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ERRATA SHEET 
FOR 

INSTRUMENTATION GROUNDING 
AN« NOISE MINIMIZATION HANDBOOK 

TECHNICAL REPORT NO. AFRPL-TR-65-1 

This errata sheet forma a part of the "Instrumentation Grounding and Noise 
Minimization Handbook," Technical Report No. AFRPL-TR-65-1, dated 
January 1965. : 

Page 1-3:      COMMON-MODE VOLTAGE:  Tiio word "mlaxlraum" should read 
"jnaxJUnua"- 

Page 2-5:      Second paragraph; change the word "premeability" to "permeability" 

Page 2-20;    Second paragraph; the reference "signal     " should be reference 

"signal 13". 

Page 2-22:     Paragraph 2.1.6.5 "k*«Boltzmsns Content" should read "k*= 
Boltzmans Constant". | 

Page 2-25:     Figure 2-13; the values "Cg and CQ" should be "eg and e-". I 

Page 2-33:     Paragraph 2.2.1.2.1, the word "realy" should read "relayj', f 

Page 2-394    Third paragraph; change "Asignificant movement" to "A significant      .. . | 
improvement". a 
 __ . ..••".     1 

Page 2-55:     First paragraph; the word "appose"should be "oppose". i 

Page 2-62:     Last paragraph; delete reference to the Bibliography and | 
substitute the following:   "refer to the article of May 1963, I 
Electro Technology,titled "Specification and Testing of I 
Shielded Transformers" by Befnard I. Sommer and Gerald j 

.   W. Plice". 1 
E E i 

Page 2-73:     Equation        CMR-E
cm     should be   CMR»^13- if 
nra   ' fcnm .. '   1 

and "••'•! 
z ••••'••.•; z •. •    l 

CMR  /r-—5-»       should be     CMR.«»; (Ra-Rx)      i•*1*.     '-"«•" (RJTRJJ. 

Page 2-93:     First paragraph; second line, change "require that Zj by less than 
2.7 picofarads" to "require that Zj be less than 2.7 picofarads". 

Page 2-95:     The value "e«= Coulomb change" should read "e= Coulomb charge". 

Pages 2-99, 2-100, 2-101, 2-104, 3-13:   Figures 2.-73, 2-74, 2-75, 2-78 and 
3-6 add the term "Recommended" to these figures. 

Page 5-2:       Figure 5-1; chungc FILTER 500 cy to FILTER 500 CPS 
and A/C CONVERTER to A/D CONVERTER. 
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FOREWORD 

At the present time instrumentation systems are undergoing a rapid change brought 
about by advances in the state-of-the-art in electronics, electronic systems, and 
by the stringent data requirements of space programs.   One particular area of 
significant importance in obtaining reliable and accurate data at high acquisition 
rates which has not been able to keep stride with these advances, is the proper 
grounding of instrumentation circuits, both analog and digital.   Since there are 
many methods of instrumentation grounding in practice, a unified approach to this 
problem is urgently needed.   The number of different approaches used in grounding 
indicates very clearly that present day grounding design is still somewhat of an 
art and continues to reflect the initiative, imagination, and experience of the par- 
ticular individual who designed ör implemented the system or facility. 

Material presented in this handbook is general in nature with sufficient information 
given that an instrumentation engineer or a facility power engineer may apply to 
his more detailed requirements the fundamentals necessary which will produce a 
low noise and high accuracy data acquisition system.   The information is primarily 
directed toward modern digital data acquisition systems which are becoming the 
byword for high speed and accuracy in data acquisition.   Analog data acquisition 
is a very necessary means of obtaining "quick-look".data required to monitor the 
progress of test firing, launch, etc.   Analog systems are considered and details 
are given for the proper grounding of these devices relative to the elimination of 
common-mouo voltages. 

Because of the many inter-relationships of instrumentation subsystems the reador 
will find areas of duplication.   However, this redundancy Is necessary in order 
that continuity be preserved and that as many aspects as possible of the subject be 
presented so that the respective viewpoints oi each interested reader would be 
considered. . 

This handbook has been written to bring together a common reference for the 
solution of grounding problems in instrumentation systems and in power systems 
where the power system is installed nearby and.for the purpose of supplying pri- 
mary power to the data facility. 

This handbook is the result.of an Air Force sponsored study of grounding tech- 
niques-for the minimization of instrumentation noise problems and represents 
the first known comprehensive effort of its kind in the field of data instrumentation 
and acquisition.   Further work and study Into the nature of grounding is suggested 
in order that a more complete understanding of earth currents and stray potentials 
be obtained. 
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It is hoped that this handbook will provide the basis and, more important, the In- 
centive for further study into this often neglected and very important area of data 
instrumentation and acquisition. 
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1.     INTRODUCTION 

The information covered in this handbook is based on laboratory experiments con- 
ducted and directed by a number of well qualified data acquisition and data reduc- 
tion systems engineers.   This section contains the Safety and- Code Requirements 
and a glossary e( the major terms used throughout this handbook.    Section 2 is 
divided into two categories: (1) causes of noise, and (2) noise reduction and pre- 
vention.   In the first part, all major noise causes are described and defined.  The 
second part then presents methods of noise prevention or reduction based on 
theoretical as well as.imperical knowledge of grounding and noise reduction and 
prevention.   Questions which will be answered are: What Is the best grounding 
technique to use with analog and digital <lcta acquisition systems?   What type of 
shielding is required in electromagnetic fields and electrostatic fields?    What 
effect does twisting of data Instrumentation lines have against noise?   Should 
isolation by provided between instrumentation grounds and power grounds via 
isolation transformers?  What is common mode voltage and what are its effects 
on data instrumentation?  What is the importance of a good earth connection for 
grounds?   Section 3 describes the recommended system design practices which 
have been studied and concluded to be of most value in the selection of a data 
instrumentation facility, power usage and location within thff facility area, and 
the overall grounding philosophy for both instrumentation and power circuits, 
Including the relative values of lucadescent lighting vs florescent lighting.   The 
basic National Electrical Codes are mentioned and deviations for the purpose of 
reducing noise are given in detail,    Section 4 gives the grounding principles 
which are best suited for all major subsystems of a somewhat sophisticated data 
acquisition system.    Also included are the peculiar characteristics of each sub- 
system as to Its Susceptibility to noise.    This section also discusses the Import- 
ance of analog and digital circuit Isolation and separation of grounds, proper 
grounding of cabinets and structures, and how a common mode voltage can be 
reduced to a minimum.   Section 5 is a compilation of good practices necessary 
in the modification, operation, and maintenance of a low noise and highly accurate 
data Instrumentation and acquisition system, 

1.1    SAFETY AND CODE REQUIREMENTS 

The design and construction of any test facility and its associated equipment should 
provide, under all conditions of operation, maximum practical safety to personnel, 
property, and equipment.    The purpose of the various electrical codes is to spec- 
ify the minimum requirements which electrical systems must meet to result in a 
safe installation.    The introduction to the National Electrical Code states its 
purpose as follows:   '. 

"The purpose of this Code is the practical safeguarding of persons and of 
buildings and their contents from hazards Äri«jfc»$JBSMIJ the use of electricity 
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for light, heat, power, radio, signalling, and for other purposes. " ? 

"This Code Is not intended as a design specification nor an instruction 

manual for untrained persons. " _ 

In essence, the National and Local Electrical, codes specify minimum requirements • j 
for a safe electrical installation while permitting and-encouraging the design and 
installing agencies to exceed code requirement3, where desired, to produce a 
more efficient, convenient, and/or expandable electrical installation. 1 

The applicability of electrical codes varies with the locality.   Some states have r>o 
codes of their own and require that electrical installations conform to the National 
Electrical Code which is a standard of the National Board of Fire Underwriters.        a 
Other states publish an electrical code, either separately or as part of a general      P 
building code, whivh broadly embraces the National Electrical Code but specifies 
certain exceptions.   Some states publish a complefe, separate, independent elec-     IS 
trical code which may differ from and be more stringent ths>n the National Electri-   §| 
cal Code on any particular item.   Some counties and municipalities also publish 
electrical codes which govern installations within their boundaries. ra 

The enforcement and interpretation of electrical code requirements are generally     !|| 
the responsibility of a local organization, such as a Department-of industrial Safety, 
formed by the city, county, or state government issuing the applicable code.   In  .    •» 

• pf 
the case of a facility which will be located on U. S. Government property, remote      H 
from major population centers, the state or local officials usually relinquish in- 
spection and enforcement of code requirements and this task falls to the federal 
agency responsible for the installation (such as the U.S. Army Corps of Engineers    W 
or the Base Facilities Engineering Group).   In such instances, the federal agency      m 
generally requires compliance with the National Electrical Code, , 

• * 

Because of the "patchwork" nature of electrical code applicability and since most      I 
of the instrumentation and data acquisition systems affected by this handbook will      J 
be Installed on U.S. Government property, subsequent references to the "Code" 
will mean the National Electrical Code.   Those facilities which must conform to        T> 
state or local electrical codes will require additional Investigation In the early de-     1 
sign stages to assure compliance with all requirements of the local code. 

1.2    GLOSSARY T 

ACCURACY:   The numerical difference between any value and the true value. • * 
Applied by transferance to the Instrument or system producing the value.   Dis- 
tinguished from precision: 

1.   Instrumental - the accuracy of a measurement after the errors caused by 
elements external to the Instrument are removed.   A measure of the accu- 
racy of the Instrument proper. 
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2. Transducer - the ratio of the error to the full-scale output (expressed 
as "within percent of full-scale output") or the ratio of the error to 
the output, expressed in percent. 

ALTERNATING CURRENT (AC):  Electric current that reverses its flow in each 
direction at regular alternate intervals.   The frequency of the change in flow is 
expressed in cycles per second. 

AMPLIFIER BUFFER:  An amplifier used to isolate the out, it of any device; e.g., 
oscillator, from the effects produced by changes in load from subsequent circuits. 

ANALQG-TO-DIGITAL CONVERTER (ADC): *n instrument used to convert ana- 
log voltages, either low level ( 1Q MV full scale) or high level ( 10 V full scale) 
voltages to digital binary coded valyes which are proportional to the analog input 
voltages. 

BALANCED LINE:  A transmission line consisting of two conductors in the pres- 
ence of ground, capable of being operated in such a way that the voltages of the 
two conductors are equal in magnitude and opposite in polarity with respect to- 
ground, the currents in the two conductors are equal in magnitude and opposite 
indirection. ' ' 

COMMON MODE INPUT*.  Common-mode input is defined as that signa', applied 
in phase equally to both inputs of a differential amplifier.. 

COMMON MODE GAIN:   Common-mode gain is defined as the ratio of the common- 
mode output voltage divided by the common-mode Input voltage. 

COMMON MODE REJECTION:  The ability of an amplifier to reject a s;<mal 
common to both its input terminals.   Common-mode rejection (CMR) is the ratio 
of the applied common-mode input voltage to the equivalent normal-mode output 
signal it produces. 

COMMON MODE VOLTAGE: That amount of voltage common to both input lines. 
Usually, a miaxin-.um voltage is specified which may be applied without breaking 
down insulation between the input circuit and ground. 

CONDUCTED INTERFERENCE:  Caused by the coupling effect of capacitance, 
resistance, and inductance to the source of interference. 
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ELECTROMAGNETIC INDUCTION - or INDUCTIVE PICKUP:   Refers to inter- 
ference coupled to the measuring circuit through magnetic fields. 

ELECTROSTATIC INDUCTION:  Sometimea referred to as capaciUve induction, 
is due to the unavoidable capacitance between the Instrument or its wiring and the d->    | 
surroundings. 

FACILITY POWER SYSTEM: That portion of the electrical power distribution and 
utilization system on the secondary side of the main electrical service transform - 
er(8) for the test facility. .   — 

GROUND: A conducting connection, whether intentional or accidental, between an 
electric circuit (orequlpment) and earth, or to some other conducting body which 
serves in place of the earth. fk 

•:-•• .,-'•      ;-. ••"••:.. ..: M 

GROUND, ANALOG:  Associated with the input circuits of an instrumentation 
system.  Analog ground circuits are isolated from one another and are connected Bf 
together at only one point, (e.g. ground bus, plate, etc.) and then, if required, m 
this point can be connected to earth.' 

•'•'•'•-' P 
GROUND, CIRCUIT:  That portion-of an electrical or electronic circuit which is if 
kept at essentially zero volts with respect to the power supply voltages.   This • 
ground circuit is not necessarily Connected to earth.   An electronic circuit will 
perform whether or not its ground circuit is connected to earth. 

GROUNDED NEUTRAL:  The neutral wire is metallically connected to ground. 

GROUND LOOP:  A path through which current may flow from any starting point 
through a system and back to the original starting point. 

GROUND, POWER:  The power ground as defined by the National Electrical Code is 
any electrical connection between power system conductors (usually the neutral 
conductors) conductor enclosure or equipment enclosure and earth with 25 ohms or 
less resistance to earth.   This ground is for the protection and safety of personnel. 

ISOLATED DIFFERENTIAL AMPLIFIER:  A differential amplifier whose input sig- 
nal lines are conductively isolated from the output signal lines and chassis ground. 
An isolated differential amplifer is a differential amplifier, but not all differential 
amplifiers are isolated. 

JUNCTION OR THERMAL POTENTIALS:  Can contribute to error and are of spe- 
cial concern in handling low level DC signals.   Items such as the cable flexing 
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noise that arises in the use of pH meters and ion chambers might also be 
placed in this category. 

N. E. C.: National Electric Code, which stipulates the use of wire and cable in 
buildings and factories. Most city electrical codes are derived from it. It has 
been compiled by the fire underwriters and wire and cable manufacturers, 

NOISE: Any disturbance or spurious signal which' modifies the transmission, 
indicating or recording of the desired data. 

1. Amplitude of.   When impulsive type noise is of random occurence and 
so closely spaced that the individual wave shapes are not separated by 
the receiving equipment, then the noise has the wave shape and charac- 
teristics of random noise.  Random noise amplitude is proportional to 
the square root of the bandwidth. 
If the impulses are separated, the noise-no longer lias the wave shape 
of random noise and its amplitude is directly proportional to the band- 
width of the transmission system. 

2. Electrical.    Unwanted electrical energy other than cross talk.present 
in a transmission system. 

3. Gaussian.   A noise whose power is distributed according to normal or 
Gaussian distribi'Moh. 

4. Impulse.   Noise generated in discrete energy bursts, not of random 
nature, and which has a characteristic wave shape of its own. 

5. In Measurements.    Generally, Random Errors and other errors that 
have-a relatively high frequency (short period) compared to that of other 
errors such as most Systematic Errors and as compared to the highest 
frequency component of the phenomenon observed. 

6. Random.    Noise in which the frequency and phase of the components    . 
vary entirely at random.   It is characterized by a peak to average noise 
level ratio in the order of 3:4 to 4:5.   This is a broadband type noise. 
Thermal and shot noise are typical. 

7. White.   A noise whose power is distributed uniformly over all irequencies 
and has a mean noise power unit bandwidth.   Since idealistic white noise 
is an impossibility, bandwidth restrictions have to be applied. 

PRECISION: 

1.  A measure of a reproductability with which one instrument (or several 
instruments of the same type) can reproduce repeatedly measurements 
of the same quantity.   If the precision is high, such results will lie with- 
in a narrow range. 
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2. Adapted for extremely accurate scientific measurements. It is not, how- ' , ! 

ever, a guarantee of accuracy (negligible error), because precision re- j 
fers to the measuring instrument and does not cover external sources of 
error inherent in the measuring method. 

3. Computation. The degree of exactness with which a quantity is stated, as 
constrasted with ACCURACY, which is the degree of exactness with which 
a quantity is known or observed. 

4. Of Measured Data or of a Measuring Instrument. In general, the uniform- 
ity of data from repeated measurement«: of the same constant phenomenon. 
In the case of a constantly changing phenomenon, the word precision has a 

i similar meaning.   The best measure of precision in the latter case is the 
•STANDARD ERROR OF ESTIMATE (S).   The smaller S is, the higher the 
precision.   Precision usually is a function of tue time interval between 
measurements and so should be qualified.   See ACCURACY. 

RADIATED INTERFERENCE: Caused by radiation cf rßagrtetic- field from a trans- 
mitter and induced or "picked-up" by a receiver located at a considerable distance 
from the transmitter. 

SHIELD:  A metallic sheath placed around an insulated conductor or group Of con- 
ductors to protect against extraneous currents and fields,   üsnerally this shield 
is a metallic braid, but it could be spiraled copper, aluminum-backed Mylar tape, 
or conductive vinyl or rubber. 

TRANSDUCER:   A device which converts the energy "of one transmission system 
into the energy of another transmission system.   A loudspeaker and a phonograph 
pick-up are two examples of transducers, the former changes electrical energy 
into acoustical energy, and the latter changes mechanical into electrical energy. 
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SYSTEM DESIGN 

,   i 2.1    CAUSES OF NOISE 

2.1.1    POWER EQUIPMENT AND TRANSMISSION SYSTEMS 

[']' Electrical power generation, utilization, control, transmission, and distribution 
s j equipment and conductors are all potential sources of Instrumentation system 

noise.   The interference generated by power system sources can be divided into 

pr two categories: 

»• |- . a. Noise at power frequency and harmonics of the power frequency. 
b. Broad spectrum radio-frequency noise. 

7" Noise of the former classification is caused primarily by utility and facility power 
;. Ä ti-ansraission and distribution lines.   The latter type of noise is most often asso- 

ciated with generation, utilization and control equipment, and with power utility 
high voltage transmission and distribution lines. 

1 * 2.1.1.1    Noise at Power Frequency 

Noise at the power frequency and harmonics of the power frequency appears in 
Ft data transmission lines by virtue of the resistive, inductive, and capacitive •.ou- 
1 • pling between the data transmission lines and-power transmission and distribution 

lines.   Parallel conductors exhibit h <*h mutual inductance and capacitance between 
one another.   Since power conductors carry relatively large currents and operate 
at higher voltages than data transmission lines, power frequency voltages may 
appear on the data transmission linos through this coupling and cause considerable 
noise problems.   In addition, if care is not taken to properly ground the data ac- 
quisition system (See Sections 2 and 3) ground currents associated with the power 
6ystem may be coupled to the data transmission system resistively, cäpacitively 
and inductively.   Power frequency noise can be minimized by eliminating or mini- 
mizing the amount of coupling between power conductors and data transmission 
conductors.   The effects of coupling between circuits and of ground currents are 
covered in greater detail in other sections of this handbook. 

2.1.1.2    Radio-Frequency Noise 

J Broad-band radio-frequency noise is caused by some rotating equipment, power 
and control switching devices, electric discharge lamps, and high voltage power 
transmission lines and equipment.   This is due to the arcing and corona effects 

j produced by this type of equipment. 

Rotating Equipment which contains brushes and commutators or slip rings is sub- 
ject to arcing to varying degrees, depending upon the basic design of the equip- 
ment.   A motor or generator utilizing a commutator (such as a "universal" motor- 
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often used in portable power tools or a DC nioto   *r ^iiterat* r) will generate an 
arc each time a commutator bar slides from undi • a bruth.   t,'«reM design of ' 
the equipment will minimize arming and it is generally desirable to do BO not only 
from the standpoint of radiated inter.« • rice, but from a maintenance standpoint ; 
as well.   Excessive arcing will resu'i in a burned commutator and shortened brush      ; . 
life.   Another source of arcing in commutator and slip ring machines is brush 
bounce which is iue to poor design and nriaintenarco.   Arcing can sometimes occur      p 
ln rotating equipment which does not contain commutators or slip, rings due to the 
discharge of a build-rp of static charge between the rotor and stator.   Such arcing 
is generally loss seriouc than that produced by commutators ,6r slip rings because       ^ 
it occurs lean frequently, is of lower energy, and can be eliminated by the use of , 
Conductive bearing lubricants or grounding brushes.   Noise from rotating machin-       ** 
ery can be minimized by using induction motors (which contain neither commuta- 
tors nor slip rings) wherever possible and by excluding rotating equipment from j 
areas c   'airilng low-level instrumentation circuits.                                                        J 

Eow^r    ... -ol switching equipment such as swltchgear «IK! motor control cen- 
ters is a source of electric arcs and switching transients in normal operation. T 
The majority of power circuits being switched in a typical Instrumentation test J 
facility are inductive.   When an inductive circuit is opened, a large part of the 
energy stored in the inductive field is dissipated as an arc at the opening contacts.        «*• 
The noise produced can best be minimized by placing the switched power circuits J 
as- far as possible from the susceptible instrumentation circuits.   Where isolation 
is not possible, arc suppression devices can be applied although degradation in re- 
lay operation sometimes results.   Arc suppression devices introduce a delay in j 
the release time of relays, a characteristic which might be detrimental in some           •» 
applications.1 

Another source of radiated and conducted radio frequency noise is electric dis- 
charge of lighting fixtures such as fluorescent and mercury vapor fixtures.   The *- 
generation of noise is due to the action of an arc which exists at the cathode of the 
lamp.   One solution is to use incandescent fixtures in areas which contain equip- ]' 
meat or data transmission lines susceptible to radio frequency interference.   How-      i 
aver; the present tendency toward increased illumination levels and the relatively 
greater efficiency of electric discharge fixtures make this solution unacceptable •• 
in many cases.   The noise.from the arc is transferred to susceptible circuits by           ! 
direct radiation from the arc and by radiation and conduction from the circuit feed-      ' ' 
ing the fixture.   Attenuation of these two transmission paths is treated separately. 

a. Radiation from the arc can be attenuated either by placing the noise source '• 
as far as possible from the instrumentation circuits (spatial isolation) or by 

-   .   shielding.   Generally, if a fixture is: more than ten feot away from suscepti- 
. ble circuits, the effect on the circuit will be negligible.a This solution will [ 

almost always be applicable tc-rriercury vapor fixtures which, because they ! . 
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are an intense, high-output source, are usually mounted high above the area 
to be lighted.   Where fluorescent fixtures must be mounted In areas sensi- 
tive to radio frequency noise, it ie possible to obtain fixtures with a diffuser 
or bus panel which Incorporates a transparent conductive coating and care- 
ful bonding between the diffuser and fixture reflector.   Such a fixture, when 
equipped with a line filter, will meet military specifications MIL-I-16910A, 
MIL-I-6181D and MIL-I-26600. 

b. Radiation and conduction of noise through electrical wiring to electric dis- 
charge fixtures Is, in some ways, more serious than radiation directly 
from the arc because the noise may be conducted a considerable distance- 
from the source.   The best way to block this path is by installing a filter In 
the line at the fixture.   Such filters are commercially available, 

High voltage transmission lines and hardware are sources of radio frequency 
noise In the form of corona.   The formation of corona on transmission lines is 
Influenced by many variables, some of which are: 

a. Voltage 

b. Conductor diameter 

c. Type of conductor 

d. Surface condition of conductor 

e. Line configuration 

f. Design and installation of hardware , 

g. Weather • 

h. Barometric pressure 

1. Temperature 

The first six items depend primarily upon design and installation of the transmis- 
sion line and, for a nev lice, can be controlled to. produce minimum corona, sub- 
ject to economic trade-offs and restrictions. 

Corona-and associated radio noi*e on a given transmission line may vary by a 
factor of 10 to 1 in a relatively short period under stable fair weather conditions. 
The variation between fair weather and rain or fog can be'more than another 
order of magnitude."  To date, no simple relationship has been found which would 
enable the designer of s» transmission line to predict accurately the worst case 
radio noise at a point along the line.   Transmission line design for a tolerable 
radio noise level is based on comparisons and experience with existing similar 
lines for which the noise level and the significant parameters are known.4  Values 
of radio frequency interference as low as 130 UV per meter and as high as 2200 UV 
per meter have been measured bereath 130 KV lines of different design under fair 
weather conditions. ° 

2-3 



Radio frequency noise due to high voltage transmission line corona can be mini- 
mized by spatial isolation and by careful line design and installation practices, 
Isolation is the only approach available for an existing line.   As a rough- 
approximation, radio frequency «oise from this source is attehuat ,-d at the rate 
of 0.1 to 0,3 db per foot out to ISO.feet from the outer conductor.   Th« approxi- 
mate attenuation then drops off rapidly beyond this point.   Typical values for a 
230 KY line presently installed on the Bonneville Power Administration system In 
Washington State range from approximately 200 UV per meter immediately under 
the line to 10 UV per meter at a point 400 feet horlsonlally from the outer conduc- 
tor.     The measurements-were made at 800 KC with a quasl-peaic meter under 
fair weather conditions.   The second approach, that is, designing the transmission 
line for low corona should be followed for new lines passing within one or two 
miles of an area containing instrumentation circuits. Sen&itive to radio frequency 

noise.  "'""•'• 

2.1.2    ELECTROMAGNETIC RADIATION 

Principles of Electromagnetic Radiation - According to Faraday's Principle: 

"When a magnetic field cuts a conductor, or when a conductor cuts 
a magnetic field, an electrie current wilt flow through the conductor 
if a closed path is provided by which the current can circulate." 

This current will flow only while the magnetic field is changing or while the con- 
ductor itself is being moved through the magnetic field.  (See Figure 2-1) 

1 

DIRECTION OF 
MOTION 

INDUCED 
CURRENT 

MAGNETIC FIELD 
SOURCE 

FIGURE 2-1 
Electromagnetic RadUtio« 

Thus, the value of Induce voltage1 (e.m.f.) varies directly with the change In flux 
or flux cut and'inversely with the time of cutting 

. d* 
'dT 10 •8 

and for average values. 
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The induced emf wül be In volts with * In Maxwells,   N is the number of turns 
of wire in the loop or the number of conductors in series cutting the flux 4. 

Since a conductor carrying a current 1B surrounded with a magnetic field, a sim- 
ple way to vary the inductive field would be to vary the current either in the cir- 
cuit (self inductance) or a nearby circuit (mutual Inductance),   An interesting 
property r{ self inductance is that tiw magnetic field will always be such that it 
opposes a change in current.   So, the induced emf will aid the current Ü it is 
decreaEl % and oppose the current if it is increasing.   If it is assumed that the 
premesbillty of the circuit is constant, then ^(flux) and 1 (current) are directly 
proportional and the egression 

-L di 
ar 

is another way of expressing the fact that the Induced emf is proportional to 
the rate of change of flux.   L la the circuit inductance in Henries, « is in volts, 
i in amperes, and t in seconds. 

Now consider a circuit that is subjected to a msgnetic field whose flux density Is 

B - "NI 

where B - density in gauss ± 
A 

* »permeability 
f 

N »Number of turns    1 l r single closed circuit 

I   • current in circuit 

/ » distance to field source 

The induced voltage in a circuit of area A and frequency <* « 2*F will be 

E «3 wBA « u \¥) 
S* 

B FLUX DENSITY 
NORMAL TO CIRCUIT 

SIGNAL 
SOURCE 

CIRCUIT AREA   = XY 

X" 
S ̂  

~7*- 
FIGURE 2-2 

Induced Voltage 
/ 

Therefore, it can be seen that there exists three basic considerations which are 
fundamental to-the understanding of magnetically induced voltages in any circuit. 

a» Rate of change of the field (frequency):  the higher the rate of change the 
larger the induced voltage. 
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b. Circuit area, or circuit inductive reactance:  the larger: the circuit area > 
the more induced voltage. 

c. Distance between magnetic field source and circuit:  the induced voltage 
is Inversely related to the flux path (distance). 

Magnetic fields can be generated from a variety of sources.   The following is a 
partial list of the most common sources which are f requsntly found in a data i 
instrumentation test area: \ 

a. AC motors and transformers 
b. AC power lines T-   j 
c. Induction heaters and arcing contacts in AC power circuits \ -    j 
d. High in-rush circuits (e.g., relay solenoids, solenoid valves, etc.) and * *    j 

DC voltage switches (e.g., logic circuits, DC control levels, etc.) ..    1 
Strong AC magnetic fields can be generated by AC motors and transformers, j      i 
particularly those which carry large amounts of current in the order of 10 AMPS . i.    i 
and more.   Instrumentation cables, cabinets, transducers, and auxiliary equipment ; 
must be kept as far as possible from AC motors and high current AC distribution "    | 
transformers which are not electromagnetically shielded and properly grounded. 
When an instrumentation cable passes through such a field it has been found that j 
up to 170 UV of noise can be induced in a field strength of 20 gauss. ,.    ] 

AC power lines are especially good generators of magnetic fields, both low 
frequency and high frequency radiation caused by corona effects in high voltage ' 
transmission lines.   A common form of induced noise is found when AC power _^    j 
circuits are placed in close proximity to the instrumentation cabling and the i 
effects of mutual inductance Induce 60 cycle noise voltages as larage or larger •. ""    j 
than the signal on tlie instrumentation line. I 

•    ' •     : •-  ! 

Induction heaters and arcing contacts produce electromagnetic radiation which is j       ; 
high frequency (RF) and modulated by the 60 cycle power frequency and its har- * *    ! 
monies.   This type of noise is then induced Into the instrumentation circuit and l 

demodulated, tlius producing spurious noise having tlie essentials of the 60 cycle J      j 
power frequency.   This type of modulated RF noise can be coupled Into the l»    \ 
instrumentation lines by conductive, capacitlve, and inductive paths. j 

Solenoids are especially common in an instrumentation test area where fluid valve j      1 
relays are used in control circuits.   These control circuits are usually operated j.    j 
with DC voltages which are switched from one level to another to activate the J 

solenoids.   This sudden change in level produces high frequency transients in the •'['"•' 
coil and the high in-rush of current m the control lines produces a very rapid ilux !'•••   j 
change around the control cable.   Other examples of switched DC voltage levels • 
are prevalent in digital logic systems.   In tliese logic circuits the magnetic .   j 
induction problem is compounded by rapid level transitions, usually several j 
thousand transitions per second. '.-•    j 
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2.1.3    ELECTROSTATIC RADIATION 

From the principles of electrostatics It is given that an object charged with either 
a negative or a positive charge will remain static until another object carrying 
the opposite charge is brought close enough to cause a flow of electricity between 
the two objects. (See Figure 2-3) 

FIGURE 2-3 
Electrostatic Radiation 

The direction of flow will be from the positively charged object to the negatively 
charged object. 

Quantitatively, the amount of electrostatic noise which will be picked up In a cir- 
cuit is 

E„ JuECmZ 

where 

E» capacitively coupled voltage 

w » 2»F 

E » source voltago 

Cm» mutual capacitance between circuits, inversely proportional to 
circuit separation 

Z » circuit impedance 

Thus, of primary importance in instrumentation is the distance between source 
and effected objects because- the flow of current between the two objects is in- 
versely related to the distance between them, as well as the Impedance of the 
circuit.   Electrostatic induction or radiation is, therefore, caused by the capac- 
ltive coupling between the instrumentation circuit and its wiring and the entire 
surroundings relative to the circuit.   This capacitive coupling is entirely 
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dependent upon the physical configuration, circuit Impedance, dielectric between 
objects, and spacing, 

AC, 60,cycle power frequency electrostatic radiation and Induction is probably 
the most common source of noise in any area where low level instrumentation 
systems are being used.   It has been shown in laboratory tests that electrostat- 
ically induced voltages can be 8 to 10 times more prominent than those caused by 
electromagnetic fields under similar conditions. 

If the voltage levels in each of two conductors placed In close proximity to each 
other are different, the potential difference between the conductors is then seen 
across the coupling capacitance separating the conductors-.   Thus, if one conduc- 
tor is carrying a high level AC signal, as for example 60 cycles, this signal can 
be capac.Uively coupled into the low level circuit and modulate the signal on that 
conductor at 60 cycles.   Therefore, a practical case exists in an instrumentation 
system where low level susceptible data transmission cables are routed in the 
vicinity of and parallel to the power conductor of a single-phase or three-phase 
power distribution circuit. 

"Qualitatively, the capacitive coupling, and therefore, the noise increases as the 
conductors are moved closer together and, for a given configuration and spacing 
of conductors, noise in the susceptible conductors increases with increasing volt~ 
age on the high level power conductors. 

Other sources of data acquisition system noise due to electrostatic radiation are 
electric arcs and corona.   The energy radiated by both sources is In the higher 
frequencies constituting radio frequency rather than power frequency interference. 

2.1.4    GROUND CURRENTS 

Generally speaking, ground currents can be defined as any current flow In the neu- 
tral or common conductor of any circuit, whether it is directly connected to earth 
or not.   If such a current does exist it is very likely to flow back into the circuit 
which is commonly called a groundloop.   The grc-uncUoop current can flow back 
into the circuit by any one or all of the following methods, viz», resistive cou- 
pling, capacitive coupling, and electromagnetic induction. 

In addition to ground currents associated with an individual circuit, there also 
may exist considerable earth ground currents which flow below the earth's surface. 
Earth current is often detrimental to instrumentation systems because of the po- 
tentials that exist at different points in the earth.   Potential differences between 
two earth ground rods have been theoretically calculated at well above 10 V pcak- 
to-peak. 

To date, a satisfactory method of measurement has not been developed which can 
be used quantitatively to determine the magnitude in ampere's of earth current, . 
Several devices and methods are available which can be used to measure the re- 
sistance t" earth of a ground electrode with an error of approximately 10%. 
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However, to measure the amount of dtray earth current from one point to another 
is a very complex matter Involving soil resistivity, soil moisture, weather con- 
ditions, and depth of electrodes.   Because of these factors, readings are taken 
over a long period of time to obtain average values.   Ground currents can be 
categorized Into two general areas: 

a. Groundloop current associated with an individual circuit or several circuits. 

b. Earth ground currents which flow below the surface of the earth. 

Groundloop currents are usually the result of a circuit whose ground points are 
located indiscriminately throughout a chassis or system.   The effects of these 
groundloop currents are generally familiar to instrumentation users.   Further 
discussion of this subject will, therefore, be avoided except where specifically 
applicable to instrumentation systems error or noise.   More' detailed data on 
ground loops is included in the Bibliography. 

Earth ground currents can be caused to flow into an instrumentation system where 
the transducers are located at remote distances from the acquisition system.   The 
effects of these earth currents in an instrumentation system will be discussed in 
the next section under common-mode voltages.   In this section, many sources of 
earth currents and how they are distributed in the earth will be discussed. 

2.1.4.1    Sources of Earth Ground Currents 

The main sources of earth currents are galvanic action, cathodlc protection sys-. 
terns, traction systems and electrical power distribution systems. 

2.1.4.1.1    Galvanic Action 

A current will flow in earth between dissimilar metals which are connected elec- 
trically.   The action is tliat which takes place in a battery with the dissimilar 
metals acting as electrodes, the earth as electrolyte and the electrical connection 
(usually metallic) as the external, or load circuit.   The magnitude of current flow 

3 
depends upon many factors including: 

a. The positions of the two metals in the galvanic series. 

b. The total area of dissimilar metals exposed to the PCU. 

c. The ratio of the exjwsed area of one of the metals to the exposed area of 
the other. 

d. The chemical constitution and moisture content of the soil, 

ü. The circuit resistance. 

f. Polarization as a result of current flow. 

The current flow produced by galvanic action is DC, and while M is a very impor- 
tant agent i:i corrosion, its contribution to noise is minor. 
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2.1.4.1.2 Cathodic Protection !. 

A cathodic protection system is sometimes installed at a facility to prevent gal- 
vanic corrosion and usually consists of burying a mstal which is electrically j'• ;• 
anodic to the metal being protected and connecting the two to form a galvanic cell { ; 

3 as previously described,     under some conditions, an external source, such as 
a transformer-rectifier unit or motov-generator set is connected between the two r" 
metals to assure a controlled flow of current from the anodic metal to the cathodic j 
metal.   In either case, the anodic metal is gradually sacrificed to protect the 
cathodic metal.   The current produced is DC and its magnitude depends upon the „   I 
same factors which affect galvanic action plus the difference of potential of the |      ' 
external source, if applied.   . '.. *"    I 

2.1.4.1.3 Traction Systems *_    j 
•'•-'.'•'.'•' if 

Electric trains and streetcars are generally supplied by means of an overhead  " 1      J . 
" «p    1' 

trolley wire of a "third" rail with the track serving as a current return,. No effort | 
is made to insulate the track from earth and the return current flow divides be- „_    1 
tween earth and the rails in inverse proportion to their respective impedance, i      \ 
The current may be AC or DC depending upon the system and its magnitude de- **    j 
pends upon several variables including: I 

; •«-  J 
a. Earth resistivity, It 

'••.-'• ••'••• ;      I 
b. Contact resistance between track and earth.   . | 

c. The number, rating and instantaneous-tractive effort of all motive unite -•    j 
along the line.      : % '    i 

'•••:••••• •'•-:• ••.-:. "    | 

2.1.4.1.4 Electrical Power Distribution Systems       • \ 
..•'•••••"• .   .   -" ':-,'-•"••"'.-• - i 

A major source of earth currents is power distribution systems.   The nature and I 
extent of earth currents associated with a particular power transmission or dis- I.    * 
tribution circuit depends largely upon the types of system, that is, whether the i 
system is grounded or ungrounded; single-phase, three-phase (three wire or ?>    j 
three-phase); four wire; whether the load is balanced or unbalanced; transformer •   •   1 
connections; and the presence and magnitude of tripleh harmonics (third harmonic 
and odd multiples), 

The largest earth currents will flow during a power system fault.   However, the i 
faults do not occur frequently and, on most systems -, protective devices are de- 
signed to clear the fault within a few cycles (at' 60 cycles per second) to limit 
damage to the system.   Due to their infrequent and transitory nature, fault cur- j 
rents will not be considered further as a source of data acquisition system noise. !•• - 

Power system earth curr mis under normal conditions are considerably smaller 
than fault currents.   Their magnitude ma/vary from hour to hour but their flow j 
is continuous over relatively long periods of time. '• - 
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'  j       Because of some basic differences In de6lgn and operating practices between 
!'."       utility power transmission and distribution systems and test facility power dis- 

tribution systems, the two will be treated separately. 

a- Test Facility Power Distribution - Power to test facility loads is typically ——————~——       , n 
distributed at two or three voltage levels: 

1. 208/120YV, three-phase, four wire of 120/240 V single-phase, three 
wire to small equipm.nt loads, convenience receptacles and some or all 
of the lighting.   The wiring method used, is uBually insulated conductors 
in conduit. 

2. 277/480Y V, three-phase four wire or 480 V, three-phase three wire to 
larger loads such as three-phase motors, heaters and, in some cases, 
fluorescent and mercury vapor lighting.   Insulated conductors in conduit 
or armored cable is generally used to distribute power at this level. 

L 3. 4,160 V or 13,800 V, three-phase where loads and/or distances between 
loads warrant a higher distribution voltage.   At this voltage level, power 

i may be distributed either by means of insulated conductors in conduit, 
| armored cable, or by open conductors On poles.. 

The weutral or common conductor of the 120/208Y or 120/240 V system 
respectively must be grounded in order for the system to comply with 

j. the National Electrical Code.8  The neutral of the 277/480Y systems may 
be grounded and usually are in modern designpractice.   The neutral of 
4,160 and 13,800 V systems may b,- grounded, and modern faults 
protective relay schemes favor grounding.   The National Electrical Code 
directs that each system at a given voltage level, vt-hich is to be grounded, 
shall be connected to earth at one point   near the source (usually, a 

•',;• transformer).   Also, the National Electrical Code states that no connec- 
tion between neutral conductors and ground are permitted on thd load 

side of the main service disconnect.   All. neutral conductor« are insulated 
from ground and, under normal operating conditions, no current will 
flow except under fault conditions. 

b. Utility Power Transmission and Distribution - utility power lines can be 
subdivided into two classifications according to application:  transmission 
lines which transmit bulk power from a major power source to a major 
distribution center or which serve as an intertie between major distribution 
centers, and primary distribution lines-which distribute power to individual 
users; In both classes, power is usually distributed by means of open con- 
ductors on poles or towers although some recent installations in residential 

• areas have featured insulated multi-conductor cables buried in the earth. 
The reasons for grounding the neutral on either classification of power line 
are the same, namely, to aid in protective relaying, prevent transient 
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over voltages due to arcing grounds, and to permit the use of lower Insula- 
tion levels. However, the practices followed with regard to grounding and 
consequent flow of earth currents differ somewhat between the two classifi- 
cations. 

1. Transmission linee are generally characterized by high voltage (34 KV 
and above) and balanced load.   The system Is almost always   grounded 
at this voltage level for the reasons previously outlined,   The system 
neutral Is normally connected to earth at the transformers feeding the 
transmission line.   The path for earth current on this type of line is 
from line-to-earth through the line-to-ground capacitance and back through        j      | 
earth to the neutral.   The magnitude cf earth current depends upon the 
line-to-ground capacitance, the degree of unbalance of the load and be- 
tween the lines themselves, and the amount of triplen harmonics present. 
Typical values for 220 KV transmission lines, measured at the trans- 
former neutral, range from 2 to 6 AMPS, 

There are no high voltage DC transmission lines in commercial use in 
the United States at the present time.   Some have been proposed as inter- 
ties between large power systems and short test lines are under construc- 
tion.   The absence of inductive effects on DC transmission lines makes 
feasible the use of earth as a current return part and at least two trans- 
mission lines in Europe operate in this fashion.   Lack of operational *J 

data prevents an assessment of possible interference problems with 
instrumentation systems.   Theoretically, the DC earth current would 
approach high density in the surface layer only in the Immediate vicinity 
of the transmission system ground electrodes.   The bulk of the current 
would go deep into the earth and be carried by the low-resistivity hot- 
core material rather than the high-reslstlvity upper layers.   Tests and 
operating experience on a high voltage DC transmission line in Gotland, 
Sweden seem to bear this out. 

2. Primary Distribution Lines range generally in vo!i    <?< from 2,4 lo 25 KV. 
Single-phase may be taken from the line at random ,   .nts resulting in 
varying degrees of unbalance along the line.   The majority of the primary 

J  ' 
•ä 

i 

I j 

I I 

».   I 

I. 

: 

distribution lines in this country are three-phase, 4 wire with single- !       i 
phase loads being connected between a phase conductor and the neutral. i-    f 
However, there is an appreciable use of three-phase, three wire lines, J 
ungrounded, with single-phase loads connected between two of the phase {'*   f 

• j-      I 
conductors.   In the latter configuration, earth currents will flow only ]••' 

under fault conditions.   Where the system Is three-phases, four wire. 
grounded, utility practice is to ground the neutral conductor at numerous r ; 
points along the line.   The National Electrical Safety Code stipulates that 
the neutral conductor be connected to earth at least lour limes for each 
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* mile of line.      At each point where thr neutral conductor is grounded, 
the current in the neutral will divide between the conductor and earth in 
inverse proportion to their respective impedances.   The magnitude of 

• earth current at any point along the line will depend upon the degree of 
load unbalance at that point, amount of triplen harmonics and the imped- 
ance of earth. 

2.1.4.2 Distribution of Earth Ground Currents 

The distribution of current flow in the earth depends upon many variables. The 
prediction or calculation of earth current magnitude and distribution at any par- 
ticular time and place is very difficult if not impossible. Mathematical expres- 
sions have been developed for both DC and AC currents, assuming such idealized 
conditions as perfectly homogeneous earth of constant resistivity. Although such 
conditions are rarely approached in practice, some general observations, can be 

i.: made. ; 

In the case of DC, the distribution of current flow in earth will depend upon only 
the resistivity of the earth.   Assuming homogeneous earth over a large area and 

) depth surrounding two electrodes and a distance between the electrodes, if DC cur- 
;! ] rent enters the earth at one electrode and leaves at the other, the current will 

spread out to a great distance and depth, seeking a path of minimum resist »nee 
? ; between the two points. 
i H   , 

M The distribution of AC current in earth is strongly affected by induction caused by 
the changing magnetic field, these inductive effects predominate over earth re- 

n sistivity.   The earth currents will distribute themselves so as to minimize the en-. 
j j ergy in the associated magnetic field.   In the case of earth return current beneath 

an AC power transmission or distribution line, the current will flow in a broad 
zone on both sides of the line, closely following the routine of the line and will be 

j restricted in both depth and lateral dimensions.   The relation between current 
• '../•... 

i ; density and lateral distance from an overhead AC line, assuming homogeneous 
1 ? earth, is a complex Bessel function. "The current is a maximum directly beneath 

r~j the line and falls gradually to zero at the extremities of the zone    In general, ths 
! '.; width of the zone through which significant earth current flows rn each side of an 

AC transmission or distribution line varies directly with soil resistivity and in- 
,-. versely with frequency. 

i  ] The principle variable which makes th": actual distribution of earth currt-nts so 
difficult to predict is soil resistivity.   The soil is rarely homogeneous at a par- 

,. . ticular location.   Even where the surface soil is uniform over a large area, the 
| subsoil is usually made up of stratified, layers of different soil types with varying 
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moisture content.   The resistivity of a given soil can vary by a factor of 100 to 1 
for different values of moisture content and temperature.   Thus, the resistivity 
changes from day to day and season to season. 

Another Hem which can radically alter the distribution of earth currents in an area 
is burled conductive material (such as pipe or uninsulated cable armor).   A long 
buried conductor can literally collect earth current over a wide area and carry it 
to distant points. 

2.1.4.3 Measurement 

Because of the large areas and depths involved and the heierogenety of the con- 
ducting medium, no satisfactory methods have been developed for the direct meas- 
urement of stray earth currents or current density at a particular point.   The 
ground currents contributed by a specific source can be measured at the point 
where the.current enters or leaves the earth (at the transformer neutral or gen- 
erator neutral, for example).   The difference of potential between two points on 
the earth's surface, down to a specified depth, can be measured, giving an indi- 
rect Indication of the magnitude of earth currents in the area. 

2.1.5  COMMON-MODE VOLTAGE 

Li-data acquisition and instrumentation systems where accurate lnw level data is 
being obtained and processed, the basic limitation regarding the accuracy of the 
data being acquired is the amount of noise present in the data*   In addition to the 
desired signal there always exists a certain amount of noise or extraneous inior- 
mation which Is totally unrelated fo tho desired signal and thus undesired because 
of its effects in masking the measurement signal.   Of the many forms in which 
noise can be found one is of major importance in data acquisition and instrumen- 
tation systems.   This noise is a result of earth currents and/or other potential 
differences which are called common-mode voltages. 

Common-mode voltages are those voltages which appear on each side of a signal 
line to a common reference point, normally the systems ground or common point. 
Common-mode voltage can be caused by magnetic induction, capacitive coupling, 
and resistive coupling.   The most troublesome form of common-mode voltage is 
caused by resistive coupling between two separate ground points.   Because of 
stray earth potentials, a voltage difference is then established between the two 
earth or ground points.   These earth potentials are primarily of 60 cycle power 
frequency.   The potential differences between these ground points may be referred 
to as the "Common-Mode Generator./' 

As shown in Figure 2-4, a low impedance ground loop exists around the loop bdefb. 
Another loop exists around acdefba.   In this second loop, a certain amount of the 
total loop current will develop an IR drop across the transducer impedance and 
will appear as a signal voltage at the recording device.   This apparent signal Is 
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FIGURE 2-4 
Coaimon-Mode Generator 

the common-mode to normal-mode conversion signal.   It is this fact which causes 
the most concern regarding the accuracy of the data being obtained.   Therefore, 
the less common-mode to normal-mode conversion in the low level transducer 
and instrumentation cabling the greater will be the overall data accuracy.   For 
more detailed information concerning system accuracies refer to the Appendix. 

Common-mode voltage can be divided into three, general categories;  a) Earth 
common-mode voltages, b) Transducer common-mode voltages, and c) System 
common-mode voltages. 

2.1.5.1    Earth Common-Mode Voltages 

The system shown in-Figure 2-5 is a single ended amplifier and recorder type. 
The system is connected to two different ground potentials, one at the transducer 
location and one at the recorder.   A ground loop consisting of one side of the sig- 
nal path through the system and the ground itself is formed.  The difference in po- 
tential between the two ground points, represented in Figure 2-5 by the common- 
mode voltage generator, causes the flow of ground loop current. 
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Typical Simplified Data System Configuration 

The flow of current through the transmission line resistance R. , and the common- 
n«..1e voltage generator internal Impedance R 

rrn n"77 

creates a potential difference across R. equal to 

VR, "   Ecm I H   + K, ) 
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This voltage appears across the input terminals of the amplifier and constitutes a 
false or erroneous signal to the amplifier arid recorder.   When working with low- 
level sigivals representing the physical measurements, these false signals can com- 
pletely mask the true information which kj to be recorded.  A greater error results 
when the ground loop current is caused to flow through a transducer source imped- 
ance which is usually higher than the transmission line resistance. 

The grounded transducer is also a typical situation, since it is often not feasible 
or not economical to isolate transducers from ground.   A thermocouple, for ex- 
ample, Is generally bonded to the test specimen, forming an almost perfect con- 
nection to ground.   Imperfect insulation and coupling through stray capacitance 
are oiher sources of possible connections to ground. 

2.1.5.2   Transducer Commön-Mode Voltage 

The second type of common-mode voltage, transducer common-mode voltage, 
frequently occurs as a result of the configuration and type of measuring circuit 
being used.   Figure 2-6 illustrates a typical resistance bridge transducer circuit. 
Since one side of the excitation power supply is grounded, each of the signal leads 
going to the data amplifier is placed at a potential oC E^/S above ground.   The 
common-mode voltage appearing at the ir.put of the data pmplifier is then JZy/2, 
This would, in most cases, be a DC common-mode voltage.   Another source of 
transducer common-mode voltage will occur between bonded thermocouples be- 
cause of temperature gradients along the test specimen. 

There are other possible transducer circuit configurations and measurements 
which could result in a common-mode volta»e being presented to the input of a 
data amplifier.   Each transducer circuit configuration used in an fnstrumentation 
system should be examined carefully to determine the type and level of comn.on- 
mode voltage that will result. 

2.1.5, 3    gygteni Common-Mode Voltages 

The system common-mode voltage is a result of magnetically induced voltages in 
the transmission lines from the test area to the instrumentation area.   Illustrated 
in Figure 2-7 is a data system with long cable runs from the test area.   Magneti- 
cally induced voltages in the cables will occur because of loop areas between the 
cables, as explained in the above section on magnetic radiation.   In a system 
where several channels are run through conduit to the instrumentation area any 
separation of Instrumentation channels originating from a common area and termi- 
nating in an area of close proximity will render the cables susceptable to magnetic 
fields.   Figure 2-7 illustrates a floating data system utilizing the ground bus tech- 
nique of grounding (discussed in detail later) which has the ground bus separated 
from the instrumentation caMes by a distance D.  The amount of induced voltage is 
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System With Magnetically Induced Common-Mode Voltages 
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proportional to the flux density, rate of change of flux, and circuit area. There- 
fore, the larger the area the more susceptable the instrumentation cables will be 
to magnetically induuetl common-mode signals. 

2.1. 6    OTHER NOISS SOURCES 

In the preceding paragraphs, the following noise sources have been discussed: 
(a)  power and transmission systemsj (b)  electromagnetic radiation, (c)  elec- 
trostatic radiation, (d)  ground currents, and (e)  common-mode voltages.   In 
this section noise sources will be discussed which are important and often a very 
real problem in a rocket test facility utilizing low level DC data acquisition sys- 
tems.   Each of these sources of noise deserves special attention.   The effects 
they lave on acquisition accuracies cannot be over emphasized.   These noise- 
sources can be categorized as: 

a. Thermoelectric emf's 

b. Electrochemical emf's 

c. Acoustical 

d. Cable noise 

e. Component noise 

I. Sub-system noise 

2.1.6.1    Thermoelectric emf's 

Instrumentation systems frequently utilize a thermocouple that is welded to the 
test specimen which is dissimünr to the thermocouple metals themselves.   At 
this junction a t» ermoelectric potential arises (see Figure 2-8). 

TEST SPECIMEN 

FIGURE 2r8 
Bonded. Thermocouples 
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This voltage is a DC common-mode voltage and will be different at each thermo- 
couple if a temperature gradient exists along the test specimen and it will change 
with temperature. This same, effect is possible with signal or ground-wire connec- 
tions which are made of dissimilar metals. As long as perfect symmetry exists 
on both sides of the couple and for the 'ength of the thermocouple lines, any tem- 
perature gradients along the length of the thermocouple leads cause no problems, 
since junction emf's will cancel. 

If there is a temperature-difference between point 1 and 2 (see Figure 2-9), this 
causes common-mode to normal-mode conversion error.   For example, at the 
copper-constantan junction a 1°C difference between points 1 and 2 will produce 

in 
40 MV of DC signal,   *  Therefore it can be seen that in a rocket test start where 
there are rapid changes in temperature, large temperature gradients are not 
uncommon. 
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FIGURE 2-9 

Two Thermocouples with a Temperature 
Gradient between Points 1 and 2 

Electrochemical emf's 

Chemicals have been known to cause noise in instrumentation systeias under cer- 
tain conditions.   Chemicals can form noise voltages through the voltic action of 
electrolyte type chemicals^   Nitric acid spilled on the floor of a rocket engine test 
stand lias been known to generate a significant emf in the earth ground path.  ^ 

2.1.6.3    Acoustical 

Acoustical environments greater than 120 db are, in certain cases, another source 
of instrumentation noise and can introduce error into the data measurement.  Cage- 
type pressure transducers whose transduotion element depends on convection cool- 
ing should be avoided in a high acoustic environment.   Zero balance can be altered 
significantly by thcrmodynamic changes caused by the acoustic background. 

I 
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2.1.6; 4    Cable Noise 

Cable noise can be observed in especially high impedance Instrumentation circuits 
when the cable is subjected to mechanical distortions such as bending, tapping, 
and squeezing.   Figure 2-10 shows an oscillogram taken of a length of foil shielded 
cable in a very high impedance circuit which was taped twice in opposite directions. 
It is clear then that there exists charges between the cable insulation and the con- 
ductors and between the insulation and the shield. 

"'''    %M 
- -.  ' • . 7' 
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.05 mv/cm 

500 ma/c'ttt 

FIGURE 2.-10 
Cable Noise in High Impedance Circuit 

This type of noise is called Triboelectric Cable Noise.   It is a result of the sepa- 
ration of triboelectric charges when the dielectric momentarily looses intimate 
contact vtith cither the center conductor or the shield because of mechanical dis- 

14 . tortJon     (see Figure 2-11;. 
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FIGURE 2-11 
Triboelectric Cable Noise 
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2.1.6.5    Component Noise- 

Composition resistors, semiconductors, and electrolytic capacitors are examples 
of components which are sources of noise if their characteristics are not adequately 
considered and the components carefully «£   "i.   Electrolytic capacitors, for exam- 
ple, have been known to produce an electrochemical DC offset voltage in a low- 
pass filter at the input to a high gain servo amplifier. 

Resistor noise is common and is generally the result of thermally agitated elec- 
trons within the resistance itself.   The thermal noise level generated by a resist- 
ance Is called "Johnson Noise" and expressed as follows: 

Vn = V4kTBRg 

= 2^l7 38X10"23TRgB 

Where:     B = Bandwidth 

T = Temperature in degrees Kelvin 

Rg = Resistance of component 

k = Boltzman's Contant = 1.38X10"23 Meter-Kilogram-Second 

At any given temperature, any resistance or resistive component generates ran- 
dom wideband noise due to thermal agitation of electrons. The noise power gen- 
erated is proportional to the resistance, temperature, and bandwidth of the circuit. 

Semiconductor noise is wideband and'caused by electrons crossing any semicon- 
ductor "barrier".   This noise is proportional to current and to the circuit band- 
width.   Therefore, in low bandwidth low current instrumentation systems tills form 
of noise may be of significant magnitude 

r 
Solder connections can also generate thermal emf's.   Regular tin-lead solder Sias 
a high thermal emf relationship to copper.   A low thermal solder 70% cadmium and 
30% tin is available for low level circuits which can give better than a 100 to 1 
thermal emf reduction. 

i-     1 

I 

I 

* *. 

Contact noise can be a very serious problem in spate environmental test chambers', **   i 
and rocket test areas where metal corrosion is caused by toxic fuels being dis- I 
charged from the test specimen.   Contacts such as terminal strip connectors, re- ?{~  I 
lay and switch contacts can exhibit noise where there are fluctuations of conduct- •     f 

ivity at an imperfect junction between the two conductors.   Two important factors I 
influence the amount of noise generated by imperfect contacts;   (1) the noise is di- ',-.'  f 
rectly proportional to the DC current through the contact; and (2) the power density }    T 
plotted on a frequency scale varies inversely with frequency so that in a given DC. 
current the noise power increases with decreasing frequency. 
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2.1.66   Subsystem Noise 

Instrumentation amplifiers have inherent noise within the circuits of the ampli- 
fier.   This noise as almost always given in the amplifier performance specifi- 
cation refers to full scale input signal, bandwidth, gain, and source Impedance. 
Modern instrumentation amplifiers have low noise levels which approach the 
theoretical limits of the "Johnson Noise" described above. 

Power supplies with poor regulation produce ripple voltages which can be car- 
ried directly to the input to the instrumentation system.   Regulation elements in 
power supplies such as silicon-controUed-rectifiers are- a particular problem 
when used in some digital systems.   The switching transients of the rectifier may 
be present on the AC power line and carried to susceptable circuits whose power 
is supplied by this same AC line.   If the power supply cannot regulate such fast 
transients., then they appear as spikes on the DC voltage output causing random 
triggering of logic circuits. 

2.1.7    TRANSMISSION LINES 

Data transmission lines operating at low voltage levels and more importantly at 
low frequencies, have electrical characteristics that require a differential analy- 
sis than those of high frequency transmission cables.   At low frequency, cable 
capacitance and line resistance are of primary interest concerning the noise con- 
tribution and noise susceptibility of low frequency data transmission cables. 

High frequency sigatls such as the output of piezoelectric type accelerometer or 
vibration pick-ups are usually the highest frequencies used in analog Instrumen- 
tation systems.   The range of such transducers is commonly 4000 to 6000 CPS. 
In instrumentation systems the length of a transmission cable will rarely be more 
than a small fraction of the wavelength of the highest data frequency; therefore 
transmission line theory related to wavelengths of frequency are not generalLy 
applicable. 

At frequencies below 10C0 CPS the shunt resistance and series inductance of a 
cable is quite small when compared with the series resistance and shunt capa- 
citance of a cable at higher frequencies.   Thus, at low frequencies shunt resist- 
ance and series inductance may be neglected. The transmission line then appears 
basically as a shunt capacitance when open circuited, and the termination imped- 
ance is in series with the line resistance and in parallel with the line capacitance 
when terminated.   Figure 2-12A shows the equivalent cable with distributed con- 
stants while Figure 2-12B shows the lumped constants configuration of the same 
cable. 
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FIGURE 2-12 
Approximate Equivalent Circuit for Low Frequency Cables 

It should be noted that at the lower frequencies the characteristic impedances of 
transmission lines are of no significance as rarely will the line be as long as one- 
quarter wavelength of the highest-instrument frequency.   Typical values of wire 
resistance and cable capacitance for coaxial cables and a typical 22 gage parallel 
wire cable are given in Table 2-1 below. 

Cable Ohms/Foot Picofarads/Foot 

RG58C/U 

22 gage pair* 

.01 

.032 

28.5 (wire-to-shieW) 

13     (wire-to-wire) 

••Spacing • -IX-radius and dialectric constant >2, no shield considered. 
Resistance 2X single length. 

TABLE 2-1 
Typical Values of Wire Resistance and 
Cable Capacitance for Coaxial CableB 

The capacitance per foot for coaxial and parallel Wires may be found by use of the 
following formulas and by referring to Appendix B,   Coaxial cable specifications 
are also found in engineering handbooks. 

a.   Coailal Cable Capacitance 

7.84 KX 10"12 

Log 10  b/a 
farads per foot of line 

V 

2-24 



where 
a «Radius of outer surface of inner wire 

b -Radius of inner surface of outer conductor 

k -Relative dielectric constant of Inner insulation (K - 1 for air) 

Parallel Line Capacitance* 

W2 4K 10" farads per foot of line 
Log 10 b/a 

where .     ' 

a '« radius of each wire 

b «Spacing between wire centers 

k »Relative dielectric constant of insulation 

*Twi$ted lines would have a larger capacitance. 

A typical transducer with a given cable shunt capacitance Cc and sei .»s resistance 
R  and a resistive load RL may be approximated by the circuit shown in Figure 
2-13.  The signal source may be either a transducer or the output of a lineampli- . 
fier with an' impedance Z . 

TRANSDUCER CABLE RECORDER 

FIGURE 2-13 
Approximate Equivalent Circuit for Low Frequency Transducer 

and Lumped Constants Cable 

The output voltage eQ would be a product of the voltage divider as shown in 
Figure  2-14. 
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FIGURE 2-14 
Simplified Equivalent Circuit of Low Frequency 

Transducer Cable with Lumped Constants 

and the output e„ relative to e„ is: 

where Zj - R^+ R
c 

Z2-RL parallel with Cc 

As the impedance of C., is normally much less than the input Impedance of a given 
recorder Rc, then R^ may tie dropped and the output eQ referenced to eg is now 

RK + R„ - JXc 
J_ 

l+j<Rft+RJ(2rFC) 
"S       "B • "C    '"" * ' ' v  s •  "C 

where F is the frequency of the output of the transducer. 

It can be seen that at higher frequencies and with long lines there would.be an er- 
ror due to the line shunt capacitance.   As an example, 500 feet of -RG58 cable, a 
transducer with a 4000 CPS range, and a source impedance of 1000 ohms would 
produce a signal error (amplitude attenuation) of almost 7% at the high frequency. 
As an indication of the importance of low source impedances if R. were 100 ohms 
the signal error would be about .07%. 

At lower frequencies'or where R   Is quite small the output relative to the input is: 

eo    a      ..     Rc 
57 R,     R„     R„ 
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From the above relationship it can be seen that if the line resistance is within a 
reasonable percentage of the load impedance, as it would be if an oscillograph, 
galvanometer were driven directly from a transducer, the line resistance would 
cause an error.   Usually DC errors which are fixed in nature such as the line re- 
sistance can usually be compensated for luring calibrpnon. 

Transmission lines which are located in severe environments will be subjected' to 
extreme' temperature variations.   This can cause thermal EMF in cables which 
are nonhomogenious (e.g., wire with varying alloy throughout its length, rare with 
copper <vire, but possible in thermocouple wire) and changes in. resistance present 
in all wires to varying degrees.   A simplified relationship for changes of resistance 
in wire is: 

where R  is the relative resistance at 0°C, X is the temperature coefficient and t 
is in degrees centigrade. 

If R   is normalized to one the coefficient X for copper is .00393.   Temperature- 
coefficient for many materials may be found in the ''Handbook of Chemistry and 
Physics".   The result is that a 10°C change in temperature can change the resist- 
ance of a copper wire by approximately 4% or 1.3 ohms in a double run of 1000 
feet of 22 gage wire.   If used in the balanced bridge circuit of Figure 2-15, the, 
output error would be 21 MY, a large error in a low level systsm. 

88 ohm 

-^^V 

Xüi 
\*i2on 

-VAr- K i2on >i 

-o 
c, 

i2on 

-o +10V 

EXCITATION 

FIGURE 2-15 
jRemotely Located Single Active Element Bridge 
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2.2    NOISE REDUCTION.AND PREVENTION 

2.2.1    GROUNDING 

Grounding Is a general term u^ed to describe that part cf a circuit, system, or |      •! 
power eq.üpuient which is a common \oltage reference point or datum from which '       i 
the.operating voltages of the circuit, system, or power equipment, may be measured. 
This zero voltage reference point is not necessarily connected to earth ground.   A i 
connection to earth ground is used, however, for two important reasons:   (1) to fix .       j 
the common or neutral point of an electrical system to earth potential which is theo- | 
retlcally at zero volts; and (2) to provide a low impedance current path to earth V"    ) 

(zero volts) for the s.xfety.and protection of personnel.   When.an electrical failure :;      ] 
occurs in an electrical power system, very large amounts of current can be passed 
into conduit, motor cases, junction enclosures, etc.   K these devices are grounded „«.     | 
at earth potential through low impedance connection's (25 ohms or less) no harm to | 
personnel will occur during an electrical fault condition.        - '....*"    j 

••-.." • . •'•! 

In an overall grounding system design for a low-level instrumentation test facility, „„    j 
there are two categories of ground systems which must be considered.   First, the | 
electrical power grounding system which includes all AC power, both distribution *       • 
and utility service power used for lighting, equipment power, etc.   Second, signal J 

circuit grounding which includes all electronic and electrical control circuits asso- 1 
elated with the instrumentation equipment*   The design-of each of these grounding ....     j 
systems for an instrumentation facility must include careful consideration - both ? 
independently and with respect to each other, T*     I 

>"•'       " ' -I       1 
2.2.1.1    Power Grounds i,    | 

:' ' . i 
As previously explained, eartli currents are always present in an area where hea^y 
electrical equipment is being used.  Therefore, it is important to minimize the amount ,j 

oi Mgh-power electrical equipment in the area of the instrumentation equipment. •••"•! 

In Figure 2-16, primary power circuits and grounding techniques are those which ] 
are standard and required by the National Electrical Code.   The most important con- ' 
sideration concerning the primary power system is that of its relative location to ; 
the instrumentation system; all heavy electrical equipment and primary power dis- 
stribution should be placed as far as possible from the instrumentation system so 
I feat power caused earth currents will be decreased through the resistance of the 
earth.   As shown in Figure 2-17, one hall mile is recommended as minimum sep- 
aration between blockhouse and power transmission line.   This distance is based 
on the need to reduce ear?h current and radiation effects to negligible values yet 
maintain a reasonable proximity between the instrumentation complex and power 

.source. ' •• : 

Earth currents associated with high voltage transmission lines and earth currents { 
which liave been "trapped" by buried conduit follow the direction of the transmission | 
lines ..nd conduit.   It is therefore recommended that a perpendicular relationship '   •! 

•  -                         •.          •                                   . . i 
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a. 

b. 

be maintained between test area-to-blockhouse cable runs, ar.d any power lines 
which are carried through the area.   Also, instrumentation conduit should never 
pass under or parallel to such power transmission lines. 

Inside the instrumentation test facility the electrical grounding of power circuits 
and equipment should follow closely the requirements of the National Electrical 
Code.   However, the the grounding of the low-level   low-frequency instrumentation 
equipment cabinets should be separate from the standard AC power equipment point 
from the AC power circuits, AC ground currents will be eliminated in the cabinets, 
thus eliminating instrumentation noise associated with the pickup of 60 cycle poten- 
tials in the cabinet itself.   (Equipment cabinet isolation is covered in more detail 
in Paragraph 2. 2.4.)   Figure 2-16 shows a power system grounding-design which 
will eliminate or greatly reduce any noise or ground currents in the instrumentation 
system.   The principles in this design are as follows: 

Power circuits provided with adequate ground return to earth as required 
by National tiectrical Code. 

isolation transformers should be used to supply Instrumentation system 
power to prevent ground loops between electrical power ground points 
and instrumentation ground point. 

There have been many articles written on the subject of electrical power system 
grounding. Some of these articles, give rigorous explanations concerning the design 
requirements of an electrical grounding system.   One such article,, entitled "The 
Realization of Compatible Structure Grounding Systems" by H. W. Ervin, D. A. 
Lightner, and Robert Powers, gives a design criteria of a ground system for both 
electrical and electronic facilities where high frequency RF electromagnetic fields 
are present or generated.   Although the scope of this Handbook does not inc'.ude 
high frequency type systems such as radar stations and facilities, it is important 
to note that because of the electromagnetic radiation problems associated with such 
systems the grounding requirements are significantly different from those used in 
low-frequency low-level instrumentation.   The grounding of a high frequency system 
should consist of many unconnected parallel paths originating at the circuits, mod- 
ules or subsystems (See Figure 2-18) and terminating at a common ground point so 
that the ground currents can be distributed to the ground point through as low an 
impedance path as possible and through the shortest path as possible.   Figure 2-10 
illustrates how the current in an isolated conductor is distributed when the current 
is at radio frequencies. 

As the frequency being transmitted by the wire increases, the inductance and im- 
pedance in the center of the wire increases greatly to where the current in this 
area is effected and caused to flow at the surface of the conductor.   The useful 
current carrying area of the conductor is reduced and the effective impedance of the 
conducer is increased.   Therefore, when grounding high frequency circuits, many 
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ground paths to carm effectively lowers the impedance offered to the current as 
well as divides the total current between the conductors. 

SUBSYSTEM 
CHASSIS 

CIRCUIT 
MODULE 

CIRCUIT 
MODULE 

CIRCUIT 
MODULE 

CIRCUIT 
MODULE 

GRC UND 
ru •M C 

FIGURE 2-18 
Simplified Diagram of Multiple Ground Paths 

In contrast, a low-frequency instrumentation system measuring data from 1 to 
5000 CPS requires that each ground circuit be maintained ungrounded until it 
reaches the system ground point.   This is done to eliminate ground loops which 
are susceptible to error causing ground currents and to magnetically induced 
error voltages. •.••'. 

2.2.1.2    Signal Circuit Grounds 

The "signal ground" is associated with the transmission or data or control.signals, 
The signal ground circuit is therefore a separate entity and is distinguished from 
the electrical power ground or AC return and the equipment ground which is re- 
quired by the National Electrical Code for human safety and protection against 
electrical faults. 

In data instrumentation there are two forms of signal grounds.   Each one is asso- 
ciated with the function of signal transmission in the system such as acquisition, 
reduction, and conversion of low-level voltage measurements to engineering units. 
These signal grounds are analog signal grounds and digital signal grounds. 

2.2.1.2.1    Analog Signal Grounds 

Analog signal grounds in an instrumentation system are those grounds associated 
with the analog voltage circuits such as transducers, and re(ltr and solenoid con- 
trol circuits.   Transducer is a general term which describes any device that con- 
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MAGNETIC FLUX 

DC CURRENT 

MODERATE FREQUENCY 

RADIO FREQUENCY 

FIGURE 2-19 
Isolated Round Conductor-Showing Magnetic Flux Paths 

3 nd Typical Current Distributions 

verts energy of one form into energy of another form, such as a motor generator 
Which converts the energy of mechanical rotation into electrical energy. 

Analog signal grounds must be considered in relation to the signal producing trans- 
ducer and to the signal amplifier as well.   Amplifiers may be classed into two 
types:   single-ended and differential (isolated, feedback). 

Other important analog signal grounding considerations include prevention of 
ground loops by more than one common ground point in the analog signal section 
and the grounding methods which should be used in a multiple test stand facility. 

The grounding procedures given will be for transducers in general since the 
grounding techniques discussed will apply to almost all transducers, in common 
use today in a rocket test facility and instrumentation system.   When consider- ' 
ing measurements, there are two choices which can be made:   (1) use a grouiidc-d 
transducer such as a bonded thermocouple or; (2) use an ungrounded transducer 
such as a strain gage bridge transducer.   In each type of transducer the maximum 
measurement accuracy can be obtained only if noise is reduced in the measure- 
ment.   By properly grounding each transducer type, many of the deterrents in 
obtaining higher data accuracies can be eliminated. 

a.    Grounded Transducers - Figures 2-20 and 2-21 are bonded thermocouple 
transducers which are commonly used in instrumentation systems.   The 
thermocouple is shown utilized in two system configurations.   In the flrjt 
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configuration, Figure 2-20, a thermocouple is used with a single-ended 
data amplifier whose output is taken into the data system to drive recording 
devices such as oscilloraphs, strip-^chart recorders, etc.   The shield 
which surrounds the transducer signal leads must be grounded to pass any 
electrostatically induced currents directly to earth.   If the shield is not 
grounded the strong possibility exists that these currents will flow directly 
through the signal leads yia shield-to-signal-lead capacitance. 

,T0 DATA 
SYSTEM 

(-JU) ELECTROSTATIC VOLTAGE v — 
JL 

NOT RECOMMENDED 

FIGURE 2-20 
Shield Current Flow Through Signal Leads 

When Shield Not Grounded 

It is therefore natural to question which end of the shield should be grounded 
to allow shield currents to flow directly to earth.   The best place to ground 
the shield is at the same point which grounds the transducer.   This insures 
that shield and signal leads are always at virtually the same potential.   This 
recommended practice is illustrated in Figure 2-21. 

Grounding of the shield at the amplifier end of grounded transducer signal 
lines can cause extremely high common-mode noise as shown in Figure 2-22. 

The large capacitance between shield and signal lines (typically 50 pf/ 
foot) is a relatively low impedance path for AC currents caused by common- 
mode voltages (Ecm).   As can be seen, the E      current path includes the 
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FIGURE 2-22 
Shield Should Not be Grounded at Opposite End 

oi Signal Lines From Transducer 
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signal lines themselves.   This means that common-mode noise voltages will 
be developed In the signal lines in direct proportion to the amount of line 
resistance and the amount of common-mode current generated. 

As shown In Figure 2-23, common-mode currents are virtually eliminated 
by connecting both shield <nd transducer to the same ground point. 

fi- 

rs r\ 

\j- 

i 
J_ 

--fe. 

rrrr 

NO CONNECTION HERc 
TO AVOID COMMON-MODE 

CURRENT PATH 
n.T7 

RECOMMENDED 

FIGURE 2-23 
Common-Mode Current Path Eliminated 

In Figure 2-24, a bonded thermocouple is connectedto the input of an 
isolated DC amplifier.   The shield of the Input cable to the amplifier is 
connected to the amplifier internal guard shield which serves as an exten- 
sion of the signal shield within the amplifier.   In addition, a ground line is 
shown connected between the data system ground point and earth ground of 
the test area.   This ground bus is necessary in any instrumentation system 
which uses isolated differential amplifiers for two reasons; 

1. It serves as the earth reference for the recording system to reduce 
high voltage hazards. 

2. It practically eliminates common-mode potentials which would otherwise 
exist between amplifier input and output if the data system were totally 
earth grounded. 

Note that the amplifier case and output shield is grounded at data system 
grounding plate.    This grounding technique, and that shown for the signal 
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FIGURE 2-24 
Differential Amplifier With a Bonded Transducer Input,   Guard Shield 

Connected to Ground at Transducer Ground Point 

Input conforms to one significant grounding principle; the elimination of 
noise susceptable loops. 

If grounded bridge circuits are being instrumented, careful consideration 
should be given to the manner In which they will be used.   Figure 2-25 illus- 
trates a (single channel grounded bridge transducer with DC excitation and a 
single-ended amplifier. 

GROUNDED BRIDGE 
TRANSDUCER 

DC. 
EXCITATION 

FIGURE 2-25 
Single Channel Grounded Bridge Transducer 
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The resistor Ra can b« shorted out entirely in this method of grounding, 
thua destroying the characteristics of the bridge.   By balancing the DC 
excitation supply to ground, as shown in Figure 2-26, the entire bridge will 
then be balanced with respect to earth and the unbalanced impedance pre- 
sented to the amplifier Input will be due only to the leg resistances in the 
biidge. 

Although a ground loop still exists its effect will be greatly reduced by a 
balanced excitation supply to earth. 

A significant movement over the above circuits can be achieved if an iso- 
lated amplifier is used as Illustrated In Figure 2-27.   In this configuration, 
two grounds can exist between the grounded transducer and amplifier with- 
out degrading system performance since essentially ho earth common-mode 
generator exists between the two areas. 

BALANCE EXCITATION 
BRIDGE TRANSDUCER 

Vi 

SINGLE-ENDED 
AMPLIFIER 

RECOMMENDED 

FIGURE 2-26 
Balanced Method of Grounded Bridge Circuit 

Some recommended practices for use with grounded transducers are given 
below: 

1. Ground shield and transducer at same point where possible. 

2. Connect guard shield of amplifier input to shield of 6ignal cable. 

3. Use two conductor shielded cable where possible, (e. g. thermocouple 
extension wires). 

4. Connect amplifier output shield and low side to data system ground block. 
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FIGURE 2-27 
Bridge Transducer with Isolated Differential Amplifier. 

Figure 2-20 illustrates a complete design of a grounded type thermocouple 
6ystem with all major units in the transmission path from test stand tci the 
recording device. 

Ungrounded Transducers - Shown in Figure 2-29 are floating transducers 
which are in common use at many, rocket test facilities.   These are floating 
or unbonded thermocouplesand wheatstone bridge type transducers;   The 
grounding procedures applied to these transducers will be representative 
of the requirements of most ungrounded transducers. 

In the first two figures, Figure 2-29A and 2-29B, are shown two configura- 
tions of floating thermocouple type transducers,   Each transducer haa a 
metallic enclosure and the enclosure is connected to the shield.   In Figure 
2-29A, the enclosure or case is grounded, thus the Shield is also grounded. 
If the load on the signal line is a single-ended amplifier as shown, the . 
shield should not be connected to the amplifier.- The shield must be grounded 
at only one point, preferably at the transducer end, as explained for grounded 
transducers.   However, if the load is an isolated amplifier as in Figure 
2-29B,, it Is not necessary to connect any part of the circuit to earth gvound. 
Certain types of non-loolated differential amplifiers require that a trans- 
ducer ground path be provided for proper amplifier operation.   The ampli- 
fier manufacturer should be consulted in this regard. 

Figure 2-29C represents a typical ungrounded bridge circuit using an excita- 
tion power-supply which is balanced to ground.   The trar,sd,ucer and power 

2-40 



_ 

1 L_ 

w 

7~S 

h^AA 
REF. 

JUNCTION 

TEST SUBJECT 

INSULATED 2/0 
GROUND BUS 

EQUIPMENT CABINET 
INSULATED FRCW GROUND 
EXCEPT VIA GROUND BUS 

DATA SYSTEM 

GROUND 
PUTE 

CALIBRATION SYSTEM 

•»> 

4_CA! CALIBRATE 

L_. 
^T~0— 

*7~-©- 

-0 •     ^ 

<»——<WV- 

•*©. 

\ 

ZERO 

-M'l 

PATCH SYSTEM- 

rhrrrrrr?h777yt7777r777v^ 

•^^   OSCILLOGRAPH 
LOGGER 

STRIP CHART RECORDER 

TEST AREA 
PATCH 

r> 

I*» > 

DC 
TRANSMISSION 

CABLE 

C\ 

•^i. 

A SHIELD NOT 
CONNECTED HERE 

ETC.        ,      RECOMMENDED 
FIGURE 2-28 

Grounded Transducer System 

NARRQV.' BAND DIFFERENTIAL AMPLIFIER 
PROVIDES COMPLETE ISOLATION 

BETWEEN INPUT & OUTPUT CIRCUITS 



&- - ^ 
CASE   || 

it 

ii      ^tr 
ii = 

II -~ _! 
II    /I 
"   x! II v-. 

A 
^ 

ONLY EARTH 
GROUNp IN SYSTEM 

V777 

SINGLE-ENDED BUFFEfl AMPLIFIER WITH FLOATING 
TRANSDUCER INPUT. 

X 

DATA 
SYSTEM 

XFHR & 

•&mfjmm> 

T? = = =n 

<I II 
II 
II 

A 

J 

T777 

SINGLE POINT 
EARTH GROUND 

rm 
HIGH COMMON MODE REJECTION (CMR!, DIFFERENTIAL AMPLIFIER 
WITH TRUELY ISOLATEO INPUT AND OUTPUT.  TRANSDUCER AHC    ' 
INPUT CABLE SHIELOS FLOATING. 

DATA 
SYSTEM 

:FMH J    CE 

D.C. POWER 
SUPPLY 

10K 

I 10K 

CASE 

rrn 

BRIDGE TYPE TRANSDUCER WITH SIGNAL CONDITIONING USING HIGH 
CMR DIFFERENTIAL AMPLIFIER.  ALL PREVIOUS GROUNDING 
TECHNIQUES USED.   flY U5.IHG HIGH CMR DIFFERENTIAL AMPLIFIERS, 

•A SINGLE EXCITATION PCV/CR SUPPLY CAN BEUSSO IN MULTIPLE 
TRANSDUCER SYSTEMS EXCITATION POWER SUPPLY If. BALANCED '. 
TO GROUNO TO ELIMINATE POWER SUPPLY COMMON MOOE VOLTAGE. 

RECOMMENDED 

FIGURE 2.-59 
Floating Transducers 
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supply ;ut> shielded by ;li(rir cases am, grounded at thr test stand gp•a..,d. 
with the system ground bus and cable sh.ic.id>>. 

Design rules fur using ungrounded transducers: 

1. Use shielded twisted pair for thermocouple wires wherever possible. 

2. Always ground shields of transducer input cables as near transducer as 

possible and at only one point. 

3. Provide a continuous shield "blanket" for all transducers and cabling. 

4. Wren using an isolated amplifier as a load for a floating transducer, 
.conne't guard shield to input cable shield. 

Figure 2-3(1 shows mi overall bridge circuit instrumentation for a typical applica- 
tion where isolated differential amplifiers are.used as wall as a common DC 
excitation power supply for the bridge circuits. 

2.2.1.2.2    Multiple Test Stands 

So far,  only single channels have been considered.    This is rarely the case in 
modern data instrumentation systems.    It is more common to use f: om 10 
channels to 200 or more .channel« per system.    In some cases,  it.is evea pos-   . 
sible to have two or more test stands with 100 or more channels each whiih can 
be routed or patched into the data system either simultaneously or at diffet ent 
times.   Normally, only one test area will be used at a time,   This is recom- 
mended since the separation distance between the two test areas can be several 
hundred yards.   This separation of grounds can develop a considerable common- 
mode voltage between the two areas and a different common-mode voltage will 
exist between each test area and Instrumentation area. 

If two or more test areas are Lsing utilized in ope data instrumentation system, 
different common potentials will be applied to the input of the data Instrumenta- 
tion equipment as it is connected to each test area. 

As shown In Figure 2-31, a common-mode potential E„m will cause a current to 
flow through the low impedance side of the bridge circuit of one channel and back 
through the low impedance side of the other channel.   There are two approaches 
to this problem:   (1) use isolated differential amplifiers, in each signal line with 
high common-mode rejection ratios (one million to one is typical); and (2) use 
switched ground returns from each test area.   In the second method, a single 
connection is made to the instrumentation equipment ground point from all test 
areas through a multi-position switch of sufficient size to carry the return 
current as well as any fault current caused in the AC power circuit. 

As shown in Figure 2-32, a ground loop path for common-mode current 1c broken 
by the switch, thui? breaking the ground loop from one test area to another through 
the data system and ground bus wire resistance. 
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In addition to the ground loops between test areas, it is obvious that ground loops 
can also occur between channels at the same test area.   Precaution must be 
taken to insure that all shields are isolated from each other, except at the ground 
point, and that each channel is clear of any unintentional grounds.   This is easily 
verified by lifting all wires from common ground point and taking a continuity 
check of all lines and shields to ground.   Figure 2-33 shows a typical instrumenta- 
tion system grounding design in which all recommended grounding techniques 
required to obtain a "minimum-noise" instrumentation system are utilized. 

2.Z. 1.2. 3   Digital Signal Grounds 

The increasing use of digital processing- equipment in cuta acquisition brings with 
it many now and Interesting problems which are not usually found In an all analog 
system.   Among them is the noise generated by very fast level changes caused by 
switching circuits within the system.   A digital circuit operates by recognizing 
the state of a two-level voltage or current signal, tfie speed of the system Is 
therefore limited, by the speed at which the levels can be changed.   As the speed 
of the digital systems are increased the noise generated by these very rapid level 
changes is also Increased, 

Before an attempt Is made to reduce this noise, it is important to know where it 
comes from and ho.v It is transmitted. 

In the wiring of a digital system there exist pulse waveforms which contain high 
frequency components caused by such things as the system clock awl trigger 
pulses used to change the state (binary-1 or 0) of logic elements.   These wave- 
forms are being transmitted between one point and another within the logical 
building blocks of the system.   Typical systems lave 6 V transitions from each 
binary level to the next which can occur In from 0. 2 US-EC to 10 nanoseconds.   At 
0.1 USEC, this transient would have a basic frequency component of at least 
2,50 MC.   The actual pulse rate of the logic-levels may be occurlng at a relatively 
slower rate, 100 KG to 500 KC for example.   It is the higher frequency compo- 
nents of the switching transients which are transmitted from wire-to-wire by the 
coupling capacitance and inductance between them.   This type of noise coupling 
Is easily recognized by its differentiated or "spiked" waveform.   - 

It a typical logic waveform is examined, Figure 2-34, a better understanding may 
be obtained of the high frequency components which are generated. 

The transient may be regarded as one-quarter of a sinewave, the duration of 
which is 0. 4 USEC and the frequency of which is 2. 5 MC.   A typical waveform 
would be a band of frequencies extending from the first harmonic up to 2. 5 MC. 
Pickup in adjacent wiring is caused if the wiring has a resonant frequency which 
is within this band of frequencies, •"     • 

In Figure 2-35A a typical wiring configuration Is shown with the wire-to-wire 
capacitance Cj.   In-wlre (1) is a clock pulse whose waveform is a square wave 
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Typical Wiring Configuration 

pulse, wire (2) is located at a distance which determines the value of C..   The 
equivalent circuit of the configuration, Figure 2-Ü5B, shows the resultant 
differentiated pulse in wire (2) as a result of coupling capacity C..   The capaci- 
tance can be minimized by using a high dielectric constant insulation, material 
on the wires and by using the thickest possible insulation material, Teflon is 
recomme rded. 

Another problem frequently found in digital systems are those which operate 
using a synchronized pulse train (clock) which controls each sequence of its 
operation.   Because each pulse occurs simultaneously and occurs throughout 
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the digital wiring the instantaneous current at the rise and fall of each pulse can 
approach magnitudes In the order of 200 to 300 AMPS.   This high current at the 
rise and fall of the pulse creates a large magnetic field that will radiate throughout 
the system causing Intermittent triggering of circuits which can upset the entire 
operation.   This problem can be minimized if the clock lines are tv isted with a 
grounded >.vlre to reduce the magnetic field and cause a coupling of a certain 
amount of the magnetic field to ground. 

Because of the coupling problem It is recommended that digital systems be wired 
using a point-to-i>clnt method rather than routing signals in a bundle or neat par- 
alleled-cables.   Figure 2-36 shows a photograph of actual wiring on the rear of a 
typical logic card rack.   The point-to-point wiring used in these card racks Is 
utilized within each individual card rack because all high speed logic, where pos- 
sible, is confined to within individual card racks.   This minimizes the use of long 
wires going from one rack to another carrying very fast rise time pulses.   Where 
Interconnections are necessary between card racks, they should be as short as 
possible and should always be made as a fan out from one point if the signal is to 
be distributed to several points.   Since all points are effectively in parallel with ' 
the fan out distribution point, each line wLl be short as compared to the length of 
a line which connects alt the points as a series string.   Since the Inductance of a 
wire is directly related to its length, the overshoot and ringing (caused by induc- 
tance) can be reduced up to 75% by the fan out wiring method; 

Because of the capacitivs coupling and magnetic fields resulting from the very fast 
rise and fall times of digital pulses every precaution should be taken to rninimiz-e 
the effects by twitting clock lines wuh ground wires and by point-to-point wiring 
to reduce capacitive coupling.   The ground wires in a digital system are important 
and should receive careful consideration because they will also be carrying: the 
pulses.   The ground wires cannot be considered at zero refarenee potential until 
they rea^h the common ground point.   Since the ground wire will have an inductance 
and resistance, the current from the digital pu!ses distributed into the ground 
wires will create potentials along the ground wire Inductance and resistance.   All 
circuits sharing the ground wire can be ef/ected by these ground potentials (e.g;, 
sensitive trigger circuits).  When many parallel paths in the ground wiring are 
provided, the ground current will be distributed and divided Into smaller amounts 
in each wire thus reducing the potentials along the wire.   Therefore, a general 
rule to follow in the grounding of digital circuits Is to wire each ground circuit so 
that 11 will have individual convergence to the ground point.   Also the grounding 
should follow a treeing effect so that all branch wiring will run to the main ground 
point without forming closed paths. 

Illustrated in Figure 2-37 io a wiring method that provides multiple paths to 
ground by running a minimum of four vertical ground buses between lcgic card 
racks.   Nearby ground circuits are then wired to the ground buses forming a 
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FIGURE 2-37    • 
Ground and Voltage Routing in Logic Card'Racks 

treeing effect of ground wires.   Power to the'card racks is distributed between 
card racks using a horizontal laminated low inductance DC power buses. 

In an overall system where both analog and digital circuits must be housed in the 
same equipment cabinet, it is Important to keep as much physical separation be- 
tween them as possible, e.g., at opposite ends of the cabinet   The common ground 
plate in the system can be located in the center of the cabinet or two-ground plates 
can be utilized, one for analog ground and one for digital ground.   These two ground 
plates must then be tied together witn low inductance connections and then tied to 
the system ground bus line described earlier.   A typical ground plate installation 
in a small digital system is shown in Figure 2-38. 

Each card rack uses a horizontal, laminated low inductance power strip.   Power is 
distributed between card racks with a vertical power strip on barriers.   To effec- 
tively reduce overall inductance of the ground further, at least four wires are used 
between each card rack ground. 
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'  •    . !; i 
2.2.2   SHIELDING j       j 

Shielding may be necessary to either keep various signals or noise confined within ' 
certain limits o> it may be necessary to keep various signals or noise out of a V 
certain area, such as low-level instrumentation cables.   In order that effective |' •   I 
shielding be provided, the type of the signal or noise which is being shielding must 
be known, e.g., sleetrostatic fields, or elechwnagnetic fields.   Each of thfi'e 
have been discussed earlier and more data may be obtained by referring to refer- 
ences listed In the Bibliography, 

Electrostatic fields have a'characteristic which make them rather simple to shield 
against.   Electrostatically induced current in a shield must flow through the sur- 
face resistance of the shield and will not penetrate the shield If it Is a fairly good 
conductor.   Thus, in instrumentation cables it is common to find copper braid or 
copper stranded wrap aa an electrostatic shield.   There are several good forms 
of electrostatic shields available for cable manufacturers, among them are 
stranded copper braid, stranded copper wrap, and double braided shields. 

Electrostatic fields predominate over magnetic fields in most instrumentation areas 
and the use of a copper braided'mesh shield is fairly effective.   However, if there 
are magnetic fields present such as those generated by high current transformers, 
and high current AC power circuits the copper braid provides little shielding ef- 
fect.   To be effective against magnetic fields a conducting shield should have a 
thicXness that isseveral times the skin depth o: 

Where   6 * 5033 dp/»l 

6 " skin depth        , 

p - resistivity of conductor, ohms per centimeter cube 

f «• frequency, cycles per second 

jx « magnetic permeability of shield material (permeability of air 
equals one), for low flux densities ft is the initial permeability. 

For copper at 20° the akin depth Is 

«(cm)    * ^M Vr 
The attenuation of a magnetic field whose flux. Is normal to the conductor (shield) Is 

Shield attenuation <« 8.69. <| db   . . o. 

a  «   shieW thickness, cm 

S  "   skin depth 
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i 1 I Magnetic flux which attempts to pass through a low resistivity shield, such as oop- 
I per or aluminum, induces voltages which cause eddy currents in the shield.   These 
f addy currents appose the direction of and tend to prevent the penetration of mag- 
I „4     netic fields through the shield.   The eddy currents are a desired effect in.any lo# 
i ref,U1'vlty magnetic shield.   If a joint, break, or hole exists in the shield, its ef- 
I *•**     fectiveness is reduced. 

I     s» A high permeability ferrous material such as iron is the best magnetic shield be- 
r cause magnetic flux will actually be absorbed by the ferrous material.   The iron 
I    " • or iron alloy will have a lower reluctance (resistance to magnetic flux) than air 
s causing a magnetic field to be attracted to it.   The higher the permeability of a 
| material the better magnetic shield material it is, nickel-iron alloys navt perme- 
j •"„..„' abilities in the range of 10,000 tr     3,000.   The permeability 01 a magnetic mate- 
|    ; I      rial Is a ratio of the flux density v-the magnstizing force, Ö/K. 
\    ' '•• 

I • *        Shielding of power conductors is a method which may be used to attenuate both elec- 
t trostatic and electromagnetic coupling between power conductors and susceptible 
f    ""'* 

i    is      data acquisition system conductors. 
i    j ^ 

Of the various wiring methods available to the facilities design engineer, many 
| surround the insulated power conductors with a grounded metallic enclosure for 
i : ] - the physical protection of the wire or cable.   The shielding effect of this enclosure 
;    1 . can be put to good use In the design of a test facility.   The metallic enclosures 
j used to protect power conductors may be cylindrical or rectangular, smooth or 
|   ' ' corrugated and may be part of a complete power cable assembly or may be a sep- 
I   ' arate conduit or duct into which the conductors are pulled.   The enclosure may 

'.!'.•• vary in thickness from a 0.005 inch thick spirally wrapped metal tape to a conduit 
wall 1/8 inch thick.   The materials in common use today are steel, aluminum, and 

j copfer. 

!_-. • The electrostatic coupling between power conductors and other physically paralleled 
j   , coixiuctors will be eliminated by any grounded, conducting surface completely sur- 
!'•: ? rounding the power conductors.   The containment of the electrostatic field is not 
!   '- dependent upon either the thickness or material of the conducting surface so long 

as the surface presents a low impedance to ground at all points and completely 
surrounds the power conductors. 

The electromagnetic field at power frequencies is only partially attenuated by a 
metallic enclosure and the degree of attenuation depends upon the material and its 
thickness.   The shielding effect is proportional to the permeability of the material 
and varied directly, though not lin'-urly, with the thickness.   (As the total thick- 
ness increases, a unit incremental increase in thickness results in a d'-minishir.g 
Increase in attenuation.)  It follows that a ferromagnetic enclosure is a far more 
effective electromagnetic shield than a non-ferromagnetic and that thicknesa is a 
desirable characteristic. 

! * 
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Of all of the conductor enclosures available to the test facility design engineer, 
rigid Bteel conduit moot closely approaches the Ideal Bhield.   Inorder to determine 
the effectiveness of rigid steel conduit as an electromagnetic shield at power fre- 
quencies, tests were conducted which compared the magnetic field strength near 
unshielded conductors carrying a constant 60 cycle current against the same con- 
ductors installed in steel electrical metallic tubing (thin-wall) and rigid steel con- 
duit.   It was found that the electrical- metallic tubing attenuated the field approxi- 
mately ~7 to -8 db while the rigid steel conduit provided -13 to -18 db attenuation. 

2.2.3   PAIRTWISTING 

As described in Section 2 under Electromagnetic Rartiation, magnetic fields can 
penetrate the area between two conductors and Induce a potential in an instrumen- 
tation line-.   If the area between the two conductors could bo reduced to Kerb, the 
Induced voltage would also be reduced to zero.   However, the insulation around 
the wires prevent a zero area between the conductoro.   Coaxial cable accomplishes 
an effective zero area by surroundlnp one conductor with another conductor.   The 
other conductor is the shield and la grounaed to bleed off stray currents.   If the 
shield in u coax Hue is ons side of signal, stray currents will cause noise errors 
in the measurement. 

if a two wire transmission line is twist«!, the voltages Induced in the line will be 
proportional io the area between the conductor».   Figure 2-30 Illustrates that 
twisting will reduce Uw area between the *ires.   Shown is a twisted pairr* wires 
«rrrnlnalvd in a resistive load Rj^ and connected to a source with an Internal im- 
pedance cf Rj.   A uniform magnetic field is Imposed upon the Wires. 

ß 

LOOP AREA 

FIGURE 2-39 
Area Between Conductors Reduced by Twisting 

A current will bo Induced In the circuit proportional to the circuit loop area and 
the rate of change of the magnetic field.   It can be B«en that-each loop Or section 
will have a finite area which la susceptible to induced voltages caused by the Im- 
pinging magnetic field.   As the wires are brought closer together by twisting, ths 
loop area Is reduced and the Induced voltage will also be reduced. 
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n !, 
When a magnetic field Is created around the wires due to a current flowing in the 
wires, then each loop will have a magnetic field equal in magnitude but opposite 
in direction.   Thus, as the wires are brought closer together the fields will tend 
to cancel one another because the fields produced by each wire are in opposition 
and the opposing force will effectively cancel the field. 

It is a common practice to twist all instrumentation wire In order that a certain 
amount of magnetic field rejection can be achieved.   Likewise, it is highly recom- 
mended that all power circuits which distribute. 60 cycle AC power to the instru- 
mentation equipment be twisted with as many twists per foot as possible.   The 
more twists in the wires the less will be the effective area between the conductors. 
The area between the wires is limited by the insulation thickness around each wire. 

Actual tests disclose that twisting of transmission line pairs can reduce noise due 
to 60 cycle pick-up by significant or-.'.ers of magnitude. 

A type of wire is available which offers a marked improvement over the usual 
twisted pair of wires (see Figure 2-40).   This wire if- actually weaved not twisted, 
and consists of four wires.   The weave is arranged so thr.t two interlocking loops 
are produced.   To form a two conductor cable a pair of wires are connected to- 
gether at both ends of the cable, thus forming one conductor.   The other pair of 
wires are connected in the same way forming the other conductor.   This means a 
smaller wire size can be used in each conductor with a greater degree of flexi^ 
bility in the overall cable.   The electrical advantage is that much tighter loops are 
formed between each conductor, and the weaving process aids in the cancelling ef- 
fect of equal and opposite magnetic fields. 

CONDUCTOR A, 

CONDUCTOR B 

FIGURE 2-40 
Weaved Cab!? 
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Not much information is available on this wire.   However, certain testa show it 
to be several orders of magnitude better than the twisted pair configuration in re-    • 
jecting magnetic fields.   One manufacturer of this cable is Magnetic Shield Division 
of Perfection Mica Company, Chicago, Illinois.   The cost of this wire is relatively '. 
high and its use will be determined by Ute magnitude of the magnetic fioldj.. ! 

2.2.4    ISOLATION 

Isolation is a means of preventing ground loops which may carry noise producing    j 
currents.   The underlying philosophy of isolation is to electrically isolate the In-    I 
strumentation system (AC and DC) from earth. The system itself may be regarded 
then as "floating".   Once isolation of the system ia achieved then the system la       > 
connected to earth through a single ground wire.   All other external connections 
to tiw system (power, control, data) should be made through an appropriate iso- 
lating device.   The basic methods of isolation are described below. 

2.2.4.1    Isolation Transformers 

The transformer Is a simple means to provide system isolation because it does 
not readily couple energy electrostatically from primary Input to secondary out- 
put.   This transformer characteristic is Illustrated In Figure 2-41. 
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FIGURE 2-41 
Isolation by Transformer 
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Note that currents resulting from noise voltage would be significantly greater were 
the isolation transformer not present in the power input circuit.   Although a simple 
transformer does provide isolation, it can be significantly improved by the use of 
primary and secondary shielding. 

Figure 2-42 sh-,>!<s how noise can be transferred from primary to secondary.   The 
primary noise is represented by a noise generator between a long line such as a 
power transmission line and ground.   Because a powf- line can come from great 
distances it can bring with it a variety of noise such a - radio and television signals, 
ignition static from automobiles, switching arc noises, and lighting.   To keep this 
noise from reaching the secondary a conducting foil shield is placed between the 
primary winding and the secondary windln» and grounded.   This type of shield is 
electrostatic and is called ;• Faraday shield.   The shield does not significantly af- 
fect the magnetic coupling of the transformer.  The purpose of the shield is to offer 
a lower impedance path from the primary to ground than from the, primary to the 
secondary winding.   Electrostatically induced currents are therefore carried to 
ground rather than through secondary circuitry. 
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FIGURE 2-42 
Transfer of Noise Through Transformer Windings 

Since the shield may not cover K*e entire primary or secondary windings, there is 
a fringing of electrostatic fields around the shield.   Because of this fringing effect, 
noise can stUi be coupled across the winding».   By enclosing the primary winding 
completely in a shield, as illustrated in Figure 2-43, the fringing can be reduced. 
This type of shield is called a bos dhield. 
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FIGURE 2-43 
-'•    Faiuday Box Shielded Transformer 

This type of Faraday shield reduces to an absolute minimum the interwinding ca- 
pacitance from primary to secondary.   Production transformers are available 
Which have interwinding capacitance less than 0,005 pf and with leakage 'resistance 

l ft 
in excess of 10,000 raegohias. 

Adouble shield around the transformer windings effectively increases.the binding 
impedance to ground or nearby srields thereby increasing the noise rejection ca- 
pabilities of the transformer.   The second box shield, shown in Figure 2-44, is 
called a guard shield.   The guard shield can be used on the primary or secondary 
winding or both depending upon the circuit requirements.   The usefulness of a 
guard shield is shown in Figures 2-45 and 2-46.   A Faraday box shielded trans- 
former, shown In Figure 2-45, uses a floating rectifier bridge network.   The 
bridge has a high leakage (isolation) impedance (R) to ground.   The secondary box 
shield is connected to earth and the effect of the winding to shield capacitance C., 
Cg will be to shunt the high leakage impedance of the bridge.   The power supply 
will then become more susceptable to noise pick-up through this lower impedance. 
By placing a second box shield, the guard shield, inside the first shield (see 
Figure 2-46) and terminating it to one conductor of the winding, usually the center 
tap, the guard shield will then, take on the potential of the winding thereby return- 
ing the winding-to-shieid capacitance back to the winding and greatly increasing 
the impedance between shields.   Thus, the winding-to-earth ground impedance ap- 
proaches that of the leakage impedance of the bridge network. 
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FIGURE 8-48 
Guard ShieMUsed In Secondary to Ircrease Isolation Impedance 

to Ground in Secondary Circuitry 

Advantages of using box shielding over the priisary and secondary include, pre- 
vention of noise from going in either direction (from primary to secondary and 
vise versa), and Increased capacitance between shields provides a lower imped- 
ance path to ground for noise, and the guard shield greatly increases the isolation 
impedance of the windings to ground as well as.across the windings. 

It is recommended that Faraday box shielded transformers be utilized in the fol- 
lowing instrumentation applications: - 

1. Instrumentation DC power supplies 

2. Signal and chopper input transformers in DC low level data amplifiers 

3. Primary AC powerfor an instrumentation on system to block power line 
noises caused by motors, relays and other sources as mentioned earlier 

It may be advlseable In cases of extreme noise environments to shield the main 
facility electrical service transformer(a).   Large transformers can be designed 
and manufactured with electrostatic shielding between windings at an increase in 
cost of approximately 25 percent. 

Table 2-2 specifies the types of isolation transformers which are in common use. 
For more specific information concerning the specifications and testing of trans- 
formers refer to the article given in the Bibliography titled, "Specification and 
Testing of Shielded Transformers" by Bernard I. Sommer and Gerald W, Plice. 

2-62 

•ÄJÄ'*ssrt«a«a»iä*s»uN0~'- 



ft 

Transformer Type Parameter Typical Value Remarks 

1.   DC Power Supply Voltage Primary = 113V 
Secondary - 50 
to H5V 

Frequency 50 or 40Ö CPS 

DC Current 100 to 450 MA- 

- • . 

Rectifier and 
Filtertype Full wave 

Guard »"-leid? Recor-   endc-d 
for F   4 ting 
Powe- Supplies 

2,   Inpul and Signal 
Line 

Sources & Load 
impedance 

Source » IK 
Load » 1 MEG 1 

T "equency Response 1 KC to-2»)i«.C 

?ov/e.* Le^cl 10 to 100 MV 

-'•''•• 

Maximum Capaci- 
tance between 
Windings 0. 03 pf 

Commo.i-Mode 
P^ejection 130 db 

Magnetic Shielding 
required? 

Usually recom- 
mended for low 
level signals. 

3,   Isolation, Power Voltago 115V 

Frequency 60 cycle * ' 

Volt - Amperes 50 to 2500 

Working Voltage 115V 

Maximum Capaci- 
tance Between 
Windings 0.1 pf 

Common-Mode 
Rejection 130 db 

The following items shi ,i!d also be considered in specifying transfc >rmera: 

Maximum case dimensions 
Mounting requirements 
Environmental Operating condition 

TABLE 2-2 
'Types of Isolatioh Transformers 
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2.2.4.2   Spatial Isolation 

Spatial isolation is defined as physical separation of power equipment (and ether 
noise sources) from the instrumentation system.   It is, in most Instances, one of 
the simplest and least costly means of decreasing coupling between the power sys- 
tem and the instrumentation system.   Electromagnetic and electrostatic coupling 
(e. g., energy radiated from arcs and corona) decrease rapidly with increases in 
physical separation between source and susceptable circuit.   Most planned test 
facilities have adequate space available to permit considerable separation between 
power conductors and data transmission conductors, as well as between electrical 
power equipment and data acquisition system equipment.   However, spatial isola- 
tion is sometimes limited by the physical dimensions of the facility where power 
and instrumentation systems must be installed together aboard an aircraft or in 
confined quarters.   In each case, if the design agency is aware of spatial isolation 
throughout the early phases of planning and design, maximum separation of the 
electrical power system and the data acquisition system equipment and conductors 
can be achieved with little increase in cost. 

Providing separate and independent electrical services from the utility power sub- 
station for the power systenl and data acquisition system in a rocket test facility 
should be considered where severe transients and disturbances are anticipated on 
the facility power system.   For example, starting a large motor on the facilifv 
power system will cause a sudden momentary drop in voltage.   A dz-op as large 

.as 15% can be tolerated in power system design practice but may cause drl't in 
electronic equipment.   The voltage drop caused by the starting of a large motor 
can be decreased but not eliminated through the use of reduced-voltage starting 
techniques.   Application of fast response voltage regulators in the electrical sup- 
ply to the data acquisition system equipment will afford a faster recovery to nor- 
mal voltage but will do little to lessen the initial and transient drops.   Transients 
can be greatly reduced by using line fljteri with low pass characteristics. 

The sudden drop in voltage is caused by the large Surge of current (required by a 
motor at start) being drawn through the impedance of the utility system, such as 
the main transformer und bus, circuit breakers, cables, and other items which 
make up'the facility power fHstribution system.   Of these items, the main trans- 
former usually constitutes the largest single impedance in series with the motor 
and, therefore, causes the largest portion of the voltage drop.   (An exception 
might occur if the utility system were small or whore the test facility is served 
at the end of a long line.), If the data acquisition system were fed directly from 
the utility system through a separate transformer, the data acquisition system 
would not be subject to that portion of t>.a voltage drop caused by the main trans- 
former and the facility power distribution system.   The separate service would 
not, of course, eliminate that part of the drop caused by the effective utility sys- 
tem impedance. 
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A secondary advantage provided by a separate service transformer would be the 
attenuation of conducted radio frequency noise originating in the facility power 

system. • 
5 ( "".-••••' .-•''' 

!    | I       Points which must be considered in Investigating the desirability of a separate 
j service are the extra cost of installation, the higher cost of electrical power if 
1    r)       the second service is received directly from a commercial utility, the expected 
[||      frequency andseverity of transients anri disturbances generated within the facility, 

and the degree of isolation from voltage drop that can be achieved, taking into ac- 
count the relative impedances of the utility power system and facility main trans- 
former.   Nöte also that, while a measure of Isolation Is provided from conducted 
radio frequency noise originating within the test facility power system, no attenu- 
ation of conducted noise originating on the primary utility system will be provided 
by installing a separate service.   However, high frequency noise originating on the 
primary utility can be reduced by the use of low pass line filtering in the instrumen- 
tation service lines. 

A second means which can be employed to provide isolation of the data acquisition 
system electrical supply from the facility power system Is the use of a motor- 
generator set to supply the data acquisition system.   Use of a motor-generator set 
will completely isolate the data acquisition from conducted radio frequency noise 
originating in the facility and utility power systems and will almost eliminate volt- 
age drops and disturbances.   The major drawback to this solution is the high first 
cost and the increased maintenance required by the rotating equipment. 

2.2.4.3    Equipment Isolation 

All the propeT grounding procedures as discussed earlier is of little value if the 
measurement system or test equipment is allowed to Introduce ground loops and 
extraneous noise into the measurement.   It Is ;not uncommon to see a failure in an 
elaborate test set-up because the noise level is greater than the desired signal- 
level,   Often it is found, after through trouble shooting, that too many grounds 
were placed in the measurement circuit and ground" loops were formed between 
test instrument, measurement circuit, and earth ground. i 

Isolation of certain parts of an instrumentation circuit are mandatory to prevent j 
ground loops and interaction with other circuits.   Equipment isolation can accom- S 
plish a part of this requirement by establishing a single point at which all equip- | 
ment cabinets are to be grounded and "floating" all -equipment except at the common f 
point.   It is necessary tliat all ground wires connected to the common ground point i 
do not connect with other similar ground wires at other points.   The ground wires j 
will form a type of tree with all branches steming from the trunk outward with no \ 
connection made at the other end.   The common ground point can be placed in one 
cabinet or bay from which all other cabinets or baye are connected.   The ground 
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point should be sufficiently large to allow many wire connections and of very high   • 
conductivity so that a uniform potential may be maintained therein.   A rectangular 
copper plate of approximately 6 inches x 6 inches x 1/2 inch is usually sufficient 
for this purpose.   Wires can be fastened to the plate by drilling and tapping holes 
to allow bolting of wire terminals.   In Figure 2-38 a \ypical ground plate is shown 
installed In a small digital data acquisition system,   in order that the ground plate 
be isolated from ground it is mounted on fiberglass insulators. 

The equipment cabinets may still be in contact with the ground.   However, this can 
be a serious limitation to the grounding system design. 

Figure 2-47 shows a typical test configuration without cabinet-to-ground isolation, 
The common-mode voltage (noise generators) present in the earth will cause un- 
desired ground loop currents in the instrumentation lines because of the potential 
differences at the two ground points.   T.iis common-mode voltage can be eliminated 
by isolation of the equipment cabinets from" ground.   Isolation can be accomplished 
by non-conductive strips or sheets of plastic such as fiberglass impregnated with 
epoxy or similar material» 

Figure 2-48 shows an actual installation of an equipment cabinet which has been 
bolted to a metal base using nylon bolts with sheets of fiberglass insulation between 
the cabinets and metal base.   In this way, all the equipment is floating except for 
one intentional earth ground connection using low resistance 2/0 or 4/0 insulated 
copper bus wire from the cabinet ground plate to test area ground point as shown 
in the Figure- 2-49'. 

This provides only one point where the entire instrumentation system is grounded, 
thus eliminating each common-mode voltage wilnin-the system. 

The isolation of equipment cabinets during system design and manufacturing Is 
relatively simple compared to the Isolation of equipment cabinets in an existing 
facility.   Isolation of existing equipment usually means an extensive overhaul of 
equipment and an exhaustive check that unwanted ground corrections are eliminated 
and correct ground plate connections are installed. 

Metal conduit must also be given consideration in properly isolating a system.   If 
instrumentation cables and/or power cables are connected into the system through 
metal conduit, precaution must be taken to insure that no electrical 'ontact is 
made between the conduit and the equipment cabinets.   If a distribution panel is pro- 
vided for power switching to the cabinets, a PVC type conduit may be used between 
the panel and instrumentation equipment.   Conduit used for instrumentation cabling 
can be fastened to a bulkhead or support member of the building to avoid cabinet- 
to-qonduit contact. 
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FrGURE2-47 
System Without Cabinet Isolation 

Cable tra.,3 are used in many test facilities to support instrumentation wiring run- 
ning from test area to instrumentation area.   Like conduit, cable trays should 
never be electrically connected to the instrumentation equipment.   Cable trays 
and conduit present a problem to low-level instrumentation because each one is 
usually well grounded to earth.   Because the instrumentation cables have a finite 
amount of leakage impedance through the shields, tha closeness of the cables to 
the conduit and cable trays then provide a possible source of common-mode volt- 
age being coupled into the instrumentation.   It is therefore recommended that 
grounding cf ttie cable trays and conduit follow the same philosophy as grounding 
of cable shields.   That is, earth ground the cable tray and conduit (if posslbl .) at 
only one point so that the coupling impedance to the common-mode voltage will be 
as large as possible. 

The conduit and cable trays may be isolated from ground by a vinyl covering over 
the conduit and by using non-conductive mountings on the cable trays. The ground 
point to earth should be as near the test area (transducer) ground as possible. 

2.2.5   BONDING 

Electrically mating (bonding) of metallic surfaces to insure electrical continuity 
to ground of the non-current-carrying portions of electrical equipment and con- 
ductor enclosures is one of the most important ingredients of a good grounding 
system design.     Bonding is also the most often abused of the grounding require- 
ments.   An improper bonding of equipment will be subject to corrosion, and me- 
chanical stress. 
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OATA 
SYSTEM 
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INSULATION 

RECOMMENDED 

FIGURE 2-40 
Isolation Data Systems With Ground Wire to Test Area Ground 

The purpose of bonding Is primarily one of safety to personnel.   If all metallic en- 
closures of conductors and equipment are provided with a low impedance path to 
ground, a difference of potential between the enclosures and ground cannot be de- 
veloped due to an insulation failure within tha enclosure.  Conversely, If the im- 
pedance of the enclosure to ground Is high, a person contacting the enclosure and 
ground, following an insulation failure, could receive a lethal shock, 

A bond may consist of the metal-to-iletal contact between a length of metallic con- 
duit and a conduit coupling, the metalHO-metal contact between an equipment en- 
closure and structural steel or, a bond r&iy consist of a separate jumper wire be- 
tween enclosures because the physical configuration between enclosures to be elec- 
trically joined does not provide an adequate low lmpe-iance connection. 

The Code permits the use of non-metalhc enclosures for power conductors such 
as non-metallic conduit and non-metallic sheathed cable under certain conditions. 
However, general practice in a test facility would be to use metallic enclosures 
over Insulated power conductors such as metallic conduit, armored cable or sheet 
metaJ wtreway.. . 

All metallic mating surfaces and connecting hardware must bo constructed of gal- 
vanlca'ly compatible metals, see Table 2-3.   When u more noble metal is joined 
ton less noble metal, electro-chemical corrosion will occur.   This «simple battery 
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Corroded end (anodic, 
or least noble) 
Magnesium 

Magneslumjtlloys_ : 

•Zinc 
Aluminum 2S 
Cadmium_ 
Aluminum 17ST 
Steel or Iron 
Cast_ Iron_ 
CJiromium-ironjactlyej 
Nl- Resist 

18-8 Stainless (active) 
16-8-3 Stainless (active) 
Lead-tin solders 
Lead 
Tjn_ 
Nickel (active) 
Iflcond (activeji. 

Brasses ' 
Copper  '.. 
Bronzes 
Copper-nickel alloys 
Monel 

Silyer_soldej_ 
Nickei. (passive) 
Inconel (passive) 
Chromium-iron (passive) 
18-8 Stainless (passive) 
l£-8;:3_Stainless jgasslye) 

gjivjgt- 
Graphite 
Gold 
Platinum 
Protected end (cathodtc, 
or most noble) 

Kote:  Groups of metals Indicate they are closely similar in properties. 

TABLE 2-3 
Position of Metals In the Galvanic Series 

eell actign produces a high corrosion rate on the less noble metal, while the more 
nobfe metal remains un harmed.   Also, coating of the noble metal with its less 
noble counterpart will result In mechanical weakness as well as a high impedance 
Joint.   In fact, a .rectifier of sorts is formed creating all of the problems relative 
to harmonic geneiation. 

Metallic mating surfaces which are susceptible to oxidation must be protected by 
application of a protective coaüng around the entire periphery of the mating sur- 
faces. The electrical Impedance offered by oxide films formed over an extended 
period of time can be quite significant relative to overall design impedance of the 
grounding system. 

Electrical connections between metallic mating surfaces must be implemented in 
order to realize a rigid and low impedance contact. Some of the more Important 
mechanical considerations are as follows: 

a. Matiig surfaces of metallic members should be welded or brazed around 
the entire periphery of the contacting area in all cases where possible and 
practical. 

b. In lieu of welded or brazed connections, bolted sections may be used. 
Bolted sections must b; implemented to insure:  (1) a consistent contact 
pressure over an extended period of time; (2) minimal crevice area around 
metallic mating surfaces; and (3) a high resistance to atmospheric corro- 
sion over an extended period of Urne.   It is recommended that palnuts be 
used to maintain a permanently tight joint. 
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c. Rivets should not be'used as an electrical connection on metallic mem- 
bers subjected to fluctuations la stress or strain or minute movements 
of the bond connections. 

d. Protective or non-conducting coatings must be removed from the contact 
area of all mating surfaces before the bond connection Is made. 

2.2.6    COMMON-MODE VOLTAGE 

A common-mode voltage - a voltage appearing on each line of a two conductor 
signal wire and a common reference point, usually the system ground - can re- 
sult from many sources such as electrostatic fields, inductive fields, ground 
potentials differences, etc.   It is important to note that a common-mode volt- 
age Is a voltage which appears between each, signal wire and the common ground 
(see Figure 2-50). 

i -_• 

i   r__ 

':. j 

•I   * 

ECm=Vl=V2 

rfn rrn 

FIGURE 2-50 
Common-Mode Voltage 

Although this common-mode voltage appears at the input to the differential ampli- 
fier, the amplifier will only amplify the difference voltage between the two input 
wires.   Thus, the output of the amplifier will be zero volts If V. - V,.   This Is 
often not the case since in some transducers such as thermocouples R. and R« 
are not equal because of the wire or transducer resistance variations.   A certain 
fraction of the common-mode voltage Is therefore converted through the imped- 
ances in the signal line and the unbalance Impedances of transducers into a 
normal-mode voltage.   This conversion Is commonly called common-mode-to- 
normal-mode conversion.   The normal-mode voltage is the voltage which appears 
between the signal wires only.   A measure of a circuit or amplifiers ability to re- 
ject this conversion is called the CMR (Common Mode Rejection) ratio.   The CMR 
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ratio is defined as the ratio of the common-mode voltage (E • ) to Die resultant 
converted normal-mode voltage (Enro)< 

In high quality instrumentation differential amplifiers the CMR of the anipllfier in- 
put circuit is generally one million to one at DC to 60 cycles AC.   In most cases, 
CMR will decrease in magnitude as the frequency of the common-mode voitage in- 
creases.   The reason for this is due to the impedance of the coupling which is in- 
versely proportional to frequency,   CMR values for data input systems are often 
less than one million to one by a factor of two or three because multiplexers and 
other input circuitry will tend to degrade system performance due to the presence of 
capacitance in connectors and switches external to the amplifier. 

The common mode to normal mode conversion should be analyzed further in order 
that effective measures may be taken to increase the CMR of an instrumentation 
circuit or circuits.   The. conversion process varies in accordance with the individ- 
ual parameters of each Instrumentation system such as line unbalance, length- of 
instrumentation cable, type of shielding, etc..   However, the conversion process 
can be approximated by a lumped parameter system as shown in Figure 2-51. 

S 

~*o 

FIGURE 2-51 
Common-Mode to Normal-Mode Conversion Equivalent Circuit 

Rj 6 R2 = lumped line resistances plus any transducer unbalance 

Zj & Z2 * leakage impedances to ground 

For ease of analysis, Figure 2-51 can be redrawn as shown in Figure 2-52. 

E      *  E 1 
11m    "cm   RJ+ZJ 

Z3 
TJFZ2. 
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FIGURE 2-52 
Simplified Common-Mode to Normal-Mode Conversion 

As defined earlier the common-mode rejection ratio is a ratio of common-mode 
voltage, E      to the resultant normal-mode voltage, Enm or 

Ecm        (R, + Z,)(Ra+Jrp 
Enm *i«* - V*l 

From observation of this equation it can be seen that the CMR can be Increased by 
making the denominator approach zero, Z< •> Z, and R. «= R,.   Since R, = R„ is 
difficult to realize in a real system, ä more realistic solution would be to make 
the leakage impedances much larger than R. and R,, assuming Z* -- Z, » Z then 
CMR is 

CMR 
RjR2 * RtZ »RgZ + Z* 

~Z(R, 2 «iT 

Since Z2>fR1R2, RjZ, RjZ) 

TheaCMR - 
(R2-

Ri> 

Therefore the larger the leakage impedance and the smaller the unbalance imped- 
ances of the tine the greater will be the, CMR, 

The most practicable method of obtaining a high leakage impedance is the use of 
shielded instrumentation cable which has a shield coverage efficiency of 100% (see 
Figure 2-53).   A typical copper braid shield has a shield coverage of about 90 to 
85%.   Copper wrap shields offer a slightly higher coverage but after the cable has 
been mechanically distorted this coverage falls off rapidly.   The aluminum foil 
type shielded cable provides the best shield coverage available today.   100% cov^ 
erage is .possible with the foil shields.   Care must be taken in buying and specify- 
ing foil sliielded cable to insure that sufficient overlap of the foil shields is given 
so tliat no discontinuities will occur in the shield coverage.   A 50% overlap should 
be specified as a minimum.   Table 2-4 illustrates a general comparison of braided 
shield cables and foil shielded cables. 
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FIGURE 2-53 
Shielded Instrumentation Cable 

Assume copper braid shield coverage «= 90% 

then wire-to-shield capacitaice » C, « 50 pf/FT 

and wlre-to-ground leakage capacitance = C, " 5 pf/FT 

2.2.7    LINE BALANCING 

As explained in the previous section a normal-mode voltage converted from a 
common-mode voltage will not usually be rejected by an instrument because It 
recognizes the normal-mode voltage as signal information.   Therefore, the con- 
version of common-mode voltage to normal-mode voltage must be prevented. 
This form of conversion is a particularly difficult one to cope with because it is 
common for unshielded thermocouple extension wires to be run in conduit where 
the capacitive coupling from wire to conduit is quite high.   The. wire to conduit 
cai»citance has been meusi'red äs follows: , 

(Using 22 gage I.C. duplex parallel in conduit) 

One pair in 1/2 Inch conduit, each wire to conduit - 0.0015 f/100 ft. 

One pair to 30 pairs in 3/4 inch conduit, each wire =0.0030 f/100 ft. 

A good isolation transformer = 0.1 pf 

Since each extension wire has a different resistance, the phase shift and attenua- 
tion in each wire will be different.   Therefore, a signal difference between the wires 
will appear as an Input signal to the load circuit or amplifier.   Table 2-5 gives the 
resistance unbalance that exists between the extension wires of most common 
thermocouples. 
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AWG 

AWG 
Drain 
Wire 

Shield % 
Coverage 

Cap. 
pf/FT 

Leakage 
Cap. 
pf/FT 

Shield 
Resistance 
ohm/1000 Ft 

Contact 
Resistance 
of FoU 
to Drain 

Aluminum 
FoU 
Shield 22 18 100 

77 
Wire- 
to- 
shleld 

.008 16 0./ohm/FT 

Copper 
Braid 
Shield 22 90 

72 
Wire- 
to- 
ehield 

.017 pf 6.0 8 

I  s 
TABLE 2-4 

Typical specifications of Shielded 
Cables for Three Conductor Cable 

!   ri 

Type 
Ohms/100 FT 
(20 gagei 

Resistence 
Ratio 

For recistive balance: 
Wire Gage Diameter (in.) 

Copper/ 
constantan 

1.015 
28.71 28:1 

20 
6 

0.032 
0.162 

Iron/ 
constantan 

6.225 
28.71 4.0:1 

20 
13-14 

0.032 
0.00-0.07 

Chromel/ 
alumel 

41.59 
17.32 2.4:1 

16-17 
20 

0.04-0.05 
0.032 

Chromel/ 
constantan 

41.59 
28.71 1.45:1 

20 
18 

0.032 
0.040 

TABLE 2-5 
Thermocouple Extension Wive 

Resistence Data 

As an example consider 1, 000 feet of 20-gage, single pair copper/constantan ex- 
tension wire run in 1/2 inch conduit with a one volt RMS common-mode voltage. 
From the previous section, 

E. 
CMR» Z           'cm 

R„ - H.-1-   Enm i       1        nm 

E R2"Rl _ Com Common-mode to normal-mode conversion factor 
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R|= Copper = 10.15 ohms/1000 feet I 

R2= Constantan= 28. 71 ohms/1000 feet 

R2 = Rl=277 ! 

Z =» Y% = • 1733 x l°6 ohms at 60 CJ?S 

E El" 1 x 2.8 V peak-to-peak p 

Now consider the chromel/constantan Couple which has the smallest unbalance of [ ' 
the most common thermocouples.   Using the same conditions as'uefore j   . 

—MB:B. a ,     * 
E Z . f" cm ...     .i 

Rj=* Chromel =415.9 ohms/1000 feet (.. 

R2 = Constantan = 287, t ohms/1000 feet 

R2- Rj= 129 ohms •.'... j 

Z = 2-^«=. 1733 K 10"6 l 

Ecm = 1 x 2.8 «2.8 V peak-to-peak --v i- 

Enm =2fSlV(3|9^ x 1()6s5 2* 08 x 10"3 V P"* 

Thus, the smaller the. difference between thermocouple wire resistance, the less ; 
common-mode to normal-mode conversion will occur.   One way of obtaining a j 
close balance between thermocouple v/ires is to use a smaller gage wire for the 
low resistance wire (copper, Iron, chrotnel) and use a much larger gage wire for 
the higher resistance wire (constantan).   If twisted thermocouple wire is used the 
wire sizes must be sei acted with care, since twisting two wires of considerable ' 
difference in size is difficult and often impractical, 

r -. 
As described in Para. 2. 2. 2 the conduit should be connected to earth ground at the j... 
transducer end in order to reduce the wire to conduit capacitance.   If the conduit '«• 
is isolated from earth except at the transducer ground point, the wire to shield 
capacitance can be greatly reduced making Z much larger thereby reducing the ' |" 
normal code conversion voltage E„m. ! 

Balancing lines beyond the transducer may also be given consideration.. If differ- 
ential input decives are used, balanced lines are a must.   To demonstrate the C 
effects of balancing on a typical instrumentation cable, external capacitors were j 
added to each signal wire to ground.   Each capacitor was varied until a minimum 
noise signal was obtained on a scope with a differential type plug-In amplifier. .... 
Two configurations were tested^ no unbalance at transducer end and with 1000 j ; 
ohms unbalance at the transducer end.   The tests showed that no significant '.: s 
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I 
• f improvement could be made in reducing noise levels in the balanced transducer 

configuration and that an improvement ratio of 10 to 1 was observed in the unbal- 
anced transducer configuration when a balance condition was approached. n 
From the previous section, an equivalent circuit of a typical lumped parameter 
instrumentation line will reduce to a wheatstone bridge type configuration, as 
shown in Figure 2-54. 

FIGURE 2-54 
Equivalent Circuit of a Lumped Parameter Instrumentation Line 

The equation describing this circuit was given as: 

E      «= E ntn       cm \RT^ZT • V%j 
The impedance factors, 

Z,                            Z« 
-1 and.     - 

Rl + Zl n2* Z2 

determine the balance or unbalance of the line.   Thus, since R, and R„ represent 
the lumped wire and transducer impedances it can be seen that a careful selection 
of wire sizes will significantly effect the amount of balance in the line.   Atso, 2, 
and Z„ can be controlled to some degree by using low capacitance patch boards, 
terminal strips, low leakage capacitance cables, and very high input to earth im- 
pedance recording devices wore possible.   If these two impedance factors can 
be made equal then, theoretically E      will be zero.   This is almost an impossible 
situation.   However, very small unbalances are possible in certain situations- 
such as thermocouple transducers. 

2.2.8    FILTERING 

Filtering may be used advantageously in iriStrumantation systems to reduce un- 
wanted higher frequency components from power or Signal line inputs. 

2. 2. 8.1    Power Line Filtering 

Noise can be coupled into power lines by either of two modes'; (1) transformer, 
or (2)' common-mode (capacitive). Figure 2-55.. '"strates the two types of cou- 
pling, 
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FIGURE 2-55 
Two Methods of Noise Coupling Into Power Lines 

In Figure 2-55 A noise is coupled capacitively from primary to secondary.   Shielding, 
as described previously,. is used to diminish this coupling probelm and reduce: 
ground loop caused noise. 

Figure 2-553 shows another method of noise energy coupling; magnetically through 
the transformer just as the power energy is coupled. Shielding will not, and obvi- 
ously should not, prevent this type ol energy transfer. 

Unwanted frequencies which are direct coupled can result from power source noise 
developed at the power source or by feedback back into the line from machinery, 
electrical, or electronic devices to which the line provides ^pepating power.   The., 
most effective means for reducing direct coupled noise is the employment of line 
filters. -,..-' •.  : - • 

There are two possible ways to handle power line filtering depending on the type 
and source of the noise signaL   In general, it would be best to eliminate any possi- 
ble sources of noise.   Power line filters should be used on all equipment which in- 
volves the switching of inductive loads, rotary machinery, etc.   Within the instru- 
mentation equipment itself sources of noise are frequently high current DC power 
supplies to transfer the impulse created by switching on the secondary of the input 
power transformer back to the AC power line.   Also troublesome can be equipment 
such as typewriters, punches, etc. 

Power line filters should be located as close to the noise generating equipment, as 
possible. This equipment should be designed to prevent noise from being genera- 
ted. Filtering may also be used on the incoming power lines to the system to re- 
duce any noise remaining after source line filters are installed. 

Two types of filters are commonly used for power line filtering;  (1) the T filter 
and the,  (2) Pi network.   The Pi network Illustrated in Figure 2-56 provides a 
higher roll-off rate than the T network; however, it frequently produces "ringing" 
or oscillations when impressed with an impulse.   The Pi network should generally 

I - 
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be used where the noise signal is rather periodic in nature such as interference 
from a radio transmitter, etc. 

X 
O-— 

Pi - NETWORK 

-nrrYV,_o 

4t-r 

T - NETWORK 

FIGURE 2-56 
Filters 

Although T network, does not provide as high a roll-off as the Pi network, it is 
usually sufficient for filtering of impulse type noise sources, such as the power 
supplies previously mentioned and is not subject to the oscillation that the Pi 
network frequently exhibits. 

Each of the filters discv.ssed above can be used in two possible configurations, 
as illustrated In "*;igure 2-57.   In general, the single leg configuration is suffi- 
cient for most system applications.   Where balanced three-phase power is used, 
the double-leg configurations should be used.   Where filtering is employed at the 
source of the noise the balanced network ae illustrated in Figure 2-58 may be- 
used.   However, use caution in grounding these filters at the load end of the 
power line since this could cause heavy AC power current to flow in the ground 
system.   The balanced network is always used at the source of three-phase 
power systems. 

JT 5- 
o—nrrw 

1 
_nrsrr\ o 

DOUBLE LEG Pi HETWuftK 

o nnrw 

DOUBLE LEG T-NETWOSK 

FIGURE 2-57 
Double Leg Nc tworks 
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Balanced Network 

2,2.8» j   Signal Filtering 

Signal filtering maybe eon ioyed whenever Ute unwanted noise frequancy Is outside 
the frequency land of the <Hta of interest.  Generally, signal filtering nay ba ac- 
complished at two locations depending on type of system in use.   Where amplifiers 
are used in each data channel, the filtering can take place at the output of the 
amplifier.   This provides filtering not only of the data signal itself but also of any 
high frequency coromon-mode voltage that may be present at the input of the 
amplifier. 

.In systems that do not employ an amplifier for each data, channel, such'as systems 
using low level comtriutators, filtering must be employed at the input of the com- 
mutators,   .••• 

Some special considerations which should be made in using filters with commutated 
A/D data acquisition systems are given below: 

a. 

b. 

Filters placed at output of commutator can cau^e rounding off of the 
" PA M" output wavetrain if filtering Is too severe.   Data noise will be 
filtered, however, data levels themselves may be adversely affected. 

Filters placed at the commutator input may cause error in the data by 
lnter-action between the filter capacitance and Die commutator input 
capacitance.  This error is called charge sharing and will be minimum 
only if the filter capacitance is either very large or very small in relation 
to the commutator Input capacitance.   It is considered good practice to 
isolate the commutator from the filter by active isolation circuitry.  This 
measureiwlU eliminate the charge sharing affect. 
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I 
c.    A filter which is connected directly to the output of a transducer 

may cause adverse loading of 'ne transducer.   Also, the filter 
characteristics may be adversely affected by changes in transducer 
impedance.  To avoid these problems it is recommended that active 
buffering be placed between transducer and filter, "The transducer- 
filler and filter-commutator- interactions can be eliminated by using 

buffered filtering.   A buffered filter can be connected within a differ* 
cntial amplifier in such a manner that neither the transducer nor the 
commutator are directly connected to the filter. 

2.2.9   AMPLIFIERS 

There are two primary types of Instrumentation amplifiers used in data systems, 
the floating single-ended DC amplifier and the guarded isolated differential DC 
amplifier.   Other types of amplifiers used in instrumentationaystems Include AC 
coupled, bridge type differential, magnetic, and a vide range of special purpose 
amplifiers'which are usually related to a specific type of transducer or signal con- 
ditioning technique.   Descriptions of the more common instrumentation amplifiers 
and a partial summary of amplifier characteristics are discussed in the following 
paragraphs. 

The single-ended amplifier does-not provide input circuit to output circuit isola- 
tion. Thai is, tl.e "low" signal aide of the Input to the single-ended amplifier is 
elcctrically'common to th? "low" signal side of the output. 

While the single-ended amplifier is normally considered to have no common-mode 
rejection (CMR) capability, there is a limited circuit configuration which may pro- 
vide some degree of CMR (See Figure 2-59). 

The load leakage impedance (Z) completes the path for the common-mode current 
(I J which flows through the source resistance, line resistance, and low side of 
the single-ended amplifier. Tlw larger Z Is, the larger will be the CMR capabil- 
ities of the circuit.   If 7. is very large, then the normal mode error voltage E 

A •*       " "•      nm 
caused by E      which appears across the amplifier input is: 

B      .  E-m  "VRL> „. Ecm    «VRL> 
nm       °S + RL+ Z Z 

The common-mode rejection is therefore; 

Z 
CMR *< 

Rs • RL 

The load must be floating, such as a galvanometer, and the leakage impedance Z 
must be very large to reduce the error voltage.   The common-mode rejection then 
is actually a function of the system circuit configuration and not the-amplifier. 
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The same situation exists If the load Is grounded, and the leakage Impedance 2 Is 
at the floating signal source.   The balanced bridge amplifier, as seen in Figure 
2-60, depends on maintaining a balanced input through the upper and lower signal 
paths (DC and AC) in the amplifier for common-mode rejection.   Maintaining a 
balanced line is difficult, when using long lines and variable resistance transducers. 

TEST STAND 
_\    GROUND rm 

FIGURE 2-58 
Common-Mode Rejection with the Single-Ended 

Floating Amplifier and Floating Load 

Figure 2-61 Illustrates the need for complete balance in-both legs of the bridge 
amplifier.    When balanced, Icn,. and Icn,     are eqoal and the norr.ial-mode volt- 
ages generated by the various Impedances balance out.   Any unbalance in R„, 
R,, R, , RTT» or ZT will result innomal-mode voltages due to E 1/      in      r u cm 
The stability, bandwidth, and gnin of a high quality bridge amplifier may be quite 
high.   However, noise may be relatively high and the maximum common-mode 
voltage permitted at the input Is considerably lower than that of the isolated dif- 
ferential DC amplifier. 

2-82 



I 

^^Af 

R- R. 
s2 L2 

{i—<VW VvV 

LEAKAGE 
IMPEDANCE OF 

CABLE ARD AMPLIFIER 
INPUT 

rrn 

AAAr 

FIGURE 2-60 
Balanced Bridge Differential Amplifier 
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FIGURE 2-61 
Common-Mode Rejection In the Bridge Amplifier 
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2,2.0.1    Single-Ended Amplifiers 
In many DC instrumentation systems wideband single-ended amplifiers are used 
because of their superior wideband capability as compared to the chopper typp DC 
amplifier whose maximum practical bandwidth la 10 KC.   Since the input grr und 
circuit Js common, to the output ground circuit in a single-ended amplifier it does 
not have capabilities for common-mode rejection.   When using a single-ended am- 
plifier, care raust be taken in order that ground loops are not formed between in- 
strumentation channels and between test »itand areas.   In Figure 2-62 is shown 
two bridge transducer channels which ha y single-ended wideband amplifiers on 
the output of each transducer.   The das*    , ine indicates the ground loop which is 
formed by Improper Instrumentation deti*      To prevent this ground loop, tha two 
channels can be supplied with indlvi«\ial is;'' ;ed DC excitation power supplies as 
shown In Figure 2-63. 

K grounded transducers are being lnstrumenfed, and the data will be recorded di- 
rectly aa an analog signal by an oscillograph or a strip-chart recorder, the use of 
single-ended amplifiers could cause ground loop noise caused by common-mode 
generators In two different, areas of the system as shown in Figure 2-64.   Comr jn- 
mods voltage Ecmi Is caused by two f round connections to earth at widely sepa a- 
ted point« and common-mode voltage E    , is caused by a temperature.gradle-'.t 
along tha test specimen to which the thermocouples are bonded,   The grounf '.oop 
current* around tha loops are shown in dashed lines.  Actually E m,, w^   J a 

combinat. >•> of temperature gradient (thermocouples) along the tost specimen and 
ground loop c»\ rent from E_mj through the impedance separating' the two thermo- 
couples.   Figure 2-65 shows an improvement which can eliminate the largest of 
the two common-mode voltages.   All grounds at the recorder end are connected 
to an isolated copper ground plate.   Th' copper ground plate is grounded at the 
test specimen ground through a large lr.MüaHl copper ground wire of site number 
2/0 AWG to number 4/0 AWO,   This gro ndi.ig procedure then removes the earth 
romraon-mode voltage (S,).entirely b (.«use only one connection to earth ground 
has be«n established.   The remaining cot mon-mods voltage Em2 ie a much 
smaller value and In most direct recording methods will not add significant error 
to the data measurement. 

When grertor date accuracies and more channel» are desired, ths usual approach 
13 the use of a digital data aequin'.tlon system which can process and record the 
Information on several hundred channels in rapid sequence, To illustrate the use 
of single-ended amplifiers and the grounding procedure of single-end ad amplifiers 
in such a system refer to Figure 2-68. Only two channels of a digital data acqui- 
sition system are ehown in this conf iguratlpn.   i"he transducers are bonded 
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FIGURE 2-64 
Two Channel Thermocouple Instrumentation 

Using Single-Ended Amplifiers and Blockhouse Ground 

thermocouples and the ground bus principle is adhered to in ordpr to eliminate the 
earth common-mode voltage.   The thermocouples are connected to the inputs of 
single-ended amplifiers.   Each amplifier output is then connected to a three pole 
switch.   The switcnes are controlled by the digital system wh'ch automatically 
selects, the one switch to be closed so that the data irom that particular channel 
may be processed.   It can be seen that the switches which make up the commuta- 
tor accomplish the necessary channel isolation in eliminating any ground loops 
between channels. 

Not.'^e that the input cable shields are connected at the transducer and are not 
carried through the amplifier and that a three pole switch configuration In the 
commutator provides channel isolation across all instrumentation wires. 

This type of digits' acquisition system is quite expensive because of the amplifier 
in each channel inpu' cable.   If a low-level type commutator were used in place of 
the high-level commuu.tor, the requirement for an. amplifier in each channel can 
be change-d to a single amplifier for several channel».   In a system *>ilh several 
cliannels being sequenced (commutaled) at a fast rate then it is possible to utilize 
a second level of commutation in such a way that the data channels are grouped 
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FIGURE 2-65 
Two Channel Thermocouple Instrumentation Using Single-Ended Amplifiers 

and Insulated Ground Plate in the Instrumentation System 

together and each group of data channels share a single amplifier which lowers 
the cost even further.   A two channel system is illustrated in Figure 2-67. 

When using single-ended amplifiers with thermocouples as mentioned above it 
must be remembered that channel-to-channel isolation is required for proper op- 
eration in an uncommutated tape system.   If the output of the single-ended-ampli- 
fier is driving a floating load Euch as a galvanometer then channel-to-channel 
isolation is accomplished.   However, single-ended recorders will short all chan- 
nel grounds together if commutation is not used.   In other words to eliminate 
ground loops when using single-ended amplifiers some form of channel-to-channel 
isolation must be used, commuiation, floating load or isolation transformers in 
the signal line.       - 

2.2.9.2    Isolated Differential Amplifier 

The most versatile amplifier In instrumentation systems is the isolated differen- 
tial amplifier.   Two versions pf the isolated differential amplifier are shown in 
Figures 2-68 and 2-69.   Each type has a guard shield surrounding the input sec- 
tion of the amplifier. 

i 
J . 
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Isolated Type Differential Amplifier 
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Common-mode rejection in the guarded isolated differential amplifier is dependent 
01. the quality of the guard shield.   This type of amplifier can stand a certain amount 
of unbalance at the input and still maintain good CMR,   The amplifier CMR is often 
specif led at from 350 to 1000 ohms unbalance at the input.   Figure 2-70 illustrates 
the common-mode rejection capability of an isolated differential amplifier. 

The leakage impedances Z^ and Z2 may be internal or external to the amplifier. 
The'difference in line resistance is normally negligible when compared to the 
1000 ohms unbalance at the signal source.   Also, since Z, and Z, are almost 
equal, the common-mode current Icm   and !<.,„   will each develop approximately 

FIGURE 2-70 
Common-Mode Rejection in the Isolated Differential Amplifier 

equal potentials across each input line impedance, causing a common-mode volt- 
age at the amplifier inp.it.   However, the 1000 ohm unbalance, R0, will cause a 
further voltage drop (common mode-to-normal mode conversion) in one line will 
not be a part of the common-mode voltage, but will appear to be a normal-mode 
or signal voltage to the amplifier.   The normal-mode error voltage due lo the 
common-made to normal-mode conversion will be generated primarily lt. M«.- iine 
unbalance Rg and is due lo I     . 

The nort»..t.l-mod» voltage E      at the input ->f the amplifier Is; 

Enm * 
cm Re 

'1 

The common-mode rejection (CMR) for .' n amplifier Is described ns: 

Z, 
CMR a -1 

Re 

For a more detailed analysis of CMR refer to Appendix C. 
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; T At 60 C'PS and !00Q ohms unbalance a common-mode rejection of 120 db would re- 
quire that Z, by less than 2.7 picofarads. 

The guarded input to the isolation amplifiers must be gounded properly in order 
that the common-mode rejection of the amplifier be maintained at its maximum 
V3lue.   Because the common-mode rejection also applies to the input networks 
and cables going to the amplifier, the common-mode rejection of these input cir- 
cuits should be considered and grounded properly. 

The common-mode rejection characteristics of the isolated amplifier will be only 
as good as the input circuits.   Therefore, the most important thing to consider is 
the common-mode to normal-mode conversion in the input circuits.   This conver- 
sion takes place when a common-mode voltage is allowed to be converted to a 
normal-mode (signal) voltage through leakage Impedances In the cable and serves 
unbalance resistance In the input circuits.   The guard shield of an isolation ampli- 
fier serves as an extension of the Input cable shielding and should be connected to 
it as shown in Figure 2-71. 

GUAR0 

=ft^w 

GUARO SHIELD 
CONNECTED TO INPUT 

CABLE SHIELD 

FIGURE 2-71 
Guard Shield Connection of Isolated Differential Amplifier 

If the guard shield is grounded it the amplifier input a potential difference will be 
established between the two ground points and the coupling capacitance from wire 
to shield In the cable will cause a common-mode to normal-mode conversion. 
With the guard sh'eld of the amplifier connected to the Input cable shisld and the 
cable shield grounded at the transducer ground, the potential difference "between 
signal wires and shields will be minimized thus increasing the capacitlve imped- 
ance from shield to signal wire.   This effectively increases the common-moae 
rejection of the input circuits since the impedance through which the common-mode 
error current must flow has been-greatly increased. 

The output guard shield of the Isolated amplifier should be connected to the output 
cab!e shield.   This connection provides an extension of the shielding v>' the output 
cable to the output transformer circuit of the amplifier.   The chassis of the am- 
plifier should be connected to the system ground plate for personnel safety. 
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Table 2-6 is a summary of the characteristics oJ U- uoove amplifiers. 

Type of Amplifier 
Common-Mode 

Rejection 

Maximum 
Number of 

Systeui 
Grounds 

Advisable 

Effects 
of System 
on CMR 

Limits on 
Common-Mode 

Voltage 

Single-Ended 
Grounded Output 

None 1 None 
Allowed 

Single-Ended 
Floating Output 

See Text 1 See Text High 

Balanced Differential Low 
30-SO db 

2 High: Low 
5-:s Volts 

Isolated and Grounded 
Differential 

High 
100-180 db 

2 Low High 
200-300 Volts 

TABLE 2-6 
Amplifier Summary Chart 

2. 2. 9. 3  Amplifier Specifications 

There is a lack of uniformity in amplifier specifications among the different man- 
ufacturers.   Therefore,  methods of testing will vary and often the published speci- 
fications will .not mention limiting factors.concerning performance.   Frequently, 
the only way an engineer can be sure the amplifier he has selected will perform 
to requirements is to personally evaluate the amplifier.   Usually the Choice of an 
amplifier will be a compromise of features (including price) relative to the sys- 
tem requirements. 

The amplifier specifications considered relative to the scope of this handbook are 
noise and common- mode rejection characteristics, 

2.2.9.3. 1    Noise 

There are several types.of noise inherent in all electronic equipment which limit 
the minimum signal levels that may be amplified.   These include thermal noise, 
shot noise, and characteristic noise of tubes and transistors.   These noise sources 
are considered independently and are usually given as a collective value for a 
given amplifier.   The noise is considered random or "white" noise and the peak^ 
to-peak amplitude will vary as a gaussian (normal) distribution.   The noise is 
quite often specified as RMS and when measured as such must be measured with 
a power (watts) measuring instrument ard not a peak reading RMS meter.   How- 
ever,  In data systems the measurement accuracy will reflect the peak noise level 
In many cases.   Since the noise Is of a gaussian nature, the peak amplitude of the 
noise will randomly exceed several times the RMS noise value.   vVhere noise is given 
as an RMS value, the peak noise amplitude (0 volts - to-peak volts) will bi> less than four 
times the RMSamplitude, 99. 99 +%ol «he time.   The peak nofseaniplltudewlliseldom 
exceed 10 times the RMS magnitude. 
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Definitions of the basic noise types are given below. 

a. Johnson Noise 

Johnson noise is the white noise voltage generated in a conductor due to 
thermal action upon free electrons within the conductor.   The magnitude 
of noise relative to temperature, bandwidth of the measurement, and con- 
ductor-resistance is: 

(E noise)2 (RMS) «4KTRB 

where 
K » Boltzmanns Constant or 1.374. in"23 jcmes per °K 

T • Absolute temperature in degrees Kelvin 

B • The frequency bandwidth under consideration 

R « Real or resistive component of conductor. 

This is part of the reason for the higher noise factor in amplifiers such as the bal- 
anced bridge type which have large resistances at the input stage. 

b. Shot Noise 

Shot noise is the product of random variations in current flow through any 
diode junction.  The relationship »'or shot noise relative to the diodi cur- 
rent is: 

(Wi/ (RMS)-a el B 

where 

'noise " ^Q IlMS v-alue °' noIse current 
-19 e • Coulomb change on an electron or 1.6.10       coulombs 

I » Diode current in AMPS 

B • Frequency bandwidth under consideration 

As with Johnson noise the magnitude cf shot noise Is directly proportional to the 
frequency bandwidth involved. 

Electron tubes are subject to shot noise as well as several other noise typeu 
unique to va :uum tubes and related to the physical configuration of the cathode, 
grids and also residual gasses.   Tube noise Is often defined in relation to an 
equivalent tube resistance with respect to the formula for Johnson noise.   The 
equivalent resistance of a tube is part of the function of tube transcorjJuctance and 
the type of t'abe (i.e., triode, pentode, etc.).   Therefore, tube noiae can be an- 
alyzed as shot and Johnson noise and is directly proportional to bandwidth. 
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In addition to Johnson and shot noise, transistors exhibit an additional noise which 
is inversely proportional to frequency.   This noise, often designated as 1/f 
(1/frequency) noise is therefore predominant at low frequencies and the magnitude 
of l/f noise will vary, with different types of transistors.   Figure 2-72 outlines the 
characteristic noise figure of transistors. 

COLLECTOR NOISE / 
AT LOW GAIN     / 

NOISE 
FACTOR :':"     I dfr 

\. JOHNSON AND      / 
.L    SHOT NOiSE   *S 

•:••'•=.'-•'•','• I' 

1 

'::.•"'' 

1 LOW BREAK POINT ' HIGH BREAK POINT 
•      ,  i                            .  _ 

FIGURE 2-72 
Transistor Noise 

The low bi   A point may be as low as a few hundred cycles in low noise circuitry. 
The high break point is a function of the alpha cut-off frequency of the transistor. 

Another source of low level amplifier noise is mechanical chopper noise and 
chopper interraodulation.   Choppers located at the input of an amplifier and any 
noise generated will be amplified by the amplifier.   The following three items are 
sources of chopper noise* 

a. Electrostatic noise Is the result of capacitive couplinp between the coil 
drive terminals and the contact terminals. 

b. Magnetic noise is due to stray magnetic flux in the drive coil (or other flux 
sources such as transformers, solenoids, etc.) which are magnetically 
coupled into the signal leads. 

c. Thermal noise and drift is the produci of bi-metal junctions as 6een in a 
thermocouple.   The chopper drive coil will produce a certain amount of 
heat which, unless dissipated, generates temperature gradients across sig- 
nal leads and thus generates unbalanced thermocouple junctions. 
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Chopper intermodulation is the result of the chopper frequency beating with AC i/>- 
put signals which are harmonically related to the chopper frequency.   This is ob- 
served in some chopper stabilized amplifiers.   In addition, poor filtering in a 
chopper stabilized amplifier may result in the chopper frequency or related har- 
monics feeding through to the output of the amplifier. 

Noise magnitude will vary with the amplifier bandwidth and where necessary it 
should be verified that any noise figures are the worst case and not a "typical" 
value for a given bandwidth.   Noise specified may be referred to either the input 
or output.   When using high gain amplifiers the noise referred to the input (RTI) 
will probably be the worst case as i^e r.p.^nltude of the noise is the RTI noise 
figure multiplied by the s mplifier gain. 

A straightforward method of measuring noise is to load the input with a typical 
source resistance which is completely shielded and read the noise at .he output 
terminals, either with an energy measuring RMS meter or a wideband oscilloscope. 
The measured noise will vary with gain and bandwidth, therefore the amplifier 
should be evaluated at all anticipated gain and bandwidth (where gain and/or band- 
width is variable) settings.   The amplifier noise related to system noitse will de- 
pend upon the type of load of the amplifier»   An additional check is to perform the 
noise test with the actual load or with a filter having the same impedances (induc- 
tive, capacitive, and resistive) as the intended load. 

2.2.9.3.2 Common-Mode Rejection in Amplifiers 

The subject of CMR has been extensively co/ered in Section 2.2.6 and in the 
descriptions Of the more common instrumentation amplifiers.   Additional common- 
mode information is found in the Appendix». Amplifier specifications with respe-,t 
to common-mode voltages will ba discussed below. 

a. CMR in Single-Ended Amplifiers. - Where this is specified, the limiting 
factors should be fully stated as the- conditions will limit system flexibility. 

b. CMR as a Function of Gain. - At low gains the amplifier may not meet the 
desired system requirements. 

c. CMR in Low Pass Filter Amplifiers. - Thebandwidth of an amplifier will 
affect the AC CMR capability and thus CMR should be given at ail frequen- 
cies up to the highest signal bandwidth.   The ability of the amputier to 
filter out common-mode voltages such as 60 CPS will effectively raise the 
CMR capability - a feature which should be considered if a specific AC fre- 
quency is causing trouble and a narrow amplifier bandwidth is acceptable. 

d. AC CMR Specifications. - Amplifier CMR ifl usually specified at DC and 
60 CPS.   Where other common-mode frequencies, such as 400 CPS are an- 
ticipated, the CMR should be found for the specific frequency.   Some am- 
plifier CMR values will remain essentially flat to more than 1000 CPS while 
CMR in other amplifiers will drop off at a rate of 20 db per octave or more. 
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e. CMR Voltage Limitations. - Many amplifiers are limited to common-mode 
voltage Trom 7-1/2 to 20 V DC or peak-to-peak AC.   This may limit the use 
of some signal conditioning equipment, such as grounded and common strain 
gag*; pcver mipplies, as well as reoulre lower system common-mode voltages, 
voltages. 

f. CMR at a Specified Line Unbalance.' - Most amplifiers are rated at from 
350 ohms to 1000 ohms source impedance or source unbalance to demon- 
strate CMR with a specified source unbalance. 

2.2.10  ANALOG SIGNAL CONDITIONING 

The transducers employed to measure physical parameters, such as temperature, 
pressure, vibration, and flow, do riot ordinarily produce electrical signals exactly 
suitable to the requirements of the next stage of the data processing system. 
Consequently, signal conditioning equipment is used to amplify, attenuate, isolate, 
match impedance, or whatever is necessary to "condition'' the transducer output 
signal for the processing system. 

Some of the techniques recothmended to condition analog signals prior to analog-to- 
digital conversion and recording are outlined in the following paragraphs. 

2.2.10.1 Temperature 

Two methods are commoniy employed to measure temperature.   One method uses 
thermocouples and the other uses a resistance-temperature probe or resistance- 
temperature bridge. 

Since thermocouples must be referenced to a controlled temperature, such as 
150 F, a reference junction is necessary. This junction may be located in a 
multiple-junction reference oven. 

Reference junctions are constructed so that each circuit and its shield is carried 
separately through the junction.   Each channel signal and its shield is carried 
separately through the system and terminates as shown at the isolating amplifier. 
The output shield and circuit is connected to ground at the readout instrument only. 

Calibration of thermocouple channels is accomplished by means of a voltage from a 
precision voltage divider which operates from a precision regulated voltage source. 

The second method of temperature measurement uses a four-arm bridge-type 
resistance-temperature transducer.   The circuitry for this type of transducer Is 
discussed in the next section. 

2.2.10.2 WheatMone-Bridge Type Transducers 

Transducers for measuring such parameters as strain, load, pressure, and temp- 
erature, may all fall into the general classification of Wheatstone-Brldge or four- 
arm bridge transducers.   Typical four-arm bridge circuits are shown in Figures 
2-74 and 2-75. 
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m 1 
Where a common excitation power supply is u'ied, it is necessary to isolate the 
output of each bridge from any other by use of an isolation amplifier.   This type 
of amplifier manifests high common-mode rejection and rather narrow bandpass 
characteristics.   However, the input circuit is completely isolated from the 
output circuit of the amplifier.   If a single-ended amplifier is used instead of 
a differential amplifier, one resistor in all of the bridges involved would be in 
parallel, as indicated by the dotted line on Figure 2-76. 

RECORDER 

POWER 
SUPPLY MOT RECOMMENDED 

FIGURE 2-76 
4-Arm Bridge Circuit Showing Short Circuit Caused 

By Use Of Non-Isolating Amplifiers 

Where high-frequency response is required, such as may be obtained with strain 
and pressure transducers, the problem of isolating each bridge can be solved by 
using individual excitation power supplies.   The circuitry of this type of supply 
is completely isolated from ground as is the bridge itself; therefore, a single- 
ended amplifier with wide bandpass characteristics may be used without intro- 
ducing any grounding or cross-connecting problems. 

Calibration of bridge circuits may be accomplished by the R-Cal or shunt cali- 
bration method or, if desired, by use of a known, selectable, substituted 
calibration voltage.   The R-Cal method is shown in Figure 2-77.   The calibration 
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voltage method Is similar to that described lor the thermocouple system.   Both 
methods are equally accurate.   The choice of which to use depends upon any sec- 
ondary requirements of the circuitry.   Where one- or two-arm bridge transducers 
are used, bridge-complccion resistors can be mounted on printed circuit cards in 
the bridge-completion module, * < 

BALANCE: RANGE 
UMITiNG RESISTOR 

POWER 
SUPPLY 

OOWNSCM'E 
(F REQUIRED SIGNAL 

OUTPUT 

SHUNT CALIBRATION 
RESISTOR RECOMMENDED 

FIGURE 2-77 
Typical Pour-Arm Bridge Circuit Showing Balance and 

J    -•;"•••. Calibration Methods 

2.2.10.3  Vibration, Shock, and AcouBtical Measurements 

In general, vibration and shock may be measured by accelerometers or velocity 
pickups.   Accelerometers are usually piez"oelectric-type transducers.   For low 
frequencies, strain gage accelerometers may be used.   Accelerometers, mounted 
on a shock table, may be used to measure shock.   Figure 2-78 shows a typical ac- 
celerometer circuit. 

Acoustical pickups fall under the same general classification ad accelerometers. 
A high sound-Intensity microphone, such as the Altec 21BR condenser microphone, 
may be used. . .:   • 

The output impedance of aaceleromaters is normally quite high, requiring that a 
line-driving amplifier be mounted near the transducer. An amplifier is usually re- 
quired that will drive long, low-capacity transmission lines at no.appreciable loss 
with a frequency response of Ö.4 CPS to 100 KC.   All accelerometers and ampli- 
fiers should be isolated from ground to prevent ground-loop, noise. 
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Acceleration signals waV;ho' recorded on analog magnetic 'ape or monitored on an 
oscilloscope,   A Hughut. iViemoscope is very useful in recording shock tests.   The 
Mt noscope will trace one sweep on a C.RT screen and hold the trace until manu- 
al!.ci»»eU,   The scope trace could be photographed for future reference. 

A high-speed recording cöctUcf x h raa;, "..law b<? '•.'• jed to ljcord a'-cel.e'ra'lnri 
signals, 

2.2*10.<1  Flow and RPM Measurements 

Liquid flow through nfnop ?"d rotational speeds are most commonly measured in 
terms of number of pjves per unit time. 

There are seyr,,« t/j :~ o( t'-rbin^-typp flow meters and RPM transducers which 
produce a train o* pulses such that, for ea"T. revol: ;ion, a certain number of 
pulses vill b • Termed.   Cach transducer Vis a known co.ivoi siwi factor so that for 
any measured fr-'iiiifhcy output from the transducer the flow rate or RPM can be 
determined. 
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These pulses may bo -loiiverted inio useful informs.'"Mi by a number of methods. 
One of these Is an integrator.  The pulse train Is converted into a proportional DC 
voltage.   This voltage can then be measured directly or converted to an equivalent 
digital value from which the equivalent flow rale or RPM can be determined. 

A second method counts the pulses in a digital counter and samples the count at 
known time intervals.   The ii.tegralion function is then carried out by a computer. 

Figure 2-79 shows a general flow or RPM system. 

To eliminate problems in transmission of flow nteter signals over long lines, a 
pulse shaper with isolation circuitry is recommended. 
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3.    RECOMMENDED SYSTEM DESIGN PRACTICES 

The overall system design philosophy which Is recommended for a low noise, 
high accuracy instrumentation data acquisition system may be outlined aa 

follows (see Figure 2-33): 

a; Provide pc.ver isolation transformers to data system 
equipment. 

b. Isolat? data system equipment caDinets from earth. 

c. Provide a single-earth ground point at the tost stand 
area for all instrumentation systems. 

d. Ground da,ta input instrumentation cable shields at 
test area ground. 

e. The data system must have an Isolated common ground 
bus or copper plate inside data system. 

f. Provide maximum separation between instrumentation 
system and AC power equipment, such as generators, 
pump motors, etc. 

A more specific coverage of the above outline la included in this section. 

3.1   TEST SITE SELECTION 

Good grounding and noise reduction should be among those considerations 
which are made in the selection of a rocket engine or component test site. 
Once a locality which is remote from dense population has been selected as the 
site area, the primary factors which govern the facility plan will most likely 
be personnel safety, convenient placement of test stands with respect to data 
recording area, and use of terrain as a construction aide (as In the case of 
vertical static firing structures). 

Good grounding practices are sufficiently flexible to be adapted to practically 
any test site selected.   The considerations which must be made to insure 
sound grounding in a new test site are described below: 

3.1.1    PRIMARY POWER 

The location of primary power lines form a major role In data accuracy and 
must be instilled is follows: 
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a. Primary power lines must be located a m'nimum of 1/2 mile 
from the nearest test equipment. 

b. AH data transmission line runs must be oriented perpendi- 
cularly to the main power line run. 

c. Feeder power to the facility nay be run perpendicular to 
the main power Unss and tapoff isolation transformers arc 
recommended. 

3.1.2    EARTH GROUND 

Soil conductivity varies from one geographical area to another.   The significance 
of soil conductivity is more in Its relation to facility power than to an instru- 
mentation system itself.  If good soli conductivity exists along the path of prim- 
ary power lines adjacent to a teot facUHy, then ground currents originating 
from the pover lines will be confined to an area close to the line path.   Poor 
soil conductivity causes a wider spread of power ground current and Is there- 
fore more apt to cause interference with adjacent test facility circuits.   It <s 
recommended that underground copper or iron be used along primary power 
lines to trap ground currents, thereby reducing their effects on Instrumentation 
data gathering.   The single earth ground point is the proper procedure for in- 
strumentation grounding, 

For personnel safety, poor earth conductivity may be cause for installation of 
a counterpoise system.   The counterpoise Is a grid work or mesh usually of 
metal underlying th-3 entire facility area.  It is intended to "short" any earth 
currents and Insure a reasonably low difference of potential between all earth 
grounding points in the facility.   The "equipotential" capabilities of counterpoises 
are not sufficient to be taken advantage of in instrumentation system grounding. 
The instrumentation system must have lta own Independent grounding. 

3,2    POWER 

The power system design for a test facility can be accomplished in many different 
ways within the framework of electrical codes and modern design practices. 
Some of these practices may contribute to data acquisition system noise, some 
may attenuate noise, and some may have no effect.   The following recommended, 
practices were chosen because they either attenuate or do not actively contribute 
to the noise sources which are Inherent in the power system.   Eliminating all 
power syf tern noise from the data acquisition system can probably be accomplished 
only by eliminating all power equipment and wiring from the area, an impractical 
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solution at the present time.   Careful design of the powe« system will resultjn 
inlnlmum noise contribution to the data acquisition system. 

3.2.1 CODES 

The electrical power system laust be designed and lnatalled in accordance with 
the National Electrical Code unless a local code takes precedence.   The electri- 
cal codes specify minimum requirement!? which must be met In order to safe- 
guard personnel and property.   Most electrical codes have been based on exper- 
ience with general industrial, commercial, and residential instillations and 
there may be cases where a literal interpretation of the code would have a detri - 
mental affect on the data acquisition system. 

Any deviations from the code should be carefully considered from the standpoint 
of personnel safety before a variance is requested from the authority enforcing 
the code.   There must be no compromise with safety in the design of the electri- 
cal power system. 

3.2.2 EARTH GROUND CONNECTION 

The power system earth connection as required by the Code will have little affect 
**» on data acquisition system noise.   The Code requires that: 

e.    A metallic underground water piping system always be 

used as a grounding electrode where available. 
w* b.    The connection to earth present a maximum resistance 

to earth of 25 ohms. 

if c.    Where a suitable piping system is not available or has a 
;•    •; resistance of greater than 25 ohms, additional electrodes, 

such as ground rods, must be installed, 

{•!•' Bec-.use if U.c size of electrical service and'accessibility of utilization equip- 
i,f ment in the typical test facility, it is recommended that other electrodes be in- 

stall d in addition to the underground water piping system.   An earth connection 
i | of less than 5 ohms resistance under the dryest soil conditions should be the 
L'.-i design goal. '.-•  _•;•  ._ 

The earth connection siiould be designed so that future inspection, resistance 
checks, and expansion can be made.   The following procedures should be 

'  ;'. considered for earth connections: 

a.    Connections between cables and ground electrodes should 
| be accessible for inspection by installing a tile or meter 

box with removable cover, flush with grade level. around 
the top 12 to 18 inches of the ground rod. 
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b.    Connections to ground electrodes should be bolted rather 
than «elded to facültate future ground resistance checks. 

A typical Installation Is shown In Figure 8-1.   The actual design of the earth 
connection scheme» Including initial calculation of ground resistance, type and 
placement of ground electrodes, chemical treatment of the soil where Indicated 
and ground resistance measurements of the completed system is well docu- 
mented In available literature (see the Bibliography), 

3.2.3 POWER SYSTEM GROUND 

Whether or not the power system must be grounded at various voltage levels is 
well defined In the Code.   Within a test facility, the only common voltage level 
which may not require a connection to ground is 480 V.   If lighting fixtures are 
supplied directly from the 480 V system» then the system neutral must be 
grounded.   Otherwise the 480 V system may be grounded or isolated from ground 
at the option of the design engineer. 

The choice should be considered babed upon the effect on data acquisition system 
noise.   Of primary importance Is a separate ground eystem for power and irstru- 
mentatiori and the possibility of large unbalanced power currents being returned 
to earth.   The advantages and disadvantages of grounding are thoroughly dls- 
cussed in available literature.     ' 

3.2.4 EQUIPMENT GROUNDING 

The Code requires that all exposed non-current carrying metallic parts of 
equipment and conductor enclosures be provided with a low resistance path to 
ground.   The separate pieces which make up a complete conductor enclosure 
(such as lengths of metallic conduit) and separate metallic equipment enclosures 
must be bonded, either by adequate metal-to-metal contact between the pieces 
themselves, or by separate bow'.ing jumpers where required, to form the low 
resistance path.   Other means, such as connecting an equipment enclosure to 
grounded structural metal, are acceptable. 

Surrounding all runs of power conductors with a grounded ir <talllc enclosure 
offers the additional advantage of electrostatic shlelolng in a test facility.   Care- 
ful bonding and grounding of cunouctor enclosures will provide electrostatic 
shielding of the power conductors from data acquisition system signal conductors. 

3.2.5 WIRING, CONDUCTOR ENCLOSURES 

Enclosures around insulated power conductors are required in most environ- 
ments by the Code to furnish mechanical protection for the conductors.   Con- 
ductor enclosures can be generally divided into two groups:   metallic and non- 
metallic. 

3-4 

«, ,'• lM ''.•'.'«.   - >•*• A**** '•***'•*     •*''**V*«W» * 
*»••»-*.** i^.--«^.-'     ••ft.-x- 



(} 
! i 

ire-* .-'4-"-"- '- 
I' jr'?~?it   2/0 GROUND WIRE 

I ih /?• i -Wk t <^J- 'SOS 
; WATER FILL HOLES   -Ö 

FIGURE 3-1 
Ground Rod Installation To Permit 

Inspection, Testing, and Maintenance 

3-5 



The enclosure may be an integral part of the power conductor assembly, as in 
the case of three-conductor armored cable, or the enclosure- may be separately 
installed with the conductors Installed in a separate operation, as typified by 
conductors in conduit or wireway. 

In a test facility,  metallic conductor enclosures should be used for power conduct- 
ors wherever possible for the shielding which, they provide.   Use non- metallic 
rigid conduit and non-metallic cable trays, to minimize capacitance of the con- 
ductors to ground and to provide equipment, to earth ground Isolation for '.he 
instrumentation system. 

Some of the commonly used conductor enclosures which are suitable for use in a 
typical test facility arer 

a. Conduit - Conduit may be metallic or non-metallic, rigid 
(heavy-wail) or electrical metallic tubing (thin-wall) and 
is available in such rjiaterials as steel, aluminum, copper, 
PVC plastic (polyvinyl-chloride), asbestos cement, fiber, 
8oapstone, and vitrified clay.   From the standpoint of noise 
attenuation; rigid steel qonduit is the most effective enclosure 
for power conductor and this should be used wherever practi- 
cal throughout the test facility.   Use of electrical metallic 
tubing or rigid aluminum or copper conduit will provide as 
effective an electrostatic shield as rigid steel but the electro- 
magnetic shielding properties of the steel conduit are at least 
an order-of-magnitude better than those of aluminum or 
copper. 

b. Flexible Conduit - The Code allows the general us» of 
flexible metallic conduit as a conductor enclosure in some 
applications.   Because of its construction, flexible conduit 
is a poorer electrostatic shield than any of the solid metallic 
conduits and provides considerably less electromagnetic 
shielding than rigid steel conduit.   It is recommended that 
flexible conduit not be used as a general ronductor enclosure 
In a test facility and that its use be restricted to short lengths 
where required to absorb vibration or to permit position ad- 
justment of the device served. 

c. Wireway - A wireway consists of a rectangular sheet metal duct- 
like enclosure with a hinged or removable cover.   Expanded or 
whole sheet metal may be used.   Wireways are sometimes used 
where a number of power circuits are to be carried through an 
area.   They are especially useful where numerous tips are to 

3-6 

£wi5®S>feVH*J*^»'W*" *"';so-I's^s*«':'-is:W:*>'- 



be made along the length of the run.   A wireway is consider- 
ably less effective in the attenuation of radiated noise than 
rigid conduit.   Its use is not recommended in close proximity 
to data acquisition system equipment and signal conductors. 

d.    Armored Cable - Armored Cable is an assembly of Insulated 
power conductors (usually three) twisted together and covered 
with an over-all metallic jacket or armor.   It is used In lieu 
of conduit and conductors in larger conductor sizes and is 
often installed in continuous rigid cable supports (cable tray). 

The armor may be steel, aluminum, or bronze.   The armor 
acts as an electrostatic shield but is not as effective as rigid 
steel conduit in attenuating electromagnetic fields.   Rigid 
steel conduit will provide considerably more attenuation of 
power system noise in areas occupied by data acquisition 
system equipment and signal conductors. 

3.2.6    WIRING, CONDUCTORS 

Power system insulated conductors for 600 V and less wil.' generally be of two 
types except under unusual qr severe environmental conditions.   The two types 
differ only in insulating material, one being athermoplastic, the other rubber,    • 
There is nothing to recommend one over the other from a noise standpoint. 
Above 600 V, there are two common insulation levels, 5000 V and 15,000 V and 
insulation is usually rubber or cross-linked polyethylene.   At these voltage 
level's, the conductor is usually provided with an electrostatic shield in the form 
of a copper tape over the outside of the insulation,   (At 5000 V the shield is 
optional.) The primary purpose of the shield is to assure uniform voltage stress 
throughout the insulation and, when properly grounded, to prevent the build-up 
of hazardous potentials at the insulation surface.   The shield also effectively con- 
tains the electrostatic field and prevents the formation of corona.   In a test 
facility, shielded cable should be specified at the 5000 and 15,000 V levels. 

Where power conductors are to be run outdoors and it is impractical to install 
them underground for voltages up to 15,000 V, pre-assembled aerial cable should 
be used in preference to open wiring.   Pre-assembled aerial cable consists of 
three insulated, twisted conductors fastened to a messenger cable by means of a 
copper binding strip.   The electromagnetic field produced by this assembly is 
much less than that produced by open conductors. 

Bus duct, which is an assembly of buses insulated from on»-another and provided 
with a sheet metal enclosure, is sometimes more economical than Insulated power 
cables in conduit where large currents must be handled.  Although the sheet metal 
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enclosure provides an electrostatic shield, the bus conductors are relatively far 
apart and cannot readily be twisted, resulting in a relatively strong eiectromag- 
retlc field.   The Installation of bus duct in rooms containing data acquisition 
system equipment and conductors should be avoided, 

3.2.7 WIRING, INSTALLATION 

There are two practices which should be followed in the installation of power con- 
ductors at a test facility: 

a. Maintain the- maximum practical separation between nlectrlcal 
power conductors and physically parallel data acquisition system 
conductors.  As power conductor voltage and current and the length of    .. 
run over which the conductors are parallel increase, the importance of 
separation increases» 

b. Twist power conductors or use multi-conductor power cables for all 
circuits in the vicinity of data acquisition equipment and signal conduc- 
tors.   It Is recommended that -all power conductors In the test facility 
carrying more than 5 AMP be twisted.   However it is also ä good prac- 
tice to twist all AC power lines regardless of the current.   A suggested 
rate of twist is one complete twist for each length equal to approximately 
25 times the diameter of the Insulated power conductor. 

3.2.8 POWER TRANSFORMERS 

All electrical power system three phase transformers used In the test facility- 
including the main electrical service transformer(s) should have at least one of 
their windings connected in delta tq provide a path for triplens.   Failure to pro- 
vide a delta winding will result in relatively large values of triplen voltages or 
currents In power conductors and the effects of electrostatic and electromagne- 
tic coupling increase with frequency.   : 

3.2.9 ROTATING EQUIPMENT 

Rotating equipment can be a source of radio frequency noise.   This can be mini- 
mized by the following practices: 

a. Use squirrel cage induction motors which utilize slip ringsor commuta- 
tors wherever possible. •".'"•'.'•••'-. 

b. Where necessary to specify motors with commutators, specify units 
properly designed electrically to mtniraize arcing at the commutator. 
For example, inclusion of interpoles in a DC machine increases commu- 
tation efficiency and reduces arcing. 

c. Arcingat the commutator or slip rings can be decreased by careful mech- 
anical design euch as adequately Jized shaft and bearings to maintain con- 
centricity between commutator or slip rings and bearing to minimize  ; 
brush bounce and vibration. 

.-..'. ''-'- -'• . "'.V:. '"• '.•-'.; •'".".'!••.-•'- 
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3.2.10 POWER EQUIPMENT LOCATION 

Electrical power equipment such as transformers, line voltage regulators, motors, 
generators, and switching devices should be separated no less than 250 feet from 
data acquisition system equipment and conductors.   Much of the electrical power 
distribution and control equipment is frequently placed in a separate equipment 
room and the architectural arrangement of the test facility should allow this mini- 
mum distance between this room and the data acquisition system.   This also applies 
to heating, ventilating, and air conditioning equipment which utilizes electric 
motors and control switching devices.;  The maximum distance will be limUed by 
the voltage drop which can be tolerated in feeders, to the data acquisition system 
equipment.   This must be considered in initial planning andmay result in a com- 
promise. 

3.2.11 LIGHTING 

Electric discharge fixtures are sources of radio frequency noise,   In some areas 
which do not require high intensity illumination, euch as data transmission line 
tunnels or corridors and termination areas, incandescent lighting* should be 
used.   In other areas such as the operating rooms of the data acquisition center, 
fluorescent fixtures must be used in order to obtain higher Intensity and a better 
quality of illumination. 

If the data acquisition system is sensitive to radio frequency noise, the noise can 
be reduced to a tolerable level by specifying radio frequency shielded and filtered 
fluorescent fixtures.   Fluorescent fixtures are available which meei military 
specifications MIL-I-16910A, MIL-I-26600. 

3, ?    GROUNDING (ANALOG AND DIGITAL) 

The methods of performing analog and digital grounding are given separate consid- 
eration in this handbook although the physical principles of noise reduction for 
both are basically the same. 

3,3.1    ANALOG SIGNAL GROUNDING 

The objectives in designing an instrumentation analog system ground are as 
follows: 

a. To remove common-mode voltages as much as possible 

b. To keep digital grounds separated from analog grounds. 

If single-ended amplifiers are used between transducers and recording devices, 
it Is recommended that either the transducer or the recording device be left 

•Incandescent lamps can be sources of current transients due to sudden changes 
In filament resistance as lamps are turned on. 
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diucomiected.to boll» system and earth ground.   Figure 3-2 Illustrates the grounded 
recorder with an ungrounded transducer configuration. By isolating the transducer, 
only a small amount of CMV error current will flow through the low side of the 
signal line because of the high isolation impedance Zj. 

Similarly, in the other situation where the transducer is grounded, the recorder 
is isolated from ground through the high impedance Z2, illustrated in Figure 3-3. 
Thus, CMV error will be minimized because the CMV error current must flow 
through Z, which should be several hundred megohms in magnitude. 

The circuit of Figure 3-4, with both transducer and recorder grounded is not recom- 
mended becuase of the closed loop path ABCD with CMV applied through the ampli- 
fier low side signal line.   Even if line A-B is a heavy ground bus, some CMV may 
exist due to magnetic noise coupling into the loop ABCD from adjacent power or 
high current AC equipment.   The larger the loop area the more susceptible will be 
the circuit to magnetic noise coupling. 

< 

TRANSDUCER 
UNBALANCE 
RESISTANCE 

• AAA>  

SINGLE-ENDED 
AMPLIFIER 

ISOLATION 
IMPEDANCE 

RECORDER 

RECOMMENDED ' 

FIGURE 3-2 
Isolated Transducer-Grounded Recorder 

Therefore, it is recommended when single-ended amplifiers »re used, that either 
the transducer or recorder be left ungrounded. 

The ground bus> If properly used, is intended to reference the test transducer 
area and the recording to the same potential in order to provide a single path to 
earth ground for the system grounding.   By earth grounding the ground bus at only 
one point, the earth common-mode potential is no longer part of the system.   The 
only common-mode voltage then present in the system will be that which is capac- 
ltively or inductively coupled from outside circuits. 

Separation of analog and digital grounds is mandatory since digital signals can cause 
extremely high noise content in analog measurements.   Figure 3-5 illustrates a 
typical problem encountered when analog and digital grounds are not separated. 
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Grounded Transducer - Grounded Recorder 
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Separation of the analog and digital paths is necessary in order to avoid interfer- 
ence from digital circuits to analog signals along the path A-B.   Isolation can 
be accomplished by the basic method shown in Figure 3-8.   Note that the digital 
and analog circuits have no paths in common.   It Is also shown that isolation may 
not be this simple In all cases and that the use of isolation transformers for dig- 
ital signals may be necessary.. 

0 ANALOG 
SIGNAL 0 

SYSTEM GROUND 
POINT 

DIGITAL 
CONTROL 

SIGNAL 

COMMON GROUND 
RETURN PATH BOTH 

ANALOG-AND DIGITAL CIRCUITS 

NOT RECOMMENDED 

FIGURE 3-5 

Common Analog and Digital Ground Returns 

3.3.2   DIGITAL GROUNDS 

The excellence of a digital grounding system or ground "plane" becomes more 
recognizable aG the frequency or speed of the digital logic increases. 

Oigital systems (now mostly solid state) can generate large quantities of pulse 
current due to quantities of circuits carrying simultaneous signals such as clock 
pulses.   Magnetic flux changes d/dt are proportional and can csiuse adverse pick- 
up effects on adjacent wires.   The best method of avoiding'magnetic interference 
i; to insure that each signal wire and lead is as close as possible to the digital 
ground to avoid susceptible "area loops".   A ground "plane" is recommended 
since it is available at all areas of the system and is therefore convenient for 
adjacent placement of most lead lengths.   Such a ground plane is described in 
Section 2.2.1.2.3. 

Pair twisting can also eliminate both coupling and receiving of magnetically radi- 
ated noise.   This technique is effective, but may be costly and impractical if a 
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great quantity of digital cabling is Involved because it means including one 'ground 
return for each digital signal wire. 

Capacitively (electrostatically) coupled digital noise Is not ordinarily the problem 
as is magnetically coupled noise.   Electrostatic shielding (copper braid) is thei e- 
fore not required in most digital applications.   In fact, shielding may ofien lea 
detriment since it increases the digital slgnal-to-ground capacitance and may there- 
by load the signal source to a degree that rise Umes are too slow to perform their 
intended function. 

© ANALOG 
SIGNAL 

RECORDER 

DIGITAL 
CONTROL 
SIGNAL 0 

SYSTEM GROUND POINT 

FIGURE 3-6 
Isolation of Analog and Digital Ground Returns 

Except at One Point 
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j    p] 4.     INSTRUMENTATION SYSTEM 

Li the previous section noise sources and noise reduction were considered in detail 
with relation to an overall data system.   It is also important to consider each 
major subsystem and its noise susceptibility and noise contribution to the overall 
system such as; signal conditioning equipment, how the various signal conditioning 
equipmen» is used, and proper installation to reduce noise and ground loops. 
Amplifiers are considered on the basis of common amplifiers ta use, types of 

: j amplifier (single-ended or differential), and errors and noise introduced into the 
j instrumentation system by the amplifier.   In addition, the instrumentation and 

Data Acquisition equipment (e.g. oscillographs, tape recorders, < .c.) are con- 
I sidered'in regard to the proper grounding of these systems to improve over-ail 

|    " * system accuracy and eliminate system susceptibility to ground loops and noise. 
I Other topics in this section include: transducer errors and grounding techniques; 
j       J low frequency data transmission lines; isolation of equipment cabinet and power 
|   .i*- from; the instrumentation, etc.; proper grounding and implcmentatioi. of equip- 
| ment cabinet grounding when one or several cabinets are a part of tht Jata 
f    ** system; connection to the-com-mon ground plane in regards '-> loac"   tj; equipment 

grounding, and test area instrumentation grounding and ground bus techniques of 
data system connection to a single ground point at the test area. 

j    -« 4. i    TKANSDUCEBS 

| . « The transducer is the link between the physical parameter (pressure, tempera- 
t ture, etc.) of interest ant! the desired electrical signal which corresponds to the 
] ' T physical parameter.   The choice of the type of transducer for a given application 
s \ ) will depend on many factors.   These include: environment, parameter to be 
| measured, accuracy, signal conditioning equipment and output signal desired, 
j etc.   Table 4-t references many of the physical parameters, and the types of 
i j i transducers which are used in instrumentation systems. 

i.l 
A further distinction in transducers can be made if the unit is of the self- 

;      , generating or passive type.   Figure 4-«. illustrates these two categories.   This 
i    j ; difference is more apparent in Figure 4-2 which shows two simplified transducer 

• •'' configurations for measuring temperature.   Each type of system has its advan- 
tages ar.d limitations, both in the types of transducer units available and in the 

|   j j type and complexity of the signal conditioning equipment. 

|   - ' Included in this section is a discussion of the transducer amplifier which is. 
j becoming more popular in all instrumentation systems as a source of high level 

low impedance data signals. 

A brief description of common transducers in use today and will be discussed in 
iei-ms of their.output signal level and. source impedance in Hie following 
paragraphs. 
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PHYSICAL PARAMETER 

TRANSDUCER TYPE 

SELF 
GENERATING PASSIVE 

e w 
•J 
« 
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e o s 
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u 

6 
w 
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»—I 

u 

o w 3 w 
1 
ft! w 
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Ü < 
< 
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o 

g w 
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Acceleration 0 0 0 0 0 

Displacement 0 0 0 0 0 0 

Flow 0 0 0 0 0 

Force 0 0 o 

Moisture 0 0 

. Level 0 0 0 0 

Light 0 0 0 

Mass 0 0 0 

Pressure 0 0 0 0 0 0 

Temperature 0 0 0 

Thlckr.eas 0 0 0 0 

Velocity 0 0 0 0 0 0 

Viscosity 0 0 0 
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RECORDER 

FIGURE 4-1 
Self Generating Transducer System 

4.1.1    TRANSDUCER SUMMARY 

Electromagnetic self-generating transducers utilize the electrical energy genera- 
ted when an electrical conductor cuts through a magnetic field.   Examples of this 
type of transducer are the tachometer generator, the rotating magnet flowmeter 
pulse generator, and the coil and magnet linear velocity vibration pickup.   Source 
impedances will range from a few hundred ohms to a few thousand ohms and out- 
put signal levels vary from millivolts to volts full-scale.   . 

Photoelectric transducers, such as the phototube and the phcto voltic cell, are 
used to measure light spectrum and/or intensity.   Though considered self- 
generating, these units are commonly wsed with special electronic amplifiers and 
the output characteristics would be that of the related amplifier to the system ap^ 
plication.   Photosensitive transducers or sensors are considered in the passive 
resistance section. 

Piezoelectric transducers are widely used for high frequency vibration and tran- 
sient measurements.   The piezoelectric crystal possesses a high source impedance 
and high output   Because of the source.high impedance special signal conditioning 
equipment such as the change amplifier or special emitte) (cathode) follower am- 
plifiers are required and'.he output impedance and signal level will reflect the 
type of amplifier involved.   The signal frequency will range from near DC to fre- 
quencies In excess-of 5000 CPS. 

Thermoelectric transducers consist primarily of thermocouple devices and are 
one of the most widely used sensing units.   Signal outputs range from 20 to 75 MV 
full scale depending on the type of thermocouple.   The source impedance will 
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FIGURE 4-2 
Passive Transducer System 

nominally be less than 100 ohms unless quite long runs of high resistance ther- 
mocouple lead wires are used. 

Capacltive transducers'are usually used in conjunction with special RF or AC 
carrier systems.   Tne output signal may take the form of an FM signal or DC 
voltage, depending upon the type of signal conditioning' used.   The source imped- 
ance and signal level will be that of the required signal conditioningequipment. 

Inductive transducers, like capaclttve transducers, require special signal con- 
ditioning equipment and signal characteristics will be that of the related output 
device. 

Resistive transducers are among the most versatile and consist of many varieties 
of resistive sensors.   These include strain gage, potentiometer, temperature 
sensitive resistors, thermistors, photo resistive cells, etc.   These units are 
often used in a wheatstone bridge configuration or as a direct signal source such 
as the potentiometer or temperature sensitive resistor when provided with an ex- 
citation source.. As the type of transducers are many, the output level and source 
Impedance of resistive transducers is quite varied.   Strain gages most commonly 
have source impedances of 120 and 350 ohms and outputs of 20 to 40 MV full scale 
depending on the amplitude of the excitation voltage or current.   Semi-conductor 
strain gages will produce up to 250 MV or more with the same level of excitation 
as the 20 to 40 MV full scale conventional gage. 
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Potentiometer transducers nominally have source impedances from 10C0 to 
10, 000 ohms and an output full scale signal of 10 or more volts depending "n the 
excitation source,   Other resistance type transducer signal levels and source 
impedances may range anywhere between the values for strain gage and potenti- 
ometer transducers.   Resistive transducers may use common or isolated power 
supplies and may or may not be grounded.   A wide range of signal conditioning 
equipment is available for this type of sensor. 

4.1.2    TRANSDUCER ERRORS 

Electrical errors such as those created by common-mode voltages, noise, and 
other electrical interference, have been extensively discussed in Section 2.   There 
is an additional source of error in measurements related to the transducer which 
is involved when overall system accuracy is considered.   These are equipment, 
installation, and dynamic response errorsi 

Equipment errors are related directly to the transducer and associated signal 
conditioning equipment, and are a function of linearity, hysteresis, stability, 
calibration, and environment.   Transducer data sheets published by the manu- 
facturer will provideinformation on some of .the above characteristics. 

Equipment errors can be summarized as follows: 

a. Linearity and hysteresis are functions of the physical characteristics of 
transducers.   A complete transducer calibration and calibration curves 
will allow for data correction techniques such as scaling, iinearizing, 
nffset correction, etc. by the data system 

b. Instability such as zero and range drift add significant error to transducer 
output. Specification of stability should be carefully considered in relation 
to system reliability and accuracy ' 

c. En"ironmental susceptibility will cause considerable error in transducers. 
Whenever a transducer is to be used for a critical measurement, an evalu- 
ation of the transducer must Include tests at the expected environment and 
a complete calibration and characteristic curve be obtained. 

Installation errors of transducers reflect the variation between the actual physical 
Parameters under test and what the transducer actually measures.   Installation 
errors cun be minimized by: 

a. Selection of correct location for each transducer.   Typical examples include 
location of vibration sensitive transducer on a test item being subjected to 
a vibration test.   The test item may have nodes of minimum vibration at 
which the transducer may be placed 

b. Maintaining close liaison between test engineer and instrumentation engineer 
in order to obtain maximum usefullness of each transducer. 
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Transducer loading errors are changes Introduced into a system by the trans- 
ducer interfering with the normal operation or characteristics of the system. 
Typical transducer loading errors are: 

a. Flowmeters or temperature probes located In transfer lines 

b. Large mass transducers in vibration tests 

c. Heat conductive thermocouple leads in high accuracy temperature measure- 
ments. 

A reduction of transducer loading errors can be realized by one or a combination 
of the following items: 

a. Locate all flowmeters and temperature probes in continuous lines and points 
where turbulence or mixing of fluids, gases, etc. are not present 

b. use minimum mass transducers on test items in a vibration test 

c. Provide minimum dissipation transducer elements in high accuracy tem- 
perature measurements. 

Dynamic response errors are the results of the limited frequency response of a 
given transducer with respect to the physical parameter under test.   Typical 
response errors are: 

a. AC coupled transducers will not respond to a static offset and would not be 
used in applications which measure slowly ranging functions 

b. Thermocouples welded to a test specimen will have a much faster response 
time (thermal time constant) than thermocouples encapsulated in a test 
probe 

c. All transducers contain spme characteristic (thermal, electrical or mech- 
anical) which will limit the instrument's frequency response and show 
up as phase, amplitude, or waveshape distortion of the output signal. 

To obtain data concerning dynamic performance of a particular transducer the 
dynamic performa-.ice of the instrument should be tested.   The test method may 
consist of: 

a. Simulating the specific physical parameter to be measured 

b. Ai'olication of a st _ function will provide information related to the trans- 
ducer response to rapid parameter changes. 

4. 1.3    TRANSDUCER CALIBRATION 

4. 1. 3. 1    Direct Calibration 

Direct calibration involves subjecting the transducer to the actual physical param- 
eter under test such as temperature or pressure.   This method: 
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a. Is only as accurate as the calibration source 

b. Requires elaborate calibration equipment 

c. Difficult to perform with many types of dynamic transducers 

d. Provides overall system check. 

Inaccessible transducers or parameters which are difficult to duplicate limit the 
possibility of direct calibration. 

4.1. 3. 2    Simulated Calibration 

The simulated calibration of transducers depend to a large extent on calibration 
curves or known parameters such as tabulated thermocouple voltage output.   Sim- 
ulated calibration includes: 

a. Voltage substitution for thermocouples 

b; Resistance substitution for resistance type transducers 

c. Shunt calibration of strain gat> bridges, etc. 

In this type of calibration the transducer is a part of the test circuit and an overal' 
"end-to-end" data system check is possible.   The biggest advantage: to the simu- 
lated calibration is that it may be automated and completed in a matter of minutes 
prior to operation while a direct calibration may involve many hours. 

Transducer calibration should reflect the expected operating range of the units. 
Typical operating ranges are from 60 to 85% of the full scale transducer range. 
The range of the transducer should be selected rslatlve to the magnitude of the 
physical parameter involved. 

A change in the type of transducer or method of obtaining the desired measure- 
ment will often improve the accuracy c' the desired data such as: 

a. Small temperature changes are best measured with a thermistor type unit 

b. Large temperature variation measurements are improved by using a resist- 
ance temperature unit or thermocouple 

c. Differential transducers are used where small gradient changes are to be 
measured. 

4.1.4    TRANSDUCER SHIELDING AND GROUNDING 

The shielding and grounding techniques used for transducers may have significant 
effect upon the noise it introduces into the data measurement.   The following 
methods are recommended to eliminate or greatly reduce this noise. 
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a. Grounded Transducers . j ; 

1. Insure solid earth ground connection 

2. Provide u single common ground reference point for all grounded trans- r ' 
ducer in each test area.   See Figure 4-3*                                                           j 

3. Connect instrumentation cable shield of each data channel as close to 
transducer ground connection as possible : 

4. Use twisted shielded thermocouple extension wires • 

5. Use a floating load on output of single-ended date awpJlfierG-vhen ampli- 
fier input ia a grounded transducer j 

6. Corjiect guard shield of data amplifier to input cable shield ' 

7. Always use insulated shie'led cables.   Uninsulated shields should never 
be used in data instrameii<a*Io,: pvstwnrf. 

b. Ungrounded Transducers 

1. Provide a single common ground reference point for all cable shields 

2. Ground, all input cable sJiields at tetl stand ground point 

3. Provide a continuous shield "blanket" from transducer case to the input 
of the data amplifier 

4. Connect data amplifier guard shield to input cable shield 

5. Do not allow more than one ground connection in each input cable shield. 

6. Use twisted shielded cables for all instrumentation cables, including 
floating thermocouple type transducers 

7. Always use insulated shielded cables. . 
'..''• 

4.2    AMPLIFIERS J 

Improper grounding of data amplifiers can be a source of noise by creating ground 
loops and amplifying common-mode to normal-mode conversion noise.   The 
following procedures should be adhered to when using and grounding data ampli- 
fiers: 

a. Grounding Design Rules for Using Single-ended Amplifiers ] 

1. Individual isolated excitation power supplier should be used with all i • 
bridge type transducers 

2. Only one earth ground point must be used for recorder system; ground j 
point should be same ground point as transducer ground                                       I. 

3. Provide chassis ground connection to data system ground bus (plate) 
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4. Single-ended amplifiers can be used in digital data acquisition systems if 
channel-to-channel isolation is provided, (e. g. floating loads such as 
galvanometers) 

5. Single-ended amplifiers should not be used with grounded (bonded) ther- 
mocouples taavoid channel-to-channel ground loops ; .    | 

6. Single-ended amplifiers should not be used with grounded bridges to j 
avoid shorting one leg of bridge to ground ;       i 

t 
7. Connect cable input shield to: ""    I 

a) Test stand ground whenever possible „ r    f 

b) Amplifier input ground if connection to test stand is impossible. j      J 

b. Grounding Rules for Using Isolated Differential Amplifiers 

1. Guard shield of amplifier should be connected to input cable shield and ! 
cable shield earth grounded only at the transducer ground.                                   j 

2. Connect chassis ground to tystem ground bus (plate) 

.3. Connect amplifier output guani shield to system ground bus (plate) 

4. Do not connect input cable shield to earth ground, only to guard shield 

5. Jf a permenant unavoidable instrumentation ground exists at the test 
stand as well as at the data system, use isolated differential amplifiers 
to break the ground loop 

6. If a floating transducer is used, connect cable shield to amplifier guard ; 
shield and earth ground cable shield to test stand ground. I 

4.3    RECORDING, DATA ACQUISITION EQUIPMENT } 

The devices commoniy used for recording and data acquisition are listed below: j 

a. Digital A/D system with digital magnetic tape, punched paper tape, or i  • 
printer output i 

b. Analog or FM Magnetic Tape | 

c. Oscillographs : 

d. Strip Chart Recorders j 

e. X-Y Plotters j 

The treatment of grounding systems with respect to these recording devices for 
minimization of noise should be performed in compliance with the principles set 
forth in preceding sections of this handbook.. ! 
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4. 3. 1    DIGITA L A/D SYSTEM 

Unquestionably, the digital system is most susceptible to noise, because of the 
high resolution and accuracy which these systems offer (In the order, of 0.01%). 
Grounding and noise reduction in digital systems must be in accordance to the 
following procedures (for more detailed information refer to Section 2): 

a. Use thickest available insulation on all digital wiring 

b. Twist all Clock wires and long signal wires with a ground wire 

c. Wire all digital circuits usin^ shortest wire length possible.   Use point-to- 
point wiring 

d. Provide as many ground return paths as possible in all digital circuits 

e. All ground wires mu^t converge to system common ground point 

B f. Maintain maximum distance between digital circuits and low level circuits 
1Ü 
Us tl g. Never connect analog grounds in such a manner that will cause any analog 

circuit to Share a common ground return path with a digital ground return 

f Path- •••'••'' 
1 4.3.2    ANALOG OR FM MAGNETIC TAPE 

Magnetic tape is frequently used for high frequency data recording above 5 KC 
I data.     These systems are mostly single-ended and should therefore be subjected 
il to much the same grounding practices as recommended for digital systems. 

Earth ground should be made at the test stand area with a single 2/0'or 4/0 cable 
•^ making connection to the isolated grounding plate within the tape cabinet.   Should 
II , the tape channels receive data in parallel with other single-ended channels such 

as an A/0 system then special care must be taken to minimize the effects of in- 
»,. herent loops.   A recommended dual recording scheme is shown in Figure 4-4. 
it * • 
i ] The optimum method of recording two single-ended devices in parallel from the 

same data channel is to use isolated amplifier outputs.   This means that the am- 

T; plifier used for a given data channel will have dual outputs, one isolated from the 
is other.   This technique breaks the inherent loop and thereby decreases the noise 

•' •' • which may result. . 

:r;;v'V;        4.3.3    OSCILLOGRAPHS 

!• ; Oscillographs are unique recording devices when grounding is considered because 
by nature they can provide isolated differential infut channels.   Each input channel 
of an. oscillograph is comprised of a galvanometer circuit.   This is simply a fine 
coll of wire to which a light deflection medium is affixed.   A typical galvanometer 
circuit is shown in Figure 4-5. 

a. Note that the galvo has no ground connections and, therefore, provides a 
reasonable degree of channel isolation.   This means that provided galvo 
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impedance is not so low that it loads the signal source driving capability, it 
'   may be connected in parallel with most single-ended devices and contribute- 

no loop effects. 

b. The shield can, in most galvanometer channels, bo grounded either at the 
oscillograph or left open and grounded at the fame point as the shield for toe 
primary recording channel. 

c. If the galvanometer is not connected In parallel with another recording device, 
the shield and galvanometer low side should be connected together at the 
oscillograph and this connection carried to the system grounding block. 

Ifi d. The oscillograph, as all recording equipment, should be isolated except for 
I      M    • 
\ •   tl its connection to tfce isolated cabinet and hence to the grounding block. 

4.3.4 STRIP CHART RECORDERS 

Strip char I recorders are mostly ''ngle-ended devices.   Because of this, some 
basic factors should be emphasized.   When using a strip chart as the only recording 
device for a given channel, the channel may be connected directly into the recorder 
as shown in Figure 4-6. 

When another system is connected in parallel with a strip chart recorder channel, 
a more complex situation exists.   Since the strip chart is a nulling device, its 
input impedance Will change while it deflects from ono position to another.   This 
impedaiice change and an accompanying voltage feedback can be coupled directly 
from the strip chart Input over to the input of a parallel recording device such as 
an A/D channel.   Gross error can result in the A/D system.   Thia difficulty can 
be resolved by using resistive isolation as shown in Figure 4-7 or by employing 
dual amplifier outputs, one for each recording device, as described for analog 
tape systems above. 

4.3.5 X-Y PLOTTERS 

X-Y plotters are provided in either digital or analog input configurations.   The 
digital type plotters are usually connected as peripheral devices to computers or 
A/D systems and are grounded in accordance with recommended digital practices 
presented in Section 2. 

Analog type X-Y plotters are normally abigle-ended and shcald be grounded and 
connected in the same manner as described for strip chart recorders above. 

4.4    SYSTEM ISOLATION ;' 

Isolation from an overall systems viewpoint is included in Section 2, Paragraph 
2.2.4. However, power isolation will be described in the following paragraphs BO 

that its importance may be bitter illustrated. Isolation, as it applies to an instru- 
mentation system, is the physical separation of the facility power system from the 
Instrumentation power system, and the separation of cu3ceptible areas from noise 
generators. Associated with power isolation is the separation of power grounds in 
each system. 
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FIGURE 4-6 
Single Channel Into Strip Chart Recorder 
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FIGURE 4-7 
Resistive Isolation of Strip Chart Channel from A/D Channel 

4. 4. 1     POWER ISOLATION 

The facility power system when used to supply power to a test facility carries with 
it two types of ground circuits.   One ground oircuit is called the power neutral 
and is part of the main current supply.   The power neutral is a current carrying 
circuit as illustrated in Figure 4-8.   The voltage on this line with respect to earth 
will be zero but the current supplied to the load must return to the generator, thus 
the current in the line will not be zero",   The other ground circuit associated with 
the faciHty power system Is the equipment ground.   Its purpose is to offer a very 
low impedance path to earth from all metal enclosures and housings for faull cur- 
rents caused by accidental shorts, insulation breakdown, or lightning surges, etc. 
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FIGURE 4-8 
Power Neutral Circuit 

During normal operating conditions this ground circuit will not have current flow- 
ing through it. ( 

Each of these grounds is usually connected to earth at the primary power distri- 
bution point such as a sub-station or a stepdown transformer.   A common-mode 
voltagp ran bo formed between this power ground and the instrumentation ground 
when the two ground systems are connected togethtr.   This may result in large 
60 cycle potentials in the equipment cabinets as well as in the data system ground. 
For more information concerning the common-mode generator, refer Jo Section 2, 
Paragraphs 2.1 and 2. 2. 

By properly isolating power from the instrumentation system, the effect of the 
common-mode voltage between the power system ground and instrumentation sys- 
tem ground can be eliminated.   A box shielded isolation power transformer must 
be installed between the instrumentation system and the power distribution point. 
Figures 4-9 and 4-10 illustrate two similar systems, one without an isolation 
transformer and the other with an isolation transformer. 

4. 4. 2    EQUIPMENT ISOLATION 

The use of power isolation transformers will not completely provMe cabinet iso- 
lation from ground.    The following procedures are required to complete system 
and power isolation: 

a. Use non-conductive material for conduit from cabinets to junction boxes, 
cabinet to base fasteners, etc 

b. Use fiberglass insulation sheets between data system cabinets and the floor 

c. All externally grounded equipment must, not be in contact with data system 
cabinets 
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d. Use rigid steel conduit for al' AC power cabling inside data system cabinets 

e. Insulate data system ground plate from cabinet by fiberglass sheets 

f. Connect all equipment cabinets to system ground plate via band straps 

g. Connect system 2/0 or 4/0 ground bus tc ground plate and carry ground bus to 
test stand earth ground point 

h. Twist all AC power circuits inside data system cabinets. 

DATA 
SYSTEM 

GNO PLATE 

AC 
POWER 

SYSTEM 

y> 

/7T7 

cm; 

NOT RECOMMENDED 

FIGURE 4-9 
Instrumentation System Without Isolation Transfer 

POWER ISOLATION 
TRANSFORMER 

MOST COMMON MODE 
CURRENT WILL FOLLOW 

THIS PATH 

RECOMMENDED 

FIGURE 4-10 
•Instrumentation System With Isolation Transformer 

4. 4. 3    TEST AND INSTRUMENTATION AREA ISOLATION 

Using a single point earth ground system for instrumentation and data acquisition 
will provide minimum interference from ground potentials.    However, if the data 
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system is not carefully monitored,accidental shorts and insulation failures will 
cause unwanted ground loops.   The following procedures are designed to maintain 
a data system free of unwanted contact with ground. 

a. Use test stand ground and connect a 2/0 to 4/0 AvVG insulated ground bus 
firmly to it 

b. Carry ground bus to recording arei and cönneet to duta system isolated 
common ground bus  or plate 

C. Trovide complete <lata system cabinet isolation above ground with fiberglass 
sheets, nylon bolts, etc 

d. Connect all input instrumentation cable shields only to test stand ground. 
Amplifier output shields must be grounded to data system.ground 

e. An AC data system with unavoidable grou-nds at test area and recording area, 
AC shielded isolation transformers are maybe required to prevent earth 
ground loop between the two areas as shown in Figure 4-11, 

AC TYPE 
TRANSDUCER 
r , SIGNAL LINE 

LINE TRANSFORMER 
I 1 

T 

L _ 

#-* 

FIGURE 4-11 
Shielded Isolation Transformers 

4.5    CABINETS AND STRUCTURES 

Cabinets, cable trays, power ducting etc. should be designed so that they car. be 
properly grounded to an appropriate ground system. 

a. Completely isolate all data system equipment from the local or blockhouse 
ground and have it tied to the grounding system located at the test stand in 
use 

b. AH data system cabinets within the blockhouse must be isolated 

c. Where the above is not practical, all data system cabinets should be con- 
nected to a common ground bus system within the recording room or block- 
house 
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d. A large ground bus must be. provided to connect all cabinets together to the 
ground bus system 

e. Cable trays and power ducts should be-firmly bonded together and to ground 

f. Cable trays and power ducts must never be in electrical contact with isolated 
data system cabinets 

g. In the case where complete cabinet Isolation is not feasible, a Ie-js effective, 
but workable approach would be to provide two separate ground circuits 
from the same ground point within the recording area: 

1. Power ground, used for the grounding of all cabinets and hardware 

2. Instrumentation ground, used only for the grounding of the instrumentation 
circuits (see Figure 4-12)*; 
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rrn 

C. 

I     I 

Icni2 4 

INSTRUMENTATION 
GROUND CIRCUIT 

INSTRU- 
MENTATION 

,     LEAKAGE 
c2~r IMPEDANCE 

TO GROUND 

/T77 
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FIGURE 4-12 
Simplified Dual Ground Circuit Configuration 

4.6    COMMON GROUND .PLANE 

The common ground plane is the single earth ground connection area for the instru- 
mentation ground,  to be separate from the power ground if possible.    Power 
grounding systems have not been included in this handbook since an abundance of 

The net result of this dual ground circuit is to allow AC power current to flow 
through a separate circuit and back to the power distribution system while the 
ground circuit used for instrumentation purposes is relatively free of such 
disturbances. 
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material exists on power system grounding techniques.   Therefore, a more spec- 
ific coverage is included relative to instrumentation system ground connections. 
For the purpose of this section "grounding" will be referred to as "earth ground- 
ing" unless otherwise specified.   Figure 2-16 Illustrates a typical system 
grounding design. 

During the design phase of an instrumentation facility, both power and instrumen- 
tation grounding systems should be considered, individually as well as in relation- 
ship to each other.   Both grounding systems are divorced in application, but cannot 
be divorced in implementation, as both must be implemented during construction 
and steps should be taken to electrically isolate the two systems so that the instru- 
mentation system will not be affected by the electrical power system.   More infor- 
mation on this subject is included in Section 2 and the Bibliography. 

The most important reason for grounding of any type of equipment is to insure 
that no voltages are present on accessible areas of equipment which Will endanger 
the safety of personnel.   In addition to safety^ noise reduction and elimination 
must also be considered.   This type of grounding is usually in the form of shield 
connections to ground, prevention of ground loops in the wiring, and provision of 
multiple ground paths in digital equipment.   These grounding techniques have been 
discussed in detail in previous sections. 

The following establishes a set of criteria for the proper technique of equipment 
grounding and the connection to earth ground: 

a. All cabinets of the instrumentation system must be bonded together as illus- 
trated in Figure 4-13 

b. A ground wire (#10 stranded or larger) should be bonded to the cabinet and 
connected to the system ground plate 

c. All subsystems mounted in the cabinet bays having swing-öut or pull-out 
panels, doors, drawers, etc., should have a flexible ground connection 
from the movable module to the main chassis 

CABINET FRAME 

JOINT, CAOWELD OR 
BOLTED 

:z u£. 

#10 AWG   /$\V\     _        " 
OR U\RGER/—<~     ^- =* 

'"I ^ONLY ONE REQUIRED. 
MORE CONNECTIONS 
ARE DESIRABLE IN 
LARGE RFI AREAS. 

TO SYSTEM 
GROUND PLATE 

:v 
CONTACT SURFACES MUST 

BE PROPERLY CLEANED 

"--CABINET BAYS 
BOLTED WITH 

BRASS OR COPPER 
BOLTS 

FIGURE 4-13 
Detail of Cabinet Bays Bolted Together 
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d. If the input to the data system is single-ended, a second isolated bus can DO 

provided to which, the tow side of the signal wires can be connected (see 
Figure 4-14).   Adequate channel-to^channel isolation must be provided, such 
as commutation, isolated amplifiers, r;tc. 

e. If channel-to-channel isolation does not exist, each shield ground and low 
side of each channel must remain separate so that ground loops are not j 
formed between channels                                                                                                  T~   i 

,   : . -       : ••- : ; .'•;••••• '-••••>' .:-.;• - j   j 
f. The input ground bus must be connected to the system ground plate by a #10 ••    ? 

3 or larger insulated ground wire | 

g. If the low side of the input signal wires are bused to a common point as . f I 
shown in Figure 4^-14, this point should be carried through the input device • . \ 
only and not connected to ground plate except at the load or A/D converter 
digitiz«r as shown in Figure 4-14 

h. The ground plate should'be mounted on fiberglass sheets, with nylon bolts if 
necessary, to isolate it from any unintentional ground.   A large insulated 
ground wire, # 2/0 to 4/0 is bolted to the ground plate and carried-to the 
test area 

5 •   f 

I     i 

i. The test area ground plate should be located as close to the test stand as i 
practical ','    I 

I      ! 
j. Each test stand or cell should have a bonded ground strap of #4 or larger ; .    I 

insulated copper wire running to the ground plate as shown in Figure 4-3. j 
I 

Figure 4-15 illustrates a ground bus wire connected to a ground plate located in a \ I 
test area.   The .ground plate serves as a common tie point for all ground wires |. 
connected from the test area instrumentation, such as shield and test stand ground j 
straps. T " ! 

Many test facilities, with more than one test,area may require simultaneous opera- [ .   i 
tion at each test area. : 

a. Connect the test areas together by using a heavy copper insulated wire car- 
ried to each test area ground point as shown in Figure 4-16 J . 

b. One variation to this method is connecting each test area ground bus to a 
common isolated tie point located between the test areas and carrying a I 
single bus wire to the data system as shown in Figure 4-17 i 

c. It is important that the impedance between the two test area ground points 
rercaln as low as possible so that the common-mode currents will be re«- 
stricted to the grounds between the test areas, and not between the test areas 
and data system. 

Where multiple test areas are a part of a test facility it is common that only one 
test area will be used and simultaneous operation or data acquisition from both 
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Two Test Areas with Ground Bus Wires Connected to an Isolated Tie Poim 
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test areas is not required.   Each test area should have an earth ground point.   In 
order to eliminate the common-mode generator between the test areas, the ground 
connection between the test areas is broken with a switch.   Thus, when one test 
area is being used the other one is completely isolated from the data system. 
This switch may be a heavy duty manual knife switch or mercury relays automa- 
tically controlled from the data system area.   Figure 4-18 illustrates a typical 
two test-area configuration using switched ground buses to the data system.   Note 
that by using relays, an added safety protection can be utilized which knife switches 
cannot offer.   By connecting one normally-open and one normally-closed relay for 
grounding, a ground connection is insured even in the event of power failure. 

• •       ^ 
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FIGURE' 4-18 
Two Test Areas Using Switched Ground Buses to Data System 
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I 5.   OPERATIONS, MAINTENANCE, AND MODIFICATION 

The information included ir. this section is intended for the general use of instru- 
mentation technicians whose job function is to onerate, maintain, and modify ex- 
isting instrumentation equipment. 

In previous sections, grounding and noise reduction techniques have been discussed 
in detail regarding the overall instrumentation system as well as the components 
or subsystems..  When these techniques have been thoroughly considered and a 
grounding philosophy has been established and implemented into a system it be- 
comes a responsibility of the instrumentation technician to follow the system 
grounding techniques and rules to the fullest extent.   Before changes are made to 
the basic grounding design of an existing facility a thorough check should be made 
in order to determine the extent of the problem and whether cr not all grounding 
rules have been followed.   Signal patching using plugboard type patching is T 

common source .   ground loops.   These patchboards should be clearly labeled 
and carefully checked before each data run, 

5.1   NOISE MEASUREMENT 

In order to present recommended methods of noise deflection and measurement, 
a typical A/D system is used as a model. The discussions which follow apply to 
this typical system and applicable measurement techniques which have been suc- 
cessfully used in the field (see Figure 5-1). 

With any noise measurement, two important parameters to be remembered are: 
a. peak-to-peak noisa amplitude 
b. frequency of the major noise components 

These two parameters are difficult to measure with a digital system because of 
its characteristic as a sampling rather than a continuous monitoring device. 
The RMS value of the noise signal will be of little significance.   The analog-to- 
digital converter in a typical digital system will read peak-to-peak amplitude. 
Knowing the frequency of the major components of the noise will point to the 
cause.   For example, if 60 cycle is present it would point toward the power 
ground system.   If 120 cycle is present it would point toward power supply ripple. 
Most digital dak. acquisition systems limit the input data frequency to approxi- 
mately 500 cycles or less.   Therefore, high frequency noise present on the data 
input lines to the system is t:ot carried through to the A/D converter.   Any high 
frequency noise present at the input of A/D converter is usually generated within 
the data system.   The most common approach to the detection of the noise 
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FIGURE 5-1 

Typical Data Acquisition System 

generator is to start at the output, usually the A/D converter airi work toward the 
input. The most convenient piece of test equipment used to make noite measure- 
ments is the oscilloscope. 

5.1.1   EQUIPMENT 

The requirements for an oscilloscope to make noise measurements are as follows: 
a. High-gain vertical pre-amplifier - 
b. Wide band 
C. Floating differential input 
d. Power line isolation to the scope 

If the scope does not have a floating differential input and the case is connected to 
power ground the scope will introduce noise into the system under test,   Any noise 
measurements made under these conditions will not be valid.   Isolating the scope 
from power ground by means of a Faraday shielded isolation transformer will in- 
sure proper isolation and also eliminate the possibility of shoring out any inputs 
while making differential measurements. 

The main advantage to using an oscilloscope for noise measurements is that it 
gives a graphical representation of the noise showing both peak-to-peak amplitude 
and frequency.   Since the oscilloscope displays all frequencies within its band- 
wic'th ai one time it is sometimes difficult to pick out the major frequency 
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components of the noise.   One approach to solving thif problem is to use a 
spectrum analyzer in order to separate the noise into its individual components. 
Another approach is to use a variable-bandpass filter in front of the oscilloscope. 
The same requirements for power line isolation apply for all pieces of, equipment 
used In the noise measurements. 

5.1. 2  MEASUREMENT OF NOISE 

Figure 5-1 shows a hypothetical systeni on which the. noise measurements will be 
made.   Figure 5-2 shows the oscilloscope configuration used to make the noise 
measurements.   Noise measurements are performed in the following manner; 

a. The vertical input to the scope should be shielded wire. 
b. The amount of exposed wire at the probe end should be kept to a minimum. 
c. First, check to be made is to short the scope probes together to measure 

the Inherent noise of the scope. The inherent noise of the scope must be 
very small when compared with the noise to be measured. 

d. The scope should be connected across the input to the A/D converter. 
It will be necessary to trigger the scope from the "digiti2e"command. 

e. The sweep time should be set to coincide with the analog-to-digital con- 
version time,   (For most high speed systems a time base of 10 microseconds 
per division will be sufficient) 

f. The scope now displays the noise which the A/D converter receives.   Any 
noise present at times other than the digitizing time will have no effect oh 
the digital output.   Noise present oh a single sweep of the scope would 
most likely be caused by a sample-and-hold amplifier, the A/D converter, 
or the digital commands between the two.   Any variation of signal ampli- 
tude from sweep-to-sweep of the scope (assuming system input constant) 
will most likely be caused by circuitry ahead of the A/D converter. 

g. If the noise is found to be' forward of the .A/D converter, connect the scope 
across the input of the sample-and-hold amplifier. 

BUCK 

POWER 

WHITE 

GREEN 

FIGURE 5-2 
Noise Measurement Configuration 

5-3 

ilwtc&^l ««ilcrfO ft»Ä**^-.f--«L,i-.v 



h. Trigger the scope from the commutator drive pulse; if the digital data analy- 
sis showed individual channels, rather than all channels to be noisy, one of 1 
the noisy channel drive pulses should be used, otherwise any channel drive 
pulse can be used.                                                                                                             '. ' 

i.  The sweep time should be set to coincide with the sample time.   For most ' 
systems a time base of 5 USEC per division will be sufficient. 

j.   Record the value of noise present.   A scope camera would be useful for this 
purpose. 

k. Disable commutator operation and place a jumper from the commutator input 
io output. 

1.   Record the valuJ of noise.  A difference between this value and the previous | 
value would indicate that the noise is generated by the commutator. I 
Possible causes of noise in the commutator could be malfunctioning commu- 
tator switches, improper signal and shield termination, or power supply 'g 
noise pickup. H 

m.'f the noise is found to be forward of the commutator, move the scope probes 
to the output of the filter. _ 

n. The scope should be triggered internally.   There should be no noise present I 
beyond the bandpass cf the filter. » 

o. From this point on the easiest approach to the detection of the noise genera- 
tor is to leave the scope connected to the output of the filter then break a T 
connection and apply a short across the line.   Using this technique, work 9< 

toward the transducer.   The point at which the noise increases indicates ] 
that the noise generator is located between tliis point and the previous point.           —     | 

Another useful tool in the determination of noise accepted by the A/D converter of • 
a digital system is a resistive ladder network.   A simple four resistor circuit j 
may be assembled in a matter of minutes,to permit the technician to make precise - •    ] 
scope measurements of the actual digitized noise.   Figure 5-3 illustrates the cir- ; 
cuit and method of connection to the A/D system. ' "   \ 

Five percent carbon resistors may be used and connected to the A/D or A/D dis- • -   j 
play hold register (may be least significmt bits if a binary A/D converter is used). j 
After making the connection shown, perform the following steps: " "   | 

a. Place fie scope in DC input operation with a high sweep rate (iO mic-o- • ••   j 
secondsA:cnUrieter is sufficient. j 

b. The A/i.» xn is then placed in standby condition so that the A/D "units" hold I 
registei              .Manually set to the desired count values. 

c. Step the uiuw. decade manually from "0" through "9".   (Note the sweep rise [      j 
on the scope face) [ ' 

d. At each sweep position, a strip of masking tape t>n the face of the scope I 
should be marked with the equivalent decimal setting of the decade.   This t 
calibrates the trace. !      : 
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Now, if the A/D system is placed in normal operation, the least significant bits of 
each sample of the A/D converter will be shown on the scope since the weighted 
resistors perform digital-to-antlog conversion.   1/ the system input voltage is set 
to provide an average scope reading of 5 counts then the total "count spread" 
may be determined by tt>'? trace excursions above and below this value (provided 
count spread doesn't exceed 10 counts below 0 or above 9). 

The D/A technique can provide very useful information in determining total .äc- 
curacies of a digital system.   If the hold register is gated for a selected channel, 
the noise for only that channel will be displayed, thus providing meaningful noise 
data on a per channel basis. 

Digital system noise is usually Specified as a percent of full scale.   If full scale 
is 9999 (0000 through 9999 is 10,000 counts) and count spread is si>c counts 
(+3442 to +3448 for example) then the noise is 6/10,000 = 0.06% or ±0.03%. 

5.2 SHIELD CONNECTION 

The shield connection will be regarded with respect to instrumentation cable 
shields which originate at the transducer or test area and carried to the data acr 
quisitibn system.   The purpose of shielding is generally recognized as a means 
to prevent extraneous noise from interfering with sensitive signal lines.   The 
most common cable shield is the braided copper shield.   One other cable shield, 
aluminum foil, is becoming more popular because of its shield coverage, lower 

cost, and ease of handling. A/0 CONVERTER 
UNITS HOLD REGISTER 
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FIGURE 5-3 
Digital Noise Measurement 
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Regardless of the type of shield used it is possible to cause more noise in the 
sip rial lines by improper grounding of the shields than the extraneous noise which 
is being shielded against.   If a closed path is formed by the shield between two 
ground points a current will flow through the shield.   If the ground connection is 
an earth ground, 60 cycle current will flow Into the shield.   The capacitance of 
the wire to shield will allow this 60 cycle earth current to be coupled into the 
signal wires as shown in Figure 5-4. 

W 

rrn 

NOT RECOMMENDED 

FIGURE 5-4 
Shield Grounded at Two Earth Ground Points 

Therefore, the underlying purpose in proper grounding of cable shields i*> to pre- 
vent ground loop currei.ts and to provide a low resistance patii to earth for extra- 
neous noise pick-up in the shield. 

As the signal levels of transducers are lowered the noise susceptibility of the 
transducer signal increases.   In some test facilities where all data is being re- 
corded for low accuracy "quick-look" type testing the reduction or minimization 
of noise is usually not emphasized.   However, in a complex tesi facility where 
many channels of data are to be measured and where the pre-test set-up tikes 
many hours or even days it is important that the most accurate and reliable data 
be obtained so that the test will not have to be repeated unnecessarily.   Thus, 
every precaution must be taken to assure noise-free or near noise-free data. 

Figures 5-5 and 5-6 illustrate the recommerJed method of properly grounding and 
terminating the cable shield at the transducer. 

I 
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FIGURE 5-5 
Cable Shield Grounding Procedures to Minimize Noise Interference 

in Thermocouple Transducer Signals 

Once the transducers have been connected into the signal line,the data amplifiers 
are then connected to the transducers. Generally there are two types of data am- 
plifiers used in instrumentation: 

a. Single-ended wideband AC amplifiers and, 
b. Differential isolated DC amplifiers. 

Figures 5-7 and 5-8 Illustrate the proper «rounding and shield connections for 
these amplifiers. 

Single-ended amplifiers are most commoniy used for wideband data measurements 
with AC type signals. 
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Cable Shield Grounding Procedures to Minimize Noise Interference 
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FIGURE 5-7 
Shield Connections for Single-Ended Amplifiers 
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FIGURE 5-8 
Shield Connections for Differential Amplifiers 
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Isolated differential amplifiers are commonly used for DC slow varying signals 
such as thermocouples. 

The use of single-ended amplifiers is required in many applications; therefore, it 
Is necessary that all shield and 6ignal wire connections be carefully considered 
and checked so that no ground loops are formed between test area and data system 
area.   Figure 5-9 illustrates how a ground loop may be formed by improperly 
giounding of the shields. 

NOISE CURRENT COUPLED 
INTO SIGNAL WIRES 

RECORDER- 

NOT RECOMMENDED 

FIGURE 5-9 
Ground Loop Formed by Improper Shield Grounding 

Another important consideration is that of forming channel-to-chanriel ground loops 
as shown in Figure 5-10. 

To prevent these ground loops, install isolated diiferential amplifiers in place of 
single-ended amplifiers or install isolated DC excitation power supplies in each 
channel. 

When grounding the instrumentation cable shields in the data system the following 
steps must be followed: 

a. Grounded Transducers (see Figure 5-11A) 

1. Do not connect cable shield to ground at the data system input if isolated 
differential amplifiers are not used in data line 

2. Connect cable shield as close to transducer ground as possible 
3. If signal drives load directly, load must be isolated from ground to 

prevent ground loops 
4. Carry shield.- through all terminal boards. 

1      \ 

1     \ 
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b. Ungrounded Transducers (see Figure 5-11B) 

1. Do not connect cable shield to data system ground, if isolated 
differential amplifiers are not used in data line 

2. Connect cable shields and transducer case to single ground point in 
the test area 

3. Provide test area ground point for grounded transducer case if case 
does not have solid ground connection 

4. Carry all cable shields through each terminal block for the entire 
cable length. 

c. Single-Ended Data Amplifiers (see Figure 5-12A) 

1. Do not connect shield to amplifier input ground if transducer is 
grounded. 

2. If transducer and transducer case are completely floating, connect 
cable shield to amplifier ground. 

3. Do not connect amplifier output ground to output cable shield. Shield 
will be grounded to data system ground bus. 

4. If a floating transducer is used, connect cable input shield to amplifier 
output cable shield to amplifier output ground. 

d. Isolated Differential Amplifiers (see Figure 5-12B) 

1. Never connect amplifier input cable shield to ground. 
2. Connect input cable shield only to amplifier guard shield, 
3. Amplifier output cable shield should be connected to amplifier output 

guard shield, if provided, 
4. Amplifier input cable shield must be grounded only at the test stand 

transducer ground. 

5.3  SIGNAL GROUNDS, EQUIPMENT GROUNDS, AND POWER GROUNDS 

The ground circuits of a data instrumentation system are categorized as follows: 

a. Signal Ground .. 
b. Equipment Ground 
c. Power Ground 

Signal grounds are further classified into analog and digital grounds as indicated 
below: 

a. The analog ground circuit begins with the transducer circuit ground and 
Is carried up to the data amplifier, into the data system and to the input 
of the A/D converter. 

b. The digital ground circuits are those ground circuits associated with the 
output of the A/D converter and carried throughout the logic circuits in 
the digital portion of the system.) 
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Equipment grounds are defined as those ground connections which are used to con- 
nect all equipment cabinets, chassis, panels, and enclosures to earth ground in 
order to p/event dangerous potentials and fault currents from occuring on the 
equipment.   These grounds will usually be in the form of bonding straps, large 
copper wire connections between equipment cabinets, etc. 

The power ground circuits are the ground and non-current carrying circuits as- 
sociated with the AC power to the data system which is conn^ctec to earth.   The 
power return is the neutral or low side of the AC power circuit'; which originates 
at the load and are carried to the transformer (see Figure 5-13). 

The power ground is commonly connected to the center tap of the secondary and 
presents a safety path to earth for fault currents such as accidental short 
circuits in the AC power line. 

5.4 GROUND LOOP PREVENTION AND DETECTION 

As discussed in the previous section ground  loops :an be formed by improper con- 
nection of shields, signal wires, and amplifiers.   The detection of ground loops in 
a signal path is not always simple, however the common ground loop 6lgnal in an 
instrumentation facility will be mostly a periodic noise function at 60 CPS 

I 
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FIGURE 5-10 
Ground Loop Current Channel-to-Channel Caused by Improperly Grounding 

of Single-Ended Amplifiers 
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FIGURE 5-11 
Proper Shield Connections In Data System Input 
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FIGURE 5-12 
Proper Shield Connections In Data System Input 

appearing on the signal lines.   60 cycle noise may have a large third harmonic 
as shewn in Figure 5-14. 

Single-ended amplifiers and recording equipment are a source of ground loop 
problems.   To prevent ground loops from occuring the following procedure should 
be followed: 

a. Cable shield should be grounded at only one point, preferably at the test 
stand. 

b. If a floating transducer is used, the lov side of the signal pair must be 
grounded at only one point. 

c. If a grounded transducer is.being used the amplifier output must be floating. 
d. L'slng grounded transducers, connect cable.shield as close to transducer 

ground as possible and do not connect shield to amplifier input. 

5-14 

I 

tk,ti<*Z..i*\M *rf'J,**.-Ä-> 



e. Check for unwanted grounds by lifting shield from ground point and making 
a continuity check from GtJeld-to-ground.   If a short or low resistance is 
detected an unwanted ground exist* and must be eliminated, 

f. To check for unwanted grounds in data line, disconnect cable from trans- 
ducer and load. Measure the low side signal line to ground. Jf continuity 
exists, an unwanted ground exists and must be eliminated 
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I I 
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FIGURE 5-13 
Typical AC Power Ground Wiring Configuration 
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FIGURE 5-14 
60 Cycle Noise With Third Harmonic Distortion 
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A ground loop may be formed whenever two or more different connections are 
made to ground where these connections are not at the same point.   Ground loop 
currents can only be eliminated by breaking the closed (AC or DC) path - by pro- 
viding only one ground point for ill ground wires. 

Perform the following procedures for detection and prevention of ground loops: 

a. Where- control circuits using ungrounded coils and ungrounded trans- 
ducers are used whose enclosures are grounded, the cable shield should be 
connected to the enclosure and not at the input to the single-ended device. 
This technique is shown in Figure 5-15. 

b. Where many channels are connected into a large terminal block near the 
test area it is recommended that a common Isolated bus be provided to 
which all cable shields oiiginating at the test area may be connected.. 
This bus is then connected to the instrumentation test area ground point. 
If a transducer is grounded at some other point (such as a bonded thermo- 
couple) the shield on that cable should not be connected to the common bus 
but should be connected to ground as close to the thermocouple as possible 
as shown in Figure 5-16, 

•".. When a common bus is used in the test area for grounding shields, the .-) 
shields being carried into the data system must not be grounded at the data "*"    I 
system.   If a single-ended buffer amplifier is used in the line as shown in 
Figure 5-17, the shield should not be carried through the amplifier and the 
output shield should be connected to lite data system ground. „.     i 

d. A single-conductor shielded cable can produce ground loop currents if the 1 
shield is used as the ground return path of the circuit. This ground loop * ! 
ean be formed by the shield when the shield is a part of a metallic connector I 
(BNC type) which is mounted directly to the metal case or enclosure as j 
illustrated in Figure 5-17A.                                                                                            j      J 

e. The following ground loops and prtventlve arrangements should be considered < 
in a system with several series elements: • •    ! 

'       i 

1. Transducers and amplifiers with one side of their signal circuit connected ' 
to their cases. I 

2. Proper arrangement for isolating the low side and shields from individual i 
chassis in order to open circuit ground loop currents. j 

f. Certain transducers are designed so that the case is part of the signal circuit. 
Among these are piezoelectric accelerometers.   A ground loop can be formed > 
if the shield is connected at the data system in addition to the case, as shown               j 
in Figure 5-18. 

5.5   INSTALLATION OF GROUND RODS ,  . . 1  ,       I 

As described in Appendix A, the soil resistivity in a given location will fluctuate 

according to its moisture content, temperature and depth.   The importance of 

5"    1 
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maintaining a constant low resistance contact wRh the earth is significant when 
the ground connection is to be used for power fault current.   If a resistance of 
sufficient magnitude exists in the ground connection, a considerable potential 
could exist on equipment enclosures, ground wires, etc., which would endanger 
the safety of personnel under fault current conditions v 

In a data acquisition system which floats equipment cabinets above ground at the 
blockhouse or instrumentation recording area, a ground bus wire will be carried 
to a ground point, usually in the test stand area, where a low resistance connec- 
tion co earth is established. Therefore, an instrumentation earth ground connec- 
tion of minimum resistance is required for the safety of personnel, and does not 
necessarily contribute to noise reduction. 

A ground rod earth ground system has advantages over other ground systems 
such as buried plates, burled strips, cables, grids, etc.   Primarily the ground 
rod installations affords a lower cost as compared to the other forms of grounds. 
Simplicity of installation, minimum area requirement, plus installation can be 

ISOLATED 

ONLY ONE GROUND POINT 
FOR SIGNAL LINES   . /TT7 

RELAY 0« SOLENOID 

ON-OFF 
SWITCH 

X V 
RELAY / 
DRIVER   SH)ELD CONNECTED ' 

AT ONLY ONE POINT 

RECOMMENDED rrn 
FIGURE 5-15 

Correct Technique for Shield Connections to Prevent Ground Loop 

5-17 



r—. 

nh-. 

7^Y AREA 
TERM,NAL BLOC* 

SHIELD CONNECTED   . 
AS CLOSE TO THERMOCOUPLE 

AS POSSIBLE 

IUJ 
> > 

-> > 

> > 
I I 

rrn 

FIGURE 5-16 
Shield Connected to Ground as Close to Thermocouple as Possible 

made from the earth surface.   In addition, since a more stable soil resistivity is 
found 15 to 20 feet below the earth surface, the ground rod can easily be driven 
well beyond this depth to obtain a stable earth connection. 

Because of the sandy earth conditions of a desert based rocket test facility, a 
ground rod installation is recommended and the use of proper installation equip- 
ment will enable grounds to be driven to depths in excess of 100 feet. 

5.5.1    ROD INSTALLATION 

The classic sledge.hammer is «n effective tool for driving ground rods to depths 
of 8 to 10 feet.   However, this method is time consuming and in poor soil condi'-' 
tions would be totally useless.   An improved method of driving ground rods is the 
use of modified sledge hammer approach called the "Chuck and Anvil" method. 

Figure 5-19 illustrates the essential components for this method of ground rod in- 
stallation.   This device consists of a chuck and a sliding hammer.   It has an ad- 
vantage over the sledge hammer In that the work may be carried on at a level 

. convenient to the workmen without a ladder or platform and the blow is delivered 
near the ground level. 

I: 

i . i 
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FIGURE 5-17 
A. Ground Loop Formed by Shield and BNC Type Connection 

B. Elimination of Ground Loop by Isolation of Shield Connection 
jv: From Chassis and Case Grounds 

When ground rods are being driven to considerable depths it is recommended 
that Jointed rods be used.    Figure 5-20 illustrates this rod and shows the re- 
moveable stud which will take the driving blows.   These roas lend themselves 
very readily to installation by use of an electric hamiuer or air hammer systems 
which greatly increase the speed and depth capabilities of driven ground rods. 
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A. Ground Loop Between Transducer and Data System 
B. Ground Loop Open-Circuited at Data System 

The electric and air hammers require bulky equipment such as power generators 
and air compressors.    A more convenient hammer is run on gasoline and Is 
self contained.   These hammers offer portability and convenience not available in 
other ground rod installation equipme.it. 

NOTE 

A ground rod depth of 20 feet minimum is recom- 
mended for a desert test facility lnstallatl 
will often be necessary to drive the rods e. 

It 
ill deeper 

to obtain an adequately low grou'id rod to earth 
resistance.   . 

1 
.y 
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FIGURE 5-19 
Chuck and Anvil Method of Ground Rod Installation 

5.5.1.1   Soil Treatment to Lower Resistance 

Common salt and magnesium sulphate water solutions are chemicals which can be 
added to the soil to lower the .contact resistance of the rod and earth.   Chemical 
treatment can reduce soil lesistance up to 90%.  Treatment of sandy soil provides 
the highest degree of improvement and is recommended In a desert test instru- 
mentation facility. Since chemicals will be carried away with the water, frequent 
maintenance is required to insure a constant low resistance ground rod installation. 

A typical method of installing the soil treatment solution is to form a circular 
trench around the ground rod as shown In Figure 5-21. 

A more effective m?thod of soil treatment 1B shown In Figure 5-22.   Here the 
ground rod is installed inside a tue pipe with a removable cover.   This allows 
ease of inspection and maintenance.   The chemical can be added either dry or in 
a water solution.   If added dry, holes in the cover will allow rain or frequent 
hosing of test area to carry the chemical into the sol', if the rod is located outside 
of the facility.  An actual rod installation is shown in Figure 5-23, using this 
method. 

5.5. 2 MEASUREMENT OF GROUND RESISTANCE 

In areas Buch as a desert rocket test facility where chemical treatment of the soil 
is necessary to maintain a low resistance earth connection for the safety of per- 
sonnel, it is also necessary to monitor the status of this resistance because the 
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FIGURE 5-20 
Joined Ground Rods for Deep Driven Rod Installations 

chemicals will deteriorate with climate and soil-moisture conditions causing the 
rod to earth resistance to increase.. r 

There are three basic methods of measuring the resistance of ground rod to earth 
resistance: 

a. Three-point method 
b. Fall-of-potential method 
c. Ratio method 

The  resistance of the rod installation should be measured at the time of installa- 
tion and should be chocked every two months after the installation for one year and 
twice yearly.thereafter. 

The most convenient method to use is the fall-of-potential method.   With the use 
of a small hand generator set (called a Megger) a known current is passed through 
the ground rod being tested and one of the two auxiliary earth electrodes.   The 
potential drop between the ground rod and the other auxiliary earth electrode is 
measured and the ratio of this potential drop to the known current indicates the 
resistance to ground of the ground rod.   The diagram for this test showing an AC 
current supply is Illustrated in Figure 5-24. 
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Ground Rod Installed Inside Tile Pipe 
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Fall-of-Potential Method of Ground Rod to 
Earth Resistance Measurement 

i 
The following procedure outlines the steps required In making a resistance test 
using the Megger inetrument.   For more specific information concerning this 
instrument, contact the James G. Biddle Co., 12092 Foster Road, Los Alamitos, 
California. 

Referring to Figure 5-25 perform the following procedures: 

a. Drive two reference or auxiliary electrodes in a straight line 
with the ground rod being tested. 

b. Connect the wires to the rods according to the instructions 
given for the instrument or as shown in Figure 5-25. 

c. The rods are kept in this position for each particular location. 

d. The rod spacing is as follows: 

1. Rod P2 is 60 feet from test rod 

2. Rod C2 is 100 feet from test rod 

The various methods and equipment available to measure the soil resistivity and 
ground rod to earth resistance is well documented in available literature.    ' 

5.6    MAINTENANCE OF EARTH GROUND CONNECTION 

Maintenance of the earth connection requires periodic inspections of the system 
to assure that the resistance of the earth connection does not increase with time 
and exceed intended design limits.   Changes in resistance can occur due to 
corrosion of connections, loosening of connections, and changes in soil resistivity. 
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FIGURE 5-25 
Ground Rod to Earth.Resistance Teat 

Soil resistivity, in turn, may vary seasonally, or due to a falling water table, or 
because of depletion of chemicals which were added during installation to löwer 
soil resistivity.   Periodic checks are the only means of monitoring tho resis- 
tance of the earth connection. 

NOTE 
Periodic Inspections should be made every two months for the 
first year following Installation to record seasonal variations. 
Thereafter, inspections should be made twice a year.   Checks 
should include the following: 

a. A visual inspection of all connections.   Connections should 
be Inspected for both tightness and corrosion. 

b. Ground-resistance measurements should be made.   This is 
especially important where chemicals are used to lower soil 
resistivity because chemicals are depleted with time and 
must be replaced periodically. 

An Increase in resistance which exceeds design limits and cannot be corrected by 
clearing and tightening connections wiil require expansion of the earth ground 
connection system.   Installation of additional ground electrodes and/or chemical 
treatment will probably be required. 

5.7    ROUTING OF SIGNAL CABLES AND POWER CABLES 

When two signal lines are placed close together which have large voltage or cur- 
rent differences the signal line with the smallest signal will be influenced by the 
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other line because of the capacitive coupling betwaen thern.   Also, if one line is 
carrying large amounts of current which is varied, as In a 60 cycle power line, 
a magnetic field is produced around the power line which will be coupled into the 
adjacent wire a3 shown in Figure 5-26. 

Because of these two factors it is necessary that proper routing of all cables be 
considered in order that noise will be kept at a minimum. 

Wiring can be categorized into five basic divisions with respect to sig7tal and 
relative power levels. 

a. Low frequency, low voltage Instrumentation lines. 

b. DC control lines, with DC level switches and noise producing solenoids 
and relays. 

c. Digital wiring with high frequency switching pulses, 

d. High frequency video, such as closed circuit TV" and telemetry. 

e. AC powsr wiring. 

The  wiring as «atcgorized above should be carefully identified und kept isolated 
from each oth'jr as much as possible. 

LOAD 
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i7- «1 \ 
i « *   11 i 
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SIGNAL 

r 
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SOURCE  r 

AC SIGNAL 

[.LOAD r SIGNAL WITH 
AC PICKUP 

FIGURE 5-26 
Magnetic Coupling of High Level Signal 

Into Low Level Signal Circuit 
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Category A 

a. Wiring In category (A) originating at the test stand Bhrntlft be routed to the 
data instrumentation system by conduit or cable trayp '.vh.cb do not contain 
any wiring in the other categories. ! 

b. When this wiring Is carried Into the data system area It slould be broken 
out into an area which leas close to the Input devices ao possible. p 

C. Wiring in the other categories should not be allowed to come within three ,     .   j 
feet of this wiring, If possible, 

d. The AC power circuits and low level signals usually must be routed In the 
tXLrz». equipment rack.   Undsr this condition all wiring in category (A) ; 
should be routed in the upper extremities of Ute cabinet while the wiring             * • 
In category (E) be routed in the lower extremities of the cabinets, 

e. The crossing of those to wiring categories should be kept to a minimum. 
One example of how thie can be accomplished Is Illustrated In Figure 5-27.        ; 

Category B 

Category (B) will not be effected greatly by the wiring of category (E).   There- 
fore, the routing of control wiring can be such that these two categories can, 
If necessary, share common conduit or cab!P, trays. 

Category C 

a. Digital wiring in "category (C) is a very good noise generator and must be 
kept confined to the digital system as much as possible. 

b. If instrumentation cables are routed into an area with digital wlrlngall 
instrumentation cable wiring must be twisted, shielded, and routed in such 
a way as to provide a maximum separation of the two types of wiring. 

Category D •....-.•' 
'••'•.'.   j 

a. Video signals from telemetry and closed circuit TV are becoming more 
common in a rocket test facility. ' 

b. If carried in conduit or cable trays the cables should be placed In a manner        I 
which gives maximum separation of category (A) and (D). ' 

c. The other wiring categories are not particularly sensitive to this type of 
signal and the routing of this wiring is not too critical. f 

Category E ' 

a. AC power cubles and power distribution wires which are routed Into data 
Instrumentation cabinets must be twistod in order to reduce the radiation 
of 60 cycle fields into sensitive low level circuits. ! 

b. AC power should be routed in metallic conduit inside the cabinets so that 
the conduit will serve as a shield over the- power wires. r 

c. When conduit Is vsed In this way, care mjst be exercised to insure that 1 
the equipment ground Isolation is maintained. 

••••'•••• •' : • . j 
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FIGURE 5-27 
Distribution of Instrumentation Wiring and 

Power Wiring in Equipment Cabinet 

5.8   LOW RESISTANCE CONTACT 

In a rocket test facility the frequent contamination of the air surrounding the test 
stand ami inside a test chamber causes corrosive action which can lower the ac- 
curacy of instrumentation systems.   In addition to the corrosive action of the 
rocket fuels, temperature cycling may produce condensation on metallic surfaces 
such as cable connector contacts, terminal boards, ground wire oonding points, 
and signal wire conduit.   The useful life of these contacts under such environmental 
influences will depend upon the proper choice of contact materials and finishes 
applied to combat corrosion. 

Corrosion  on the contact pins of a cable connector, on the mating surfaces of ter- 
minal board contacts, etc., can add several ohms of resistance in the signal wire. 

Because this resistance is not necessarily constant and may vary with environment- 
al changes, an error can result that cannot be compensated by calibration routines. 

Dissimilar met als, widely separated In the galvanic series (see Section 2, Table 
2-2) should not be volted, riveted, etc., without separp.tion by insulating material 
at the facing surfaces.    In many circuit applications where dissimlliar metals are 
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required to make electrical contact with each other, the two surfaces must be 
protected v. 1th compatible metal plating, e.g., clectro;jlat 1 ng, hot dipping, 
galvanizing, etc. 

In all low level instrumentation circuits it is highly recommended that a thickness 
of 0.0'Xi015 inch'to 0.000020 inch electroplat'ng of hard, bright gold be used on 
the contacts to greatly Improve resistance to tarnish oxidation and attack by most 
chemicals.   ThJs gold plating will also lower the electrical resistance. 

In an existing .r.\cllity where higher accuracies are desired, all signal lines being 
used must be checked for corrosion and all contacts in the vicinity of the test 
area which will be subjected to temperature cycling and corrosive action of fuels 
and chemicals be cleaned and inspected thoroughly pricr to the data run. 

Where cable connectors are used to Interface between test area or test chamber 
and the data equipment, these connectors should be protected from the corrosive 
environment by enclosing the cable connectors in a hermetic type enclosure on 
the side to be subjected to the corrosive environment. 

In order to illustrate how a 10 ohm series corrosion resistance in a low level 
Instrumentation signal wire can contribute error in a measurement, consider a 
signal current of 1 MA, a voltage of 10 UV will result across this resistance.   If 
a high speed digital data acquisition system with an accuracy of 0.1% and a full 
scale input signal of 10 MV from tne transducer, the digital system is able to 
sense a signal change of IC UV.   Thus, the resistance contributed by poor 
electrical contact and corrosion can add significant error to the data which will 
be detected by the data system. 

] 

I 
! 
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APPENDIX A 

Earth Resistivity 

2 
Assume a metallic sphere of radius A, surface area.= 4*A   which is shown »n 
Figure A-l,  thus for this analysis half the sphere will be considered. 

FIGURE A-l 
Metallic Hemisphere Burned Into Earth With Radius A.  (From 

J. R. Eatjn, "Grounding Electric Circuits Effectively; " G, E. Review, June 1941) 

The resistance offered to a flow of current from the sphere will be that aoil im- 
mediately surrounding and in contact with the hemisphere. 

Given: 

Resistance of a conductor of uniform cross-section is 

where 

0 s specific resistivity of the conductor, ohm-inches 
/ = length,  inches 

2 A = cross-sectional area, inches 

R can be applied to the h°mfsphere if the soil is considered the conductor whose 
area is increasing with distance from the hemisphere, dx.   At a given distance 
from the hemisphere the surface area will be 2 x , thus 

'•»<*: 
dx 

'A   ^ 
p 

27X 
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The above equation states that i'^e soil resistance offered to the hemisphere is 
directly proportional to the earth resL'-.vity surrounding the hemisphere and Is 
inversely proportional to the surface area of the ''emlsphere or ground electrode. 

Table A-l gives some general data ,"u earth re-.i^tivity that considers only the type 
of soil and not environmental conditions. 

SOIL 
RESISTANCE (OHMS) 
5/8 IN. X 5 FT.  RODS 

RESISTIVITY 
(OHMS PER CM3) 

Avg. Min. Max. Avg. Min. Max. 
Fills 
Ashes, cinders, brine 
waste 14 3.5 41 2,370 590 7,000 

Clay,  shale,  gumbo, 
loam 24 2 98 4,060 340 16, 300 

Same-with varying pro- 
portion of sand and 
gravel 93 6 800 15,800 1,020 135,000 

Gravel, sand, .stones, with 
little clay or loam 554 35 2,700 94, 000 59,000 458,000 

Uureau of Standards, Technical Report No 100. 

TABLE A-l 
The Resistivity of Dt(icre:it Soils 

The resistivity of soil varies at different depths below the surface because of 
three variables. 

a. Moisture 

b. Temperature 

c. Soil composition 

Variations of soil resistivity with moisture are very Important since a very good 
low-impedance ground connection might become, due to fluctuations of the mois- 
ture content of the soil, a very high resistance ground that would effectively com- 
promise the ground system.   (See Table A-2).   For this reason ground rod Instal- 
lations should be periodically inspected and mnnltored to insure the quality of the 
grounding system. 

A-2 
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MOISTURE CONTENT 
(PERCENT BY WEIGHT) 

RESISTIVITY (OHMS PER CM CUBE) 

TOP SOIL SANDY LOAM 

0 > 1,000X I06 >  t.OOOX !06 

2.5 250, 000 IE 0,000 
5 165, 000 43, 000 

10 53, C00 18, 500 
15 19,000 10, 500 
20 12,000 6,300 
30 6,400 4,200 

lP.J. Higglns. "An Investigation of Earthing Resistances , " IEE Journal, Vol. 68, 
p.  136 

TABLE A-2 . 
The Effect of Moisture Content on the Resistivity of Soil 

Another Important environmental factor that Influences soil resistivity is ambient 
temperature.   For wide variations in temperature, the resistivity of the soil has 
shown wice variations in value.   The effect of temperature on the resistivity of 
soil is listed in Table A-3. 

SANDY I OAM: 15. 2% MOISTURE 

TEMPERATURE RESISTIVITY 

°C °F (Ohms/cm3) 
20 68 7, 200 
10 50 9,000 
0  (water) 

32 
13,800 

0  (ice) 30,000 
- 5 23 79, 000 
-15 14 330, 000 

TABLE A-3       4 The Effect of Temperature on The Resistivity of Soil 

If temperatures vary between 20°F and 100°F In a particular locality, according 
to the season, it is usually found that, approximately three feet below the surface, 
the swing is not nearly as wide.        . ' 

The resistivity of the soil varies at different depths below the surface because of 
the composition of soil>tf'the various layers, and the physical position of the soil 
within the layers^^rtgure A-2 shows this variation cf resistivity with depth.   The 
conductance^reciprocal of resistance) is plotted to show a more meaningful rela- 
tionshlp^it the point at the lower end of the grc nd rod.   It will be noted from 
th^ie curves that the sharp increase In conductance, after 30 fe.et, is due to ' 
ambient climatic conditions no longer affecting this parameter in any way. 
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FIGURE A-2 
Resistance and Conductance Curves As a Function of Rod Depth 

Since it has been established that areas of high resistivity exist in which ground 
rods must be driven for a particular Installation, It will be shown that in certain 
situations it is practical to treat the soil around the ground rods so that ground 
resistivity may be reduced.   This treatment merely consists of mixing t!is soil 
around the ground rods with fine common salt (sodium chloride) before the soil is 
compacted into place.   Data are available that show that for sandy loam with a 
moisture content of 15 percent by weight, and an ambient temperature of 40°F, 
the addition of salt to the value of 0.1 percent of the weight of the moisture reduces 
the resistivity by a factor of 10, and the addition of salt to the value of 20 percent 
of the weight of the moisture reduces the resistivity by a factor of 100. 

When salt is used to treat the soil around electrodes, it must be remembered that 
salt will be dissolved away.   Figure A-3 shows how the resistance varies as the 
salt content reduces over an Interval of time.   Resalting reduces the resistance 
again.   Salting, to obtain a low ground resistance, therefore, requires periodic 
maintenance to assure that a low ground resistance is being kept. 

The formula for the approximate resistance to the flow of current away from a 
rod or pipe, driven vertically into the earth is as follows: 

J00 „ log  y- 
2rl 

(in ohms) 
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where 

P= the resistivity of the surrounding soil in meter-ohms 

1= the length of the ground rod in centimeters 

D= is the diameter of the ground rod In centimeters 

Figure A-4 shows, graphically, the approximate results of the above equation. 
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FIGURE A-3 
Changes in Resistance of a Ground Connection 

In Response to Presence of Salt Over a Considerable Period 
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FIGURE A-4 
Theoretical Variation of Resistance 

with Depth for Round Electrodes of Various Diameters 
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APPENDIX B 

Cable Characteristics and Formulas 

These formulas and characteristics are useful for resistance and impedance 
calculations for electrical Conductors and coaxial cable. 

Length and Weight 

Weight (lb./1000 ft.) 
d2X6X 0.34049 X10*"3 

Length (ft./lb.) 

4r  X 4" X   2.9369 X 106 

d2    "    8 

d   • diameter of wire, mils 
a   «= density of the wire material 

Total Resistance 

K  X  1 R CM 

R   •> resistance, ohms, 
1    * length of wire, ft,, 

CM = circular mil area, 
K  « resistance of one mll-ft., ohms 

Density 

wa   -   Wl 

i] 6   =  density, grams/cc. 
i : \j 
1.1 a   = weight In air, grams 

W,   - weight In liquid, grams 
d   «= density, grams/cc. 

Temperature Correction 

Rt   .    RQ     ( 1     +    <r (t  -  t^] 

R.   "   resistance at operating temperature 
RQ   <=   resistance at a known temperature 
t   «=  operating temperature 

IQ    -  temperature for a knov;n resistance 
o    » temperature coefficient of resistance at tj 

(0.00393/degree C at 29° C.). 
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Areas 
2 Area, circular rolls   =   d 

Area, square mils   =  Thickness X Width (in mils) 
Convert circular mils to square mils: d    X 0.7654 
Convert square mils to circular mils: Sq. Mils X 1.2732 

Transmission Line Characteristic Impedance (ZQ): 
Single Coax Line 

z     „  -135- lo«,     JL 
0       JT log10 d 

.  .    *    =. dielectric constant, 
D   =  Inner diameter of outer conductor, 
d   = outer diameter of inner conductor. 

Balanced Shielded Line 

z0 --JS-iog10    [avfT-^J 

D =. Inner diameter of outer conductor 
d = outer diameter of inner conductor 
h   -  distance between two inner conductor centers 

Open Two-Wire Line in Air 

Z0   -   120 cosh"1 -jp 

- s^^io^d1 

120 In-^- 

d   •=   outer diameter of conductors 
D  =   distance between conductor centers 

Capacitance of Coax C^ble 

C  •« 7.36e 

C = capacitance,  ppf/ft., 
« = dielectric constant, 
D = inner diameter of outer conductor 
d » outer diameter o* inner conductor 
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Attenuation for Copper Coax Line 

Rt - °-1   (i * -D)     Vf" 
A    -  4.35—i- +   2.78   JT (pf) .' 

R0 
R,   e total line resistance In ohms per 100 (t. 
R« = characteristic Impedance of coax 
D    = Inner diameter of outer conducter In Inches 
d     = outer diameter of Inner conducter in Inches 
t     = dielectric constant 
A    * attenuation in db per 100 ft. 

(pf)   = power factor of dielectric medium 
f     = frequency in megacycles 
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•   APPENDIX C 

Common-Mode Equations 

The term "common-mode'- defines a mode of operation of an electronic device the 
same as the term "normal-mode." Common-mode for a differential amplifier re- 
fers to its response to a common-mode signal as shown in Figure C-l. 

FIGURE C-l 
Comi.ion-Mode Voltage 

\    : 

i 
•  s • 

u 

Ecm is a common voltage- to both input terminals A and B.   Therefore, E      is a 

common-mode voltage.   En   on the other hand   3 a normal or "normal-mode"   -•»- 

voltage and En times the amplifier gain K produces output E . 

A perfect differential device will have no response at its output as a function of a 

common-mode signal. The ability of a device to reject a common-mode signal is 

its "common-mode rejection ratio," CMR. 

CMR crr> 
(1) 

Ex is the voltage difference caused between points A and B (see Figure C-l) as the 

result ol applying Ecm>   A voltage E^. can exist due to leakage paths as illustrated 

in Figure C-2 by Zj and Z2<   These paths occur primarily as the result of carwe- 
itance and resistance internal to the amplifier. 
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FIGUREC-2 
Leakage- Impedance 

It can be seen that if line resistances R, and R, exist, as they will, then due to the 
dividing action Rj, z.,.. and R2, Zg, a difference of potential Ex can exist between 
points A and B due to E     .   E   acts to th« amplifier the same as ä normal-mode 
signal.   The amplifier output, due to Ecm, is therefore 

E0 « (EX)(K) 

E   , ÜsiüJ!? 0        CMR 

(2) 

The equation used for measuring the common-mode rejection of an amplifier is 
derived from equation (3): 

Ecm W CMR "-£22— 
E„ 

(4) 

wt 

. i 

--   i 

I. 

Note that any differential device can exhibit a CMR.   In the event that K= unity 
then the CMR becomes 

E_ 
CMR cm 

E„ 
KM (5) 

This can be used for such devices as commutators and differential switches. 
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Note also that if Ro^O in .'igure C-2, E   becomes 
If Zj »Rj then 

*1 Ex*   Ec«nZ7 

VK1 
This means that 

(6) 

and      CMR» K a) 

It is Interesting to observe the relationships among K., Z«, R,, and Z. .   To sim- 
plify the analogy which follows, Z, ar>d Z, will be assumed to be capacltive reac- 
tances Xc   and Xc   respectively.   F'.gure C-3 illustrates the appropriate sections 
of the circuit to be considered. 

-V*V 

K2 
-VW- 

A 

rXc2 

-e 
-"-x •cl 

cm 

FIGURE C-3 

Common-Mode Circuit 

A "common-mode circle" may be used to illustrate the dividing function of R,, 
Xc , and R2 Xc .   This is given in Figure C-4. 

An interesting feature oi the common-mode circle is thart. it may graphically dem- 
onstrate the three methods by which common-mode error, E , can be reduced: 

a.   Decrease Bcm - By decreasing ECJn, the other segments of the diagram 
decrease proportionately.   CMR (the ratio of Ecm to E ) will remain con- 
stant, however Ex, the error vuitage will be reduced. 
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FIGURE C-4 
Common-Mode Circle 

b.   Balance E„   with Er   - By manipulation of Rj and R2, the error voltage 
E   may be redueccito zero.   This Is mechanically illustrated in Figure C-4 by con- 
verging the two puinte A and B on the circle. 

ncrease Xc     "        ''••      v' ' c. Xc Sim-; X    - 
c       utIC 

..    . 2 c      .,,(_ . It is seen that XCJ and X^ can h- 

Increased by decreasing each of the two capacitances.   If both X 's are increased 
sufficiently then the two ftoints A and B will'move to the extreme left of the circle 
causing Er   and £r   to diminish Jo negligible values.   E   therefore diminishes. 
This technique for decreasing Ex is that which is accomplished by high CMR 
within an isolated differential amplifier and optimum shielding of the iiiput signal 
lines. 
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APPENDIX D 

Digital System Accuracy 

There are several methods by which the accuracy of A/D Data Acquisition 
Systems can be determined.   The method used should be practical yet compre- 
hensive and rigorous.   It the only system output method available is a digital 
display, then the accuracy measurement should be based on this device.   A most 
comprehensive technique is computer analysis.   This is also extremely rigorous 
and practical if a method for transferring the digital data- Into a computer Is 
readily available. 

The information given below applies primarily to computer analysis for system 
accuracy determinations.   However, abbreviations of the methods can be used 
«here system readout devices are limiting. 

Precision Error e •'••'• 

System precision is perhaps the most significant factor relating to performance 
quality.   Precision is commonly measured in term« of precision error, etf which 
is the three-sigm<i (3°) deviation from the mean count value in percent of full 
scale. 

Three sigma is hest described by reference to Figure D-l. 

The graph of Figure D-I describes a gaussian or random distribution of count 
values about the mean count value x', Hf is calculated by taking n data samples 
and then averaging them,   n should be Urge enough so that by increasing n, no 
appreciable change Is noted InT. 

In Figure D-l, ~x"is shown to have the highest frequency of occurrence while count 
values above and below IT occur less frequently. 

Three-sigma is a measure of the deviation J! count values fron» the mean count 
value x.   3* is statistically determined by applying the following formula 

ij ZJ        (x, -  x) 
y N»i       '  

3*   « 3«/ Z-»        (x,  -  x)2 

where 
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FIGURED-1 
Frequency Distribution of Count Values - Gaussian Curve 

By definition, the t3» deviation includes 99.73% of the n samples taken to 
calculate x".   Those samples beyond tlw t3* limits are shown at the outer edges 
of the bell shaped curve of Figure D-l.  * 

e   Is defined as: 

x   100 

where 

, xF =  Full scale count value of system 

e   can be measured for a single channel or for all channels of a digital sy6tem. 
The measurement usually consists of connecting a precision voltage source in 
the zero to full scale range at the channel input and making a digital tape record- 
ing of the resulting data.   The tape is then taken to a computer facility for 
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processing.   The computer output will ordinarily be a line printer with e   listings 
for all channels and input voltages which are Included In the system accuracy test. 

A sample calculation of e   is given in Table D-l. 

Count Number 
Value 

xl 

Of Times     I 
Xj OCCUT6 (f)  1 hh X»-$s x (x I-«" t (Xj - x)2 

+6479 4 6482 -3 9 36 
+6480 89 6482 -2 4 356 
+6481 687- 6432 -I 1 687 
+643^ 8455/ 6482 0 0 0 
+6483 670, 6482 1 1 670 
+6484 
+6485 

90 6482 2 4 360 
5 6482 3 S 45 

n  = 
 i  

10,000 W<||,q;i n 
,<«•- Y)2 «     2154 

TABLE D-l 

V37v x)2 

llxF  =   10,000 

JE• 
K 9, 999 

3'    »   3 «*{g 
3»    «  2.046 

±3 x 100 
f 

e_    =   t. 02046% 

Linearity Error e. 

Linearity is measured «;, terms of deviation from linearity (linearity error).   A 
generally accepted method of measurement is to establish a straight line by 

J>-3 
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taking twox" points, & e at 0%fuli scale input and the other at 90% full scale input. 
This shculd be done o vcc for each polarity in a bi-polar system.   Figure D-2 
describes the method ind shows bow the resulting e, is obtained. 

T    1 

AVERAGE 
OUTPUT 
COUNT 

SYSTEM INPUT VOLTAGE 

FIGURE D-2 
Output Average County vs. Input Voltage xE 

Once the two points A and B are established, a theoretical point C may be found 
for any theoretical x£,   When xE is applied and point D actually results, an error 
is indicated which is a function cl the difference between points C and E.   The 
corresponding x"va.'\ies"xc and x„ are used to give the error value. 

= i^£ 
W 

d x  100 

xE is the actual x resulting from input xE. 

x« is calculated by 

''«fib 
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In a computer analysis It is usually sufficient to take 10 x„ points for the linearity 
determination.   These can be +0%, +90%, +70%,  +59%, +20%, -0%, -90%, -70'?,, 
-50%, and -20%. 

A sample calcii ilation of linearity error e, is given below: 

Given . 

*90% = +8200 

*0% = +0100 

*E 
e +489S 

*C = +4503 

TF = 10,000 

•then 

xc =  uiuu  +  HW  ^    9.000      J 

CL 
. ±4505  -   4503        , 

10,000         x   lw 

eL =   0.02% 

The system e^ is the maximum e, found for any x~ input. 

Common-Mode Rejection CMH 

Many digital systems h?.ve single-ended Inputs and therefore aie not subject to 
CMR tests.   If differential inputs are used, a differei.ee in precision errors may 
be used as an approximation to determine CMR.    If 3, »  ±3. count error 

CMR 
with common-mode voltage applied and 3„   •  ±3, count error without common- 
mode voltage applied then 

(CMV) <xp) 
CMR    '-  -1— (3 -   3,     E„ 

*CMR '       F 
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where 

CMR = peak common-mode voltage applied 

xF = Full scale digital count 

EF = Full scale voltage input T"    | 

EXAMPLE 

Given: 

then 

CMR    =  !0ii2,.000L__       _   ,,000,000 
(40  -   20) (5  x   10"°) 

Note that both common-mode rejection and chanr.el-to-channel common-mode 
rejection can be approximated by the above expression depending on test set-up. 
Note also, that since 30 is obtained using a sinusoidal error contributor 

CMR 
CMR, precaution must be taken to insure that a sufficient number of samples n 
are taken to stabilize 3 

'CMR. 

Theoretical Error Analysis 

In order to specify the accuracy of a digital A/D system before it is manufactured, 
it is necessary to make a theoretical error analysis. 
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3- =  30 counts 
CMR f" 

3„ =  20 counts 

CMV =   10 volts peak 

xF =   10, 000 counts 

EF =5 millivolts 
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Precision error e   is a combination of all gaussian type errors contributed by 
components of the system,   e   is determined as follows: 

V2 2 2 2 2.2 
en    + es    + ed    + ec     + ex    + em 

Each contributing error e, is in itself a maximum error taken as percent of full 
scale: 

e„ =   noise error n 

e =   -ombined zero and gain stability error taken at constant tempera- 
ture and over a specified period of time (1 hr, 8 hrs, 40 hrs, 
6 months etc.) 

ej =   drift error due to temperature change.   This error is calculated 
by using the component temperature coefficient 

e *=   Common-mode error taken at 0 to 60 CPS with a specified line 
unbalance and peak common-mode voltage (may be omitted from 
e   if e   is to be measured Independently) 

(peak common-mode voltage) x 100 
c (common mode rejection ratio) (full scale input voltage) 

e =   cross talk error 

e =   A/D system error due to commutation, sample-and-'hold buffer 
amplifier, A/t) converter, etc. 

Linearity error eL is taken directly from specified component non-linearities, 
e^ is the direct sum of all component not»-linearities. 

Measured system errors should be equal to or better than those determined by 
theoretical analysis as given above. 
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j APPENDIX E 
! |- Glossary 

ACCEPTANCE TEST:  A test made to demonstrate the degree of compliance with 
specified . squirementa. 

i    • • ACCURACY:   Freedom from error.   Accuracy contrasts with precision; e.g., a 
j four-place table correctly computed to accurate; a six-place table containing an 

error is more precise, but not accurate. 

AIRCRAFT WIRE:  An electrical wire primarily designed for the extreme con- 
|    -- ditions (temperature, alticutde, solvents, fuels, etc. 1 of Airborne equipment. 

AIR SPACED COAX:  A coaxial cable in which iar is basically the dielectric 
) material.   The conductor may be centered by means of a spirally wound 

synthetic filament, beads or braided filaments.   This construction is also 
j     »> referred to as an Air Dielectric. 

ALLOY:  A metal made by the fusion of two or more metals. 

ALTERNATING CURRENT (AC):   Electric current that reverses Its flow in each 
direction at regular alternate intervals.   The frequency of the change in flow is 
expressed in cycles per second. 

ALUMEL:  An alloy used for thermocouple and thermocouple extension wire. 
i    j i ' : ; ..••.•••. •._   . 
I    I . AMBIENT TEMPERATURE:  The temperature of a surrounding cooling medium, 
j such as gas or liquid, which comes into contact with heated parts of an apparatus. 

i    j' "•..''.' •••:•••', 
i AMPERE:  The unit expressing the rate of flow of an electrical current.   One 

• ampere is *ne curt eat flowing through one ohm resistance with one volt pressure. 

AMPLIFIER, BUFFER:  An amplifier used to isolate the output of any device; 
e.g., oscillator, from the effects produced by changes in load from subsequent 
circuits. 

) . ANALOG-TO-DIGITAL CONVERTER (ADC):  An instrument used to convert analog 
voltages, either low level ( ± 10MV full scale) or high level ( ± 10V full scale) 
voltages to digital binary coded values which are proportional to the analog input 
voltages. 
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ANC-68:   This military specificatijn covers 2 and 3 conductors, 18 AWG through 
6 AWG flexible portable type power cord. 

ANC-161:   This military specification covers low tension, aluminu v. ccnductor, 
insulated, single conductor cable for aircraft use. 

ANGLE OF ADVANCF:  The angle between a line perpendicular to the axis of the 
cable and the axis of any one member or strand of the braid. 

ANJC-48A:  This military specification covers low tension, copper conductor, 
insulated, single conductor cable for aircraft use. 

ANTENNA WIRE:  A wire usually of high tnnsile strength such as Opperweld, 
Bronze, etc., with or without insulation used as an Antenna for Ratio and 
Electronic equipment. 

ARC:   Complete breakdown of the gas dielectric between two conducting surfaces 
or electrodes as a result of ionization of the gas by a high voltage gradient. 
Evidenced by intense incandescence of the gas. 

ARMATURE WIRE:   Stranded annealed copper wire,  straight lay, soft loose white 
cotton braid.   It is used for low voltage, high current rotor winding motors and 
generators.   Straight lay permits forming in armature slots and compressibility. 

ARMORED CABLE:   A cable covered with a heavy outer braid of metal or spiral 
steel tapes for the purpose of mechanical protection. 

ASBESTOS:  A non-metallic mineral formed in the earth's crust; when fabrized, 
it is useful as an insulating material on wire because of its resisttrce to heat 
and flame, as well as its insulating properties. 

ASESA:  Armed Services Eiectro Standards Agency. 

ASPHALTED BRAID:   A textile braid on wire Impregnated with a petroleum deri- 
vative much like tar.   The application of such a. braid affords some degrer of 
weatherproof ing. 

ASTM- American Society for Testing;  An organization that tests materials and 
attempts to set standards on various materials for industry. 



ATTENUATION:  Attenuation is a general term used to denote a decrease in 
magnitude in transmission from one point to another.   It may be oxpressed as a 
ratio or, by extension of the term in decibels. 

AUDIO CHANNEL WIRE:  A small diameter 6hle'ded and jacketed wire used 
primarily in Radio and Television for wiring consoles, panels, etc. 

AUTO PRIMARY »VIRE:  A single or multi conductor wire used for original 
equipment or replacement on Automotive Products.   N'-rmally low voltage, resis- 
tant to oil, atid and weather. 

AWG - American Wirt1 '-xii^e: Ths standard for copper wire sizes. The dia- 
meters of successive sizes vary in geometrical progression.. 

BALANCED LINE:  A transmission line consisting of two conductors in thft 
presence of ground, capable of being operat» 1 ;-.i such a way that the voltages of 
the two conductors at all transverse planes are equal in magnitude and opposite 
in polarity with respect to ground, the currents in the two conductors are equal 
in magnitude and opposite in direction. 

BALANCED LOAD: In the case of a three-phase power system, the loads be- 
tween each of the three phases are identical. For a single-phase, three-wire 
system the loads between each "hot" wire and the neutral are identical. 

BALCO: Wilbur Driver Company Trade Mark name for a resistance wire; it is 
used in devic 3 where self-regulation by temperature is required; it is an alloy 
of 70% nickel and 30% iron. 

BALLISTIC MISSILE:  A self-powered bullet-shaped weapon capable of carrying 
an explosive to a distant target.   Usually follows a predetermined fixed course. 
The name is derived from artt'lery type ballistic projectiles. 

B AND S GAUGE: Brown and Sharpe wire gauge where the conductor sizes rise 
in geometrical progression.   Adopted as the American Wire Gauge Standard. 

BAND PASS:   Number of cycles/sec expressing the difference between the limit- 
ing frequencies at which the attenuation to a single frequency energy is the desired 
amount (usually half power or three DB) of the attenuation to single frequency 
energy at the mid frequency between the two limiting points. - 
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BANDWIDTH:  Tho frequency range or difference between the limiting frequencies 

of a band. 

BARE CONDUCTOR:  A conductor nol covered with any Insulating material. 

3.C,:   Abbreviation for bare copp«r. 

BEADED COAX:   A coaxial cable In which the dielectric coa*is«s of beads made of 
various materials. 

BIT (A CONTRACTION OF BINARY D1G«T):  A whole number in the bircry scale 
of notation.   A unit of information taken with reference to the logarithm to the 
base two.   This digit may be only 0 (sero) or 1 (one).   It may be equivalent to an 
"ON" or "OFF" condition, a "YES" or a "NO", etc.   One unit of Information. 

BLOWN JACKET; The common term given.to an outer covering of ) mutation of a 
cable, that WHO applied by the controlled Inflation of the cured Jacket tube and the 
pullini', of the cable through it. 

B.M.I).i  Ballistic Missile Division of she Wt.il Air Defense Command in charge 
of certain specific Missile development programs on the Pacific Coast. 

BOND:  Electrical connection assuring a low Impedance path, usually to ground, 
between metallic objects which do not normally carry current. 

BRAID:  A woven protective outer covering wer a conductor or cablo.   It may be 
composed of any filamentary materials such as cotton, glass, nylon, tinned copper, 
Silver, or asbestos fibres. 

BREAKOUT:  A breakout is the common tame given to the exit point of a conductor 
or number of conductors from a cable of which they are a part.   Thla point Is 
usually hai nessed or sealed with some synthetic rubber comjx>und. 

BUFFER:   An isolating circuit used to avoid any readier, of a driven circuit upon 
the corresponding driving circuit; e.g., a circuit having an output and a multi- 
plicity of input«, so designed that the output Is energized whenever one or more 
Input» iirc energized.   Thus, a buffer performs the circuit function which Is 
equivalent to the logical "OR." 
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BUNA RUBBER:  A synthetic rubber made by polymerization of butadiene.   Buna-N 
Is a copolymer of butadiene and acrylonltrlle (CJHJNJ).   Bune-S Is a copolymer 
of butadiene and styrene. 

BUNCHED LAY:   In a bunched lay conductor or cable, the stranded member's are 
twisted tot;eth.»r In the sarae direction without regard to geometric»! arrangement. 

BUNCH STRAND: A conductor In which all individual wires are vwlsted In the 
same dlrecv.on without repard for geometrical arrangement. 

BUREAU OF AERONAUTICS:  A branch (»I the Navy Department which has cogni- 
sance of all Naval Air activities; Is also custodian of some assigned spectflcatlons 
for all armed forces. 

BUS:  A path over which information or «nergy 1* transferred, e.g., an electri- 
cal conductor or line. 

CABLE:   A cable may be a small number of largo conductors or a larg« iKimtor 
of small conductors, cabled together, usually color coded and with a protective 
covering or jacket. 

CABLE ASSEMBLY: A cable assembly is a cable with plugs or connectors on 
each end for a specific purpose.   It may be formed in various configurations. 

CABLE CORE:  The portion of an Insulated caWc lying under the protocttve 
covering or Jacket. 

CABLE PULLERS: Cable pullers are manufacturers of cable assemblies who 
fabricate them by pulling the conductors through a plastic, rubber orneoprene 
tube.   A cable puller is also a tool for pulling cables through a conduit. 

CABLE-SHEATH: A cable sheath Is a covering of rubber, neoprcn«, res In or 
lead over a wire or cable core. 

CALIBRATION:  To determine by measurement or comparison with a standard, 
variations between true values and the readings of an Instrument, 

CAPACITANCE (CONDUCTOR):  That property of a system o? conductors and 
dielectrics which permits the storage of electricity when potential differences 
exist between the conductors.   Its value is expressed as the ratio of a quantity of 
electrtcity to a potential difference. In farads (microfarads).   A capacitance 
value is always positive. 
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CAPACITIVE COUPLING:  Capaclttve coupling Is the association of two or more 
circuits with one another by means of capacitance mutual to the circuits. 

CENTIGRADE:  A scale for measuring temperature on which water boils at 100°C. 
and freezes üt 0°C. as compared to Fahrenheit on which water boils at 2I2°F and 
freezes at 32°F. 

CHEMICALLY CURED COMPOUND:  Chemically cured compounds are those 
compounds which are cured by chemical process rather than by heat and pressure. 
In ether words, the basic compound is accelerated by adding chemical Ingredient«: 
which when mixed completes the curing. 

CllROMAX:  Chromax is the trade name of Driver Harris Company for a resistance 
wire.   It is an alloy of 35% nl-.kel, 20% chromium and the balance iron.   It was de- 
veloped as a cheaper substitute for nlchroroereslstance wire. 

CHROMEL-ALUMSL:  The alloys used in making Chrome! Alumel thermocouple 
wires.   Chrome! ia an alloy of nickel and chrome plus S other elements.   Alumel 
is an alloy containing nickel manganese, aluminum, silicon and 9 other elements. 
Chroniel is non-magnetic; alumel is highly magnetic.   Chrome! is the positive 
wire, nhmicl is the negative. 

CIRCUIT (ELECTRIC):  The complete path of an electrical current.   When the 
continuity of the circuit is broken It Is called an open circuit; when continuity is 
maintained it Is called a closed circuit. 

CIRCULAR MIL:  A circular mil is a unit of area equal to Pl/4 of 76.54 percent of 
a square mil.   The cross-sectional area of a circle in circular mils is, therefore, 
equal to the square of Us diameter in mils.   A circular Inch is equal to 1,000,000 
circular mils. 

COAX:  Abbreviation for coaxial cable.   A single solid or stranded conductor over 
which is extruded a dielectric material.   An overall RF Shield of wire braid. 
Mylar-backed fall, or metal tubing is added over the inner dielectric material 
with an outer eheath of dielectric material extruded over the shield to form a 
protective covering. 

COLD FLOW:   See creep. 
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COLD MOLDING:   Shaping at room temperature and curing by eubsequent baking. 

COLOR CODING:  Color coding is the application of a colored Jacketing material 
on the conducting wire.  Also color coding may be accomplished by the appli- 
cation of helically striped color on the outer surface of a jacketed wire. 

COLOR SHADES:  These are the basic 12 colors as specified in MiL-STD-104, 
within certain limits of light and dark as shown on the color chips accompanying 
the standard specification.   In the case of synthetic rubber insulation, polychlor- 
oprene (neoprene) nylongor compound-filled tapes, for circuit identification, 
somewhat wider limits will be permitted in color shades provided all colors in 
the cable are easily distinguishable from each other. 

COMET C: Comet C is the trade name of resistance wire manufactured by the 
Driver Harris Company. It Is an alloy of 30% nickel, 4.5% chromium, and the 
balance Iron.   It is used from low to medium temperatures, 

COMMON-MODE INTUT: Common-mode Input is defined as that signal applied 
in phase equally to both inputs of a differential amplifier. 

COMMON-MODE GAIN:  Common-mode gain is defined as trs ratio of the 
common-mode output voltage divided by the common-mode Input voltage. 

COMMON-MODE REJECTION:  Tha ability of an amplifier to reject a signal, 
common to both its input signals.   Common-mode rejection (CMR) is the ratio of 
the applied common-mode input voltage to the equivalent nortnal-mode output 
signal it produces. 

COMMON-MODE RESISTANCE:  Resistance between input stgn&l lines and 
output signal lines or circuit ground.   In an isolated amplifier, this Is its 
insulation resistance.   Commr;n-mode voltage and common-mode resistance have 
no connection with the common-mode rejection. 

COMMON-MODE VOLTAGE:  That amount of voltage common to both input lines. 
Usually, a maximum voltage Is specified which may be applied without breaking 
down insulation between the input circuit and ground. 

COMMUTATOR:  A device which is analogs to a rotary 6wltch with many contacts, 
each comact having a different signal.   As the switch rotates each signal '.B 

sampled sequentially and is available at a common point, the wiper. . 
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COMPOUND:  A compound Is »he chemical union of two or more elements-, 

COMPRESSION MOLDING:  A method of molding thermoscts.   Compound (usually 
preheated) Is placed in an open mold, mold is closed, and heat and pressure 
applied until material is cured.   This process can also IK- used with synthetic 
rubber materials. 

COMPRESS1VE STRENGTH:  Crushing load at failure divided by the original 
sectional area of the specimen. 

CONCENTRIC LAY:  A concentric lay conductor or cable Is composed of a 
central core sourrounded by one or more layers of helically wound strands or 
insulated conductors. 

CONCENTRIC STRANDING:   Stranding in which the individual filaments are 
splraled in layers around a central core.   Ae a general rule, each layer after 
the first lias six more strands than the preceding layer and Is applied in a direc- 
tion contrahellcal to that of the layer under it. 

CONDENSATION: A chemical reaction in which two or more molecules combine 
resulting In a molecule of greater density. For example, water vapor condenses 
to form water. 

CONDUCTED INTERFERENCE:  Caused by the coupling effect of capacitance, 
resistance, and inductance to the source of interference. 

CONDUCTION:  Refers to ii.terfering signals that appear across the receiver input 
terminals because of leakage paths caused by moisture, poor insulation, etc. 

CONDUCTOR:  A conductor is a medium for transmitting electrical current.   A 
conductor usually consl'.ts of copper, aluminum, steel, silver or other materials. 

CONDUIT:  A tube or trough for protecting electrical wires or cables. 

CONFIDENCE LEVEL:   Express (in %) the probability that a given assertion is 
true, that it lies within cerla.'ji limits calculated from the data; a degree of 
certainty. 

CONNECTOI-..   A mechanism used to unite two pieces of sable, both physically 
and electrical]*/. 
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CONTINUITY CHECK:  Continuity check Is a test performed on a length of 
finished wire or cable to determine if the electrical current flows continuous 
throughout the length.   Each conductor may also be checked against each other to 
ascertain that no short exists. 

CONTRAHELICAL:  In the wire and cable industry the terra Is used to mean the 
direction of a h.yer with respect to the previous layer.   Thus it would mean a 
layer spiralling in an opposite direction than the preceding layer within a cable 
or wire. 

COPOLENE:  Copolene is a dielectric material used in manufacturing coaxial 
cable.   Developed as a substitute for polystyrene.   It Is composed of polystyrene 
and i .^yisobutylene.   Since it has undesirable -haracterlcdcs, It has been re- 
placed b> pc'vethylene. 

COPPER CONSTANTAN: Copper and constantan are two alloys used in making 
thermocouple wires. The copper i6 the positive wire and the constantan is the 
negative wire. 

COPPERWELD:  Copperweld is the trademark of copper covered steel wire manu- 
factured by Copperweld Steel Company.   It Is niade by an exclusive molten weld- 
ing process whereby a thick copper covering is inseparably welded to a steel core. 
Copperweld thus performs as one metal.   Hot rolling, cold drawing, pounding or 
temperature changes cannot affect it. 

CORONA:   ionization of air surrounding a conductor caused by the Influence of 
high voltage.   Ionization and partial breakdown of the gas dielectric In the.vicinity 
of a conductor due to a high voltage gradlont.   May or may not be accompanied by 
a faint purplish glow.   . 

CORPS OF ENGINEERS; A branch of the /.rmy in charge of construction on all 
military Installations and specifically supervising construction of missile install- 
ations for the Air Force. 

COUPLING:  Coupling is the association of two or more circuits or systems in 

such a way that power may-be transferred from one to another. 

CREEP: The dimensional change of a material under pressure over a period of 
time. 
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CREEPAGE SURFACE:  An insulating surface which provides physical separation        { 
as a form of insulation between two electrical conductors of different potential* 

V 
\ 

CROSS-SECTIONAL AREA OF A CONDUCTOR:  Crosc-sectional area of a con- } 
ductor Is the sum of cross-sectional areas of all the individual wires comprising 
the sti-and. 

CROJS TALK:   Is interference that arises from other signal wiring.   Electro- * 
magnetic and electrostatic couplings exist between signal leads in close proximity, 
and this effect may be significant if the signal levels are very different. '] 

CURE:   To change the physical properties of a material by chemical reaction, the 
action of heat and catalysts, alone or in combination, with or without pressure. n 

CURING TEMPERATURE:  Temperature at which a materia? is subjected to curing. 

n 
CURING TIME:  In the molding of therniosetting plastics, the timo it takes for ths 
material to be properly cured. «I 

CV:   The abbreviation for continuous vulcanization.   A process for applying and 
curing rubber and rubber-like material on a mass production basis. 

CYCLE:   The complete sequence of alteration or reversal of the flow of an alter-        . 
rating electric current. J 

I - ** 

DATA:   Plural term collectively used to designate alphabetic or numeric material, 
serving as a basis of discussion; material may or may not be technical In nature. j 
Information, particularly that used as a basis for mechanical or electronic I 
computation. 

DATA- REDUCTION:  The art or process of transforming masses of raw test or 
experimentally obtained data, usually gathered by instrumentation, Into useful, 
ordered, or simplified intelligence. 

DATA-REDUCTION, ON-LINE:  The processing of Information as rapidly as the 
information Is received by the computing system. 

D.B. LOSS:  The loss of a signal over a conductor expressed in decibels. 

DECIBLE (db):  Unit used to express the ratio between two amounts of power, 
voltage, or current between two points. 
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I 
No. of (db) & 10 Log 10 ^| « 20 Log 10^f "= 20 Log 10-j| 

The voltages or currents in question are measured at points having identical 
impedances. 

DEGREE RISE:  The amount of increase in temperature caused by the intro- 
duction of electricity into a unit. 

DELAY LINE: A conductor that is nude of a specific material in a specific 
size and length that will permit the delay of an electrical impulse for a pre- 
determined specific length of time. The delay is measured in microseconds 
and micromicro-seconds. 

DENSITY:  Weight per unit volume of a substance. 

DESSICANT:  Water or moisture absorbent material used to prevent moisture 
from damaging packaged equipment or other merchandise. 

DIELECTRIC:  A non-conducting nulerfcvl or a material having the property 
that the energy required to establish an eiectric field is recoverable, in whole 
or in part, as electric energy.   A vacuum is a dielectric. 

DIELECTRIC ABSORPTION:  That property oi an imperfect dielectric whereby 
there is an accumulation of electric charges within the body of the material 
when it is placed in an electric field. 

DIELECTRIC CONSTANT (SPECIHC INDUCTIVE CAPACITY):  That property 
of a dielectric which determines the electrostatic energy stored per unit volume 
for unit potential gradient. 

DIELECTRIC LOSS:  The time rate at which electric energy is transformed into 
heat in a dielectric when it is subjected to a changing electric field. 

DIELECTRIC POWER FACTOR:   An expression of the energy loss in an electric 
current due to the effect of the dielectric. 

DIELECTRIC STRENGTH:  The vMtage stress required to puncture an Insul- 
ation of known thickness (in volts per unit thickness cr per mil). 
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DIELECTRIC STRENGTH (DISRUPTIVE GRADIENT):  The maximum potential 
gradient that a material can withstand without rupture.   The value obtained for 
the electric strength will depend on the thickness of the material and on the method 
and conditions of test.   Usually expressed as a voltage gradient (such as volts per 
mil). 

DIELECTRIC TESTS:. Tests which consist of the application of voltage higher than 
the rated voltage for a specific time for the purpose of determining the adequacy 
against breakdown of insulating materials and spacings under normal conditions. 

DIFFERENTIAL AMPLIFIER:  An amplifier whose input leads are related to 
circuit ground and responds to differential signals. 

DIFFERENTIAL GAIN:  The ratio of the differential output signal divided by the 
differential input signal causing that output. 

DIGITAL-TO-ANALOG CONVERTER (DAC):  An instrument which converts digital 
information (e. g. I's and O's) into analog voltages which are proportional to the 
numerical value of the digital information. 

DIGITIZER:  An electronic device used in data acquisition which accurately con- 

verts into coded digital information analog input voltages. 

DIRECT COUPLING:  Direct coupling is the association of two or more circuits 
by means of a 6elf-inductancc-, capacitance, resistance or a combination of these 
which is common to the circuits. 

DISPERSION:   The scatter of values. 

DOUBLE SHIELD:   Two shields, one over the other.   Maximum coverage 98% for 
copper braid. 

DRAIN WIRE:  An uninsulated stranded or solid conductor which is located directly 
under a shield.   This wire, since it comes in contact with the shield throughout 
the entire length of the cable, may be used to terminate the shield and eliminate 

- a considerable amount of the inductive effects of spiral type shielding. 

E. C. M. - Electronic counter measure:  The use of equipment to prevent or Induce 
jamming of electronic equipment, missile systems, radar, radio, etc. 

EDWARDS AIR FORCE BASE:  Air Force missile test conter, located at Edwards, 
California. 
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EIA:  Abbreviation for Electronic Industries Association; formerly RETMA 
(Radio, Electronic, Television, Manufacturer's Association). 

ELECTROMAGNETIC INDUCTION - or INDUCTIVE PICKUP:  Refers to inter- 
ference coupled to the measuring circuit through magnetic fields. 

ELECTROSTATIC INDUCTION:   Sometimes referred to as capacitive induction, 
is due to the unavoidable capacitance between the instrument or Us wiring and 
the surroundings. 

ELECTRO-TINNED:   Electrolytic process of tinning wire using pure tin. 

ELONGATION:  Elongation i3 the extension or increase In length produced by 
a tension load in a section of a test specimen between bench marks placed on it, 
and is either expressed as a percentage öf the original length between bench marks 
or indicated by specifying a minin'v.m distance between benchmarks. 

ENAMELED WIRE:  A conductor with a Uaked-on varnish enamel; may be 7 gage 
through 50 gage.   It is usually used in winding motors, coils, transformers, etc, 

ENERGY (ELECTRICAL):   Energy induced by the movement of electrons 
through a conductive material. 

ENVIRONMENT:  Surroundings into which wire or cable is to be placed. 

EPOXY:  A potting resin used U, bonding; such as to bond teflon wire to pot .-!•••• 
connectors to assure that they are moisture-proof. 

EPOXY RESINS:   Straight-chain thermoplastics and thef mosetting resins based 
on ethyiene oxide, its derivatives or homologs. 

ETCHED WIRE:  A process applied to teflon wire in Which the wire 1B passed 
through a sodium bath to create a rough surface to rtiow epoxy resin to bond the 
teflon. 

EXTERNAL INTERFERENCE:  This is the effect of any electrical waves or 
fields which cause confused sounds other than the desired signal. 

EXTRUSION:  A method cf applying insulation to a c. ^uctor or jacketing to a cable. 
The process is continuous.   It may utilize rubber, mv.irene, or a variety of 
plastic compounds. 
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FACILITY POWER SYSTEM:  That portion of the electrical power distribution 
and utilization system on the secondary side of the main electrical service trans- 
former^) for the test facility. \ 

FAHRENHEIT:  A scale for measuring temperature.   Water freezes at 32°F and 
boils at 212°F = 0°C.   212°F = 100°C. 

FARAD:  A unit of measuring Capacitance usually expressed in microfarads (Mfd) 
or micro micro-farads (MMfd). 

FEP:  An abbreviation for (luroinated ethylene propylene, a thermoplastic 
material used as a wire insulation.   FEP has outstanding insulating character- 
istics and retains them over a wide range of temperatures and frequencies. 

FILLER:   Fillers are used in multi-conductor cable to occupy the interstices 
formed by the assembled conductors. 

FLAME RESISTANCE:  Ability of the material to extinguish flame once the source 
of heat is removed, 

FLAMMABILITY:   Measure of the material's'ability to support combustion. 

FLEX LIFE:  The time of heat aging that an insulating material can withstand 
before failure when bent around a specific radius (used to evaluate thermal 
endurance). 

FLEXüRAL STRENGTH:  The strength of a material in bending. 

FOAM-POLYETHYLENE:   A polyethylene compound which has been whipped in 
the presence of an inert gas.   The resulting compound las a lower dielectric 
constant than does ba&ic polyethylene. 

FREQUENCY DIVISION MULTIPLEX:   Process or device in which signal channel 

modulates a separate subcarrier, the subcarrier being spaced in frequency to 
avoid overlapping of the suhcariier sidebands, and the selection and demodulation 
of each signal channel on tl.-.' basis of its frequency. 

FREQUENCY SHIFT: System of telegraph teletypewriter operation in which the 
mark signal is one frequency and the space signal a different frequency. NOTE: 
CCITT recommends that mark is the lower frequency. Also, the difference be- 
tween mark and space will vary in different systems, e.g. 170 CPS U.S.A., 120 
CPS Europe. 

i 
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FREQUENCY SHIFT KEYING:   Frequency modulation of a carrier by a modulating 
signal which varies between a fixed number of discrete values (a digital signal). 

GAS FILLED CABLE:  Puper insulated lead sheath cable filled with gas which 
provides a self-supervised a'arm system.   There are three different types: 
Low Pressure, Medium Pressure, High Pressure.   They may be installed in  .'!' 
ducts, in air or buried directly. 

GENERATOR: A generator is a machine used to change mechanical energy into 
electrical energy, 

GLASS BRAID:   Used to provide thermal and/or mechanical protection in the 
underlying insulation of certain types of conductors. 

GLYPTAL:  Glyptal is a tradename for an insulating varnish, such as coating 
on coils.   It is resistant to heat, oil and to corrosive conditions. / 

GROUND: A cone :ting connection, whether intentional or accidental, between 
an electric circuit (or equipment) and earth, or to some other conducting body 
which serves in place of the earth. 

GROUND, ANALOG:  Associated with the input circuits of an instrumentation 
system.   Analog ground circuits are isolated from on,e another and are connected       ; 
together at only one point, (e.g. ground bus, plate, etc.) and then, if required, 
this point can be connected to earth. 

GROUND BUS:  A bus used to connect the number of ground conductors to one :J 
or more ground electrodes. . ?. 

GROU' D CIRCUIT:  That portion of an electrical or electronic circuit which is ] 
kept at essentially zero volts v. th respect to the power supply voltages.   This "* 
ground circuit is noi necessarily connected to earth.   An electronic circuit wili 
perform whether or rot its ground circuit is connected to earth. 

'•'••••        ••.  '       •- i •    •'•'•' 
GROUNDING CONNECTION: A connection (used in establishing a. ground) and 
consisting of a grounding.conductor, a grounding electrode, and the earth (soil) ; 
which surrounds the electrodes. • ! 

GROUND CURRENT:  A current flowing in the earth or some other body serving 
in its place. - •", • | .;; 
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GROUND, DIGITAL:  Associated with the data processing system digital circuits. 
This ground circuit takes ths form of many paths from each circuit to the ground 
point.   Unlike the analog ground circuit, as many paths to the ground circuit as 
feasible are used ;nd may not be isolated from each other 48 long as no closed 
circuit loops are formed. 

GROUNDED NEUTRAL:  The neutral wire Is metallically connected to grou.xi. 

GROUND LOOP:   A path through which current nay flow from any starling point 
through a system and back to the original starting point. 

GROUND, POWER The power -round as define'.! by Ihe National Electrical Code is 
any electrical connection but'.wen power system conJuctors (usually the neutral 
conductors) conductor cnclouuro or equipment enclosure and earth with 25 ohms 
or less resistance to earth.   This ground is for the protection »,->rt safety ol 
personnel. 

GROUND-RETURN CIRCUIT:  A ground-return circuit is a circuit which las a 
conductor (or two or more in parallel) between two points and which Is completed 
through the ground or earth. 

GROUND PLATE:  A plate of conducting material Installed In an equipment rack 
aa a common lie point for all ground circuits in the system, 

GRS - (Government Rubber Synthetic): This is a government Standard for Buna-S 
RUWRT for jacketing and insulating compounds for military wires and cables. 

GUARD SHIELD:   A shield which surrounds the input circuit of an amplifier. 

HARD DRAWN:   A term that refers to the temper of conductors that are drswn 
without annealing or tliat may work harder in the drawing process. 

HEAT ENDURANCE:  Tho time of heat aging that a material can withstand lefore 
falling a specific physical test. 

HELIAX:  Trad.fn.11u« of a coaxial cable. 

HOOKUP WIRE:  Small wires used L> hook up instruments or electrical parts, 
usually 12 ga. und smaller. 
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HYGROSCOPIC:  Having the tendency to absorb moisture. 

IACS:   International Annealed Copper Standard 

IMPACT RESISTANCE:   Relative susceptibility of material to fracture by shock. 

IMPEDANCE:  The apparent resistance to flow of an oUernnllng current.   Gener- 

ally expressed In Ohms. 

IMPREGNATE: To fill the voids and interstices of a material with a compound. 
(This does not imply complete fili or complete coating of th«j surfaces by a hole- 
free film). 

IMPULSE STRENGTH:   The voltage breakdown of Insulation under voltage surges 
on the order of microseconds In duration. 

INJECTION MOLDING:  A molding procedure whereby a heat-Boftened material 
is forced from a cylinder Into a mold cavity to give a desired «hupo.   Cure is ob- 
tained under heat and pressure. 

INSTRUMENT GROUND:  See GROUND, CIRCUIT 

INSULATION RESISTANCE:  The resistance offered by an Insulating material to 
the flow of current resulting from an impressed DC voltage. 

INSULATOR: A material of such low electrical condvctlvtty tfut it will not support 
an electric current. 

INTERCALATED TAPES:  Two or more tapes, generally of different composition, 
applied simultaneously In such a manner that a portion of each tape overlies a 
portion of the other tape, 

INTEGRATED DATA PROCESSING:  Way to transform disjointed and repetitive 
paper work tasks Into a correlated and mechanised production of Information for 
»•>,• purree. * 

iT^^fJSTlCES:  A apace between one thing and another, as between conductors In 
a cableT^ 

IRON CCNSTANTAN: A combination of metal» used In thermocouples, thermo- 
couple wires and thermocouple lead wires. The iron wire I« positive, the con- 
stantan negative.   A regular stock item at Standard Wire and Cable. 
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ISOLATED AMPLIFIER:   A differential amplifier whoso Input signal lines are 
conductively Isolated from the output signal lines and chassis ground.   An isolated 
amplifier is a differential amplifier.   The reverse is never true. 

JACKET:  An impervious covering over insulation usually rubber, plastic, cotton, 
neoprene or glass. 

J BOX, OR JUNCTION BOX:  A box made of m«tal which houses electrical pc«ver 
brought from a central unit.   The power Is then distributed to the required point. 

JAN-C-17A:  Joint Army-Navy specification covering coaxial cables used for high 
frequency applications as in radio, television, radar. 

JAN-C-73A:  Joint Army-Navy specification covering raaio hook-up wire.   Types: 
SRIR, SRHV, WL, and SRRF. 

JPL:  Jet Propulsion Laboratories, California Polytechnic Institute 

JUNCTION OR THERMAL POTENTIALS:  Can contribute to error and are of 
special concern in handling low level DC signals.   Items such as the cable flexing 
noise that arises in the use of pH meters and Ion clumbers might be alto placed § 
lii this category. 

JUTE:  A natural fibre oi plant base formed into ropo-llke stratids.   Used in cables 
for filling the interstices, to glvo a round cross-section. 

JUTE FILLER:   Rope-like strands of material used In cables for filling in the 
interstices to form a rounded shape. 

KARMA:   Trade-name for a resistance wire composed of 74.5% nickel, 20% 
chromium, 2.75% aluminum, and 2.75% copper. 

KEL F: Polymonochlorotrlfluroethylene MIL-W-12340. High temperature insula- 
tion -55°C to 135°C used on hook-up wire, and for tubing where temperatures are 
beyond the range of PVC, and where resistance to solvents Is needed. 

LOSS FACTOR:   Product of the dielectric constant and the power factor and pro- 
portional to the actual power in a dielectric. 

MAGNET:  A ferrous metal that has the property of attraction of other ferrous 
metals. 
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T MAGNET WIRE:  Insulated copper wire used for winding coils, motors, and 
transformers. 

MARKER THREAD:  A colored thread layed parallel and adjacent to the strands 
of an Insulated conductor which identifies the wire manufacturer and often the 
specification under which the wire is constructed. 

- « ^ x MEAN:  The arithmetic average;   x for a »ample, x for a population.   Equals-—- 
x ss sample, n = number of samples 

MEDIAN:   The value atov-a which, and below which, half the values lie. 

MEGAWATT:  One million watts = one megawatt. 

Mfd:  The commonly v.sed abbreviation for microfarad, one millionth of a farad, 
the International standard lor the unit of capacitance. 

MICA:  A transparent -jJicate which separates into layers and has high insulation 
resistance, high dielectr-.c ftrsngth, and high heat resistance. 

MICROMETER:  An instu-.;6Pt used for measuring usually in 1300th of -.n inch. 

MIL:  One 1000th of an inch.   A • r.lt used in measuring diameter of wire or thick- 
ness of an insulation over !i co.u-li'Ctdr. 

MILLIMETER:   Unit of linear measure.   Abbreviated MM.   Equal to one thou- 
sandth of a meter. 

MIL SPCC:  A specification issu; .1 by the Armed Forces of the United States of 
America, 

MH.--C-I7C:  Military specifier^icn covering most coaxial cables. 
i 

MIL-C-2194:  Military speculation i"or el-.lcone rubber Insulated, armored ship- 
board cable. 

MIL-W-5086:  Military specification for aircraft 600 volt el«ct;'.cal wire, 105° 
maximum temperature rating.   Thero Are three constructions VJ:: 

Typ<! I:   First stranded tinned conductor, second primary in-ula'ion, i-'VC, 
Third extruded clear nylon. 
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Type II:   First, stranded tinned conductor, second primary insulation, PVC, 
Third glass fiber braid treated with suitable saturants.   Fourth, extruded 
clear nylon on Sizes 22 through 12, and braided nylon impregnated with nylon 
lacquer on sizes 10 through 4/0.. 

* •» 
Type Ufc   First, stranded timed conductor, second primary Insulation, PVC, 
Third glass fiber braid treated with suitable «turants.   Fourth, secondary 
Insulation, PVC.  .Fifth, extruded Clear nylon Sizes 22 through 12, and braided 
nylon impregnated with nylon lacquer on Sizes 10 through 4/0. 

M1L-C-7073:   Military specification for shleiu.-d aircraft power cable, 600 V. 1 
Specifies that the inner conductor shall be to     ;'.—W-5086. I 

MIL-W-5274:   Military specification foi alrc \..--   lsulated electrical wire.   There        e 
are three constructions or types:  Type 1 • • Sti ~ - J .-d conductor, PVC insulation, g 
extruded nylon jacket, 000 V rating.   Type I1 - i ra.vled conductor, PVC insula- 
tion, glass fiber braid, extruded PVC and cxUutied nylon Jatket 600 V rating. 
Type 111 - Constructed as Type II, 3000 V rating.   Specification calls for surface |- 
marking showing government designation, manufacturers identification, wire size 
and year of manufacture at intervals of not more than fifteen feet. 

MIL-W-8777:   Covers 000 V,  150 C power and lighting wire.   Construction:   Silve'• 
plated conductor, sillcono rubber Insulation with protective cover of braided or 
extruded material.   Additional coatings as needed. 

M1L-W-7139:  Niil.'jy specification for 600V, 400oF wire.   Construction:   lsi, 
silver coated copper stranded conductor, then laminates of teflon and glass. 

MIL-C-8721:  Air Force specification for ir niature coaxial cables RG 178/U, 
179/U v>d 180/U. 

MIL-16878:   AH types.   Covers wire »ntende-- '>r interiul wiring of ek-otric and 
electronic equipment.   Temperatures range t.-om 80° to 200°C,   Potential ratings 
from 75 V to 3000 V.   Type El - Stranded TC Conductor, PVC insulation 600 V 
100°C Sizes 32 through 16.   Type C - Standard TC Conductor, PVC insulation 
1000 V - 100°C Sizes 24 through 14.   Type D - Stranded TC Conductor, PVC In- 
sulation 3000 V - 100°C Sizes 24 through 6.   Type E - Stranded SP Conductor, 
teflon Insulation 600 V - 200*C Sizes 24 through 10.   Type EE - Stranded SP Con- 
ductor, teflon Insulation 1000 V - 200°C Sizes 24 through 10.   Type FF - the same 
as EE, except for silicon» Insulation and It comes in Sizes 24 through 10.   Type 
N - Stranded TC Condu-tor, nylon Insulation 75 V - 80°C Sizes 32 through 20. 
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MIL-C-25038:  Military specification covering high temperature and fire resist- 
ant cable.   Nickel clad conductors, maximum temperature 750°C, outer braids 
and protective coverings as needed.   Braids and coverings are usuaily teflon; 
asbestos, and glass. 

MMfd:   Common used abbreviation for one millionth millionth of a farad. 

MODE:   The most frequent value.   PeaJt on the frequency-distribution curve. 

MULTIPLEXER:  An electronic device which electronically scans a number of 
parallel input channels and provides a serial output signal which is composed of a 
series of analog voltages representing a continuous sampling of each input channel. 
Its function is the some as a commutator. 

MYLAR:  A molecu'.arly orientated polyester film with very high dielectric and 
tensile strength manufactured by the E.I. du Pont de Nemours and Company.   It 
is normally used as tape wrap over a cable bundle. 

NAS-STANDARDS:  National Aerospace Standards.   These are specifications 
compiled on differeüt items by the Aerospace Industries Association of America, 
Inc. 

N.E.C.: National Electric Code, which stipulates the use of wire and cable in 
buildir.gs and factories. Most city electrical code? are derived from It. It haß 
been compiled by the fire underwriters and wire and cable manufacturers. 

N.E.M.A.: National Electrical Manufacturers Association. It le known fjr its 
standardisation of electrical motors, components, and wire and cable specifica- 
tions. 

NEOPRENE:  A trade-name of E.I. du Pont de Nemours for polychloroprene, a 
ru'ober-like compound which is kr wn for Its resistance to the effects of oil, 
solvents, and abrasion. 

NEOPR JNE TUBING:  Used by cable pullers JIB a jacket. 

NICHROME:  Trade-name for an alloy of 60% nickel, 16% chromium and the 
balance steel. 

NICKEL CLAD COPPER WIRE:  A wire with a layer t' nickel on a copper core 
where ihe area of the nickel is approximately 30% of t!v conductor area.   The 
nickel has been rolled and fused to the copper before drawing. 
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NOISE:  Any electrical interference present In a measurement signal which does 
not contribute useful Information relative to the measurement signal. 

NON-CONTAMINATING:   Refers to a type of PVC jacketing material whose plasti-       j 
cizer will not migrate into the dielectric of a coaxial cable and thus avoids con- 
taminating and destroying the dielectric. 

NON-FERROUS:   Term means not of iron, and refers to alloys which have no iron       •. 
or steel as ingredients. 

NON-HYGROSCOPIC:  Opposite of hygroscopic - will not absorb moisture. 

NON-MIGRATING:  Means same thing as non-contaminating. 

NORMAL MODE VOLTAGE:  Actual signal voltage dew! .,ed by a transducer or 
the difference voltage between input signal lines. 

T NYI-ON:  A generic trade^name by the E.I. du Pont de Nemours for synthetic «*•• 
fibre-forming j>olyam!des; a polymer of nitrogen, carbon and oxygen.   Its chemi- 
cal unbalance and tendency to absorb moisture Hmit its use as a dielectric or *"" 
Insulating material.   However, U is often usef. in the wire and cable field as a 
jacket over polyethylene or PVC to lrsereas« temperature stability and abrasio.i 
resistance.                                                 ..-•'•• 

NYION-JACKETED:   Refers to the ^^er covering of nylon or wire on cable which 
can be either an extruded layer c a braid of nylon filaments. 

OEM:  Original Equipment !.'' .afacturer. ] , 

OIL FILLED CABLE:   Caper insulated, leak sheathed cable, Into which oil is r • 
forced under pressr/e, saturating insulation. Main object is to prevent moisture 
and gases from enuring. Also easier to detett flaws. Due to leakage (high grade 
mineral oil), kept under constant pressure at all times. 

OIL FILLED PIPE CABLE:  Basically the same as oil filled cable, but Inside of • • 
rigid pipe, instead of lead sheath.   Is sometimes a standard oil filled cable, 
inserted into rigid pipe, under pressure.   Both units being oil filled.   (Usually ! 
for much higher voltage.   Kept under constant pressure at all times). \ % 

ON-LINE OPERATION:  A type of system application in which the input data to the        5 - 
system is fed directly from the measuring devices and the computer results'ob- I 
tained during the progress of the event; e: g., a computer receives data froi« wind 
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tunnel measurements during a run, and the computations of dependent variables . 
are performed during the run enabling a change In the conditions so as to produce 

desirable results. 

OSCILLOSCOPE:  Test instrument for showing visually the changes in a varying 
current by means of the wavy line made on a fluorescent screen by a deflection of 

a beam of cathode rays. 

OZONE: A faintly blue, gaseous, allatroplc form of oxygen, obtained by the silent 
discharge of electricity in ordinary oxygen or in air. It has the odor of weak chlo- 
rine. 

PATCH CORD: Cord of varying lengths. Usually appearance braid covered with 
plugs or terminals on each end. Used to connect jacks or blocks in switchboards 
or programming systems.   It is called a patch cord, because it is used to "patch". 

PERMACORD:  Crescent trade-name for rubber insulated, seine twine braid. 
Known as "Stage L.^ble".   Is non-skid and is light brown in color. 

pH:  The measure of acidity or alkalinity of a substance.   pH values run from 0 
to 14, 7 indicating neutrality, numbers less than 7 Increasing acidity, and numbers 
greater than 7 increasing alkalinity. 

PIGTAIL WIRE:  Fine stranded, extra flexible, rope lay lead wire. 

PITCH DIAMETER: The pitch diameter Is the diameter of the helix described by 
the strands or insulated conductors In any layer. 

PLASTIC:   High polymeric substances, including both natural and synthetic prod- 
ucts, tliat are capable of flowing under heat and pressure into desired shapes and 
hardening in those shapes.   There are two basic classes:  Thermosetting and 
Thermoplastic. 

PLASTIC DEFORMATION: The change in the dimensions of an object under load 
that Is not recovered when the load Is removed. 

PLACTICIZER: A chemical agent added to plastics to make them soft and more 
flexible. 

POLYAMIDE:  A compound characterized by more than one amide group.   The 
term is,generally used in the wire and cable industry as a aynonym for Nylon. 
See NYLON. 
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POLYCHLORÖPRENE:  The Chemical name for neoprene, and used for wire and 
cable jacketing where the wire or cable will be subject to rough usage, oils, 
greases, moisture, solvents, and other chemicals.   The name itself indicates 
that It is a polymor of chloroprene, a combination of vinyl acetylene and hydrogen 
chloride. 

POLYESTHER:  A resin formed by the reaction between a dibasic acid and a 
ddhydraxy alcohol. 

POLYETHYLENE:  A family of Insulating materials derived from the poiymeriza- 
t'on of ethylene gas.   They are basically pure hydrocarbon resins, often with 
small amounts of other additives to Impart needed properties.   All members of 
the polyethylene family are excellent dielectrics.   Electrically they are far su- 
perior to any other extrudable solid dielectric In use today.   Outstanding electrical 
properties include high insulation resistance, high dielectric strength, low di- 
electric constant, low dielectric loss at all frequencies, excellent resistance to 
cold flow, and g »öd abrasion resistance.   One or more members of the polyethyl- 
ene family also have the following properties:   resistance to sunlight, weathering, 
chemicals, flamo.   Polye*hyler.es are being widely used for insulation on telephone, 
signal and control cablco, high-frequency electronic cables, high-and low-voltage 
power cables,, line wire, neutral supported secondary and service drop cables. 
They are suitable for direct earth burial.   Temperature ratings vary with type 
and application, from 75°C up. 

POLYMER:   The resulting compound formed by polymerization which, sets up ä 
union of monomers or the continued reaction between lower molecular weights. 

POLYMERIZE:   To change, by union of two or more molecules of the 6ame kind, 
into another compound having the same elements in the same proportions, but a 
higher molecular weight and different physical properties. 

POLYSTYRENE:  A thermoplastic produced by the polymerization of 8tyrine.!>, 
vinyl benzene. 

POLYURETHANE:  A copolymer of urethane similar in properties to neoprene. 
Usually used as a cold-curing molding compound. 

POPULATION:   In statistics, the entire group being studied, from which samples 
are drawn.   This can be a production lot, readings on an Instrument, tests on 
equipment, results of a test, ect. 
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PRIMARY INSULATION:  A non-conductive material placed directly over 4 current 
carrying conductor, whose prime function Is to act as an electrical barrier for 
the applied potential.   It does not always have the purpose of abrasion resistance. 
See SECONDARY INSULATION. 

PROTOTYPE:  Original design or first operating model. 

PURCHASE ORDER: The form used by a buyer from one organization to order 
material from another organization. Usually numbered. Can be confirming or 
non-confirming. 

RADAR:   Radio aircraft detector azimuth and range.   General operation of a 
radar is to transmit a microwave signal at any azimuth 360° or any elevation 0° 
to 90°, bounce it off a metal object such as aircraft, or marine equipment; It then 
calculates the range from the pulse returned to the receiver and indicates this 
range graphically on a scope. 

RADIATED INTERFERENCE: Caused by radiation of magnetic field from a trans- 
mitter and induced or "picked-up" by a receiver located at a considerable distance 
from the transmitter. 

RANGE (R):   Difference between highest and lowest observation. 

REAL-TIME:   The performance of a computation during the actual time that the 
related physical process transpires in order that results of the computations are 
useful in guiding the physical process. 

REDSTONE ARSENAL:   The U.S. Army's missile tect and development center 
located in Alabama.   Several Los Angeles firms do work there and purchase ma- 
terial for this work from SWC and Bucky Harris Company. 

RELATIVE HUMIDITY:  The ratio of tho quantity of water vapor present in the 
atmosphere to the quantity which would saturate it at the existing temperature. 

RESILIENT; The property of a substance to return to its original configuration 
after release of an applied force. 

RESIN:  An organic substance of natural or synthetic origin characterized by being 
polymeric in structure and predominantly amorphous.   Most resins, though not 
all, are of high molecular weight and consist of long chain or network molecular 
structure.   Usually resins are more soluble in their lower molecular weight forms. 
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RESISTIVITY:   The ability of a material to resist passage of electrical current ] , 
either through its cross-section or on the surface.   The unit of volume resistivity 
Is the OHM-CM; of surface resistivity, the OHM. p    j 

RETMA:  See EIA. % *    J 
1 

_    I 
RF:  Abbreviation for the term "radio frequency".   Usually considered the fre- i      j 
quency spectrum above 10,000 cycles. (10 KC) **•     ' 

RF CONNECTOR:  Connector used for connecting or terminating coaxial cable. T 

RG - Radio Frequency (Government):  Prefix for coaxial cables. I 

RG 17/U:  A coaxial cable having specific characteristics and construction.   The P 
prefix RG mean6 "radio frequency government".   The number 17 is the numerical 
assignment and U means for universal use. :• 

1   : 
RMS:  Abbreviation for "root-mean-square".   When the term is applied to voltages        a 

asid currents it means the effective value, that is - It produces the same heating 
effect as a direct current or voltage of the same magnitude. || 

Example:  I__= I._„..   J3 * c        rms      max    % 
/ ;: 

SAMPLE (X):  A limited number of items selected at random from a population, f 

SECONDARY INSULATION;  A non-conductive material whose prime functions are \ 
to protect the conductor against abrasion, and provide a second electrical barrier *T 
placed over the primary insulation or the shield. i-     | 

SEGMENTAL CONDUCTOR:  In tmgle conductor cables 1,000,000 CM. or more, .-. » 
the conductors are divided into three or four segments insulated from each other I '' j 
by paper tapes to reduce current resistance In AC circuits.                                                  l I 

j 
SELF-SUPPORTING AERIAL CABLE:  A cable consisting of one or more insulated ! j 
conductors assembled or cabled with a steel core or attached to a separate steel I • I 
cable, which supports the weight of the cable.   It may be fiom pole-to-pole or in I 
a vertical position in a tower. j ' | 

SEMI-CONDUCTING JACKET:  A jacket having a sufficiently low resistance so 
that Its outer surface can be kept at substantially ground potential by a grounded 
conductor in contact with it at frequent intervals. 
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SHEATH:   The outer covering or jacket Over the Insulated conductors or provide 
mechan'.cal protection for the conductors. 

SHIELD:  A metallic sheath placed around an insulated conductor or group of con- 
ductors to protect against extraneous currents and fields.   Generally this shield 
is a metallic braid, but it could be spiraled copper, aluminum-backed Mylar tape, 
or conductive vinyi or rubber. 

SHIELDED CONDUCTOR:  An Insulated conductor which has been shielded by a 
copper braid or tape, or aluminum foil, or copper foil, or a semi-conductive 
vinyl.   The purpose is to confine the electrical field, 

SHIELDED PAIR: A shielded pair is a twisted pair over which a metal covering 
has been applied. The metal covering is usually in the form of a bare or tinned 
copper braid but may be metal ribbon or metal backed Mylar tape. 

SKTNT WIRE: A conductor joining two parts of an electric circuit to divert oart 
of the current. 

SIGNAL CONDITIONING:  An intermediate means which includes all system ele- 
ments that are used to perform necessary and distinct operations in the measure- 
ment sequence between the primary detector and end device.   The intermediate 
means, where necessary, adapts the operational results of the-primary detector 
to the input requirements of the end device. * 

SIGNAL GENERATOR:  A device used to furnish current at a known radio fre- 
quency, modulated and to deliver a measured voltage only at the terminals.of the 
generator without appreciable radiation at any other points. 

SIGNAL TO NOISE RATIO:   Ratio of the power of the signal to that of the noise. 
This term is usually expressed in terms of peak valuer       he c «se of impulse 
noise and in terms of root-mean-square values in the c*se of random noise. 

SILICONE:  Polymeric materials in which the recurring chemical group contains 
silicon and oxygen atoms as links in the main chain.   A tbermosettng plastic 
material used for wire and cable covering, that 1« thermally stable and with 
electrical properties exceeding those of moct organic polymers. 

SINTERED:   Usually refers to curing of teflon. 

Aa-'-'can Standard 30.11.045 
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S'.EEVING:  Tubed insulation used over wire or cable for Insulation purposes such 
as vinyl; glass Impregnated silicone; and teflon. 

SQLDERABLE NYLON" UTZ:   Litz wire male up cf Soldcreze strands with a nylon 
serve overall. 

SOLDEREZE:  A trade-name for a magnet wire Insulated with polyurelha.ie base 
enamel. 

SOLID CONDUCTOR;  A conductor composed of one wire.   Generally sixes 18 
through 6, -jsed where flexibility is not one of the requirements. 

SONAR:  Typ0 of equipment used for detecting underwater sound waves. 

SPECIFIC GRAVITY:  The density (mass per unit volume) of any material divided 
by that of water at a standard temperature. 

SPECIFIC INDUCTANCE CAPACITY (SK):  Dielectric constant of Insulating ma- 
terial. 

STABILIZER:  An ingredient added to some plastlrg, to maintain physical and 
chemical properties thro-igh processing and sarvlco life. 

STANDARD DEVIATION (», S):  Measure of the dispersion of values. 

S- 

x m sampled value, n - number of samples, 3c «mean 

STRAND:  A strand is one of the wires, or groups of wires, of any stranded con- 
ductor. 

STRANDED CONDUCTOR:  A conductor made with ;> specified number of strands.. 
Rope ktrarvd, for example, is a condu^to- ~*ade of multiple groups of strand.   A 
7x19 rope strand IUF 19 wires laid into a group and then ? of such groups laid 
into a conducrur. 

SURFACE LEAKAGE:  The passage of current over tho boundary surfaces of an 
insulator as distinguished from passage through 'U volume. 

SURGE:  A transient variation in the current and/or pote» ttal at any point In th« 
circuit. 
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SYSTEM ACC151A.CY:  A measure of a system's ability to reproduce an input signal 
faithfully.   1/ input signal is 10 V and the output signal is «.£9 V tilt error is 
0.01 V and the percent error is 0.1% ami the system accuracv is 99.9%.   It is 
often common to specify accuracy in terms of percent error.   In the above exam- 
ple tliis would be 0.1%. 

TEDLAR:  Trade-name of the E. I. du Pont Company for ä polyvinyl fluoride film 
with outstanding weatherability and tiierraoformablUty properties.   It las a high 
flex life ../er broad temperature range, with high tensile and dielectric strength. 

TEFLON:  Tetrafluoroethylene, better known as Teflon, the trade-name of E.I. 
du Pont, Is produced by the total substitution of fluorine for hydrogen In the 
polyethylene molecule.   Tills material excels, all other commercially available 
thermoplastics In chemical inertness and operating temperature ranga, and Is 
well suited for high frequency applications. 

TEFLON COAXIAL CABLE:  Coaxial cable constructed wRh a t-V- . &«<ectric. 

TENSILE STRENGTH:  The pulling stress required to break a given specimen. 

TERMINAL:  A terminal Is anv f'r.i.ig used for making a convenient electrical 
connection. V 

TEST LEAO;   Test lead is a flexible, insulated lead wire which usually has a test 
pre«; ua one end.   It Is ordinarily used for making temporary electrical connections. 
The insulation is normally rubber, the standard colors ar«> rea and black.   Teat 
lead wire is a standard stock 1'.«» at Standard Wire and Cable Company. 

THERMAL CONDUCTIVITY:   The ability of a given tnaterlal to conduct heat. 

THERMAL EXPANSION (COEFFICIENT OF):  The fractional change In length 
(sometimes volume) of a material for a unit chingo in temperature. 

THERMAL RESISTANCE:   The resistance of s. substance to conductivity of heat. 

THERMAL SHOCK:  The resulting characteristic whon a material is subjected to 
rapid and wide range changes in temperature In an effort to discover Us ability to 

"Withstand boat and cold. 

THERMOCOUPLE:   Thermocouples are pairs of wire« of dissimilar metals con- 
nected at both snds, In which a voltage is generated du» to a difference in tem- 
perature at the (unctions.   The voltage generated Is of the order of magnitude 
of micro - or millivolts. ..      .:  v ; 
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THERMOCOUPLE LEAD WIRE:  The thermrecuwo lead wire is an Insulated pair 
of wires used (ram the couple to a Junction box or to the recording instrument. 

THERMOCOUPLE V'iHE: Wire drawn from special metals or alloys and calibrated 
to estahlish'-d specifications for use as thermocouple pair.   For example:   Iron, 
cu'-.öUntan, alumel, etc. 

fi 

THERMOPLASTIC: Ä classification of synthetic resins that can be readily softener       S 
and resoftened by repeated heating, and reharden when heat is removed. 

P 
THERMOSETTING:   A classification of synthetic resin which hardens by chemical p 
reaction when heated and, when hardened cannot be resoftened by heating. 

P 
THIOKOL:  Make from petroleum gas and used as a sealing compound for con- Bf 

la» 
nectors, breakouts, etc.   It has excellent electrical insulation and oil and solvent ' 
reslttant properties. 

TRANSDUCER:  A devlc'o which converts the energy of one transmission system m 
into the en«.r» :>  .A V »ther transmission system.   A loudspeaker and a phonograph 
pick-up at - ' •'••'.   '• imples of transducers, the former changes electrical energy $ 
into a-iw* :\i. «it -^y, a.id the latter clianges mechanical into electrical enorgy. jj 

TRANSFORMER:  An electrical device which changes voltage in direct proportion .. 
to currents and inverse proportion to the ratio of the number of turns of its primary       I 
and secondary windings.      ••••••'. «->• 

TRANSISTOR: A transistor is a small unit composed of semi-conducting material. 
It requires no filament or heater voltage to operate and is very small, Jt replaces 
conventional radio tubes. 

TRANSITE:  The trade-name of Johns Manvllle Asbestos-Cement,   it is nru-So in 
pipe and fltti'ig form, lor use in building industry for use as electrical conduit. 

TRANSMISSION LINE; One or more Insulated conductors arranged to transmit 
electrical enorgy signals from one locality to another. 

TRAP WIRE;  A low voltage wire used at hinge points, whore severe flexing occurs, 
usually in burglar alarm systems.   It is made with tinsel conductor.. 

TRIAX:  A type of shielded conductor that employs a shield and jacket over the ;• 
primary insulation plus a second shield and Jacket overall.   Aside from applications 
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requiring maximum attenuation of radiated signals or minimum pick-up of 
external interference, this cable can also be used to carry two separate signals. 

TV CAMERA CABLE:  A portable, flexible cable consisting of several coaxial 
cables, and other conductors cabled together, overall shield and usually neoprene 
jacketed.   It is used to carry signals between the camera and transmitter and 
plate and heater currents to the camera, 

TWISTED PAIR (TP):  Two Insulated conductors twisted together and often color 
coded. 

UF: Single or multi-conductor, with or without ground, used for direct burial 
underground feeders and branch circuits between buildings, yard lights, flood 
lights, and smaller installations. 

VO:  The two '.etter resignation that precedes the number of connectors for coaxial 
cable.   It means UnlvoriStl Government. 

UifF:  Ultra High Frequency. 

ITL:   Underwriters Laboratories Inc., chartered as a non-profit organization, 
maintains and operates laboratories for the examination and testing of devices, 
systems and materials as to their relation to life, fire and casualty, hazards and 
crime prevention.   Founded in 1891, the enterprise Is sponsored by the National 
Board of Fire Lnder.vrlters.   It is operated for service, not for profit. 

UL APPROVED: A product that has been tested to Underwriters Laboratories 
standards and approved by UL. •).- 

UMBILICAL CABLE:  A lifeline cable usfd for Ji© main power supply to the 
missile in order to launch it.   It is attached by means of a connector which de- 
taches as the missile becomes airborne. 

UNS1NTERED; Means ui.cured. This word is usually used to differentiate be- 
tween cured ind uncured teflon tape, 

UTILITY POWER SYSTEM:   That portion of the electrical power distribution sys- 
tem on the primary side of the test facility main service transformer(s) whether 
the system is operated by a commercial utility or by an agency of the United 
Stales Cover rone- it, 

VARIANCE:  Square of the standard deviation =• J (x - x)J/{n - 1) 
X => sampled value, x = mean (arltnematic aVÄge)., h» number of samples 
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VISCOSITY: A measure of resistance to fluid flow, usually through a specific 

orifice. 

VOLT:  A unit of electromotive force. .  . mm^ 

VOLTAGE BREAKDOWN:  Test to determine maximum voltage of insulated wire 
before electrical current leakage through insulation. 

VSWR:   Voltage/standing/wave/ratio.   The ratio of the voltage maximum to voltaga 
minimum which exists In a transmission line.   Caused when there is reflection of 
Incident wave, due to discontinuity or Improper match to the transmission line. 

VULCANIZATION:  A chemical reaction in which the physical properties of an 
elastomer are changed by reacting it with sulfur or other cross-Unking agents. 

WORKING LIFE:  The period of time during which a liquid reain or adhesive re- 
mains usable after mixing with catalyst, solvent, or other compounding Ingredients. 

WORKING VOLTAGE: The recommended maximum voltage of operation for an 
insulated   xwtuctor.   Usually set as approximately 1/3 of the breakdown voltage. 

YIELD STRENGTH:  The lowest stress at which a material undergoes plastic 
deformation.  Below this stress, the material is elastic; above it, viscous. 



BIBLIOGRAPHY 

1. "Arc Suppression with Semiconductor Devices" by F. W. Parrish, from 
Electrical Manufacturing, June 1956. 

2. "Electrical Interference" by Rocco F. Ficchi, Hayden Book Company, Inc., 
1964. 

3. "Electrical Engineers Handtxxk" by Harold Pender and William A. Del Mar, 
John Wiley and Sans, Inc. 1949. 

| 4.    "Radio Noise Considerations for Extra High Voltage Transmission, 344, to 
1000 Kilovolts" by E. R. Taylor and W. £. Pakala, pp. 775-785, Unclassr 

^ ified Proceedings of the Ninth Tr        »-vice Conference on Electromagnetic 
' Compatability, October, 1963 

5. "Measurement of Noise Radiation from High-Voltage Transmission Lines" 
by J. M. Lee, Technical Development Note No. 46, May, 1947, U. S. 
Dept. of Commerce Civil Aeronautics Administration. 

6. "Electrical Transmission and Distribution Reference Book" by Wgatlnghouse 
Electrical Corporation, 1950. 

7. "Eloctrical Power Distribution for Industrial Plants" APSE No. 952. 
Institute c: Electrical and Kloctronic Engineers, 1956. 

8. "National Electrical Code", Standard of the National Board of Fire Under^ 
writers, NBFU No. 70, 1962. 

9. "Electrical Utility Engineering Reference Book, Volume 3-Dlstribution 
Systems'" by Westlnphouse Electric Corporation. 1959. 

10. "Watlonal Electrical Safety Code", National Bureau of Standards Handbook 
430, »948. 

L. 11.  "Earth Conduction Effects in Transmission Systems" by E. D. Sunde, 
D. Van Nostrand Company, Inc.. 1949. 

"\.  "Guide for Safety in Alternating-Current Substation Grounding" AIEE No. 
80, Institute of Electrical and Electronic Engineers, 1091. 

•.^iW-.(,'--.;«--1- 

,     '    •     ",  '.T    •")•-"•• •»•»•»•-•«•*  •• • -W..• ..   -      .,- — 

:..•'•' .;•..•':•':'•!•'•••'.'''.'•'•'•:.•:''•".•• ':""•'.'•.'' :v->,,;- >•:.'•: 



'X. 

13. "On Some Grounding Problems and Low-Level. Instrumentation," James C. 
Crosby, Devi. Eng., CEC; Paper Prepared for:   National Telemetering 
Conf., June 2-4, 1958, Baltimore, Maryland; 

14. "Shock and Vibration Handbook", Edited by, Cyril M. Harris and Charles 
E. Crede, McGraw-Hill Book Company, .      , Copyright 1961, Vol. 1. 

15. "Characteristics and Origins of Noise", byW. R. Benrett, from Electronics, 
pp. 154-160, March 1956. 

16. "Ultra Isolation Transformers," R. C. McLaughlin, Instrumentation and 
Control System, Vol. 34, pp. 2250-2^53; December, 1961.   Describes 
various shielding techniques used to o!. tal.i a very high degree of isolation 
in transformers. 

17. "Common-Mode Voltage and System Grounding and Shielding Techniques", 
Systems Engineering Bulletin J3209A, Consolidated Systems Corporation, 
January 17, 1964. 

18. "Common-Mode Rejection," by P. Pohl, J^jsU^iv!ejitaJJpiuuj!d_Cj)attrol. 
System, Vol. 35, pp. 152-153, June 1962.   A short article which defines 
common-mode rejection and discusses various electrostatic shielding 
configurations. 

19. "Designing fcr Lov/-'fevel Inputs,"  Electronic INd.. Vol. 20, pp. 81-85; 
January 1961.   Discusses problems of couimon-mode Interference in low- 
level multi-input data systems.   Gives shielding rules and teat procedures 
for measurirg rejection properties of instruments. 

20. "Grounding Principles and Practice," Electrical Engineering. AIEE 
Transactions Vol. #64, 1945. 

21. "Grounding Principles and Practices as Applied to Industrial Plants" by 
E. B. Curdts, Bulletin 25T4, James G. Biddla Company. 

22. "Achieving Electromagnetic Compatibility by Control of the Wiring Install- 
ation" by G. J. King, - from the Proceedings of the Ninth Trl-Slnte Con- 
ference on Electromagnetic Compatibility, Oct., 1963. 

23. "American Institute of Physics Handbook" by D. E. Gray, from the McGraw- 
Hill Book Co., Inc., New York, New York, Section 5, pp. 90-104; 1957. 



I 
1 

I 

24. ''Analog Signal Conditioning Techniques; from Bulletin »B.-161, 
Consolidated Systems Corporation. 1 Dec. 1961. 

25. "Automatic Null-Balanclr.g E'ectrical Measuring Instruments," from 
American Standards Assjciation Standard C39.4, 1956.    Includes 
definitions requirements and test conditicis lor various types of electrical 
Interference, including longitudinal (common-mode), transverse (differen- 
tial-mode), and magnetic field interference. 

26. "Bibliography or. Fxtra-Figh-Voltage Systems"  by P. A. Abetti, from 
Trans. AIEE. Vol. 77 (Power Apparatus and Systems), pp. 1517-1535, 
February 1959.   A bibliography of 839 references on EHV systems. 
Those of Interest In this bibliography deal with interference from corona 
discharge. 

27. "Common-Mode RejectionIn Wideband DC Systems," jy J. L. Klraball 
from Electronics. Vo.'. 34, pp. 61-62; February 1961.   Differential 
amplification with high common-mode rejection obtained by two wideband 
DC amplifiers.   One amplifier suppresses the interference as much as 
130 DB. 

28. "Controlling Magnetic Field Interference in Wiring," Electrical Manu- 
facturing, pp. 127-129; October, 1959.   The determination of proper 
circuit spacing to avoid detrimental magnetic pickup in low-level circuits 
Is analyzed, and a nomograph to simplify calculations is presented. 

29..     "DC Amplifiers, Their Design and Use, " by Robert 3. Melsheimer 
Instrument File, Moxon Electronics Corporation. , 

30. "Electrical Interference in Instrumentation'- its Causes and Remedies," 
(Part I), Instrumentation Society American Journal, Vol. I. pp. 49-50; 
November, 1954, by J. C. Coe Interference from electrostatic, magnetic 
and radio-frequency sources is discussed. Other subjects covered are 
Interference detection, contact arc suppression, and shielding of signal 
leads. 

31. "Electrical Interference in Instrumentation - its Causes and Remedies." 
by J. C. Coe, (Part II), Instrumentation Society American Journal, Vol. 
1, pp. 33-35; December 1954.   A general discussion of filtering, grounds, 
grounding systems, and desirable signal levels. 



T 

•>2.    "Electrical Noise," J.J. Freeman, Electro-Technology, Vol. 66, pp. J 
125-144; November,  1960. ' ' 

33.     "Electrical Noise," W. R. Bennett, McGraw-Hill Book Co.. Inc., New York, 
New York; 1959.   Treats noise in devices in mean-square ter.ns. 

34..   "Electrical Noise from Instrument Cables Subjected to Shock and Vibration-,"      ' 
T. A. Perls; J. Appl. Phys., Vol. 23, pp. 674-680; June,  1952.   A 

.   discussion of means for reducing spurious signals generated by the move- 
ment of instrument cables conn<;clrd it high impedance circuits. 

35. "Electrical Pickup Problems in the Application of Electronic Instruments 
and Controls," Preprint Instrumentation Society American 31-H60; 1960. 
Discussion of interference sources commonly encountered in measurement •; . 
and control systems, mochanisms coupling interference to the instruments, „'„. 
and methods of cpmbating the interference effects. 

• <•*" • 

36. "Electronic and Radio Engineering," by Frederick E. Terman, McGraw- i 
Hill Book Company, Fourth Edition, 1955, 

37. "Elimination of Electrical Interference in Figh Ten-iperature Thermocouple 
Installations," by J. R. Nilson, Instrumentation Society American Conference     •» 
Preprint 36-SF60, presented at the Instrument Society of Amei tea Summer 
Instrument-Automation Conference and Exhibit, San Francisco, Calif.; May, 
I960, 

38. "Eliminating Pickup Noise in Test Equipment," by G. Gclick, (Part I), 
Electronic Design, April,  1962; (Part II), April,  19C2.   Description of 
pickup sources and recommendations for reduction of pickup effects. 
Recommendations for wiring procedures and rules for minimizing noise in 
a complex test panel. i 

39. "Electromagnetic Compatibility Survey of Findings on Cabling, Shielding, 
and Connectors.   GAM-87A Program,"  ASTIA   AL» 400621,  March, 1963. ',' 
A summary of findings on power supplies, cabling, shielding, grounding and 
connectors. Rules and important test results are tciven. 

40. "Electromagnetic Coupling Between Coaxial,. Singte-Wire, Two-Wire, and 
Shielded Twisted Pair Cables," by M. Kaplit.   Proceedings of the Ninth "' 
Tri-State Conference on Electromagnetic Compatibility, October, 1963. 



T 

41. "Effect of Unbalanced Impedance in Differential Measurement Systems," 
The Epsco, Inc., Library of Technical Papers, No. 262-101. 

42. "Flexural Noise in Cables," Bell Lab. Record. Vol. 37, pp. 305-308; 
August 1959, by R. A. Rasmussen.   Causes of cable noise are discussed. 
A machine for comparing flexural noise among cables is described with 
some test results, 

43. "General Comments and Techniques in using 1-MC Logic Cards" by 
David H. Hartke, Senior System Engineer, Consolidated Systems 
Corporation, Technical Memorandum 244, .August 1963. 

44. "Ground Connections for Electrical Systems," Technologic Papers of 
the Bureau of Standards. Number 108. by O. S. Peters, June 20, 1918. 

45. "Grounding Eleclric Circuits Effectively" by J. R. Eaton, Bulletin 25T2, 
James G. Biddle Company. 

46. . "Grounding of Industrial Power Systems" AIEE No. 953, Institute of 
Electrical and Electronic Engineers, 1956. 

47. "How to Solve Noise Problems of DC Transducers on Long Lines, " by 
R. T. Nakasone, Instrumentation Society American Journal, Vol. 6, pp. 
68-72; November 1959.   Discusses electric field noise, electromagnetic, 
field noise, and electrostatically generated noise in transmission lines. 
Methods for reducing the effects on electronic instrumentation are 
discussed. 

48. "High Voltage DC Test Program of the Ronneville, Power Administration, 
The," by R. S. Gens andR. F. Stevens, Electrical Engineering, April, 
1963. "   ~   

49. "How to Evaluate DC Differential Amplifiers," W. G. Royce, Electronic 
Design, p. 50; August, 1962.   Discusses tests for evaluating the perform- 
ance of DC deferential amplifiers, including common-mode rejection 
and noise tests. 

50. "How to Obtain Good System Accuracies When Measuring Micrc-Vo!t-Level 
Output Signals from Grounded Strain Gages and Thermocouples (Advertise- 
ment)," lONjrEL^ivjsjon^j^Cjoh^ 



51. "Industrial Power Systems Data Book," Guneral Electric Company. 

52. "Information, Transmission, Modulation and Noise," M. Schwartz, 
McGraw-Hill Book Co., Inc.. New York, New. York» 1959, 

53. "Instrumentation for Engineering Measurement," by R. K. Ccrnl and 
L. E. Foster, John Wiley & Sons, Inc., 1902. 

54. "Interference Control Techniques," Sprague Electric Co., Interference 
Control Field Service Department, Paper No. 62-1.   An extensive 
discussion of interference sources, particularly RFI, and methods for 
reducing interference effects.   Some techniques applicable to lower- 
frequency interference. 

55. "Interference in Railway Line-Side Telephone Cable Circuits from 25 KV 50 
C/S Traction Systems, Vol. 15, pp. 273-299; October, 1959.   Calculations 
of induced EMF due to magnetic induction and analyses of electromagnetic 
screening by sheath and external conductors are given.   Rail and sheath 
currents are discussed. 

56. "Isolating the Causes of Common-Mode Noise," by R. B. Fradella, Senior 
Design Engineer, Space-General Corporation, Electronics Design, August 30, 
1963, pp. 34. 

57. "Low-Levei Electrical Signals in Industry," P. H. Sterling and H. Ho, 
Industrial and Engineering Chemists, Vol. 53, pp. 119A, 120Ä, 122A, 123A; 
November, 1981.   Stray voltages may present serious problems with micro- 
volt measurements.   Consideration is given to effect of stray signals, how 
straws arise, minimizing stray pickup, 

58. "Low-Level Thermocouple Amplifier and a Temperatüre Regulation System," 
T. M. Dauhphinee and S. C. Wood, Science Instructors, Vol. 26, p. 693; 
July, 1955.   Describes a breaker-type DC amplifier for measurement of 
thermocouple voltages as low a. 
interference effects is included 
thermocouple voltages as low as 10     UV (10 ° V).   A brief discussion of 

59.     "Magnetic Fields Affect Strain Gages," J. Gunn and E. Billinghurst, Control 
Engineering,'Vol.' 4, pp.  109-111; August 1957.   Results of tests on the 
effect of magnetic fields on "Eiinvar" strain gages demonstrate the magneto 
resistive effect. 



60. "Th<; measurement of Small Signals, in the Presence of Commoi-Modo 
Interference," L. V. Mayhead, Electro-lie Engineering, Vol. 34, pp. 
483-485; July, 1&Ö2.   Discusses interference problems In data processing 
equipment measuring microvolt signals from strain gages, thermocouples, 
etc> in relation to various forms on input amplifiers. 

61. "Methods of Solving Noise Problems, " W. R. Bennett. IRE. Vol. 44, 
pp. 609-638; May, 1956.   Tutorial paper on mathematical concepts and   .. 
techniques used for calculating a system's response to noise. 

62. "Noise C ntrol in Low-Level Data Systems," A. 3. Buchman, Electro- 
mechanical Design, pp. 64-81; September, 1962.   Discusses .both 
common-mode and normal-mode (differential-mode) interference in 
data systems an»4 practical remedies. 

63. "Noise-free Cable," Instrumentation. Vol. 25, p. 644; May, 1952.   A 
brief discussion of a noise-free cable developed by NBS and presented In 
their Technical Report No. 645. 

64. "Practical Handbook for Location and Prevention of. Radio Interference 
from Overhead Power Lines," J, C. Senn and D. B. Wright (IT. S. Civil 
Engineering Research and Evaluation Lab.,) PB131017, OTS, U. S. 
Lcpt. of Commerce, Washingtori, D.C., November, 1956.   Describes 
in nontechnical terms the common causes of interference from overhead 
power lines.   Lists curative measures. 

65. "Pyrex Brand EC .. 70-Low Brightness Lens Panel for the Shielding of 
Radiating Radio Interference from Fluorescent Lamps." 

66. "Quiet Wiring," W. Morton, Electro-Technology, Vol. 67, pp. 78-81; 
March,  1961.   Description of noise sources with particular reference to 
data systems.   Methods of reducing noise effects are presented. 

67. "Realization of Compatible Structure Grounding Systems, The, " by 
H.. W. Ervin and D. R. Lightncr and Robert Powers..   Proceedings of the 
Ninth Tri-Slate Conference on Electromagnetic Compatibility, October, 
i963.       , . "  "' 

68. "Resistor in Preamp Ground Reduces Interference," Electrical Design 
News, p. 73; September 1961.   Method to place major part of common- 
mode voltage in intermediate levU rather than low level circuits.   Useful 
for low impedance common-mode sources. 



69. "Reducing Electrical Interference, "E. S. Ida, Control Engineering, Vol. 
9, pp. 107-1H; February, 1962. 

70. "Rejecting Common-Mod« Noise m Process Data Systems," James Jursik, 
IDM Corporation, Contru. Engineer, August, 1963, pp. 61. 

7».     "Shielding and Grounding Techniques." D. B. Clark, ASTIA AD 276882. 
Discussion of basic coupling mechanisms for interference (primary RFI) 
and of effective shielding and filtering techniques including proper grounding 
of equipment.   Extensive reference list. 

72. "Shielding in Modern Computer Design," C. M. Jorg-ensen, Automatic Control; 
;   December, 1958.   General discussion of electrostatic and electromagnetic 

shielding principles and application of these principles to computer design. 

73. "Shielding Theory and Practice, " R. B. Schulz, B. C. Plantz, and D. R. 
Brush, Proceedings of the Ninth Trl-State Conference on Electromagnetic 
Compatibility. 

74. "Sources and Properties of Electrical Noise," Electrical Engineering, Vol. 
73, pp. 1001-1006; November, 1954.   Natural noises such as "Johnson 
r.oise," shot noise, and contact noise are reviewed,   Man made noises such 
as interference signals, power hum, impulse noise, and quantitizing noise 
are considered, 

75. "Solving Pickup Problems in Electronic Instrumentation," Instrumentation 
Society American Journal, W. McAdam and D. Vandeventer, Vol. 7, pp. 
48-52; April, I960.   See abstract of reference immediately preceding. 

76. "Sources of Instrument Error;" R, Cerni, Instrumentation Society American 
Journal-, Vol; 9, pp. 29-32; June 1962.   Briefly discusses various inter- 
ference errors.   Itemizes and defines Interference sources, but does not 
discuss in detail methods of eliminating interference. 

77. "Specifying Transformers for Low-Level Systems" by Troy Burgess, 
Electronic Products Magazine, February, 1963. 

78. "Statistical Theory of Signal Detection," C. VV. Helstrom, Pergamon Press, 
London, England; 1960/ Standard book on statistical techniques needed to 

•    •    extract a signal from noise. 

isiSSi*.;*- LA-^'*'-.'' %»•>•>«''- 



79.      "Thermocouple Measurements in an RF Field," Instrumentation Society 
American Journal. L. E. Bollinger, Vol. 2, pp. J>, 3-340; September, 
1055.   Discussion of temperature measurement problt.. s created by 
the radio-frequency field of an Induction furnace, and filter methods to 
reduce this type of interference. 

80. "Total Shields Solve Systems Problems," Electrical Djsign News, pp. 
90, May, 1963. 

81. "Transformer Connections," General Electric Company Publication No. 
GET-2F, 1956. 

82. "Trouble Shooting in Advance by Proper Wiring Design," G. Weiss, 
Control Engineering, Vol. 1, pp. 49-54; September, 1954.   Presents 
analysis of interference problems and preventive methods of reducing 
pickup.   Although slanted towards servo systems, the article is of 
general Interest. 

-•* * 'Ä4-jö^.ü^""J-, 


