base pair Q3, Q4 that eliminates the undesirable Miller
effect; it drives an active load Q7 plus matched pair QS,

Q6.

That active load is implemented as a modified Wilson
current mirror; its role is to convert the (differential) in-
put current signal to a single-ended signal without the at-
tendant 50% losses (increasing the op-amp’s open-loop
gain by 3 dB).I"°# Thus, a small-signal differential cur-
rent in Q3 versus Q4 appears summed (doubled) at the
base of Q15, the input of the voltage gain stage.

Voltage amplifier

The (class-A) voltage gain stage (outlined in magenta)
consists of the two NPN transistors Q15/Q19 connected
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4.3. INTERNAL CIRCUITRY OF 741-TYPE OP-AMP

in a Darlington configuration and uses the output side of
current mirror Q12/Q13 as its collector (dynamic) load to
achieve its high voltage gain. The output sink transistor
Q20 receives its base drive from the common collectors
of Q15 and Q19; the level-shifter Q16 provides base drive
for the output source transistor Q14. .

The transistor Q22 prevents this stage from delivering ex-
cessive current to Q20 and thus limits the output sink cur-
rent.

Output amplifier

The output stage (Q14, Q20, outlined in cyan) is a Class
AB push-pull emitter follower amplifier. It provides an
output drive with impedance of ~50€2, in essence, cur-
rent gain. Transistor Q16 (outlined in green) provides
the quiescent current for the output transistors, and Q17
provides output current limiting.

4.3.2 Biasing circuits

Provide appropriate quiescent current for each stage of
the op-amp.

The resistor (39 kQ) connecting the (diode-connected)
Q11 and Q12, and the given supply voltage (VS.—VS_),
determine the current in the current mirrors, (matched
pairs) Q10/Q11 and Q12/Q13. The collector current of
Q11,17 *39kQ = VS, — VS_ -2 VBE. For the typical
VS =120V, the standing current in Q11/Q12 (as well as
in Q13) would be ~1 mA. A supply current for a typical
741 of about 2 mA agrees with the notion that these two
bias currents dominate the quiescent supply current.

Transistors Q11 and Q10 form a Widlar current mirror,
with quiescent current in Q10 iy such that In( i17 / i19 )
=i10 * 5 kQ /28 mV, where 5 kQ represents the emitter
resistor of Q10, and 28 mV is VT, the thermal voltage at
room temperature. In this case i1g = 20 pA.

Differential amplifier

The biasing circuit of this stage is set by a feedback
loop that forces the collector currents of Q10 and Q9 to
(nearly) match. The small difference in these currents
provides the drive for the common base of Q3/Q4 (note
that the base drive for input transistors Q1/Q2 is the in-
put bias current and must be sourced externally). The
summed quiescent currents of Q1/Q3 plus Q2/Q4 is mir-
rored from Q8 into Q9, where it is summed with the col-
lector current in Q10, the result being applied to the bases
of Q3/Q4.

The quiescent currents of Q1/Q3 (resp., Q2/Q4) i; will
thus be half of iy, of order ~ 10 pA. Input bias cur-
rent for the base of Q1 (resp. Q2) will amount to i1 / 3;
typically =50 nA, implying a current gain A =~ 200 for
Q1(Q2).
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This feedback circuit tends to draw the common base
node of Q3/Q4 to a voltage V.om — 2 * VBE, where Vo
is the input common-mode voltage. At the same time, the
magnitude of the quiescent current is relatively insensitive
to the characteristics of the components Q1-Q4, such as
hie, that would otherwise cause temperature dependence
or part-to-part variations.

Transistor Q7 drives Q5 and Q6 into conduction until
their (equal) collector currents match that of Q1/Q3 and
Q2/Q4. The quiescent current in Q7 is VBE / 50 kQ,
about 35uA, as is the quiescent current in Q15, with its
matching operating point. Thus, the quiescent currents
are pairwise matched in Q1/Q2, Q3/Q4, Q5/Q6, and
Q7/Ql5.

Voltage amplifier

Quiescent currents in Q16 and Q19 are set by the current
mirror Q12/Q13, which is running at ~ 1 mA. Through
some (?) mechanism, the collector current in Q19 tracks
that standing current.

Output amplifier

In the circuit involving Q16 (variously named rubber
diode or VBE multiplier), the 4.5 kQ resistor must be
conducting about 100 uA, with the Q16 VBE roughly
700 mV. Then the VCB must be about 0.45 V and VCE at
about 1.0 V. Because the Q16 collector is driven by a cur-
rent source and the Q16 emitter drives into the Q19 col-
lector current sink, the Q16 transistor establishes a volt-
age difference between Q14 base and Q20 base of ~ 1
V, regardless of the common-mode voltage of Q14/Q20
base. The standing current in Q14/Q20 will be a factor
exp(100 mV / VT ) = 36 smaller than the 1 mA quies-
cent current in the class A portion of the op amp. This
(small) standing current in the output transistors estab-
lishes the output stage in class AB operation and reduces
the crossover distortion of this stage.

4.3.3 Small-signal differential mode

A small differential input voltage signal gives rise, through
multiple stages of current amplification, to a much larger
voltage signal on output.

Input impedance

The input stage with Q1 and Q3 is similar to an emitter-
coupled pair (long-tailed pair), with Q2 and Q4 adding
some degenerating impedance. The input impedance
is relatively high because of the small current through
Q1-Q4. A typical 741 op amp has an differential in-
put impedance of about 2 MQ. The common mode input
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impedance is even higher, as the input stage works at an
essentially constant current.

Differential amplifier

A differential voltage V1, at the op-amp inputs (pins 3 and
2, respectively) gives rise to a small differential current in
the bases of Q1 and Q2 i, = VI, / ( 2 hje * hg). This
differential base current causes a change in the differential
collector current in each leg by il * hg. Introducing the
transconductance of Q1, gm = hg, / hie, the (small-signal)
current at the base of Q15 (the input of the voltage gain
stage) is VI, * gm / 2.

This portion of the op amp cleverly changes a differen-
tial signal at the op amp inputs to a single-ended signal at
the base of Q15, and in a way that avoids wastefully dis-
carding the signal in either leg. To see how, notice that
a small negative change in voltage at the inverting input
(Q2 base) drives it out of conduction, and this incremen-
tal decrease in current passes directly from Q4 collector
to its emitter, resulting in an decrease in base drive for
QI15. On the other hand, a small positive change in volt-
age at the non-inverting input (Q1 base) drives this tran-
sistor into conduction, reflected in an increase in current
at the collector of Q3. This current drives Q7 further into
conduction, which turns on current mirror Q5/Q6. Thus,
the increase in Q3 emitter current is mirrored in an in-
crease in Q6 collector current, resulting also in a decrease
in base drive for Q15. Besides avoiding wasting 3 dB of
gain here, this technique decreases common-mode gain
and feedthrough of power supply noise.

Voltage amplifier

A current signal i at Q15’s base gives rise to a current
in Q19 of order i * B2 (the product of the Ay of each
of Q15 and Q19, which are connected in a Darlington
pair). This current signal develops a voltage at the bases
of output transistors Q14/Q20 proportional to the A, of
the respective transistor.

Output amplifier

Output transistors Q14 and Q20 are each configured as an
emitter follower, so no voltage gain occurs there; instead,
this stage provides current gain, equal to the A of Q14
(resp. Q20).

The output impedance is not zero, as it would be in an
ideal op-amp, but with negative feedback it approaches
zero at low frequencies.

Overall open-loop voltage gain

The net open-loop small-signal voltage gain of the op amp
involves the product of the current gain ¢, of some 4 tran-
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sistors. In practice, the voltage gain for a typical 741-style
op amp is of order 200,000, and the current gain, the ra-
tio of input impedance (=2—-6 MQ) to output impedance
(=50€Q) provides yet more (power) gain.

4.3.4 Other linear characteristics
Small-signal common mode gain

The ideal op amp has infinite common-mode rejection
ratio, or zero common-mode gain.

In the present circuit, if the input voltages change in the
same direction, the negative feedback makes Q3/Q4 base
voltage follow (with 2 VBE below) the input voltage vari-
ations. Now the output part (Q10) of Q10-Q11 current
mirror keeps up the common current through Q9/Q8 con-
stant in spite of varying voltage. Q3/Q4 collector cur-
rents, and accordingly the output current at the base of
QI15, remain unchanged.

In the typical 741 op amp, the common-mode rejection
ratio is 90 dB, implying an open-loop common-mode
voltage gain of about 6.

Frequency compensation

The innovation of the Fairchild pA741 was the introduc-
tion of frequency compensation via an on-chip (mono-
lithic) capacitor, simplifying application of the op amp
by eliminating the need for external components for this
function. The 30 pF capacitor stabilizes the amplifier via
Miller compensation and functions in a manner similar
to an op-amp integrator circuit. Also known as 'domi-
nant pole compensation' because it introduces a pole that
masks (dominates) the effects of other poles into the open
loop frequency response; in a 741 op amp this pole can
be as low as 10 Hz (where it causes a —3 dB loss of open
loop voltage gain).

This internal compensation is provided to achieve un-
conditional stability of the amplifier in negative feed-
back configurations where the feedback network is non-
reactive and the closed loop gain is unity or higher.
By contrast, amplifiers requiring external compensation,
such as the uA748, may require external compensation
or closed-loop gains significantly higher than unity.

Input offset voltage

The “offset null” pins may be used to place external re-
sistors (typically in the form of the two ends of a poten-
tiometer, with the slider connected to VS-) in parallel
with the emitter resistors of Q5 and Q6, to adjust the bal-
ance of the Q5/Q6 current mirror. The potentiometer is
adjusted such that the output is null (midrange) when the
inputs are shorted together.
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4.3.5 Non-linear characteristics
Input breakdown voltage

The transistors Q3, Q4 help to increase the reverse VBE
rating: the base-emitter junctions of the NPN transistors
Q1 and Q2 break down at around 7V, but the PNP tran-
sistors Q3 and Q4 have VBE breakdown voltages around
50 .1

Output-stage voltage swing and current limiting

Variations in the quiescent current with temperature, or
between parts with the same type number, are common,
so crossover distortion and quiescent current may be sub-
ject to significant variation.

The output range of the amplifier is about one volt less
than the supply voltage, owing in part to VBE of the out-
put transistors Q14 and Q20.

The 25 Q resistor at the Q14 emitter, along with Q17,
acts to limit Q14 current to about 25 mA; otherwise, Q17
conducts no current.

Current limiting for Q20 is performed in the voltage gain
stage: Q22 senses the voltage across Q19’s emitter resis-
tor (50Q); as it turns on, it diminishes the drive current to
Q15 base.

Later versions of this amplifier schematic may show a
somewhat different method of output current limiting.

4.3.6 Applicability considerations

Note: while the 741 was historically used in audio and
other sensitive equipment, such use is now rare because
of the improved noise performance of more modern op-
amps. Apart from generating noticeable hiss, 741s and
other older op-amps may have poor common-mode rejec-
tion ratios and so will often introduce cable-borne mains
hum and other common-mode interference, such as switch
‘clicks’, into sensitive equipment.

The “741” has come to often mean a generic op-amp IC
(such as uA741, LM301, 558, LM324, TBA221 —ora
more modern replacement such as the TLO71). The de-
scription of the 741 output stage is qualitatively similar
for many other designs (that may have quite different in-
put stages), except:

e Some devices (WA748, LM301, LM308) are not in-
ternally compensated (require an external capacitor
from output to some point within the operational
amplifier, if used in low closed-loop gain applica-
tions).

e Some modern devices have “rail-to-rail output” ca-
pability, meaning that the output can range from
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within a few millivolts of the positive supply volt-
age to within a few millivolts of the negative supply
voltage.

4.4 Classification

Op-amps may be classified by their construction:

e discrete (built from individual transistors or

tubes/valves)

e [C (fabricated in an Integrated circuit) — most com-
mon

e hybrid
IC op-amps may be classified in many ways, including:

e Military, Industrial, or Commercial grade (for ex-
ample: the LM301 is the commercial grade version
of the LM101, the LM201 is the industrial version).
This may define operating temperature ranges and
other environmental or quality factors.

e (lassification by package type may also affect envi-
ronmental hardiness, as well as manufacturing op-
tions; DIP, and other through-hole packages are
tending to be replaced by surface-mount devices.

e (Classification by internal compensation: op-amps
may suffer from high frequency instability in some
negative feedback circuits unless a small compen-
sation capacitor modifies the phase and frequency
responses. Op-amps with a built-in capacitor are
termed "compensated", or perhaps compensated for
closed-loop gains down to (say) 5. All others are
considered uncompensated.

o Single, dual and quad versions of many commercial
op-amp IC are available, meaning 1, 2 or 4 opera-
tional amplifiers are included in the same package.

e Rail-to-rail input (and/or output) op-amps can work
with input (and/or output) signals very close to the
power supply rails.

e CMOS op-amps (such as the CA3140E) provide ex-
tremely high input resistances, higher than JFET-
input op-amps, which are normally higher than
bipolar-input op-amps.

e other varieties of op-amp include programmable op-
amps (simply meaning the quiescent current, gain,
bandwidth and so on can be adjusted slightly by an
external resistor).

e manufacturers often tabulate their op-amps accord-
ing to purpose, such as low-noise pre-amplifiers,
wide bandwidth amplifiers, and so on.
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4.5 Applications

.4
Offset Null E .741 Op. Amp. |3

Inverting (=) | 2 ==t N —=====- 7 | V+ (Power)
Non-Inverting (+) | 3 H 6 | Output
1
1
1
(Power) V—| 4 fp=mmmmn H 5 | Offset Null

DIP pinout for 741-type operational amplifier

Main article: Operational amplifier applications

4.5.1 Use in electronics system design

The use of op-amps as circuit blocks is much easier and
clearer than specifying all their individual circuit ele-
ments (transistors, resistors, etc.), whether the amplifiers
used are integrated or discrete circuits. In the first ap-
proximation op-amps can be used as if they were ideal
differential gain blocks; at a later stage limits can be
placed on the acceptable range of parameters for each
op-amp.

Circuit design follows the same lines for all electronic cir-
cuits. A specification is drawn up governing what the cir-
cuit is required to do, with allowable limits. For example,
the gain may be required to be 100 times, with a tolerance
of 5% but drift of less than 1% in a specified temperature
range; the input impedance not less than one megohm;
etc.

A basic circuit is designed, often with the help of circuit
modeling (on a computer). Specific commercially avail-
able op-amps and other components are then chosen that
meet the design criteria within the specified tolerances at
acceptable cost. If not all criteria can be met, the speci-
fication may need to be modified.

A prototype is then built and tested; changes to meet or
improve the specification, alter functionality, or reduce
the cost, may be made.

4.5.2 Applications without using any feed-
back

That is, the op-amp is being used as a voltage comparator.
Note that a device designed primarily as a comparator
may be better if, for instance, speed is important or a wide
range of input voltages may be found, since such devices
can quickly recover from full on or full off (“saturated”)
states.

A voltage level detector can be obtained if a reference
voltage V. is applied to one of the op-amp’s inputs. This
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means that the op-amp is set up as a comparator to detect
a positive voltage. If the voltage to be sensed, E;, is ap-
plied to op amp’s (+) input, the result is a noninverting
positive-level detector: when E; is above Vs, VO equals
+ Vs, when Ej is below Vi, VO equals =V, If E; is
applied to the inverting input, the circuit is an inverting
positive-level detector: When E; is above V¢, VO equals
_Vsal~

A zero voltage level detector (E; = 0) can convert, for ex-
ample, the output of a sine-wave from a function genera-
tor into a variable-frequency square wave. If E; is a sine
wave, triangular wave, or wave of any other shape that
is symmetrical around zero, the zero-crossing detector’s
output will be square. Zero-crossing detection may also
be useful in triggering TRIACs at the best time to reduce
mains interference and current spikes.

4.5.3 Positive feedback applications

Another typical configuration of op-amps is with posi-
tive feedback, which takes a fraction of the output signal
back to the non-inverting input. An important application
of it is the comparator with hysteresis, the Schmitt trig-
ger. Some circuits may use Positive feedback and Neg-
ative feedback around the same amplifier, for example
Triangle wave oscillators and active filters.

Because of the wide slew-range and lack of positive feed-
back, the response of all the open-loop level detectors
described above will be relatively slow. External over-
all positive feedback may be applied but (unlike internal
positive feedback that may be applied within the latter
stages of a purpose-designed comparator) this markedly
affects the accuracy of the zero-crossing detection point.
Using a general-purpose op-amp, for example, the fre-
quency of E; for the sine to square wave converter should
probably be below 100 Hz.

4.5.4 Negative feedback applications

Non-inverting amplifier

—_ out

An op-amp connected in the non-inverting amplifier configura-
tion

In a non-inverting amplifier, the output voltage changes in
the same direction as the input voltage.

The gain equation for the op-amp is:


https://en.wikipedia.org/wiki/Dual_in-line_package
https://en.wikipedia.org/wiki/Pinout
https://en.wikipedia.org/wiki/Operational_amplifier_applications
https://en.wikipedia.org/wiki/Electronic_circuit
https://en.wikipedia.org/wiki/Voltage_comparator
https://en.wikipedia.org/wiki/TRIAC
https://en.wikipedia.org/wiki/Schmitt_trigger
https://en.wikipedia.org/wiki/Schmitt_trigger
https://en.wikipedia.org/wiki/Triangle_wave
https://en.wikipedia.org/wiki/Oscillators
https://en.wikipedia.org/wiki/Active_filters
https://en.wikipedia.org/wiki/Operational%2520amplifier#Applications_without_using_any_feedback

4.5. APPLICATIONS

Vou = Aoz (Vi — V)

However, in this circuit V_1is a function of V, because of
the negative feedback through the Ry R, network. Ry and
R form a voltage divider, and as V_is a high-impedance
input, it does not load it appreciably. Consequently:

V. = ﬁ : V;)ul
where

Ry
b= R+ Ry

Substituting this into the gain equation, we obtain:

V;)ut = AOL(‘/;H - 6 : V;)ut)

Solving for Vo :

1
Vou = Vin | 57—
' <5+1/A0L)

If Aoy is very large, this simplifies to

Vin Vi R
‘/outzﬁz R :Vin<1+R2)
Ri+R 1

The non-inverting input of the operational amplifier
needs a path for DC to ground; if the signal source does
not supply a DC path, or if that source requires a given
load impedance, then the circuit will require another re-
sistor from the non-inverting input to ground. When the
operational amplifier’s input bias currents are significant,
then the DC source resistances driving the inputs should
be balanced.!'?! The ideal value for the feedback resis-
tors (to give minimum offset voltage) will be such that the
two resistances in parallel roughly equal the resistance to
ground at the non-inverting input pin. That ideal value
assumes the bias currents are well-matched, which may
not be true for all op-amps.!'?!

Inverting amplifier

In an inverting amplifier, the output voltage changes in an
opposite direction to the input voltage.

As with the non-inverting amplifier, we start with the gain
equation of the op-amp:

Vou = Aor (Vi = V)
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Rf
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An op-amp connected in the inverting amplifier configuration

This time, V_is a function of both V, and V;, due to the
voltage divider formed by Ry and R;,. Again, the op-amp
input does not apply an appreciable load, so:

1

= m (RiVin + RinVour)

Substituting this into the gain equation and solving for
Vou :

Ao Ry

Vo = —Vin -
out R + Rin + Ao Rin

_Vin

If Aoy is very large, this simplifies to

Ry

Vou = =V} Rfln

A resistor is often inserted between the non-inverting in-
put and ground (so both inputs “see” similar resistances),
reducing the input offset voltage due to different voltage
drops due to bias current, and may reduce distortion in
some op-amps.

A DC-blocking capacitor may be inserted in series with
the input resistor when a frequency response down to DC
is not needed and any DC voltage on the input is un-
wanted. That is, the capacitive component of the input
impedance inserts a DC zero and a low-frequency pole
that gives the circuit a bandpass or high-pass characteris-
tic.

The potentials at the operational amplifier inputs remain
virtually constant (near ground) in the inverting configu-
ration. The constant operating potential typically results
in distortion levels that are lower than those attainable
with the non-inverting topology.

4.5.5 Other applications

e audio- and video-frequency pre-amplifiers and
buffers

o differential amplifiers
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o differentiators and integrators
o filters

e precision rectifiers

e precision peak detectors

e voltage and current regulators
e analog calculators

e analog-to-digital converters

e digital-to-analog converters

e Voltage clamping

e oscillators and waveform generators

Most single, dual and quad op-amps available have a stan-
dardized pin-out which permits one type to be substituted
for another without wiring changes. A specific op-amp
may be chosen for its open loop gain, bandwidth, noise
performance, input impedance, power consumption, or a
compromise between any of these factors.

4.6 Historical timeline

1941: A vacuum tube op-amp. An op-amp, defined
as a general-purpose, DC-coupled, high gain, inverting
feedback amplifier, is first found in U.S. Patent 2,401,779
“Summing Amplifier” filed by Karl D. Swartzel Jr. of
Bell Labs in 1941. This design used three vacuum tubes
to achieve a gain of 90 dB and operated on voltage rails of
+350 V. It had a single inverting input rather than differ-
ential inverting and non-inverting inputs, as are common
in today’s op-amps. Throughout World War II, Swartzel’s
design proved its value by being liberally used in the M9
artillery director designed at Bell Labs. This artillery di-
rector worked with the SCR584 radar system to achieve
extraordinary hit rates (near 90%) that would not have
been possible otherwise.['4]

1947: An op-amp with an explicit non-inverting in-
put. In 1947, the operational amplifier was first formally
defined and named in a paper''>! by John R. Ragazzini of
Columbia University. In this same paper a footnote men-
tioned an op-amp design by a student that would turn out
to be quite significant. This op-amp, designed by Loebe
Julie, was superior in a variety of ways. It had two major
innovations. Its input stage used a long-tailed triode pair
with loads matched to reduce drift in the output and, far
more importantly, it was the first op-amp design to have
two inputs (one inverting, the other non-inverting). The
differential input made a whole range of new functional-
ity possible, but it would not be used for a long time due
to the rise of the chopper-stabilized amplifier.!'4!

1949: A chopper-stabilized op-amp. In 1949, Edwin
A. Goldberg designed a chopper-stabilized op-amp.[!®!
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GAP/R
MODEL
K2-W

GAP/R’s K2-W: a vacuum-tube op-amp (1953)

This set-up uses a normal op-amp with an additional AC
amplifier that goes alongside the op-amp. The chopper
gets an AC signal from DC by switching between the DC
voltage and ground at a fast rate (60 Hz or 400 Hz). This
signal is then amplified, rectified, filtered and fed into
the op-amp’s non-inverting input. This vastly improved
the gain of the op-amp while significantly reducing the
output drift and DC offset. Unfortunately, any design
that used a chopper couldn't use their non-inverting input
for any other purpose. Nevertheless, the much improved
characteristics of the chopper-stabilized op-amp made it
the dominant way to use op-amps. Techniques that used
the non-inverting input regularly would not be very pop-
ular until the 1960s when op-amp ICs started to show up
in the field.

1953: A commercially available op-amp. In 1953, vac-
uum tube op-amps became commercially available with
the release of the model K2-W from George A. Philbrick
Researches, Incorporated. The designation on the de-
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vices shown, GAP/R, is an acronym for the complete
company name. Two nine-pin 12AX7 vacuum tubes
were mounted in an octal package and had a model K2-P
chopper add-on available that would effectively “use up”
the non-inverting input. This op-amp was based on a de-
scendant of Loebe Julie’s 1947 design and, along with its
successors, would start the widespread use of op-amps in
industry.

GAP/R’s model P45: a solid-state, discrete op-amp (1961 ).

1961: A discrete IC op-amp. With the birth of the
transistor in 1947, and the silicon transistor in 1954, the
concept of ICs became a reality. The introduction of the
planar process in 1959 made transistors and ICs stable
enough to be commercially useful. By 1961, solid-state,
discrete op-amps were being produced. These op-amps
were effectively small circuit boards with packages such
as edge connectors. They usually had hand-selected re-
sistors in order to improve things such as voltage offset
and drift. The P45 (1961) had a gain of 94 dB and ran
on +15 V rails. It was intended to deal with signals in the
range of 10 V.

1961: A varactor bridge op-amp. There have
been many different directions taken in op-amp design.
Varactor bridge op-amps started to be produced in the
early 1960s.['71118] They were designed to have extremely
small input current and are still amongst the best op-amps
available in terms of common-mode rejection with the
ability to correctly deal with hundreds of volts at their in-
puts.

1962: An op-amp in a potted module. By 1962, sev-
eral companies were producing modular potted packages
that could be plugged into printed circuit boards. These
packages were crucially important as they made the op-
erational amplifier into a single black box which could be
easily treated as a component in a larger circuit.

1963: A monolithic IC op-amp. In 1963, the first
monolithic IC op-amp, the tA702 designed by Bob Wid-
lar at Fairchild Semiconductor, was released. Monolithic
ICs consist of a single chip as opposed to a chip and dis-
crete parts (a discrete IC) or multiple chips bonded and
connected on a circuit board (a hybrid IC). Almost all
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GAP/R’s model PP65: a solid-state op-amp in a potted module
(1962)

modern op-amps are monolithic ICs; however, this first
IC did not meet with much success. Issues such as an un-
even supply voltage, low gain and a small dynamic range
held off the dominance of monolithic op-amps until 1965
when the ©A709"°! (also designed by Bob Widlar) was
released.

1968: Release of the pA741. The popularity of mono-
lithic op-amps was further improved upon the release of
the LM101 in 1967, which solved a variety of issues,
and the subsequent release of the nA741 in 1968. The
wA741 was extremely similar to the LM101 except that
Fairchild’s facilities allowed them to include a 30 pF com-
pensation capacitor inside the chip instead of requiring
external compensation. This simple difference has made
the 741 the canonical op-amp and many modern amps
base their pinout on the 741s. The nA741 is still in
production, and has become ubiquitous in electronics—
many manufacturers produce a version of this classic
chip, recognizable by part numbers containing 74/. The
same part is manufactured by several companies.

1970: First high-speed, low-input current FET de-
sign. In the 1970s high speed, low-input current designs
started to be made by using FETs. These would be largely
replaced by op-amps made with MOSFETS in the 1980s.
During the 1970s single sided supply op-amps also be-
came available.

1972: Single sided supply op-amps being produced.
A single sided supply op-amp is one where the input and
output voltages can be as low as the negative power supply
voltage instead of needing to be at least two volts above it.
The result is that it can operate in many applications with
the negative supply pin on the op-amp being connected to
the signal ground, thus eliminating the need for a separate
negative power supply.

The LM324 (released in 1972) was one such op-amp that
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ADI’s HOS-050: a high speed hybrid IC op-amp (1979)

came in a quad package (four separate op-amps in one
package) and became an industry standard. In addition
to packaging multiple op-amps in a single package, the
1970s also saw the birth of op-amps in hybrid packages.
These op-amps were generally improved versions of ex-
isting monolithic op-amps. As the properties of mono-
lithic op-amps improved, the more complex hybrid ICs
were quickly relegated to systems that are required to
have extremely long service lives or other specialty sys-
tems.

An op-amp in a modern mini DIP

Recent trends. Recently supply voltages in analog cir-
cuits have decreased (as they have in digital logic) and
low-voltage op-amps have been introduced reflecting this.
Supplies of +5 V and increasingly 3.3 V (sometimes as
low as 1.8 V) are common. To maximize the signal range
modern op-amps commonly have rail-to-rail output (the
output signal can range from the lowest supply voltage to
the highest) and sometimes rail-to-rail inputs.
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4.7 See also

e Operational amplifier applications

o Differential amplifier

e Instrumentation amplifier

o Active filter

e Current-feedback operational amplifier
e Operational transconductance amplifier
e George A. Philbrick

e Bob Widlar

e Analog computer

e Negative feedback amplifier

e Current conveyor

4.8 Notes

[1] This definition hews to the convention of measuring op-
amp parameters with respect to the zero voltage point in
the circuit, which is usually half the total voltage between
the amplifier’s positive and negative power rails.

[2] Many older designs of operational amplifiers have offset
null inputs to allow the offset to be manually adjusted
away. Modern precision op-amps can have internal cir-
cuits that automatically cancel this offset using choppers
or other circuits that measure the offset voltage periodi-
cally and subtract it from the input voltage.

[3] That the output cannot reach the power supply voltages is
usually the result of limitations of the amplifier’s output
stage transistors. See Output stage.

[4] Widlar used this same trick in pA702 and pA709

4.9 References

[1] Maxim Application Note 1108: Understanding Single-
Ended, Pseudo-Differential and Fully-Differential ADC
Inputs — Retrieved November 10, 2007

[2] Analog devices MT-044 Tutorial

[3] “Burson Opamp”. Parts Connexion. Retrieved 24
September 2012. BURSON-71484 Dual Discrete Op
Amp Modules, pair pcX Selling Price: $179.95/pr
BURSON-71485 Dual Discrete OpAmp Module, single
peX Selling Price: $89.95 each. BURSON-71486 Sin-
gle Discrete Op Amp Modules, pair pcX Selling Price:
$114.95/pr. Quantity discounts for Modifiers and OEM’s

[4] Jacob Millman, Microelectronics: Digital and Analog
Circuits and Systems, McGraw-Hill, 1979, ISBN 0-07-
042327-X, pp. 523-527


https://en.wikipedia.org/wiki/Operational_amplifier_applications
https://en.wikipedia.org/wiki/Differential_amplifier
https://en.wikipedia.org/wiki/Instrumentation_amplifier
https://en.wikipedia.org/wiki/Active_filter
https://en.wikipedia.org/wiki/Current-feedback_operational_amplifier
https://en.wikipedia.org/wiki/Operational_transconductance_amplifier
https://en.wikipedia.org/wiki/George_A._Philbrick
https://en.wikipedia.org/wiki/Bob_Widlar
https://en.wikipedia.org/wiki/Analog_computer
https://en.wikipedia.org/wiki/Negative_feedback_amplifier
https://en.wikipedia.org/wiki/Current_conveyor
https://en.wikipedia.org/wiki/Chopper_(electronics)
https://en.wikipedia.org/wiki/Operational%2520amplifier#Output_stage
http://www.maxim-ic.com/appnotes.cfm/an_pk/1108
http://www.maxim-ic.com/appnotes.cfm/an_pk/1108
http://www.maxim-ic.com/appnotes.cfm/an_pk/1108
http://www.analog.com/static/imported-files/tutorials/MT-044.pdf
http://www.partsconnexion.com/t/Index/burson_opam1.html
https://en.wikipedia.org/wiki/Special:BookSources/007042327X
https://en.wikipedia.org/wiki/Special:BookSources/007042327X

4.11. EXTERNAL LINKS

(5]

(6]

(7]

(8]

(9]

(10]

[11]

[12]

[13]

[14]

[15]

[16]

(7]

(18]

[19]

Horowitz, Paul; Hill, Winfield (1989). The Art of Elec-
tronics. Cambridge, UK: Cambridge University Press.
ISBN 0-521-37095-7.

D.F. Stout Handbook of Operational Amplifier Circuit De-
sign (McGraw-Hill, 1976, ISBN 0-07-061797-X ) pp. 1-
11.

“Op Amp Output Phase-Reversal and Input Over-Voltage
Protection”. Analog Devices. 2009. Retrieved 2012-12-
27.

King, Grayson; Watkins, Tim (13 May 1999).
“Bootstrapping your op amp yields wide voltage swings”.
Electronic Design News. Retrieved 2012-12-27.

Lee, Thomas H. (November 18, 2002). “IC Op-Amps
Through the Ages”. Stanford UniversityHandout #18:
EE214 Fall 2002.

Lu, Liang-Hung. “Electronics 2, Chapter 10”. National
Taiwan University, Graduate Institute of Electronics En-
gineering. Retrieved 2014-02-22.

The wA741 Operational Amplifier

An input bias current of 1 pA through a DC source re-
sistance of 10 kQ produces a 10 mV offset voltage. If
the other input bias current is the same and sees the same
source resistance, then the two input offset voltages will
cancel out. Balancing the DC source resistances may not
be necessary if the input bias current and source resistance
product is small.

http://www.analog.com/static/imported-files/tutorials/
MT-038.pdf

Jung, Walter G. (2004). “Chapter 8: Op Amp History”.
Op Amp Applications Handbook. Newnes. p. 777. ISBN
978-0-7506-7844-5. Retrieved 2008-11-15.

Ragazzini, John R.; Randall, Robert H.; Russell, Freder-
ick A. (May 1947). “Analysis of Problems in Dynamics
by Electronic Circuits”. Proceedings of the IRE (IEEE)
35 (5): 444-452. doi:10.1109/JRPROC.1947.232616.
ISSN 0096-8390.

http://www.analog.com/library/analogDialogue/
archives/39-05/Web_ChH_final.pdf

http://www.philbrickarchive.org/

June 1961 advertisement for  Philbrick P2,
http://www.philbrickarchive.org/p2%?20and % 206033 %
20ad%20rsi%20vol32%20n06%20june1961.pdf

A.P. Malvino, Electronic Principles (2nd Ed. 1979. ISBN
0-07-039867-4) p. 476.

4.10 Further reading

Design with Operational Amplifiers and Analog In-
tegrated Circuits; 4th Ed; Sergio Franco; McGraw
Hill; 672 pages; 2014; ISBN 978-0078028168.

43

Op Amps For Everyone; 4th Ed; Ron Mancini;
Newnes; 304 pages; 2013; ISBN 978-0123914958.

(Free PDF download of older version)

Small Signal Audio Design; Douglas Self; Focal
Press; 556 pages; 2010; ISBN 978-0-240-52177-0.

Op Amp Applications Handbook; Walt G. Jung;
Newnes; 896 pages; 2004; ISBN 978-0750678445.
(Free PDF download)

Op Amps and Linear Integrated Circuits; James M.
Fiore; Cengage Learning; 616 pages; 2000; ISBN
978-0766817937.

Operational Amplifiers and Linear Integrated Cir-
cuits; 6th Ed; Robert F Coughlin; Prentice Hall; 529
pages; 2000; ISBN 978-0130149916.

Op-Amps and Linear Integrated Circuits, 4th Ed,
Ram Gayakwad; Prentice Hall; 543 pages; 1999;
ISBN 978-0132808682.

Basic Operational Amplifiers and Linear Integrated
Circuits; 2nd Ed; Thomas L Floyd and David
Buchla; Prentice Hall; 593 pages; 1998; ISBN 978-
0130829870.

Troubleshooting Analog Circuits; Bob Pease;
Newnes; 217 pages; 1991; ISBN 978-0750694995.

IC Op-Amp Cookbook; 3rd Ed; Walter G. Jung;
Prentice Hall; 433 pages; 1986; ISBN 978-
0138896010.

Engineer’s Mini-Notebook — OpAmp IC Circuits;,
Forrest Mims III; Radio Shack; 49 pages; 1985;
ASIN B0O00DZG196.

Analog Applications Manual; Signetics; 418 pages;
1979. Chapter 3 OpAmps is 32 pages.

4.11 External links

Operational Amplifiers - Chapter on All About Cir-
cuits

Simple Op Amp Measurements How to measure
offset voltage, offset and bias current, gain, CMRR,
and PSRR.

Operational Amplifiers. Introductory on-line text by
E. J. Mastascusa (Bucknell University).

Introduction to op-amp circuit stages, second order
filters, single op-amp bandpass filters, and a simple
intercom

MOS op amp design: A tutorial overview

Operational Amplifier Noise Prediction (All Op
Amps) using spot noise


http://books.google.com/books?id=bkOMDgwFA28C&pg=PA177&lpg=PA177#v=onepage&q&f=false
http://books.google.com/books?id=bkOMDgwFA28C&pg=PA177&lpg=PA177#v=onepage&q&f=false
https://en.wikipedia.org/wiki/International_Standard_Book_Number
https://en.wikipedia.org/wiki/Special:BookSources/0-521-37095-7
https://en.wikipedia.org/wiki/Special:BookSources/007061797X
http://www.analog.com/static/imported-files/tutorials/MT-036.pdf
http://www.analog.com/static/imported-files/tutorials/MT-036.pdf
http://www.edn.com/contents/images/45890.pdf
http://www.stanford.edu/class/archive/ee/ee214/ee214.1032/Handouts/ho18opamp.pdf
http://www.stanford.edu/class/archive/ee/ee214/ee214.1032/Handouts/ho18opamp.pdf
http://cc.ee.ntu.edu.tw/~lhlu/eecourses/Electronics2/Electronics_Ch10.pdf
http://ecow.engr.wisc.edu/cgi-bin/get/ece/342/schowalter/notes/chapter10/theua741operationalamplifier.ppt
http://www.analog.com/static/imported-files/tutorials/MT-038.pdf
http://www.analog.com/static/imported-files/tutorials/MT-038.pdf
http://books.google.com/books?id=dunqt1rt4sAC
https://en.wikipedia.org/wiki/International_Standard_Book_Number
https://en.wikipedia.org/wiki/Special:BookSources/978-0-7506-7844-5
https://en.wikipedia.org/wiki/John_R._Ragazzini
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=1697371&tag=1
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=1697371&tag=1
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1109%252FJRPROC.1947.232616
https://en.wikipedia.org/wiki/International_Standard_Serial_Number
https://www.worldcat.org/issn/0096-8390
http://www.analog.com/library/analogDialogue/archives/39-05/Web_ChH_final.pdf
http://www.analog.com/library/analogDialogue/archives/39-05/Web_ChH_final.pdf
http://www.philbrickarchive.org/
http://www.philbrickarchive.org/p2%2520and%25206033%2520ad%2520rsi%2520vol32%2520no6%2520june1961.pdf
http://www.philbrickarchive.org/p2%2520and%25206033%2520ad%2520rsi%2520vol32%2520no6%2520june1961.pdf
https://en.wikipedia.org/wiki/Special:BookSources/0070398674
https://en.wikipedia.org/wiki/Special:BookSources/0070398674
https://en.wikipedia.org/wiki/Special:BookSources/9780078028168
https://en.wikipedia.org/wiki/Special:BookSources/9780123914958
http://e2e.ti.com/cfs-file/__key/telligent-evolution-components-attachments/00-18-01-00-01-20-34-88/op-amps-for-everyone.pdf
https://en.wikipedia.org/wiki/Special:BookSources/9780240521770
https://en.wikipedia.org/wiki/Special:BookSources/9780750678445
http://www.analog.com/library/analogDialogue/archives/39-05/op_amp_applications_handbook.html
https://en.wikipedia.org/wiki/Special:BookSources/9780766817937
https://en.wikipedia.org/wiki/Special:BookSources/9780766817937
https://en.wikipedia.org/wiki/Special:BookSources/9780130149916
https://en.wikipedia.org/wiki/Special:BookSources/9780132808682
https://en.wikipedia.org/wiki/Special:BookSources/9780130829870
https://en.wikipedia.org/wiki/Special:BookSources/9780130829870
https://en.wikipedia.org/wiki/Bob_Pease
https://en.wikipedia.org/wiki/Special:BookSources/9780750694995
https://en.wikipedia.org/wiki/Special:BookSources/9780138896010
https://en.wikipedia.org/wiki/Special:BookSources/9780138896010
https://en.wikipedia.org/wiki/Forrest_Mims
https://archive.org/details/bitsavers_signeticsdcsAnalogApplications_33415016
http://www.allaboutcircuits.com/vol_3/chpt_8/1.html
http://www.analog.com/library/analogDialogue/archives/45-04/op_amp_measurements.html
http://www.facstaff.bucknell.edu/mastascu/eLessonsHTML/OpAmps/OpAmp1.html
https://en.wikipedia.org/wiki/Bucknell_University
http://www.bowdenshobbycircuits.info/opamp.htm
http://www.bowdenshobbycircuits.info/opamp.htm
http://www.bowdenshobbycircuits.info/opamp.htm
http://lyle.smu.edu/ee/7321/MOS_op-amp_design.pdf
http://www.intersil.com/data/an/an519.pdf
http://www.intersil.com/data/an/an519.pdf

44

Operational Amplifier Basics

History of the Op-amp from vacuum tubes to about
2002. Lots of detail, with schematics. IC part is
somewhat ADI-centric.

Loebe Julie historical OpAmp interview by Bob
Pease

www.PhilbrickArchive.org — A free repository of
materials from George A Philbrick / Researches -
Operational Amplifier Pioneer

What’s The Difference Between Operational Am-
plifiers And Instrumentation Amplifiers?, Elec-
tronic Design Magazine

IC Datasheets

LM301, Single BJT OpAmp, Texas Instruments
LM324, Quad BJT OpAmp, Texas Instruments
LM741, Single BJT OpAmp, Texas Instruments

NE5532, Dual BJT OpAmp, Texas Instruments
(NES5534 is similar single)

TLO72, Dual JFET OpAmp, Texas Instruments
(TLO74 is Quad)
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Chapter 5

Comparator

For other uses, see Comparator (disambiguation).

In electronics, a comparator is a device that compares
two voltages or currents and outputs a digital signal indi-
cating which is larger. It has two analog input terminals
V4 and V_ and one binary digital output V,, . The output
is ideally

ifV, > V.
ifV, <V_

A comparator consists of a specialized high-gain
differential amplifier. They are commonly used in devices
that measure and digitize analog signals, such as analog-
to-digital converters (ADCs), as well as relaxation oscil-
lators.

5.1 Differential Voltage

The differential voltages must stay within the limits spec-
ified by the manufacturer. Early integrated comparators,
like the LM111 family, and certain high-speed compara-
tors like the LM119 family, require differential voltage
ranges substantially lower than the power supply volt-
ages (15 V vs. 36 V).!"! Rail-to-rail comparators allow
any differential voltages within the power supply range.
When powered from a bipolar (dual rail) supply,

Voo <V, V_<Vgy

or, when powered from a unipolar TTL/CMOS power
supply:

0< Vi, Vo < Ve

Specific rail-to-rail comparators with p-n-p input transis-
tors, like the LM 139 family, allow input potential to drop
0.3 volts below the negative supply rail, but do not allow
it to rise above the positive rail.””! Specific ultra-fast com-
parators, like the LMH7322, allow input signal to swing

45

below the negative rail and above the positive rail, al-
though by a narrow margin of only 0.2 V.B! Differential
input voltage (the voltage between two inputs) of a mod-
ern rail-to-rail comparator is usually limited only by the
full swing of power supply.

5.2 Op-amp voltage comparator

Vi

v, V

out

A simple op-amp comparator

An operational amplifier (op-amp) has a well balanced
difference input and a very high gain. This parallels the
characteristics of comparators and can be substituted in
applications with low-performance requirements. !

In theory, a standard op-amp operating in open-loop con-
figuration (without negative feedback) may be used as a
low-performance comparator. When the non-inverting
input (V+) is at a higher voltage than the inverting input
(V-), the high gain of the op-amp causes the output to sat-
urate at the highest positive voltage it can output. When
the non-inverting input (V+) drops below the inverting in-
put (V-), the output saturates at the most negative voltage
it can output. The op-amp’s output voltage is limited by
the supply voltage. An op-amp operating in a linear mode
with negative feedback, using a balanced, split-voltage
power supply, (powered by = VS) has its transfer function
typically written as: V,,,; = A,(V1 —Va) . However, this
equation may not be applicable to a comparator circuit
which is non-linear and operates open-loop (no negative
feedback)

In practice, using an operational amplifier as a compara-
tor presents several disadvantages as compared to using a
dedicated comparator:"!

1. Op-amps are designed to operate in the linear mode
with negative feedback. Hence, an op-amp typically
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has a lengthy recovery time from saturation. Almost
all op-amps have an internal compensation capaci-
tor which imposes slew rate limitations for high fre-
quency signals. Consequently an op-amp makes a
sloppy comparator with propagation delays that can
be as long as tens of microseconds.

2. Since op-amps do not have any internal hysteresis,
an external hysteresis network is always necessary
for slow moving input signals.

3. The quiescent current specification of an op-amp is
valid only when the feedback is active. Some op-
amps show an increased quiescent current when the
inputs are not equal.

4. A comparator is designed to produce well lim-
ited output voltages that easily interface with digi-
tal logic. Compatibility with digital logic must be
verified while using an op-amp as a comparator.

5. Some multiple-section op-amps may exhibit ex-
treme channel-channel interaction when used as
comparators.

6. Many op-amps have back to back diodes between
their inputs. Op-amp inputs usually follow each
other so this is fine. But comparator inputs are not
usually the same. The diodes can cause unexpected
current through inputs.

5.3

Working

Several voltage comparator ICs

A dedicated voltage comparator will generally be faster
than a general-purpose operational amplifier pressed into
service as a comparator. A dedicated voltage comparator
may also contain additional features such as an accurate,
internal voltage reference, an adjustable hysteresis and a
clock gated input.
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A dedicated voltage comparator chip such as LM339 is
designed to interface with a digital logic interface (to a
TTL or a CMOS). The output is a binary state often
used to interface real world signals to digital circuitry (see
analog to digital converter). If there is a fixed voltage
source from, for example, a DC adjustable device in the
signal path, a comparator is just the equivalent of a cas-
cade of amplifiers. When the voltages are nearly equal,
the output voltage will not fall into one of the logic lev-
els, thus analog signals will enter the digital domain with
unpredictable results. To make this range as small as pos-
sible, the amplifier cascade is high gain. The circuit con-
sists of mainly Bipolar transistors. For very high frequen-
cies, the input impedance of the stages is low. This re-
duces the saturation of the slow, large P-N junction bipo-
lar transistors that would otherwise lead to long recovery
times. Fast small Schottky diodes, like those found in bi-
nary logic designs, improve the performance significantly
though the performance still lags that of circuits with am-
plifiers using analog signals. Slew rate has no meaning
for these devices. For applications in flash ADCs the dis-
tributed signal across eight ports matches the voltage and
current gain after each amplifier, and resistors then be-
have as level-shifters.

The LM339 accomplishes this with an open collector out-
put. When the inverting input is at a higher voltage than
the non inverting input, the output of the comparator con-
nects to the negative power supply. When the non invert-
ing input is higher than the inverting input, the output
is 'floating’ (has a very high impedance to ground). The
gain of op amp as comparator is given by this equation
V(out)=V(in)*A

With a pull-up resistor and a O to +5 V power supply, the
output takes on the voltages O or +5 and can interface with
TTL logic:

Vour < Vec when V > V_else 0 .

5.4 Key specifications

While it is easy to understand the basic task of a compara-
tor, that is, comparing two voltages or currents, several
parameters must be considered while selecting a suitable
comparator:

5.4.1 Speed and power

While in general comparators are “fast,” their circuits are
not immune to the classic speed-power tradeoff. High
speed comparators use transistors with larger aspect ra-
tios and hence also consume more power.!®) Depend-
ing on the application, select either a comparator with
high speed or one that saves power. For example, nano-
powered comparators in space-saving chip-scale pack-
ages (UCSP), DFN or SC70 packages such as MAX9027,
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LTC1540, LPV7215, MAX9060 and MCP6541 are
ideal for ultra-low-power, portable applications. Like-
wise if a comparator is needed to implement a relax-
ation oscillator circuit to create a high speed clock sig-
nal then comparators having few nano seconds of prop-
agation delay may be suitable. ADCMP572 (CML out-
put), LMH7220 (LVDS Output), MAX999 (CMOS out-
put/ TTL output), LT1719 (CMOS output/ TTL output),
MAX9010 (TTL output), and MAX9601 (PECL output)
are examples of some good high speed comparators.

5.4.2 Hysteresis

A comparator normally changes its output state when the
voltage between its inputs crosses through approximately
zero volts. Small voltage fluctuations due to noise, al-
ways present on the inputs, can cause undesirable rapid
changes between the two output states when the input
voltage difference is near zero volts. To prevent this out-
put oscillation, a small hysteresis of a few millivolts is in-
tegrated into many modern comparators.’! For example,
the LTC6702, MAX9021 and MAX9031 have internal
hysteresis desensitizing them from input noise. In place
of one switching point, hysteresis introduces two: one for
rising voltages, and one for falling voltages. The differ-
ence between the higher-level trip value (VITRIP+) and
the lower-level trip value (VTRIP-) equals the hysteresis
voltage (VHYST).

If the comparator does not have internal hysteresis or
if the input noise is greater than the internal hysteresis
then an external hysteresis network can be built using
positive feedback from the output to the non-inverting
input of the comparator. The resulting Schmitt trig-
ger circuit gives additional noise immunity and a cleaner
output signal. Some comparators such as LMP7300,
LTC1540, MAX931, MAX971 and ADCMP341 also
provide the hysteresis control through a separate hystere-
sis pin. These comparators make it possible to add a pro-
grammable hysteresis without feedback or complicated
equations. Using a dedicated hysteresis pin is also conve-
nient if the source impedance is high since the inputs are
isolated from the hysteresis network.’®! When hysteresis
is added then a comparator cannot resolve signals within
the hysteresis band.

5.4.3 Output type

Because comparators have only two output states, their
outputs are near zero or near the supply voltage. Bipolar
rail-to-rail comparators have a common-emitter output
that produces a small voltage drop between the output and
each rail. That drop is equal to the collector-to-emitter
voltage of a saturated transistor. When output currents
are light, output voltages of CMOS rail-to-rail compara-
tors, which rely on a saturated MOSFET, range closer to
the rails than their bipolar counterparts.”’
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VDD

Cik Dynamic
| Latched
Comparator

A Low Power CMOS Clocked Comparator

On the basis of outputs, comparators can also be classified
as open drain or push—pull. Comparators with an open-
drain output stage use an external pull up resistor to a pos-
itive supply that defines the logic high level. Open drain
comparators are more suitable for mixed-voltage system
design. Since the output is high impedance for logic level
high, open drain comparators can also be used to connect
multiple comparators on to a single bus. Push pull out-
put does not need a pull up resistor and can also source
current unlike an open drain output.

5.4.4 Internal reference

The most frequent application for comparators is the
comparison between a voltage and a stable reference.
Most comparator manufacturers also offer comparators
in which a reference voltage is integrated on to the chip.
Combining the reference and comparator in one chip
not only saves space, but also draws less supply cur-
rent than a comparator with an external reference.”!
ICs with wide range of references are available such as
MAX9062(200 mV reference), LT6700(400 mV ref-
erence), ADCMP350 (600 mV reference), MAX9025
(1.236 V reference), MAX9040 (2.048 V reference),
TLV3012 (1.24 V reference) and TSM109 (2.5 V ref-
erence).

5.4.5 Continuous versus clocked

A continuous comparator will output either a “1” or a “0”
any time a high or low signal is applied to its input and
will change quickly when the inputs are updated. How-
ever, many applications only require comparator outputs
at certain instances, such as in A/D converters and mem-
ory. By only strobing a comparator at certain intervals,
higher accuracy and lower power can be achieved with a
clocked (or dynamic) comparator structure, also called a
latched comparator. Often latched comparators employ
strong positive feedback for a “regeneration phase” when
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a clock is high, and have a “reset phase” when the clock
is low.['%! This is in contrast to a continuous compara-
tor, which can only employ weak positive feedback since
there is no reset period.

5.5 Applications

Main article: Comparator applications

5.5.1 Null detectors

A null detector is one that functions to identify when a
given value is zero. Comparators can be a type of am-
plifier distinctively for null comparison measurements. It
is the equivalent to a very high gain amplifier with well-
balanced inputs and controlled output limits. The circuit
compares the two input voltages, determining the larger.
The inputs are an unknown voltage and a reference volt-
age, usually referred to as v, and v,. A reference volt-
age is generally on the non-inverting input (+), while v,
is usually on the inverting input (). (A circuit diagram
would display the inputs according to their sign with re-
spect to the output when a particular input is greater than
the other.) The output is either positive or negative, for
example 12 V. In this case, the idea is to detect when
there is no difference between in the input voltages. This
gives the identity of the unknown voltage since the refer-
ence voltage is known.

When using a comparator as a null detector, there are lim-
its as to the accuracy of the zero value measurable. Zero
output is given when the magnitude of the difference in
the voltages multiplied by the gain of the amplifier is less
than the voltage limits. For example, if the gain of the
amplifier is 109, and the voltage limits are +6 V, then no
output will be given if the difference in the voltages is less
than 6 uV. One could refer to this as a sort of uncertainty
in the measurement.!'!!

5.5.2 Zero-crossing detectors

For this type of detector, a comparator detects each time
an ac pulse changes polarity. The output of the compara-
tor changes state each time the pulse changes its polarity,
that is the output is HI (high) for a positive pulse and LO
(low) for a negative pulse squares the input signal.'?!

5.5.3 Relaxation oscillator

A comparator can be used to build a relaxation oscillator.
It uses both positive and negative feedback. The posi-
tive feedback is a Schmitt trigger configuration. Alone,
the trigger is a bistable multivibrator. However, the slow
negative feedback added to the trigger by the RC circuit
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causes the circuit to oscillate automatically. That is, the
addition of the RC circuit turns the hysteretic bistable
multivibrator into an astable multivibrator.?!

5.5.4 Level shifter

This circuit requires only a single comparator with
an open-drain output as in the LM393, TLV3011 or
MAX9028. The circuit provides great flexibility in
choosing the voltages to be translated by using a suitable
pull up voltage. It also allows the translation of bipolar
+5 V logic to unipolar 3 V logic by using a comparator
like the MAX972.1!

5.5.5 Analog-to-digital converters

When a comparator performs the function of telling if
an input voltage is above or below a given threshold, it
is essentially performing a 1-bit quantization. This func-
tion is used in nearly all analog to digital converters (such
as flash, pipeline, successive approximation, delta-sigma
modulation, folding, interpolating, dual-slope and others)
in combination with other devices to achieve a multi-bit
quantization.'#!

5.5.6 Window detectors

Comparators can also be used as window detectors. In
a window detector, a comparator used to compare two
voltages and determine whether a given input voltage is
under voltage or over voltage.

5.6 See also

e Zero crossing threshold detector

e Digital comparator

Current comparator

Constant fraction discriminator

Flash ADC

e Sorting network

This article incorporates public domain material from
the General Services Administration document “Federal
Standard 1037C”.
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Chapter 6

Flash ADC

A Flash ADC (also known as a Direct conversion ADC)
is a type of analog-to-digital converter that uses a lin-
ear voltage ladder with a comparator at each “rung” of
the ladder to compare the input voltage to successive ref-
erence voltages. Often these reference ladders are con-
structed of many resistors; however modern implementa-
tions show that capacitive voltage division is also possi-
ble. The output of these comparators is generally fed into
a digital encoder which converts the inputs into a binary
value (the collected outputs from the comparators can be
thought of as a unary value).

6.1 Benefits and drawbacks

Flash converters are extremely fast compared to many
other types of ADCs which usually narrow in on the “cor-
rect” answer over a series of stages. Compared to these,
a Flash converter is also quite simple and, apart from the
analog comparators, only requires logic for the final con-
version to binary.

For best accuracy often a track-and-hold circuit is in-
serted in front of the ADC input. This is needed for many
ADC types (like successive approximation ADC), but for
Flash ADCs there is no real need for this, because the
comparators are the sampling devices.

A Flash converter requires a huge number of comparators
compared to other ADCs, especially as the precision in-
creases. A Flash converter requires 2" —1 comparators for
an n-bit conversion. The size, power consumption and
cost of all those comparators makes Flash converters gen-
erally impractical for precisions much greater than 8 bits
(255 comparators). In place of these comparators, most
other ADCs substitute more complex logic and/or analog
circuitry which can be scaled more easily for increased
precision.

6.2 Implementation

Flash ADCs have been implemented in many technolo-
gies, varying from silicon based bipolar (BJT) and com-
plementary metal oxide FETs (CMOS) technologies to
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A 2-bit Flash ADC Example Implementation with Bubble Error
Correction and Digital Encoding

rarely used III-V technologies. Often this type of ADC
is used as a first medium-sized analog circuit verification.

The earliest implementations consisted of a reference
ladder of well matched resistors connected to a reference
voltage. Each tap at the resistor ladder is used for one
comparator, possibly preceded by an amplification stage,
and thus generates a logical '0' or 'l' depending if the
measured voltage is above or below the reference volt-
age of the resistor tap. The reason to add an amplifier
is twofold: it amplifies the voltage difference and there-
fore suppresses the comparator offset, and the kick-back
noise of the comparator towards the reference ladder is
also strongly suppressed. Typically designs from 4-bit up
to 6-bit, and sometimes 7-bit are produced.

Designs with power-saving capacitive reference ladders
have been demonstrated. In addition to clocking the com-
parator(s), these systems also sample the reference value
on the input stage. As the sampling is done at a very high
rate, the leakage of the capacitors is negligible.

Recently, offset calibration has been introduced into flash
ADC designs. Instead of high precision analog circuits
(which increase component size to suppress variation)
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comparators with relatively large offset errors are mea-
sured and adjusted. A test signal is applied and the offset
of each comparator is calibrated to below the LSB size of
the ADC.

Another improvement to many flash ADCs is the inclu-
sion of digital error correction. When the ADC is used in
harsh environments or constructed from very small inte-
grated circuit processes, there is a heightened risk a sin-
gle comparator will randomly change state resulting in a
wrong code. Bubble error correction is a digital correc-
tion mechanism that will prevent a comparator that has,
for example, tripped high from reporting logic high if it is
surrounded by comparators that are reporting logic low.

6.3 Folding ADC

The number of comparators can be reduced somewhat
by adding a folding circuit in front, making a so-called
folding ADC. Instead of using the comparators in a Flash
ADC only once, during a ramp input signal, the folding
ADC re-uses the comparators multiple times. If a m-
times folding circuit is used in an n-bit ADC, the actual
number of comparator can be reduced from 2" -1 to 2~
(there is always one needed to detect the range crossover).
Typical folding circuits are, e.g., the Gilbert multiplier, or
analog wired-or circuits.

6.4 Application

The very high sample rate of this type of ADC enable gi-
gahertz applications like radar detection, wide band radio
receivers, electronic test equipment, and optical commu-
nication links. More often the flash ADC is embedded in
a large IC containing many digital decoding functions.

Also a small flash ADC circuit may be present inside a
delta-sigma modulation loop.

Flash ADCs are also used in NAND flash memory, where
up to 3 bits are stored per cell as 8 level voltages on float-
ing gates.

6.5 References

e Analog to Digital Conversion
e Understanding Flash ADCs

o “Integrated Analog-to-Digital and Digital-to-
Analog Converters ", R. van de Plassche, ADCs,
Kluwer Academic Publishers, 1994.

e “A Precise Four-Quadrant Multiplier with Sub-
nanosecond Response”, Barrie Gilbert, IEEE Jour-
nal of Solid-State Circuits, Vol. 3, No. 4 (1968),
pp. 365-373
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Chapter 7

Network analysis (electrical circuits)

“Circuit theory” redirects here. For other uses, see

Circuit (disambiguation).

A network, in the context of electronics, is a collection
of interconnected components. Network analysis is the
process of finding the voltages across, and the currents
through, every component in the network. There are
many different techniques for calculating these values.
However, for the most part, the applied technique as-
sumes that the components of the network are all linear.
The methods described in this article are only applicable
to linear network analysis, except where explicitly stated.

7.1 Definitions

7.2 Equivalent circuits

Circuit 1

Circuit 2

Main article: equivalent impedance transforms
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A useful procedure in network analysis is to simplify the
network by reducing the number of components. This
can be done by replacing the actual components with
other notional components that have the same effect. A
particular technique might directly reduce the number of
components, for instance by combining impedances in se-
ries. On the other hand it might merely change the form
into one in which the components can be reduced in a
later operation. For instance, one might transform a volt-
age generator into a current generator using Norton’s the-
orem in order to be able to later combine the internal re-
sistance of the generator with a parallel impedance load.

A resistive circuit is a circuit containing only resistors,
ideal current sources, and ideal voltage sources. If the
sources are constant (DC) sources, the result is a DC cir-
cuit. Analysis of a circuit consists of solving for the volt-
ages and currents present in the circuit. The solution prin-
ciples outlined here also apply to phasor analysis of AC
circuits.

Two circuits are said to be equivalent with respect to a
pair of terminals if the voltage across the terminals and
current through the terminals for one network have the
same relationship as the voltage and current at the termi-
nals of the other network.

If Vo = Vj implies I = I for all (real) values of V}
, then with respect to terminals ab and xy, circuit 1 and
circuit 2 are equivalent.

The above is a sufficient definition for a one-port net-
work. For more than one port, then it must be defined
that the currents and voltages between all pairs of corre-
sponding ports must bear the same relationship. For in-
stance, star and delta networks are effectively three port
networks and hence require three simultaneous equations
to fully specify their equivalence.

7.2.1 Impedances in series and in parallel

Any two terminal network of impedances can eventually
be reduced to a single impedance by successive applica-
tions of impedances in series or impedances in parallel.

Impedances in series: Zo.q = Z1 + Za + -+ + Zp.
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: L1 _ 1 1 1
Impedances in parallel: Za = 71 tg ot
Z1Zs
Leog = —.
47+ 2y

7.2.2 Delta-wye transformation

Main article: Y-A transform
A network of impedances with more than two terminals

C C
Rac Rbc RC
— R, R b
] Rab b ° i

“Delta” “Star”

cannot be reduced to a single impedance equivalent cir-
cuit. An n-terminal network can, at best, be reduced to n
impedances (at worst "Cs). For a three terminal network,
the three impedances can be expressed as a three node
delta (A) network or four node star (Y) network. These
two networks are equivalent and the transformations be-
tween them are given below. A general network with an
arbitrary number of nodes cannot be reduced to the min-
imum number of impedances using only series and par-
allel combinations. In general, Y-A and A-Y transforma-
tions must also be used. For some networks the exten-
sion of Y-A to star-polygon transformations may also be
required.

For equivalence, the impedances between any pair of ter-
minals must be the same for both networks, resulting in
a set of three simultaneous equations. The equations be-
low are expressed as resistances but apply equally to the
general case with impedances.

Delta-to-star transformation equations

R = Rac Rab
¢ Rac + Rab + Rbc
RabRbC
R ="
b Rac + Rab + Rbc
R CRHC
R, b

o Rac + Rab + Rbc

Star-to-delta transformation equations

R,Ry, + RyR. + R.R,
Rac =
Ry
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_ RuRy + RyR. + R.R,

Rab Rc
R,Ry, + RyR. + R.R,
Rbc = R

7.2.3 General form of network node elimi-
nation

Main article: Star-mesh transform

The star-to-delta and series-resistor transformations are
special cases of the general resistor network node elim-
ination algorithm. Any node connected by N resistors
( Ry .. Ry )tonodes 1.. N can be replaced by (%)
resistors interconnecting the remaining /N nodes. The re-
sistance between any two nodes x and y is given by:

N1
Ry=R.Ry, Y =
i=1""

For a star-to-delta ( N = 3 ) this reduces to:

_|_l —|—l )— RaRb(RaRb+RaRc+RbRc) . R,
a Rbv Re N R, RyR. -

1
Ry = RaRb(E

For a series reduction ( N = 2) this reduces to:

B 1 1 ReRy(Ra+Ry)
Fav = Rl T 7)) = Romy

R = R,+R,

For a dangling resistor ( N = 1) it results in the elimi-
nation of the resistor because (é) =0.

7.2.4 Source transformation

A generator with an internal impedance (i.e. non-ideal
generator) can be represented as either an ideal volt-
age generator or an ideal current generator plus the
impedance. These two forms are equivalent and the trans-
formations are given below. If the two networks are
equivalent with respect to terminals ab, then V and I must
be identical for both networks. Thus,

Vi=RILor =%
e Norton’s theorem states that any two-terminal net-

work can be reduced to an ideal current generator
and a parallel impedance.
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e Thévenin’s theorem states that any two-terminal net-
work can be reduced to an ideal voltage generator
plus a series impedance.

7.3 Simple networks

Some very simple networks can be analysed without the
need to apply the more systematic approaches.

7.3.1 Voltage division of series compo-
nents

Main article: voltage division

Consider n impedances that are connected in series. The
voltage V; across any impedance Z; is

Zi
)v
I+ 2o+ -+ 7y

w:&h{

7.3.2 Current division of parallel compo-
nents

Main article: current division

Consider n impedances that are connected in parallel.
The current I; through any impedance Z; is

(@),
@)

fori =1,2,...,n.

Special case: Current division of two parallel compo-
nents

h:<&%%>1
@:<a§%>z
7.4 Nodal analysis

Main article: nodal analysis

1. Label all nodes in the circuit. Arbitrarily select any
node as reference.

2. Define a voltage variable from every remaining node
to the reference. These voltage variables must be defined
as voltage rises with respect to the reference node.

3. Write a KCL equation for every node except the ref-
erence.

4. Solve the resulting system of equations.

7.5 Mesh analysis
Main article: mesh analysis

Mesh — a loop that does not contain an inner loop.

1. Count the number of “window panes” in the circuit.
Assign a mesh current to each window pane.

2. Write a KVL equation for every mesh whose current
is unknown.

3. Solve the resulting equations

7.6 Superposition
Main article: Superposition theorem

In this method, the effect of each generator in turn is cal-
culated. All the generators other than the one being con-
sidered are removed; either short-circuited in the case of
voltage generators, or open circuited in the case of current
generators. The total current through, or the total voltage
across, a particular branch is then calculated by summing
all the individual currents or voltages.

There is an underlying assumption to this method that
the total current or voltage is a linear superposition of
its parts. The method cannot, therefore, be used if non-
linear components are present. Note that mesh analy-
sis and node analysis also implicitly use superposition so
these too, are only applicable to linear circuits. Super-
position cannot be used to find total power consumed by
elements even in linear circuits. Power varies according
to the square of total voltage (or current) and the square
of the sum is not generally equal to sum of the squares.

7.7 Choice of method

Choice of method!?! is to some extent a matter of taste.
If the network is particularly simple or only a specific
current or voltage is required then ad-hoc application
of some simple equivalent circuits may yield the answer
without recourse to the more systematic methods.

e Superposition is possibly the most conceptually sim-
ple method but rapidly leads to a large number of
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equations and messy impedance combinations as the
network becomes larger.

e Nodal analysis: The number of voltage variables,
and hence simultaneous equations to solve, equals
the number of nodes minus one. Every voltage
source connected to the reference node reduces the
number of unknowns (and equations) by one.

e Mesh analysis: The number of current variables, and
hence simultaneous equations to solve, equals the
number of meshes. Every current source in a mesh
reduces the number of unknowns by one. Mesh
analysis can only be used with networks which can
be drawn as a planar network, that is, with no cross-
ing components.*!

7.8 Transfer function

A transfer function expresses the relationship between an
input and an output of a network. For resistive networks,
this will always be a simple real number or an expres-
sion which boils down to a real number. Resistive net-
works are represented by a system of simultaneous alge-
braic equations. However in the general case of linear
networks, the network is represented by a system of si-
multaneous linear differential equations. In network anal-
ysis, rather than use the differential equations directly, it
is usual practice to carry out a Laplace transform on them
first and then express the result in terms of the Laplace pa-
rameter s, which in general is complex. This is described
as working in the s-domain. Working with the equations
directly would be described as working in the time (or t)
domain because the results would be expressed as time
varying quantities. The Laplace transform is the math-
ematical method of transforming between the s-domain
and the t-domain.

This approach is standard in control theory and is useful
for determining stability of a system, for instance, in an
amplifier with feedback.

7.8.1 Two terminal component transfer
functions

For two terminal components the transfer function, or
more generally for non-linear elements, the constitutive
equation, is the relationship between the current input to
the device and the resulting voltage across it. The transfer
function, Z(s), will thus have units of impedance — ohms.
For the three passive components found in electrical net-
works, the transfer functions are;

For a network to which only steady ac signals are applied,
s is replaced with jw and the more familiar values from
ac network theory result.
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Finally, for a network to which only steady dc is applied,
s is replaced with zero and dc network theory applies.

7.8.2 Two port network transfer function

Transfer functions, in general, in control theory are given
the symbol H(s). Most commonly in electronics, transfer
function is defined as the ratio of output voltage to input
voltage and given the symbol A(s), or more commonly
(because analysis is invariably done in terms of sine wave
response), A(jw), so that;

A(jw) = 12

The A standing for attenuation, or amplification, depend-
ing on context. In general, this will be a complex func-
tion of jw, which can be derived from an analysis of the
impedances in the network and their individual transfer
functions. Sometimes the analyst is only interested in the
magnitude of the gain and not the phase angle. In this
case the complex numbers can be eliminated from the
transfer function and it might then be written as;

Aw) = |¥

Two port parameters

Main article: Two-port network

The concept of a two-port network can be useful in net-
work analysis as a black box approach to analysis. The
behaviour of the two-port network in a larger network can
be entirely characterised without necessarily stating any-
thing about the internal structure. However, to do this it
is necessary to have more information than just the A(jw)
described above. It can be shown that four such param-
eters are required to fully characterise the two-port net-
work. These could be the forward transfer function, the
input impedance, the reverse transfer function (i.e., the
voltage appearing at the input when a voltage is applied
to the output) and the output impedance. There are many
others (see the main article for a full listing), one of these
expresses all four parameters as impedances. It is usual
to express the four parameters as a matrix;
-l el

Vo |2(jw)2r 2(jw)2z] |To
The matrix may be abbreviated to a representative ele-
ment;

[2(jw)] or just [2]

These concepts are capable of being extended to net-
works of more than two ports. However, this is rarely
done in reality because, in many practical cases, ports are
considered either purely input or purely output. If reverse
direction transfer functions are ignored, a multi-port net-
work can always be decomposed into a number of two-
port networks.
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Distributed components

Where a network is composed of discrete components,
analysis using two-port networks is a matter of choice, not
essential. The network can always alternatively be anal-
ysed in terms of its individual component transfer func-
tions. However, if a network contains distributed com-
ponents, such as in the case of a transmission line, then
it is not possible to analyse in terms of individual com-
ponents since they do not exist. The most common ap-
proach to this is to model the line as a two-port network
and characterise it using two-port parameters (or some-
thing equivalent to them). Another example of this tech-
nique is modelling the carriers crossing the base region
in a high frequency transistor. The base region has to be
modelled as distributed resistance and capacitance rather
than lumped components.

Image analysis

Main article: Image impedance

Transmission lines and certain types of filter design use
the image method to determine their transfer parame-
ters. In this method, the behaviour of an infinitely long
cascade connected chain of identical networks is consid-
ered. The input and output impedances and the forward
and reverse transmission functions are then calculated for
this infinitely long chain. Although the theoretical values
so obtained can never be exactly realised in practice, in
many cases they serve as a very good approximation for
the behaviour of a finite chain as long as it is not too short.

7.9 Non-linear networks

Most electronic designs are, in reality, non-linear. There
is very little that does not include some semiconductor de-
vices. These are invariably non-linear, the transfer func-
tion of an ideal semiconductor p-n junction is given by
the very non-linear relationship;

v

i=1I,(eVr —1)

where;

e jand v are the instantaneous current and voltage.

e Jo is an arbitrary parameter called the reverse leak-
age current whose value depends on the construction
of the device.

e VT is a parameter proportional to temperature
called the thermal voltage and equal to about 25mV
at room temperature.

There are many other ways that non-linearity can appear
in a network. All methods utilising linear superposition
will fail when non-linear components are present. There
are several options for dealing with non-linearity depend-
ing on the type of circuit and the information the analyst
wishes to obtain.

7.9.1 Constitutive equations

The diode equation above is an example of an element
constitutive equation of the general form,

flv,i) =0

This can be thought of as a non-linear resistor. The corre-
sponding constitutive equations for non-linear inductors
and capacitors are respectively;

flv,) =0

f(v,q9) =0

where f is any arbitrary function, ¢ is the stored magnetic
flux and g is the stored charge.

7.9.2 Existence, uniqueness and stability

An important consideration in non-linear analysis is the
question of uniqueness. For a network composed of lin-
ear components there will always be one, and only one,
unique solution for a given set of boundary conditions.
This is not always the case in non-linear circuits. For in-
stance, a linear resistor with a fixed current applied to it
has only one solution for the voltage across it. On the
other hand, the non-linear tunnel diode has up to three
solutions for the voltage for a given current. That is, a
particular solution for the current through the diode is not
unique, there may be others, equally valid. In some cases
there may not be a solution at all: the question of exis-
tence of solutions must be considered.

Another important consideration is the question of sta-
bility. A particular solution may exist, but it may not be
stable, rapidly departing from that point at the slightest
stimulation. It can be shown that a network that is ab-
solutely stable for all conditions must have one, and only
one, solution for each set of conditions.*!

7.9.3 Methods
Boolean analysis of switching networks
A switching device is one where the non-linearity is

utilised to produce two opposite states. CMOS devices in
digital circuits, for instance, have their output connected
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to either the positive or the negative supply rail and are
never found at anything in between except during a tran-
sient period when the device is actually switching. Here
the non-linearity is designed to be extreme, and the ana-
lyst can actually take advantage of that fact. These kinds
of networks can be analysed using Boolean algebra by as-
signing the two states (“on"/"off”, “positive"/"negative”
or whatever states are being used) to the boolean con-
stants “0” and “1”.

The transients are ignored in this analysis, along with any
slight discrepancy between the actual state of the device
and the nominal state assigned to a boolean value. For in-
stance, boolean “1” may be assigned to the state of +5V.
The output of the device may actually be +4.5V but the
analyst still considers this to be boolean “1”. Device man-
ufacturers will usually specify a range of values in their
data sheets that are to be considered undefined (i.e. the
result will be unpredictable).

The transients are not entirely uninteresting to the ana-
lyst. The maximum rate of switching is determined by
the speed of transition from one state to the other. Hap-
pily for the analyst, for many devices most of the tran-
sition occurs in the linear portion of the devices transfer
function and linear analysis can be applied to obtain at
least an approximate answer.

It is mathematically possible to derive boolean algebras
which have more than two states. There is not too much
use found for these in electronics, although three-state de-
vices are passingly common.

Separation of bias and signal analyses

This technique is used where the operation of the circuit
is to be essentially linear, but the devices used to imple-
ment it are non-linear. A transistor amplifier is an exam-
ple of this kind of network. The essence of this technique
is to separate the analysis into two parts. Firstly, the dc
biases are analysed using some non-linear method. This
establishes the quiescent operating point of the circuit.
Secondly, the small signal characteristics of the circuit
are analysed using linear network analysis. Examples of
methods that can be used for both these stages are given
below.

Graphical method of dc analysis

In a great many circuit designs, the dc bias is fed to a non-
linear component via a resistor (or possibly a network of
resistors). Since resistors are linear components, it is par-
ticularly easy to determine the quiescent operating point
of the non-linear device from a graph of its transfer func-
tion. The method is as follows: from linear network anal-
ysis the output transfer function (that is output voltage
against output current) is calculated for the network of
resistor(s) and the generator driving them. This will be a
straight line (called the load line) and can readily be su-
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perimposed on the transfer function plot of the non-linear
device. The point where the lines cross is the quiescent
operating point.

Perhaps the easiest practical method is to calculate the
(linear) network open circuit voltage and short circuit cur-
rent and plot these on the transfer function of the non-
linear device. The straight line joining these two point is
the transfer function of the network.

In reality, the designer of the circuit would proceed in
the reverse direction to that described. Starting from a
plot provided in the manufacturers data sheet for the non-
linear device, the designer would choose the desired oper-
ating point and then calculate the linear component values
required to achieve it.

It is still possible to use this method if the device being bi-
ased has its bias fed through another device which is itself
non-linear — a diode for instance. In this case however,
the plot of the network transfer function onto the device
being biased would no longer be a straight line and is con-
sequently more tedious to do.

Small signal equivalent circuit

This method can be used where the deviation of the input
and output signals in a network stay within a substantially
linear portion of the non-linear devices transfer function,
or else are so small that the curve of the transfer function
can be considered linear. Under a set of these specific
conditions, the non-linear device can be represented by
an equivalent linear network. It must be remembered that
this equivalent circuit is entirely notional and only valid
for the small signal deviations. It is entirely inapplicable
to the dc biasing of the device.

For a simple two-terminal device, the small signal equiv-
alent circuit may be no more than two components. A
resistance equal to the slope of the v/i curve at the oper-
ating point (called the dynamic resistance), and tangent
to the curve. A generator, because this tangent will not,
in general, pass through the origin. With more terminals,
more complicated equivalent circuits are required.

A popular form of specifying the small signal equivalent
circuit amongst transistor manufacturers is to use the two-
port network parameters known as [h] parameters. These
are a matrix of four parameters as with the [z] parame-
ters but in the case of the [h] parameters they are a hy-
brid mixture of impedances, admittances, current gains
and voltage gains. In this model the three terminal tran-
sistor is considered to be a two port network, one of its
terminals being common to both ports. The [h] param-
eters are quite different depending on which terminal is
chosen as the common one. The most important parame-
ter for transistors is usually the forward current gain, ho,
in the common emitter configuration. This is designated
h¢. on data sheets.

The small signal equivalent circuit in terms of two-port
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parameters leads to the concept of dependent generators.
That is, the value of a voltage or current generator de-
pends linearly on a voltage or current elsewhere in the
circuit. For instance the [z] parameter model leads to de-
pendent voltage generators as shown in this diagram;

Ry Rz,

R1 2'2 IZ

|1 R21'1

[z] parameter equivalent circuit showing dependent voltage gen-
erators

There will always be dependent generators in a two-port
parameter equivalent circuit. This applies to the [h] pa-
rameters as well as to the [z] and any other kind. These
dependencies must be preserved when developing the
equations in a larger linear network analysis.

Piecewise linear method

In this method, the transfer function of the non-linear de-
vice is broken up into regions. Each of these regions is
approximated by a straight line. Thus, the transfer func-
tion will be linear up to a particular point where there will
be a discontinuity. Past this point the transfer function
will again be linear but with a different slope.

A well known application of this method is the approx-
imation of the transfer function of a pn junction diode.
The actual transfer function of an ideal diode has been
given at the top of this (non-linear) section. However,
this formula is rarely used in network analysis, a piece-
wise approximation being used instead. It can be seen
that the diode current rapidly diminishes to -1, as the volt-
age falls. This current, for most purposes, is so small it
can be ignored. With increasing voltage, the current in-
creases exponentially. The diode is modelled as an open
circuit up to the knee of the exponential curve, then past
this point as a resistor equal to the bulk resistance of the
semiconducting material.

The commonly accepted values for the transition point
voltage are 0.7V for silicon devices and 0.3V for ger-
manium devices. An even simpler model of the diode,
sometimes used in switching applications, is short circuit
for forward voltages and open circuit for reverse voltages.

The model of a forward biased pn junction having an ap-
proximately constant 0.7V is also a much used approxi-
mation for transistor base-emitter junction voltage in am-
plifier design.

The piecewise method is similar to the small signal
method in that linear network analysis techniques can
only be applied if the signal stays within certain bounds.
If the signal crosses a discontinuity point then the model
is no longer valid for linear analysis purposes. The model

does have the advantage over small signal however, in that
it is equally applicable to signal and dc bias. These can
therefore both be analysed in the same operations and will
be linearly superimposable.

7.9.4 Time-varying components

In linear analysis, the components of the network are as-
sumed to be unchanging, but in some circuits this does not
apply, such as sweep oscillators, voltage controlled am-
plifiers, and variable equalisers. In many circumstances
the change in component value is periodic. A non-linear
component excited with a periodic signal, for instance,
can be represented as periodically varying linear compo-
nent. Sidney Darlington disclosed a method of analysing
such periodic time varying circuits. He developed canon-
ical circuit forms which are analogous to the canoni-
cal forms of Ronald Foster and Wilhelm Cauer used for
analysing linear circuits.!

7.10 See also

e Bartlett’s bisection theorem
e Equivalent impedance transforms
e Kirchhoff’s circuit laws

e Mesh analysis

e Millman’s Theorem

e Ohm’s law

e Reciprocity theorem

e Resistive circuit

e Series and parallel circuits
o Tellegen’s theorem

e Two-port network

e Wye-delta transform

e Symbolic circuit analysis
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