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Measurement:

Measurement is the estimation of the magnitude of some attribute of an object,
such as its length or weight, relative to a unit of measurement. Measurement usually
involves using a measuring instrument, such as a ruler or scale, which is calibrated to
compare the object to some standard, such as a meter or a kilogram. In science, however,
where accurate measurement is crucial, a measurement is understood to have three parts:
first, the measurement itself, second, the margin of error, and third, the confidence level -
- that is, the probability that the actual property of the physical object is'within the margin
of error. For example, we might measure the length of an object as rs plus or
minus 0.01 meter, with a 95% level of confidence.

Metrology is the scientific study of measurement. In meas
is an observation that reduces an uncertainty expressed
measurement is making such observations!"). It inclu

quantity such as distance, energy, temperature, or time. ude such things
as assessment of attitudes, values and perceptio of aptitudes of
individuals.

t of as the ratio of some
e, thus a measurement of length is

In the physical sciences, measurement is most
physical quantity to a standard quantity of the sa

the ratio of a physical length to s andard length as a standard meter.
Measurements are usually given in terms of a real number times a unit of measurement,
for example 2.53 meters, b s measurements use complex numbers, as in

uires an instrument designed and calibrated for that
eedometer, weighing scale, or voltmeter. Surveys and
surement instruments" in academic testing, aptitude

have errors and therefore uncertainties. In fact, the reduction—not
ation—of uncertainty is central to the concept of measurement.

the measured quantity. Under this assumption, every measurement has three components:
the estimate, the error bound, and the probability that the actual magnitude lies within the
error bound of the estimate. For example, a measurement of the length of a plank might
result in a measurement of 2.53 meters plus or minus 0.01 meter, with a probability of
99%.

Measurement is fundamental in science; it is one of the things that distinguishes science
from pseudoscience. It is easy to come up with a theory about nature, hard to come up
with a scientific theory that predicts measurements with great accuracy. Measurement is



also essential in industry, commerce, engineering, construction, manufacturing,
pharmaceutical production, and electronics.

Observational error is the difference between a measured value of quantity and its true
value. In statistics, an error is not a "mistake". Variability is an inherent part of things
being measured and of the measurement process.

When either randomness or uncertainty modeled by probability theory is.attributed to
such errors, they are "errors" in the sense in which that term is use ics; see
errors and residuals in statistics.

Every time we repeat a measurement with a sensitive inst
different results. The common statistical model we use i
parts:

systematic error which always occurs (with the s
in the same way, and
random error which may vary from observa

The systematic error is sometimes called statistical bias. It is controlled by very carefully
standardized procedures. Part of ucation in every sci
instruments of the discipline.

The random error (or random variation) i to factors which we cannot (or do not)
control. It may be too i too ignorant of these factors to control
them each time we mea that whatever we are trying to measure is
changing in ti r is fundamentally probablistic (as is the case in
quantum me nt in quantum mechanics). Random error often

d to their limits. For example, it is common for digital
r in their least significant digit. Three measurements of a
thing like 0.9111g, 0.9110g, and 0.9112g.

The simplest measurement instrumentation device is a thermistor. A thermistor is very
similar to a typical resistor, except that it greatly varies its resistance depending on its
temperature. Therefore this device can easily be used for measurement of temperature in
the field. Other temperature-sensitive devices include RTDs, which also change
resistance depending on temperature, and thermocouples, which produce a varying
voltage when subjected to heat.



Control instrumentation includes devices such as solenoids, Electrically Operated Valves,
breakers, relays, etc. These devices are able to change a field parameter, and provide
remote control capabilities.

Transmitters are devices which produce an analog signal, usually in the form of a 4-20
mA electrical current signal, although many other options are possible using voltage,
frequency, or pressure. This signal can be used to directly control other instruments, or
sent to a PLC, DCS, SCADA system or other type of computerized controller, where it
can be interpreted into readable values, or used to control other devices and processes in
the system.

Instrumentation plays a significant role in both gathering information from the field and

changing the field parameters, and as such are a key part of contro
Instrumentation can be used to measure certain field parameters (phys
These measured values include:

pressure, either differential or static
flow

temperature

level
density
viscosity
radiation
current
voltage
inductance
capacitance
frequency

Example:-

Resistance thermometers, also called resistance temperature detectors (RTDs), are
temperature sensors that exploit the predictable change in electrical resistance of some
materials with changing temperature. As they are almost invariably made of platinum,
they are often called platinum resistance thermometers (PRTs). They are slowly
replacing the use of thermocouples in many industrial applications below 600 °C.



Standards:

Laws to regulate measurement were originally developed to prevent fraud.
However, units of measurement are now generally defined on a scientific basis, and are
established by international treaties. In the United States, commercial measurements are
regulated by the National Institute of Standards and Technology NIST, a division of the
United States Department of Commerce.

Units and systems:

Main articles: Units of measurement and Syste measure

Each derived it is defined purely in terms of a relationship involving itself and other
units; for example, the unit of velocity is 1 m/s. Due to the fact that derived units make
reference to base units, the specification of empirical conditions is an implied component
of the definition of all units.

]
Main article: International System of Units

The International System of Units (abbreviated Sl from the French language name
Systéme International d'Unités) is the modern, revised form of the metric system. It is the



world's most widely used system of units, both in everyday commerce and in science.
The SI was developed in 1960 from the metre-kilogram-second (MKS) system, rather
than the centimetre-gram-second (CGS) system, which, in turn, had many variants. At its
development the SI also introduced several newly named units that were previously not a
part of the metric system.

There are two types of SI units, base and derived units. Base units are the simple

measurements for time, length, mass, temperature, amount of substance, electric current,
and light intensity. Derived units are made up of base units, for example density is kg/m’.

Mean:

In statistics, mean has two related meanings:

n is the mean deviation, equivalent to the average
n. It is less sensitive to outliers, but less mathematically

eans are often used in geometry and analysis; a wide range of
eloped for these purposes, which are not much used in statistics.

Arithmetic mean
Main article: Arithmetic mean

The arithmetic mean is the "standard" average, often simply called the "mean".



The mean may often be confused with the median or mode. The mean is the arithmetic
average of a set of values, or distribution; however, for skewed distributions, the mean is
not necessarily the same as the middle value (median), or the most likely (mode). For
example, mean income is skewed upwards by a small number of people with very large
incomes, so that the majority have an income lower than the mean. By contrast, the
median income is the level at which half the population is below and half is above. The
mode income is the most likely income, and favors the larger number of people with
lower incomes. The median or mode are often more intuitive measures of such data.

That said, many skewed distributions are best described by their mean - 'such as the
Exponential and Poisson distributions.

For example, the arithmetic mean of six values: 34, 27, 45, 55, 22,34 is:

34+27+45+55+22+34/6=36.167

Standard deviation:

In probability and statistics, the stanc
random variable, or population or multiset o
values. The standard deviation is usually denotec
is defined as the square root of the variance.

ability distribution,
f the spread of its
o (lower case sigma). It

ariance is the average of the

e mean. Variance is tabulated in units

ot of that quantity, therefore measures the
same units as the data.

squared differences betwe
squared. Standard devi

Fore lation {4, 8}, the mean is 6 and the deviations from mean are
{- ared are {4, 4} the average of which (the variance) is 4.
There viation is 2. In this case 100% of the values in the population

The standard deviation is the most common measure of statistical dispersion, measuring
how widely spread the values in a data set are. If many data points are close to the mean,
then the standard deviation is small; if many data points are far from the mean, then the
standard deviation is large. If all the data values are equal, then the standard deviation is
Zero.

For a population, the standard deviation can be estimated by a modified standard
deviation (S) of a sample.



Transducer

A transducer is a device, usually electrical, electronic, electro-mechanical,

electromagnetic, photonic, or photovoltaic that converts one type of energy or physical
attribute to another for various purposes including measurement or information transfer
(for example, pressure sensors).

The term transducer is commonly used in two senses; the sensor,
parameter in one form and report it in another (usually an electrica
the audio loudspeaker, which converts electrical voltage variations
speech, to mechanical cone vibration and hence vibrate

energy.

fined to the narrower definition of the term.

Electromagne
Antenna - converts electromagnetic waves into electric current and vice versa.
Cathode ray tube (CRT) - converts electrical signals into visual form

Fluorescent lamp, light bulb - converts electrical power into visible light

Magnetic cartridge - converts motion into electrical form

Photodetector or Photoresistor (LDR) - converts changes in light levels into resistance
changes

Tape head - converts changing magnetic fields into electrical form

Hall effect sensor - converts a magnetic field level into electrical form only.
Electrochemical:



pH probes
Electro-galvanic fuel cell
Electromechanical (electromechanical output devices are generically called actuators):
Electroactive polymers

Galvanometer

MEMS

Rotary motor, linear motor

Vibration powered generator

Potentiometer when used for measuring position

Load cell converts force to mV/V electrical signal using strain gauge

Accelerometer
Strain gauge

String Potentiometer
Air flow sensor

Electroacoustic:
Geophone - convert a ground movement (displacement)
Gramophone pick-up

Hydrophone - converts changes in water pre
Loudspeaker, earphone - converts changes i into acoustic form
Microphone - converts changes in air pressure i i
Piezoelectric crystal - converts pressure changes into electrical form
Tactile transducer
Photoelectric:

Laser diode, light-emitting
Photodiode, photoresist
levels into electrical f
Electrostatic:
Electrometer
Thermoelectric:
RTD Resistance

e - convert electrical power into forms of light

pho , photomultiplier tube - converts changing light

Receiver (rad

Temperature :

1. Resistance thermometers, also called resistance temperature detectors
(RTDs), are temperature sensors that exploit the predictable change in electrical
resistance of some materials with changing temperature. As they are almost invariably
made of platinum, they are often called platinum resistance thermometers (PRTs).



They are slowly replacing the use of thermocouples in many industrial applications below
600 °C.

AC instrumentation transducers

Just as devices have been made to measure certain physical quantities and repeat
that information in the form of DC electrical signals (thermocouples, strain gauges, pH
probes, etc.), special devices have been made that do the same with AC.

It is often necessary to be able to detect and transmit the physical position of mechanical

parts via electrical signals. This is especially true in the fields of autom machine tool
control and robotics. A simple and easy way to do this is with a pot o] r: (Figure
below)

potentiometer shaft moved
by physical motion of an object

+  voltmeter indicates
position of that object

Potentiometer tap voltage indicates position of an ct slaved to the shaft.
However, potentiometers have t i . For one, they rely on physical

ich means they suffer the effects

of physical wear over time. ometers wear, their proportional output versus
shaft position becomes less a ou might have already experienced this
effect when adjusting t old radio: when twisting the knob, you
might hear “scratchin he speakers. Those noises are the result
of poor wiper contact in

Also, this physi i and strip creates the possibility of arcing

(sparking) be

ng translates into a potential for an explosion!

re able to completely avoid sliding contact between parts if
er instead of a potentiometer. Devices made for this purpose
are calle . h stands for Linear Variable Differential Transformers. The design
of an LVD this: (Figure below)
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ected. Being

2condary windings. When
the same voltage, the net result at

motion is straight-line.
The AC voltage output by a icates_the position of the movable core. Zero volts

e will be seen at the output. The phase of
the output voltage rela Itage indicates which direction from center
the core is offset.
The primary ad potentiometer for position sensing is the

he moving and stationary parts. The core does not

in and out within a nonconducting tube. Thus, the

mostly dependent on the frequency of the AC voltage source.
times are desired, the frequency must be higher to allow whatever
moved. To i e the potential problem here, imagine this exaggerated scenario: an
LVDT powered a 60 Hz voltage source, with the core being moved in and out hundreds
of times per second. The output of this LVDT wouldn't even look like a sine wave because
the core would be moved throughout its range of motion before the AC source voltage
could complete a single cycle! It would be almost impossible to determine instantaneous
core position if it moves faster than the instantaneous source voltage does.

General description

There are two broad categories, "film" and "wire-wound" types.



Film thermometers have a layer of platinum on a substrate; the layer may be extremely
thin, perhaps 1 micrometer. Advantages of this type are relatively low cost and fast
response. Such devices have improved in performance although the different expansion
rates of the substrate and platinum give

Wire-wound thermometers can have greater accuracy, especially for wide temperature
ranges. The coil diameter provides a compromise between mechanical stability and
allowing expansion of the wire to minimize strain and consequential drift.

The current international standard which specifies tolerance and the temperature to
electrical resistance relationship for platinum resistance thermometers i
By far the most common devices used in industry have a nominal r:
at 0 °C, and are called Pt-100 sensors ('Pt' is the symbol for platin

a standard 100 ohm sensor is a nominal 0.385 ohm/°C. RTDs with 375
and 0.392 ohm/°C are also available.

How do resistance thermometers wor

Resistance thermometers are constructed in a greater stability,

accuracy and repeatability in some cases tha ermocouples use
the Seebeck effect to generate a voltage, resis b se electrical resistance
and require a small power source to operate. The ally varies linearly with
temperature.

Resistance thermometers are

ally made using platinum, because of its linear
resistance-temperature rel i i

ip its chemical inertness. The platinum detecting

wire needs to be kept fr emain stable. A platinum wire or film is
supported on a former i s minimal differential expansion or other
strains from its former, istant to vibration. RTD assemblies made
from iron or co i e applications.

oduced which exhibit a change of resistance of 0.385
al Interval) The sensor is usually made to have a

his is defined in BS EN 60751:1996 (taken from IEC

an Fundamental Interval is 0.392 €/°C, based on using a purer
the European standard. The American standard is from the

standards field

Resistance thermometers require a small current to be passed through in order to
determine the resistance. This can cause resistive heating, and manufacturers' limits
should always be followed along with heat path considerations in design. Care should
also be taken to avoid any strains on the resistance thermometer in its application. Lead
wire resistance should be considered, and adopting three and four wire connections can
eliminate connection lead resistance effects from measurements - industrial practice is
almost universally to use 3-wire connection.



Advantages and limitations
Advantages of platinum resistance thermometers:

High accuracy

Low drift

Wide operating range

Suitability for precision applications

Limitations:

essentially zero and therefore not useful.

Compared to thermistors, platinum RTDs
and have a slower response time. However, the
and stability.

Resistance thermom

round glass core with glass fused homogenously
rotection to the detecting wire but smaller usable range
ceramic substrate, small and inexpensive to mass produce,

] I Eﬂnnectinn 't\ 1 T

Resistance Thermometer [© 18303 Connection Leads ~ oneath Insulator

These elements nearly always require insulated leads attached. At low temperatures PVC,
silicon rubber or PTFE insulators are common to 250°C. Above this, glass fibre or



ceramic are used. The measuring point and usually most of the leads require a housing or
protection sleeve. This is often a metal alloy which is inert to a particular process. Often
more consideration goes in to selecting and designing protection sheaths than sensors as
this is the layer that must withstand chemical or physical attack and offer convenient
process attachment points.

Resistance thermometer wiring configurations

Two-wire configuration

Resistance

Tment

3

weoupt” L |
Bridge Output

The simplest resistance thermometer configu ires. It is only used when
high accuracy is not required as the resistance o wires is always included
with that of the sensor leading to errors in the sign sing this configuration you will be
anced bridge and fixed bridge
system.

Three-wire configuration

Resistance a1 a2
lement
» Cs)
T
Lead Resistance
RT o sum
Bridge Du1put

In order to minimize the effects of the lead resistances a three wire configuration can be
used. Using this method the two leads to the sensor are on adjoining arms, there is a lead
resistance in each arm of the bridge and therefore the lead resistance is cancelled out.
High quality connection cables should be used for this type of configuration because an
assumption is made that the two lead resistances are the same. This configuration allows
for up to 600 meters of cable.



Four-wire configuration

Resistance "1 Az
lement
i » ®
AT Lead Resistance / % /
Supmr
Bridge Du1put

The four wire resistance thermometer configuration even further i
and rellablhty of the resmtance being measured In the diagram ab

out the lead resistance. The above Wheatstone bridge
wire and is not a perfect solution. Below is a better a

Resistance
Element

AT

electrical engineering, thermocouples are a widely used type
of te and can also be used as a means to convert thermal potential
dlfferenc potential difference.’”) They are cheap and interchangeable, have
standard co , and can measure a wide range of temperatures. The main limitation
is accuracy; system errors of less than one degree Celsius (°C) can be difficult to achieve.

Principle of operations:

In 1821, the German—Estonian physicist Thomas Johann Seebeck discovered that
when any conductor (such as a metal) is subjected to a thermal gradient, it will generate a
voltage. This is now known as the thermoelectric effect or Seebeck effect. Any attempt to
measure this voltage necessarily involves connecting another conductor to the "hot" end.
This additional conductor will then also experience the temperature gradient, and develop
a voltage of its own which will oppose the original. Fortunately, the magnitude of the



effect depends on the metal in use. Using a dissimilar metal to complete the circuit
creates a circuit in which the two legs generate different voltages, leaving a small
difference in voltage available for measurement. That difference increases with
temperature, and can typically be between one and seventy microvolts per degree Celsius
(uV/°C) for the modern range of available metal combinations. Certain combinations
have become popular as industry standards, driven by cost, availability, convenience,
melting point, chemical properties, stability, and output. This coupling of two metals
gives the thermocouple its name.

cold junction can be simulated, and the appropri
cold junction compensation.

Additionally, a device can per cold junction compensation by computation. It can
translate device voltages to es by-either of two methods. It can use values from

look-up tables'* or approxi i ial interpolation.

A thermocouple can pr
directly, witho

electric power gen ocouple is a conversion of the heat energy that one

must contir hot side of the thermocouple to maintain the electric
pote is necessary because the current flowing through the
thern e the hot side to cool down and the cold side to heat up (the

Peltier e

Thermocouples can be connected in series with each other to form a thermopile, where
all the hot junctions are exposed to the higher temperature and all the cold junctions to a
lower temperature. Thus, the voltages of the individual thermocouple add up, which
allows for a larger voltage and increased power. With the radioactive decay of transuranic
elements providing a heat source this arrangement has been used to power spacecraft on
missions too far from the Sun to utilize solar power.



Applications:

Thermocouples are most suitable for measuring
1800 °C. They are less suitable for applications
need to be measured with high accuracy, f .
accuracy. For such applications, thermistors and
more suitable.

perature detectors are

Thermistor:

A thermistor is a typ
The word is a combinat
thermistor in 19

where

AR = change in resistance
AT = change in temperature
k = first-order temperature coefficient of resistance

Thermistors can be classified into two types depending on the sign of k. If K is positive,
the resistance increases with increasing temperature, and the device is called a positive



temperature coefficient (PTC) thermistor, or posistor. If k is negative, the resistance
decreases with increasing temperature, and the device is called a negative temperature
coefficient (NTC) thermistor. Resistors that are not thermistors are designed to have the
smallest possible Kk, so that their resistance remains nearly constant over a wide
temperature range.

Thermistors differ from resistance temperature detectors in that the material used in a

thermistor is generally a ceramic or polymer, while RTDs use pure metals. The
temperature response is also different; RTDs are useful over larger temperature ranges.

Applications:

PTC thermistors can b
replacements for fuses. Cu
heating. If the current is

of the order of 10 K.

NTC thermistors can be used as inrush-current limiting devices in power supply circuits.
They present a higher resistance initially which prevents large currents from flowing at
turn-on, and then heat up and become much lower resistance to allow higher current flow
during normal operation. These thermistors are usually much larger than measuring type
thermistors, and are purposely designed for this application.

NTC thermistors are regularly used in automotive applications. For example they monitor
things like coolant temperature and/or oil temperature inside the engine and provide data
to the ECU and indirectly the dashboard.

Thermistors are also commonly used in modern digital thermostats and to monitor the
temperature of battery packs while charging.



Sensors

Piezoelectric disk used as a guitar pickup
Main article: Piezoelectric sensor

The principle of operation of a piezoelectric sensor is that a

physical dimension, transformed int

For many sensing techni
the term transducer is

sound waves into the body, receive the returned
ignal (a voltage). Most medical ultrasound

s are also used in the detection and generation of sonar waves.
high power applications (e.g. medical treatment, sonochemistry and

Piezoelectric microbalances are used as very sensitive chemical and biological sensors.
Piezos are sometimes used in strain gauges.

Piezoelectric transducers are used in electronic drum pads to detect the impact of the
drummer's sticks.

Automotive engine management systems use a piezoelectric transducer to detect
detonation, by sampling the vibrations of the engine block.

Ultrasonic piezo sensors are used in the detection of acoustic emissions in acoustic
emission testing.



Metal disk with piezoelectric disk attached, used in a buzzer

As very high voltages correspond to only tiny changes in the widt
width can be changed with better-than-micrometer precision, maki
most important tool for positioning objects with extreme accuracy
actuators.

the crystal, this

Loudspeakers: Voltages are converted to mechanical
polymer film.

Piezoelectric motors: piezoelectric elements ap
it to rotate. Due to the extremely small dista

an axle, causing
otor is viewed as a

Piezoelectric elements can be used in laser mirro vhere their ability to move
a large mass (the mirror mount) over microscopic distances is exploited to electronically
align some laser mirrors. By pr distance between mirrors, the laser
electronics can accurately maintain optical conditions inside the laser cavity to optimize

the beam output.

A related application is ator, a device that vibrates a mirror to
give the light reflecte his is useful for fine-tuning a laser's
frequency.

Atomic force ing tunneling microscopes employ converse
piezoelectrici
Inkjet printe

ters, particularly those made by Epson, piezoelectric
ow of ink from the inkjet head to the paper.
ance common rail diesel engines use piezoelectric fuel

valve dev

AC bridge circuits

As we saw with DC measurement circuits, the circuit configuration known as a
bridge can be a very useful way to measure unknown values of resistance. This is true
with AC as well, and we can apply the very same principle to the accurate measurement
of unknown impedances.



To review, the bridge circuit works as a pair of two-component voltage dividers connected
across the same source voltage, with a null-detector meter movement connected
between them to indicate a condition of “balance” at zero volts: (Figure below)

A balanced bridge shows a “null”, or minimu
Any one of the four resistors in the above
and its value can be determined by a ratio of
whose resistances are known to a precise degre
condition (zero voltage as indicated by the null de

In a condition of bafance.*

dge is in a balanced
r), the ratio works out to be this:

Rl

Rl
One of the advantages uit to measure resistance is that the voltage
of the power source is ir . ly speaking, the higher the supply voltage, the
easier itis to i imbalance between the four resistors with the null
detector, and th it will be. A greater supply voltage leads to the
possibilit i nt precision. However, there will be no fundamental
error i lesser or greater power supply voltage unlike other types
of r
I e same, only the balance equation is with complex quantities,
as bot itude and phase across the components of the two dividers must be equal in
order for ctor to indicate “zero.” The null detector, of course, must be a

(small speakers) may be used if the source frequency is within audio range.

One way to maximize the effectiveness of audio headphones as a null detector is to
connect them to the signal source through an impedance-matching transformer.
Headphone speakers are typically low-impedance units (8 Q), requiring substantial
current to drive, and so a step-down transformer helps “"match” low-current signals to the
impedance of the headphone speakers. An audio output transformer works well for this
purpose: (Figure below)



Null detector for AC bridge
made from audio headphones

Headphones

- *
Test 1KkQ by,
leads
“Modern” low-Ohm headphones require an impedance m i er for.use as a

sensitive null detector.
Using a pair of headphones that completely surroun ed-cup” type),
I've been able to detect currents of less than 0.1 pA with thi ctor circuit.

upt current, this
if the frequency is far
headphones each time

circuit is usable for detecting signals from DC
above or below the audio range, a “click” will be
the switch is pressed and released.

Connected to a resistive bridge, t‘hole circuit loo Figure below.

Headphones
Bridge with se’ftive AC null detector.

Listening to the headphones as one or more of the resistor “arms” of the bridge is
adjusted, a condition of balance will be realized when the headphones fail to produce
“clicks” (or tones, if the bridge's power source frequency is within audio range) as the
switch is actuated.

When describing general AC bridges, where impedances and not just resistances must be
in proper ratio for balance, it is sometimes helpful to draw the respective bridge legs in
the form of box-shaped components, each one with a certain impedance: (Figure below)




o~

Generalized AC impedance bridge: Z = nonspecific ¢ X im anc
For this general form of AC bridge to balance, the imped ios of

ch branch must

be equal:
Ly, _ Z4
z, Z,

above equation must be
le. It is insufficient that the

impedance magnitudes alone b
will still be voltage across the terminals of the null detector and the bridge will not be
balanced.
Bridge circuits can be co just about any device value desired, be it
capacitance, inductan i .” As always in bridge measurement

circuits, the unknown ity i nced” against a known standard, obtained

be determined directly from the setting of the
that standard through a mathematical formula.



unknown
inductance

standard
2., Inductance

unknown
capacitance

standard
capacitance

Sym i dge m&ureé‘ﬁnknown capacitor by comparison to a standard capacitor.
al” bridges such as these are so named because they exhibit
age‘similarity) from left to right. The two bridge circuits shown
above are b adjusting the calibrated reactive component (Ls or C;). They are a
€ their real-life counterparts, as practical symmetrical bridge circuits
often have a brated, variable resistor in series or parallel with the reactive component
to balance out stray resistance in the unknown component. But, in the hypothetical world
of perfect components, these simple bridge circuits do just fine to illustrate the basic
concept.
An example of a little extra complexity added to compensate for real-world effects can be
found in the so-called Wien bridge, which uses a parallel capacitor-resistor standard
impedance to balance out an unknown series capacitor-resistor combination. (Figure
below) All capacitors have some amount of internal resistance, be it literal or equivalent
(in the form of dielectric heating losses) which tend to spoil their otherwise perfectly
reactive natures. This internal resistance may be of interest to measure, and so the Wien
bridge attempts to do so by providing a balancing impedance that isn't “pure” either:




s of “real” capacitor.
esistor and a capacitor)

mathematically, and the un acitance and resistance determined mathematically

from the balance equation .
b e that the standard capacitor has
sistance is already known so that it can be

bridges are useful for determining the values of

negligible internal resi
factored into the balan

, because the balance of the bridge is frequency-
dependent. , the capacitors are made fixed (and usually of
equal value istors are made variable and are adjusted by means of



(sometimes known
inductances in terms of

III

simple “symmetrical” inductan i i ctical. Because the phase shifts
of inductors and capacitors opposite each other, a capacitive impedance can
balance out an inductive i
they are here.
Another advantage of
symmetrical inductance i imination of measurement error due to mutual
inductance between two . ic fields can be difficult to shield, and even a
in a bridge can introduce substantial errors in
uctor to react with in the Maxwell bridge, this

ard capacitor (C;) and the resistor in parallel with it (R;)
must be adjusted to achieve balance. However, the bridge

latter configuration it takes more trial- and -error adjustment to
achieve bala the different variable resistors interact in balancing magnitude and
phase.
Unlike the plain Wien bridge, the balance of the Maxwell-Wien bridge is independent of
source frequency, and in some cases this bridge can be made to balance in the presence
of mixed frequencies from the AC voltage source, the limiting factor being the inductor's
stability over a wide frequency range.

There are more variations beyond these designs, but a full discussion is not warranted
here. General-purpose impedance bridge circuits are manufactured which can be
switched into more than one configuration for maximum flexibility of use.

A potential problem in sensitive AC bridge circuits is that of stray capacitance between
either end of the null detector unit and ground (earth) potential. Because capacitances
can “conduct” alternating current by charging and discharging, they form stray current
paths to the AC voltage source which may affect bridge balance: (Figure below)



C

stray |

C —

stray

mechanical resonance, we may s
meter using an inductor and ca

circuit to indicate maximu
adjustment knob(s) are
the frequency is read
indication on the mete

ge across the two components. The
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Wagner ground for AC supply minimizes the effects of stray capacitance to ground on the
bridge.



The Wagner earth circuit is nothing more than a voltage divider, designed to have the
voltage ratio and phase shift as each side of the bridge. Because the midpoint of the
Wagner divider is directly grounded, any other divider circuit (including either side of the
bridge) having the same voltage proportions and phases as the Wagner divider, and
powered by the same AC voltage source, will be at ground potential as well. Thus, the
Wagner earth divider forces the null detector to be at ground potential, without a direct
connection between the detector and ground.

There is often a provision made in the null detector connection to confirm proper setting
of the Wagner earth divider circuit: a two-position switch, (Figure below) so that one end
of the null detector may be connected to either the bridge or the Wagner earth. When the
null detector registers zero signal in both switch positions, the bridge is not only
guaranteed to be balanced, but the null detector is also guaranteed to t zero
potential with respect to ground, thus eliminating any errors due to a urrents

through stray detector-to-ground capacitances:

ES[L";‘I}'
CS-[I.TI}'
Switc justment of the Wagner ground.
REV M
AC brid on the same basic principle as DC bridge circuits: that a balanced
ratio of i ather than resistances) will result in a “balanced” condition as

Null detectors AC bridges may be sensitive electromechanical meter movements,
oscilloscopes (CRT's), headphones (amplified or unamplified), or any other device capable
of registering very small AC voltage levels. Like DC null detectors, its only required point
of calibration accuracy is at zero.

AC bridge circuits can be of the “symmetrical” type where an unknown impedance is
balanced by a standard impedance of similar type on the same side (top or bottom) of
the bridge. Or, they can be “nonsymmetrical,” using parallel impedances to balance
series impedances, or even capacitances balancing out inductances.

AC bridge circuits often have more than one adjustment, since both impedance
magnitude and phase angle must be properly matched to balance.



Some impedance bridge circuits are frequency-sensitive while others are not. The
frequency-sensitive types may be used as frequency measurement devices if all
component values are accurately known.

A Wagner earth or Wagner ground is a voltage divider circuit added to AC bridges to help
reduce errors due to stray capacitance coupling the null detector to ground.

Signal generator:

1ously as a test signal generator, function

different types of signal generators, with different purposes and
applications (and at varying levels of expense); in general, no device is suitable for all
possible applications.



Traditionally, signal generators have been embedded hardware units, but since the age of
multimedia-PCs, flexible, programmable software tone generators have also been
available.

ectronic test equipment or software used to
eforms can be either repetitive, or single-shot in
is required (internal or external).
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function generator

Analog function generators usually generate a triangle waveform as the basis for
all of its other outputs. The triangle is generated by repeatedly charging and discharging a
capacitor from a constant current source. This produces a linearly ascending or
descending voltage ramp. As the output voltage reaches upper and lower limits, the
charging and discharging is reversed using a comparator, producing the linear triangle



wave. By varying the current and the size of the capacitor, different frequencies may be
obtained.

A 50% duty cycle square wave is easily obtained by noting whether the capacitor is being
charged or discharged, which is reflected in the current switching comparator's output.
Most function generators also contain a non-linear diode shaping circuit that can convert
the triangle wave into a reasonably accurate sine wave. It does so by rounding off the
hard corners of the triangle wave in a process similar to clipping in audio systems.

generator. A typical function generator can provide frequencies up
BNC connector, usually requiring a 50 or 75 ohm termination. Sp
are capable of gigahertz frequencies and typically use N-type outp

Some function generators can also generate wh

More advanced function generat
waveforms. Arbitrary wavefo
be described by a table of

Direct Digita
generators use DDS
lues.

thesis (DDS) to generate
o generate any waveform that can

Spectrum analyzer:

The common way to examine electrical signals is in the time domain, using an
oscilloscope. The time domain is used to determine amplitude, time and phase
information, which is necessary to describe the behaviour of an electrical system.

When the time domain does not give the information you want from a signal, you can
measure the frequency domain. For that purpose a spectrum analyzer is available. This
instrument measures the frequency spectrum of a signal.
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Key features of the spectrum analyzer are:

determine a spectrum of up to 16K long records

simultaneous use with the oscilloscope: you can see the signal both in the time domain
and the frequency domain

intuitive adjustment of the horizontal and vertical offsets.and gains using advanced
graphical controls

five different window functions to reduce discontinuity errors in the Fast Fourier
Transform

high precision Discrete Fourier Transform to eliminate discontinuity errors

linear and logarithmic vertical axes

frequency axis linear, logarithmic, in octaves and in thirds of octaves

interpolation to improve graph

averaging of measurements to reduce the influence of noise

measuring maximum values

Total Harmonic Distortion calculation up to 100 harmonics

Spectrum analyzer controlled frequency sweep on instruments with function generator
extended cursor measurements

all_settings accessible through popup menus

storing and.recalling reference signals

easy to use speedbutton toolbar for easy access of all functions

comment tags to mark specific events in the signal

colour hardcopy supported

explanatory comments with all controls

Logic analyzer:

A logic analyzer is an electronic instrument that displays signals in a digital
circuit that are too fast to be observed and presents it to a user so that the user can more
easily check correct operation of the digital system. They are typically used for capturing



data in systems that have too many channels to be examined with an oscilloscope.
Software running on the logic analyzer can convert the captured data into timing
diagrams, protocol decodes, state machine traces, assembly language, or correlate
assembly with source-level software.

Current analyzers are either mainframes, which consist of a chassis containing the
display, controls, control computer, and multiple slots into which the actual data
capturing hardware is installed, or standalone units which integrate everything into a
single package, with options installed at the factory.
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Operation:

ata from the system under test (SUT). The best logic
debuggers by showing the flow of the computer program
ow messages and violations.

provides added freedom to end users. Introduced in April, 2002, connectorless
technology (identified by several vendor specific trade names: Compression Probing;
Soft Touch; D-Max) has become popular. These probes provide a durable, reliable
mechanical and electrical connection between the probe and the circuit board with less
than 0.5pF to 0.7 pF loading per signal.

Once the probes are connected, the user programs the analyzer with the names of each
signal, and can group several signals into groups for easier manipulation. Next, a capture
mode is chosen, either timing mode, where the input signals are sampled at regular



intervals based on an internal or external clock source, or state mode, where one or more
of the signals are defined as "clocks," and data is taken on the rising or falling edges of
these clocks, optionally using other signals to qualify these clocks.

After the mode is chosen, a trigger condition must be set. A trigger condition can range
from simple (such as triggering on a rising or falling edge of a single signal), to the very
complex (such as configuring the analyzer to decode the higher levels of the TCP/IP
stack and triggering on a certain HTTP packet).

At this point, the user sets the analyzer to "run" mode, either triggerin
repeatedly triggering.

The analyzer can also operate in a "compare" mode, w
data set to a previously recorded data set, and stoppi this data set is
either matched or not. This is useful for long-term empir nt analyzers can
even be set to email a copy of the test data to t eer o trigger.

Ise generators can either be internal circuits or pieces of electronic
ed to generate pulses.

Simple pulse generators usually allow control of the pulse repetition rate
(frequency), pulse width, delay with respect to an internal or external trigger and the
high- and low-voltage levels of the pulses. More-sophisticated pulse generators may
allow control over the rise time and fall time of the pulses. Pulse generators may use
digital techniques, analog techniques, or a combination of both techniques to form the
output pulses. For example, the pulse repetition rate and duration may be digitally




controlled but the pulse amplitude and rise and fall times may be determined by analog
circuitry in the output stage of the pulse generator. With correct adjustment, pulse
generators can also produce a 50% duty cycle square wave. Pulse generators are
generally single-channel providing one frequency, delay, width and output. To produce
multiple pulses, these simple pulse generators would have to be ganged in series or in
parallel.

A new family of pulse generators can produce multiple-channels of independent widths
and delays and independent outputs and polarities. Often called digital delay/pulse
generators, the newest designs even offer differing repetition rates with‘each channel.
These digital delay generators are useful in synchronizing, delayin nd triggering
multiple devices usually with respect to one event.

Pulse generators are available for generating output pulses
ranging from minutes down to under 1 picosecond. In
widths over a few microseconds employ digital coun ing these pulses, while

Transmission Line (NLTL) methods (see, for exa [_1) Step Recovery Diode pulse

i i olts of input drive level and
have a moderately high level of random jitter (usually‘undesirable variation in the time at
which successive pulses oc pulse generators generally have lower jitter,
but are more complex to.manu ot suited for integration in low-cost
monolithic ICs. A ne e generation architecture, the RACE
(Rapid Automatic Casc
low-cost mono i

These pulses can then be injected into a device under test and used as a stimulus or clock
signal or analyzed as they progress through the device, confirming the proper operation
of the device or pinpointing a fault in the device. Pulse generators are also used to drive
devices such as switches, lasers and optical components, modulators, intensifiers as well
as resistive loads.The output of a pulse generator may also be used as the modulation
signal for a signal generator.



Voltmeter:

A voltmeter is an instrument used for measuring the electrical potential
difference between two points in an electric circuit. Analog voltmeters move a pointer
across a scale in proportion to the voltage of the circuit; digital voltmet ive a

plant.

accuracies of a few parts p
of microvolts or less.

integrator fo xed time to ramp the integrator's output voltage up, then the unknown
voltage is applied to ramp it back down, and the time to ramp output voltage down to
zero is recorded (realized in an ADC implementation). The unknown voltage being
measured is the product of the voltage reference and the ramp-up time divided by the
ramp-down time. The voltage reference must remain constant during the ramp-up time,

which may be difficult due to supply voltage and temperature variations.

Digital voltmeters necessarily have input amplifiers and like vacuum tube voltmeters
generally have a constant input resistance of 10 megohms regardless of set measurement
range.



Potentiometer:

An important laboratory technique is measurement of voltage with a
potentiometer in the null-balance method. The potentiometer's voltage divider is changed
at the wiper until the null detector shows zero voltage between the two circuits.
where
Vi: Voltage across test points

Vi: Known voltage

Re: Potentiometer resistance from one end terminal to the other end terminal

Rw: Potentiometer resistance from wiper to end termin

was originally used with manually-adjusted potent
analog instruments are common with the same

neters, automatic and recording
nciple of operation.

ster, also known as a volt/ohm meter or VOM, is an
that combines several functions in one unit. A standard
res such as the ability to measure voltage, current and

A multimeter can be a hand-held device useful for basic fault finding and field service
work or a bench instrument which can measure to a very high degree of accuracy. They
can be used to troubleshoot electrical problems in a wide array of industrial and
household devices such as batteries, motor controls, appliances, power supplies, and
wiring systems.




Analog multimeter

Quantities measured:

Contemporary multi

Voltage in volts.
Current in amperes.
Resistance in ohms.

Inductance in henrys
Audio signal levels in decibels.

Digital multimeters may also include circuits for:

Continuity that beeps when a circuit conducts.
Diodes and Transistors
Digital Multimeters (DMM)):

VOLTCRAFT®

ON/OFF  FUNGTION SET/RESET DCi

ultimeter

s can measure many‘quantities. The common ones are:




Modern multimeters are often digital due their accuracy, durability and extra
features.

In a DMM the signal under test is converted to a voltage and an amplifier with an
electronically controlled gain preconditions the signal.

A DMM displays the quantity measured as a number, which prevents parallax errors.
The inclusion of solid state electronics, from a control circuit to small embedded

computers, has provided a wealth of convenience features in modern digi
Commonly available measurement enhancements include:

Auto-ranging, which selects the correct range for the quantity un
significant digits are shown. For example, a four-digit multi d automatically

because a measurement that causes frequent range chang to the user
Auto-polarity for direct-current readings, sho positive (agrees
with meter lead labels) or negative (opposite

instrument is removed from the circuit under te
Current-limited tests for voltage drop across semiconductor junctions. While not a
replacement for a transistor tester; this facilitates testing diodes and a variety of transistor
types.

A graphic representation
testing easy, and also al

e quantity under test, as a bar graph. This makes go/no-go
i st-moving trends.

Automotive circuit test i r automotive timing and dwell signals.”
Simple data acqui maximum and minimum readings over a given
period, or to s at fixed intervals.*!

Modern ; i d with a personal computer by I[rDA links, RS-232

conn SB, .« ment bus such as IEEE-488. The interface allows the

measure oad them to a computer.



A bench-top multimeter
Resolution:

The resolution of a multimeter is often sp
example, the term 572 digits refersto the number o
multimeter.

gits" of resolution. For
displayed on the readout of a

By convention, a half digi zero or a one, while a three-quarters digit
can display a numeral nine. Commonly, a three-quarters digit
refers to a maximum ¢ 3 ctional digit is always the most significant
digit in the disp . i Itimeter would have five full digits that display

bservation errors, and the accuracy of printing of scales. Resistance
particular, are of low precision due to the typical resistance

uit which compresses the scale at the higher resistance values. Mirrored
scales and larger meter movements are used to improve resolution; two and a half to three
digits equivalent resolution is usual (and may be adequate for the limited precision
actually necessary for most measurements).

While a digital display can easily be extended in precision, the extra digits are of no value
if not accompanied by care in the design and calibration of the analog portions of the
multimeter. Meaningful high-resolution measurements require a good understanding of
the instrument specifications, good control of the measurement conditions, and
traceability of the calibration of the instrument.



Accuracy:

Digital multimeters generally take measurements with superior accuracy to their
analog counterparts. Analog multimeters typically measure with three to five percent
accuracy.Standard portable digital multimeters claim to be capable of taking
measurements with an accuracy of 0.5% on DC voltage and current scales. Mainstream
bench-top multimeters make claim es to have as great accuracy as +£0.01%. Laboratory
grade instruments can have accuracies in the parts per million.

calibration.

Sensitivity:

The current load, or how much curren

Meters with electronic amplifiers in them, such as all digital multimeters and
ndardized input impedance usually considered

pedance of the meter varies depending on the basic

ent and the range which is selected. For example, a meter
nsitivity will have an input resistance of two million ohms on
*20,000 ohms/volt = 2,000,000 ohms). Low-sensitivity meters
purpose testing especially in power circuits, where source

3]

meter impedance.

The sensitivity of a meter is also a measure of the lowest voltage, current or resistance
that can be measured with it. For general-purpose digital multimeters, a full-scale range
of several hundred millivolts AC or DC is common, but the minimum full-scale current
range may be several hundred milliamps. Since general-purpose mulitmeters have only
two-wire resistance measurements, which do not compensate for the effect of the lead
wire resistance, measurements below a few tens of ohms will be of low accuracy. The
upper end of multimeter measurement ranges varies considerably by manufacturer;



generally measurements over 1000 volts, over 10 amperes, or over 100 megohms would
require a specialized test instrument, as would accurate measurement of currents on the
order of microamperes or less.

Oscilloscope:
An oscilloscope (sometimes abbreviated CRO, for cathode-ray oscilloscope, or
commonly just scope or O-scope) is a type of electronic test equipment that allows signal
voltages to be viewed, usually as a two-dimensional graph of one or ectrical
potential differences (vertical axis) plotted as a function of time or of some other voltage
(horizontal axis).

A ‘

[lustration showing the interior of a cathode-ray tube for use in an oscilloscope. Numbers
in the picture indicate: 1. Deflection voltage electrod; 2. Electron gun; 3. Electron beam,;
4. Focusing coil; 5. Phosphor-coated inner side of the screen.
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a horizontal bandwidth of 250
I maximum (unmagnified)
horizontal sweep speed of 10 ns per division. The ols are on the left with

with the Main Trigger above the Delayed Triggerbelow. The CRT controls are
below the screen. The met
signal for voltage and ¢

The oscilloscope i i -displaying device - it draws a graph of an
electrical signa i
d the horizontal (X) axis represents time. The
intensity or bright i is sometimes called the Z axis. (See Figure 1.) This
simple graph ca things about a signal. Here are a few:

e time and voltage values of a signal.
You ca frequency of an oscillating signal.

You can tell 1 alfunctioning component is distorting the signal.
You can find out how much of a signal is direct current (DC) or alternating current (AC).
You can tell how much of the signal is noise and whether the noise is changing with time.



¥ (voltage)

+ ensity

X {time)

T
Z [intensity) X {ime)
Figure 1: X, Y, and Z Components of a Displayed Waveform
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Figure2: T 465 Analog Oscilloscope Front Panel
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Figure 3: The TDS 320 Digital Oscilloscope Front
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harizontal

deflection
electron "gun” plates view-
J \ (vacuum) screen

FT 5

S/

vertical

deflection light
plates -

RT) with vertical and horizontal deflection plates.
gna deflect the beam up and down (connect that AC voltage
" deflection plates) and another AC signal to deflect the beam left

measurement in electronics.

If the two frequencies are the same, we will obtain a simple figure on the screen of the
CRT, the shape of that figure being dependent upon the phase shift between the two AC
signals. Here is a sampling of Lissajous figures for two sine-wave signals of equal
frequency, shown as they would appear on the face of an oscilloscope (an AC voltage-
measuring instrument using a CRT as its "movement”). The first picture is of the
Lissajous figure formed by two AC voltages perfectly in phase with each other: (Figure
below)
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trigger @
———
timebase
. X
: ®
Oz GHD AT
sidiv

If the two AC voltages are not in phase with each othe ight line e formed.
Rather, the Lissajous figure will take on the appeara I, becoming perfectly
circular if the phase shift is exactly 90° between the two d if their amplitudes
are equal: (Figure below)

OSCILLOSCOPE
vertical
v
: o}
CC GHD AC
Widiv —
trigger @
—————
timebase
e X
: ®
- Do GHD AC
sidiv —
Lissaje i > same que%y, 90 or 270 degrees phase shift.
Fing i W) signals are directly opposing one another in phase (180° shift), we
will e again, only this time it will be oriented in the opposite direction:
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es get
quite a bit more complex. Consider the following exa
vertical/horizontal frequency ratios: (Figure below)

OSCILLOSCOPE
vertical
¥
- O]
- Do GHD AC
Widiv —
trigger @
——————— 1
timebase
. X
: ®
OC GHD AC
sidiv —
nta uéncy is twice that of vertical.

io between horizontal and vertical frequencies, the more
. Consider the following illustration of a 3:1 frequency ratio
rtical: (Figure below)
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Lissajous figure: Horizontal frequency is three times that.of vertical.
. .. and a 3:2 frequency ratio (horizontal = 3, vertical ) ineFigure be

OSCILLOSCOPE v
vertical
\ Y
®
Vidiv =
trigger @
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timebase
\ X
®
sidiv =

Lissajous figure: Horizontal/Vertical frequency ratio is 3:2

n‘wicﬁl frequency ratio is 3:2.
encies of the two AC signals are not exactly a simple ratio of

ssajous figure will appear to *move,” slowly changing
gle between the two waveforms rolls between 0° and 180°. If
e locked in an exact integer ratio between each other, the

2:3, 3:4, etc.). Despite this limitation, Lissajous figures are a popular means of frequency
comparison wherever an accessible frequency standard (signal generator) exists.
REVIEW:

Some frequency meters work on the principle of mechanical resonance, indicating
frequency by relative oscillation among a set of uniquely tuned “reeds” shaken at the
measured frequency.

Other frequency meters use electric resonant circuits (LC tank circuits, usually) to
indicate frequency. One or both components is made to be adjustable, with an accurately
calibrated adjustment knob, and a sensitive meter is read for maximum voltage or
current at the point of resonance.



Frequency can be measured in a comparative fashion, as is the case when using a CRT to
generate Lissajous figures. Reference frequency signals can be made with a high degree
of accuracy by oscillator circuits using quartz crystals as resonant devices. For ultra
precision, atomic clock signal standards (based on the resonant frequencies of individual
atoms) can be used.

What Can You Do With It?

Oscilloscopes are used by everyone from television repair technicians t
are indispensable for anyone designing or repairing electronic equip

The usefulness of an oscilloscope is not limited to the world of ele
proper transducer, an oscilloscope can measure all kinds of . cerisa

Photo Cell
Figure 4: Scie tifNe ed by an Oscilloscope
Ar ] ita
Electror can be divided into two types: analog and digital. Analog

continuously variable voltages, while digital equipment works
with discrete binary numbers that may represent voltage samples. For example, a
conventional phonograph turntable is an analog device; a compact disc player is a digital
device.

Oscilloscopes also come in analog and digital types. An analog oscilloscope works by
directly applying a voltage being measured to an electron beam moving across the
oscilloscope screen. The voltage deflects the beam up and down proportionally, tracing
the waveform on the screen. This gives an immediate picture of the waveform.



In contrast, a digital oscilloscope samples the waveform and uses an analog-to-digital
converter (or ADC) to convert the voltage being measured into digital information. It
then uses this digital information to reconstruct the waveform on the screen.

1010
ooo1
o010
ADC 0101 v

Analoy Oscilloscopes Digital Oscilloscopes Sample Signals
Trace Signals and Construct Displays

For many applications either an
type does possess some uniqu

cilloscope Work?

e oscilloscope controls, you need to know a little more about how
1y a signal. Analog oscilloscopes work somewhat differently than
digital oscilloscopes. However, several of the internal systems are similar. Analog
oscilloscopes are somewhat simpler in concept and are described first, followed by a
description of digital oscilloscopes.

Analog Oscilloscopes

When you connect an oscilloscope probe to a circuit, the voltage signal travels through
the probe to the vertical system of the oscilloscope. Figure 6 is a simple block diagram
that shows how an analog oscilloscope displays a measured signal.
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Figure 6: Analog Oscilloscop

specific time interval. Many sweeps in rapid sequence cause the movement of the
glowing dot to blend into a solid line. At higher speeds, the dot may sweep across the
screen up to 500,000 times each second.

Together, the horizontal sweeping action and the vertical deflection action traces a graph
of the signal on the screen. The trigger is necessary to stabilize a repeating signal. It
ensures that the sweep begins at the same point of a repeating signal, resulting in a clear
picture as shown in Figure 7.
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Figure 7: Triggering Stabilizes a Repeating Waveform

In conclusion, to use an analog oscilloscope, you need to adjust three basic settings to

accommodate an incoming signal:

The attenuation or amplification of the signal. Use the v
amplitude of the signal before it is applied to the verti

horizontally across the screen.

The triggering of the oscilloscope. Use the tri epeating signal, as
well as triggering on a single event.

Also, adjusting the focus and intensity controls ena eate a sharp, visible
display.

Digital Oscilloscopes

Some of the systems that i illoscopes are the same as those in analog
oscilloscopes; however, digi i ntain additional data processing systems.
(See Figure 8.) With t gital oscilloscope collects data for the
entire waveform and th

e ‘and converts the signal's voltage at these points to digital values
called sa he horizontal system's sample clock determines how often the
ADC takes ¢ . The rate at which the clock "ticks" is called the sample rate and is
measured in samples per second.

The sample points from the ADC are stored in memory as waveform points. More than
one sample point may make up one waveform point.

Together, the waveform points make up one waveform record. The number of waveform
points used to make a waveform record is called the record length. The trigger system
determines the start and stop points of the record. The display receives these record
points after being stored in memory.



Depending on the capabilities of your oscilloscope, additional processing of the sample
points may take place, enhancing the display. Pretrigger may be available, allowing you

to see events before the trigger point.
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mode) and then use interpolation. Interpolation is a processing technique to estimate

what the waveform looks like based on a few points.

It can build a picture of the waveform over time, as long as the signal repeats itself
(equivalent-time sampling mode).

Real-Time Sampling with Interpolation
Digital oscilloscopes use real-time sampling as the standard sampling method. In real-

time sampling, the oscilloscope collects as many samples as it can as the signal occurs.

(See Figure 9.) For single-shot or transient signals you must use real time sampling.

Digital
Display
System

accurate picture. However, for faster signals, (how fast depends on
imum sample rate) the oscilloscope cannot collect enough samples.
scope can do two things:

ew sample points of the signal in a single pass (in real-time sampling




Waveform Constructed
with Sample Points

Figure 9: Real-time Sampling

Digital oscilloscopes use interpolation to display signals that are so f:

(or sin x over X interpolation) connects sample points wit
over X interpolation is a mathematical process similar t
compact disc players. With sine interpolation, points
between the real samples. Using this process, a si
each cycle can be accurately displayed or, in t ¢ player,
accurately played back.

;

Sine Wave Reproduced

"
using Sine nterpolation r//

Sine Wave Reproduced
using Linear itempolation
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Equivalent<Time Sampling

Some digital oscilloscopes can use equivalent-time sampling to capture very fast
repeating signals. Equivalent-time sampling constructs a picture of a repetitive signal by
capturing a little bit of information from each repetition. (See Figure 11.) You see the
waveform slowly build up like a string of lights going on one-by-one. With sequential
sampling the points appear from left to right in sequence; with random sampling the
points appear randomly along the waveform.
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Figure 11: Equivalent-time Sampling

Cathode-ray oscilloscope (CRO):

of a cathode ray tube, a
vertical amplifier, a timebase, a horizontal amplifi d a power supply. These are now

. The screen is typically less than 20 cm in
n a television set.

s occur. A potential difference of at least several hundred volts is
eated plate (the cathode) negatively charged relative to the
deflection plates. For higher bandwidth oscilloscopes where the trace may move more
rapidly across the phosphor target, a positive post-deflection acceleration voltage of over
10,000 volts is often used, increasing the energy (speed) of the electrons that strike the
phosphor. The kinetic energy of the electrons is converted by the phosphor into visible
light at the point of impact. When switched on, a CRT normally displays a single bright
dot in the center of the screen, but the dot can be moved about electrostatically or
magnetically. The CRT in an oscilloscope uses electrostatic deflection.




Between the electron gun and the screen are two opposed pairs of metal plates called the
deflection plates. The vertical amplifier generates a potential difference across one pair of
plates, giving rise to a vertical electric field through which the electron beam passes.
When the plate potentials are the same, the beam is not deflected.

When the top plate is positive with respect to the bottom plate, the beam is deflected
upwards; when the field is reversed, the beam is deflected downwards. The horizontal
amplifier does a similar job with the other pair of deflection plates, causing the beam to
move left or right. This deflection system is called electrostatic deflection, and is
different from the electromagnetic deflection system used in television

The timebase is an electronic circuit that generates a ramp e that
changes continuously and linearly with time. When it re

ramp is reset, with the voltage reestablishing its initi 1gger event 1s
recognized the reset is released, allowing the ramp to inc .

voltage usually drives the horizontal amplifier. Its effect i lectron beam at
constant speed from left to right across the sc the beam to the left

in time to begin the next sweep. The timeba j atch the sweep time to
the period of the signal.

Meanwhile, the vertical amplifie voltage (the vertical input) that
is taken from the circuit or ex is bei asured. The amplifier has a very
high input impedance, typi so that it draws only a tiny current from the

signal source. The amplifier dr ical deflection plates with a voltage that is
proportional to the ve

hundreds of volt, thls a eliver almost hundred volts, and this with a
very high band ical amplifier can be adjusted to suit the
amplitude of tive input voltage bends the electron beam
upwards, and a neg ds it downwards, so that the vertical deflection of the
dot sh t. The response of this system is much faster than that of
mech ASUri evices such as the multimeter, where the inertia of the pointer

When all these components work together, the result is a bright trace on the screen that
represents a g of voltage against time. Voltage is on the vertical axis, and time on the
horizontal.

Observing high speed signals, especially non-repetitive signals, with a conventional CRO
is difficult, due to non-stable or changing triggering threshold which makes it hard to
"freeze" the waveform on the screen. This often requires the room to be darkened or a
special viewing hood to be placed over the face of the display tube. To aid in viewing
such signals, special oscilloscopes have borrowed from night vision technology,
employing a microchannel plate in the tube face to amplify faint light signals.



Although a CRO allows one to view a signal, in its basic form it has no means of
recording that signal on paper for the purpose of documentation. Therefore, special
oscilloscope cameras were developed to photograph the screen directly. Early cameras
used roll or plate film, while in the 1970s Polaroid® instant cameras became popular.

The vertical amplifier and timebase controls are calibrated to show the vertical distance
on the screen that corresponds to a given voltage difference, and the horizontal distance
that corresponds to a given time interval.

The power supply is an important component of the scope. It provi
power the cathode heater in the tube, and the Vertical and horizont

Itages to
amplifiers. High

on-screen display of amplifier and timebase set
voltage cursors - adjustable horizontal lines with

deflected the beams. Vertical plates for channel A had no
>am. Similarly for channel B, separate vertical plates existed which

On some scopes the time base, horizontal plates and horizontal amplifier were common
to both beams; on more elaborate scopes like the Tektronix 556 there were two
independent time bases and two sets of horizontal plates and horizontal amplifiers. Thus
one could look at a very fast signal on one beam and a slow signal on another beam.

Most multichannel 'scopes do not actually have multiple electron beams. Instead, they
display only one dot at a time, but switch the dot between one channel and the other
either on alternate sweeps (ALT mode) or many times per sweep (CHOP mode). Very
few actual dual beam oscilloscopes were built.



With the advent of digital signal capture, true dual beam oscilloscopes became obsolete,
as it was then possible to display two truly simultaneous signals from memory using
either the ALT or CHOP display technique, or even possibly a raster display mode.

Analogue storage oscilloscope

An extra feature available on some analogue scopes is called 'storage'. This feature allows
the trace pattern that normally decays in a fraction of a second to remain on the screen for
several minutes or longer. An electrical circuit can then be deliberately activated to store

and erase the trace on the screen.

The storage is accomplished using the principle of secondary emis
ordinary writing electron beam passes a point on the phosphor sur

way, the electrons from the flood guns re-i
charged areas of the phosphor screen.

the phosphor screen. In this way, the image
intained for a long time. Eventually, small

net positive charge in the i
originally written by th
imbalances in the seco
(light up) or cause the o
imbalances thatlimit the

Some osci i inary (on/off) form of storage known as "bistable
stant series of short, incomplete erasure cycles which
osphor with "variable persistence". Certain oscilloscopes
complete shutdown of the flood guns, allowing the

isibly) of the latent stored image for later viewing. (Fading

off, only leakage of the charges on the phosphor screen degrades the stored image.)



Digital storage oscilloscope

ised by an analog to
of a microprocessor. The

digital converter to create a data set that is stored

data set is processed and then sent to the display, in early DSOs was a cathode ray
tube, but is now more likely to LCD flat panel. DSOs with color LCD displays are
common. The data set can b AN for processing or archiving.
The screen image can be di aper by means of an attached printer or
plotter, without the nee i era. The scope's own signal analysis
software can extract m. features (e.g. rise time, pulse width,

nd statistics, persistence maps, and a large
number of par i ineers in specialized fields such as

sis and power electronics.

equency. In general, the sampling frequency should be at
le the frequency of the highest-frequency component of the
ise aliasing may occur.

Digital storage also makes possible another unique type of oscilloscope, the equivalent-
time sample scope. Instead of taking consecutive samples after the trigger event, only one
sample is taken. However, the oscilloscope is able to vary its timebase to precisely time
its sample, thus building up the picture of the signal over the subsequent repeats of the
signal. This requires that either a clock or repeating pattern be provided. This type of
scope is frequently used for very high speed communication because it allows for a very
high "sample rate" and low amplitude noise compared to traditional real-time scopes.

To sum this up: Advantages over the analogue oscilloscope:



Brighter and bigger display with color to distinguish multiple traces

Equivalent time sampling and Average across consecutive samples or scans lead to
higher resolution down to uV

Peak detection

Pre-trigger

Easy pan and zoom across multiple stored traces allows beginners to work without a
trigger

This needs a fast reaction of the display (some scopes have 1 s delay)
The knobs have to be large and turn smoothly

Also slow traces like the temperature variation across a day can be rec
The memory of the oscilloscope can be arranged not only as a one-
also as a two-dimensional array to simulate a phosphorus screen. The digital technique
allows a quantitative analysis (E.g. Eye diagram)

Allows for automation, though most models lock the acces

simply by

rate. Additionally,
e black-and-white

of CRT phosphors on

triggers overwrite them.
Both of these difficulties have b oy "digital phosphor
oscilloscopes", which store d ate and display it with variable

Features:
& Description

Exterior

A typical oscilloscope is a box
with a display screen,
numerous input connectors,
and control knobs and buttons
on the front panel. To aid
measurement, a grid called the
graticule is drawn on the face
of the screen. Each square in
the graticule is known as a
division.

Time msidiv
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¥ Amplitude
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Inputs

The signal to be measured is fed to one of the input connectors, which is usually a coaxial
connector such as a BNC or N type. If the signal source has its own coaxial connector,

then a simple coaxial cable is used; otherwise, a specialised cable called a 'scope probe',
supplied with the oscilloscope, is used. General-purpose oscilloscopes have a
standardised input resistance of 1 megaohm in parallel with a capacitance of around 20
picofarads. This allows the use of standard oscilloscope probes. Scopes for use with very
high frequencies may have 50-ohm inputs, which must be either connected directly to a

control, sets the speed at which the line is drawn, and
division. If the input voltage departs from zero, the

sweep. Unfortunately,
frequency of most inpu
screen making measure

Trigger

An old Tektronix oscilloscope.

To provide a more stable trace, modern oscilloscopes have a function called the saddle.
When using saddling, the scope will pause each time the sweep reaches the extreme right
side of the screen. The scope then waits for a specified event before drawing the next
trace. The trigger event is usually the input waveform reaching some user-specified
threshold voltage in the specified direction (going positive or going negative).



The effect is to resynchronize the timebase to the input signal, preventing horizontal drift
of the trace. In this way, triggering allows the display of periodic signals such as sine
waves and square waves. Trigger circuits also allow the display of nonperiodic signals
such as single pulses or pulses that don't recur at a fixed rate.

Types of trigger include:

external trigger, a pulse from an internal source connected to a dedicated input on the
scope.

edge trigger, an edge-detector that generates a pulse when the input si
specified threshold voltage in a specified direction.
video trigger, a circuit that extracts synchronizing pulses from video formats such as PAL
and NTSC and trlggers the timebase on every line, a spec1ﬁed llne very field, or every

CroSses a

trigger delay circuit extends this delay to a known and a . In this way, the

one varying voltage versus anot is is especiall | for graphing I-V curves
(current versus voltage characteristics) for components such as diodes, as well as
Lissajous patterns. Lissajo ample of how an oscilloscope can be used

ut signals. This is very frequently used in

Some oscll s, which are lines that can be moved about the screen to
e in ween two points, or the difference between two voltages.

e two or more input channels, allowing them to display more than
e screen. Usually the oscilloscope has a separate set of vertical
controls for each channel, but only one triggering system and timebase.

Sometimes the event that the user wants to see may only happen occasionally. To catch
these events, some oscilloscopes, known as "storage scopes", preserve the most recent
sweep on the screen. This was originally achieved by using a special CRT, a "storage
tube", which would retain the image of even a very brief event for a long time.

Some digital oscilloscopes can sweep at speeds as slow as once per hour, emulating a
strip chart recorder. That is, the signal scrolls across the screen from right to left. Most
oscilloscopes with this facility switch from a sweep to a strip-chart mode at about one



sweep per ten seconds. This is because otherwise, the scope looks broken: it's collecting
data, but the dot cannot be seen.

Oscilloscopes were originally analog devices. In more recent times digital signal
sampling is more often used for all but the simplest models.

Many oscilloscopes have different plug-in modules for different purposes, e.g., high-
sensitivity amplifiers of relatively narrow bandwidth, differential amplifiers, amplifiers
with 4 or more channels, sampling plugins for repetitive signals of very high frequency,
and special-purpose plugins.

[Examples of use

Vois/Dv A Stt.-llllh

Lissajous figures on a ith

inputs.

egrees phase difference between x and y

One of the most
equipmen

es is troubleshooting malfunctioning electronic
es of a scope is that it can graphically show signals:
otally unexpected voltage, a scope may reveal that the

cir cases the precise shape of a pulse is important.
In a piece c equipment, for example, the connections between stages (e.g.
electronic ectronic oscillators, amplifiers) may be 'probed' for the expected

signal, using the scope as a simple signal tracer. If the expected signal is absent or
incorrect, some preceding stage of the electronics is not operating correctly. Since most
failures occur because of a single faulty component, each measurement can prove that
half of the stages of a complex piece of equipment either work, or probably did not cause
the fault.

Once the faulty stage is found, further probing can usually tell a skilled technician exactly
which component has failed. Once the component is replaced, the unit can be restored to
service, or at least the next fault can be isolated.



Another use is to check newly designed circuitry. Very often a newly designed circuit
will misbehave because of design errors, bad voltage levels, electrical noise etc. Digital
electronics usually operate from a clock, so a dual-trace scope which shows both the
clock signal and a test signal dependent upon the clock is useful. "Storage scopes" are
helpful for "capturing" rare electronic events that cause defective operation.

Another use is for software engineers who must program electronics. Often a scope is the
only way to see if the software is running the electronics properly.

Analog recording:

Analog (or analogue) recording is a technique used to sto
signals for later playback. The first successful demonstrati
audio was by Thomas Alva Edison. The first analogs of i i se of
the Lumiere Brothers.

audio or vid

The modern examples of the analog audio reco

Gramophone record (aka phonograph record
Wire recording
Magnetic tape, magnetic tape sound recording

The earliest forms of video recording used analog technology initially. John Logie Baird
developed a system in the 16 ‘ age of video signals on conventional

i ] ) sion. In the 1930s, he further developed the
Intermediate Film Tec C ed for an analog method of temporary video

1gital recording. The wave is stored as a physical
, or a fluctuation in the field strength of a magnetic

record introd
noise level. Ca

s wear that made the original recording more difficult to hear over the
eful removal of dirt is helpful; as is careful handling.

Magnetic tape:

Magnetic tape is a medium for magnetic recording generally consisting of a thin
magnetizable coating on a long and narrow strip of plastic. Nearly all recording tape is of
this type, whether used for recording audio or video or for computer data storage. It was
originally developed in Germany, based on the concept of magnetic wire recording.




Devices that record and playback audio and video using magnetic tape are generally
called tape recorders and video tape recorders respectively. A device that stores computer
data on magnetic tape can be called a tape drive, a tape unit, or a streamer.

Magnetic tape revolutionized the broadcast and recording industries. In an age when all
radio (and later television) was live, it allowed programming to be prerecorded. In a time
when gramophone records were recorded in one take, it allowed recordings to be created
in multiple stages and easily mixed and edited with a minimal loss in quality between
generations. It is also one of the key enabhng technologies in the development of modern
computers. Magnetic tape allowed massive amounts of data to be stored in computers for
long periods of time and rapidly accessed when needed.

As of 2007, many other technologies exist that can perform the fu ions of magnetic
tape. In many cases these technologies are replacing tape. ite this, i i
technology continues and tape is still widely used.

Magnetic storage media can be classified as either sequential access memory or random

access memory although in some cases the distinction is not perfectly clear. In the case of
magnetic wire, the read/write head only covers a very small part of the recording surface
at any given time. Accessing different parts of the wire involves winding the wire
forward or backward until the point of interest is found. The time to access this point




depends on how far away it is from the starting point. The case of ferrite-core memory is
the opposite. Every core location is immediately accessible at any given time.

Hard disks and modern linear serpentine tape drives do not precisely fit into either
category. Both have many parallel tracks across the width of the media and the read/write
heads take time to switch between tracks and to scan within tracks. Different spots on the
storage media take different amounts of time to access. For a hard disk this time is
typically less than 10 ms, but tapes might take as much as 100 s.



