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Preface

The Spacecra‘t Electromagnetic Interference Workshop was held to permit an
exchangc of idea~ and experiences peculiar to the design, integration, testing, and
operation of spacecraft. Although tne scientific experimenter is also a participant
in each of these phases, there has been only a limited amount of exchange between
the spacecraft and launch vehicle personnel and the scientific experimenters. It
was particularly desired to bridge this information exchange gap with this
workshop.

The spark which ignited interest in this workshop was a realization, by the -
Mariner Venus 67 Program and Project offices, that it was only through special
efforts and a great deal of cooperation between the spacecraft engineers and the
experimenters that the electromagnetic interference problems of that program had
been solved, resulting in a successful flight. Until that time, the value of a thor-
ough electromagnetic interference program had not been fully realized by either
project management or experimenters. Presentations at the workshop by space-
craft and vehicle engineers and experimenters forced recognition of the disparity
between the various concepts of spacecraft electromagnetic interference and, at
the same time, narrowed the information gan between these groups.

It is believed that these workshop proceedings will furnish valuable information
on the problems associated with the integration of hardware on spacecraft, espe-
» cially concerning the scientific experiments, that is not readily available else-
where. The practical experiences related in several papers also highlight problems
that are peculiar to the aerospace industry. It is hoped that all workshop partici-
pants will find here material of continuing interest and value.

" As with earlier workshops at JPL, the entire proceedings were recorded so that
all information exchanged and presented could be documented and made avail-
able to the participants. Although it was desired that the workshop cover the
practical aspects of electromagnetic interference and not be too forn.al in nature,
> < it was felt that formal presentations would be necessary to stimulate and serve
as a framework for the general question and discussion periods following each
presentation. For the majority of the papers presented, formal manuscripts have
been furnighed for publication in these proceedings. The few remaining presen-
tations \::‘r%abtaingd from the recordings made at the workshop. Similarly, sup-

plemental remarks made By the various authors and the questions and discussions
from the audience have been extracted from these recordings for publication.
Between the various typists giving their interpretation to the spoken word, my
attempts to make it look intelligible in print, and the technical editors” efforts to
make it sound better, it is hoped that we have not misconstrued the intent of any
speaker. If we have, I ask for your forbearance.

I wish to thank all those who attended this workshop and particularly those
who gave of their time in preparing for and presenting a paper at the workshop.
Also, thanks are due those who handled the workshop arrangements and corre-
spondence and contributed to the final publication of these proceedings.

J. G. Bastow
Workshop Chairman
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Welcoming Remarks

Dr. Williom H. Pickering

Director, Jet Propulsion Laborators
Posadana, Colifornia

I am very pleased to welcome you to the Jet Prcpulsion Laboratory for the
3-day workshop on spacecraft ~lectromagnetic interference. I think it very appre-
priate that time be spent now in anticipatir.,g and preparing for the serious elec-
tromagnetic interference problems that will arise as spacecraft become more
complex,

Just last week, we were observing the tenth anniversary of the first Explorer
satellite which was, of course, a very small and simple device by today’s stan-
dards. However, even then, there were problems in electromagnetic interference
between the spacecraft and the launching rocket. Of course, with the present far
more sophisticated missions, electromagnetic interference becomes a problem of
considerable magnitude.

Therefore, I feel that there is real value in your workshop, Out of such meet-
ings will evolve important contributions to future missions. We, at JPL, are
pleased to play host to this conference which, I hope, will be both profitable
and enjoyable.
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Opening Remarks

Glenn A. Reiff

, Mariner 67 Program Manager
National Aeronautics and Space Administration
l Washington, D.C.

During the developraent of each of the Mariner spacecraft, we found that,
amongst quite a number of problems, there usually stood out one engineering
or technical area that required an undue amount of effort and had connected
with it an undue amount of grief. In the case of Mariner II, this area was thermal
control. At the time Mariner II was being developed, thermal vacuum facilities
were not adequate to properly simulate the near-Venus environment. The art of
thermal design was still pretty much in its infancy. V'e think that the ultimate
demise of Mariner II was caused by thermal problems. The spacecraft was getting
extremely hot as it approached Venus and a number of failures in telemetry
points, etc., were occurring. Ultimately, the spacecraft stopped transmitting.

During the development of Mariner IV, the problem areas were different. Two
of these problem areas stood out: one had to do with the stability in the magni-
tude of the ambient magnetic field of the spacecraft, ar.i the other with high-
voltage breakdown and corona and arcing problems. This latter group of
difficulties became extremely serious and, at one time or another, practically
every spacecraft subsystem had some form of high-voltage problem. Fortunately,
almost all of these problems were solved prior to launch and, as a number of you
know, the effects did not seri~usly degrade the Mariner IV mission. However,
during the nine months during which Mariner IV was cruising on its way to
Mars, we began asking ourselves what caused so many arcing problems. The
effects of voltage =t low air pressures has been known for years. We asked our-
‘ selves whether other aerospace projects had as much trouble as we had encoun-

tered. Why were these types of difficulties not communicated more effectively?
Certainly one mechanism of communicating is through the technical societies.
There is a great amount of effort devoted to this type of communication.

With these questions we decided to experiment with a series of gatherings that
we call workshops. Three of these workshops were held — one on thermal coptrol,
| one on magnetics, and another one on high voltage. The idea basically was that
these workshops should be informal and concern real hardware problems recently
expe.ienced by personnel closely connected with the spacecraft hardware. In set-
ting up some of these initial meetings, a few people expressed a reluctance to
talk about fairly recent experiences because they felt that, perhaps, the facts
had not really been sifted enough and that the problem might not be well enough
understood to really draw concrete conclusions. As a result, it was decided to
limit the distribution of the proceedings, although they generally are made avail-
able to those who attend and those who have a need-to-know in the performance
of other jobs. We also encouraged fairly lengthy and lively discussion periods.
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Today, I find it rather difficult to assess the value of these past workshops;
however, I do know that Mariner V had less magnetic ba-kground than
Mariner IV. I know that there were fewer high-voltage problems encountered in
the development of Mariner V, and I also know that Mariner V is expected to
have survived a close perihelion passage of approximately 0.5& AU. Maybe the
workshops did help a little. At least they focused attention on cer- -in problem areas.

These remarks do not mean that we did not have problems with the develop-
ment of Mariner V. Here again, a particular problematic ¢ igineering area stood
out. This time it was electromagnetic interference. More w 'l be heard about the
detailed experiences on Mariner V later in this workshop. However, I think that
the nature of the problem is indicated by the fact that the 112th harmonic of an
oscillator in one subsystem caused approximately a 16-dB degradation in another
piece of equipment. There were several examples of this kind of interference. We
think that practically all of the serious cases of interference in Mariner V were
discovered prior to launch and I cannot recall any of them which seriously
impacted the flight.

This is the genesis of these workshops. In scanning the agenda, it appears that
a few other projects have had experience of a nature similar to that encountered
with Mariner V. I hope that this exchange will be beneficial to all.
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Electromagnetic Interference from a
System Manager’s Viewpoint

Allen E. Wolfe

Jet Propulsion Laboratory
Pasadena, Colilo(nia

On behalf of the successful, but also nearly extinct
Mariner Venus 67 Project, I should also like to welcome
you to this workshop. Some of you are painfully aware
that we suffered from electromagnetic interference (EMI)
problems during the test phase of Mariner Venus 67.
Although the problems were resolved satisfactorily, the
experience was recent enough to act as a stimulus and
an incentive for fostering this session. I am delighted
with the turnout, and I hope that most of you have come
to actively participate.

I should like to talk for a moment about the impact of
EMI as seen from a management viewpoint and to high-
light ways in which you can provide increased support
to future projects. I am also certain that there are ways
for management to make this job easier for you, and I
think it reasonable and desirable if these could be made
known by the end of these sessions,

EMI may strike a project during any phase of develop-
ment and with an impact that becomes more serious the
later the phase. The most serious impacts, of course, are
caused by those problems that result in loss of life, no
matter what phase the project is in. However, the phase

JPL TECHNICAL MEMORANDUM 33-402

of greatest concern is the flight phase, wherein the en-
tire mission may be lost or seriously compromised. Exam-
ples of these problems might be an accidental turn-on
of a critical subsystem during the launch phase such that
it is damaged as it passes through the critical pressure
region, or an interference that prevents critical com-
mands from being received by the spacecraft, or high
background noise masking the expected signal, or sensor
interference. The cost of mission failure is high — so high
in fact that it is best not to leave any stone unturned that
could prevent failure. Mission degradation is more of an
intangible, but it too is a serious situation that generally
can be salvaged by increased resources or cleverness.

Incompatibility during the test phase usually results in
hardware modifications, schedule delay, or even modifi-
cation of the mission objectives if the problem cannot be
resolved. The impact of these problems translates into
increased cost and more risk because of last-minute hard-
ware modifications, decreased test time in final config-
uration, and less than optimum conditions under which
work is carried out, Admittedly, some of these results
are of an intangible nature whose significance to the
overall reliability picture is difficult to assess. But
the chance of occurrence should still be minimized.
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The obvious solution to these risks is to legislate
against them during the inception of the project. To
really cover the field, the system should be required
not to generate any electromagnetic radiation (EMR),
and, in case the EMR is external or the first requirement
does not work, we should say “thou shall not be suscep-
tible to any EMR.” This leads to several difficulties,
including the fact that projects do not have unlimited
funding or other resources, launch schedules are sup-
posed to be met, the reliability of the end product is
undoubtedly degraded, and the performance of the sys-
tem will be less. We probably could not tell whether the
specifications had been met anyway.

The problem really becomes that of trying to define
more judiciously what is meant by any, while still trying
to strike a balance between resources and risk. Therefore,
we should like to define any to ensure a compatibility
margin during flight and to minimize the probability of
baving to take corrective action during the test phase.

We can look at the problem of determining this bal-
ance by noting, in simple form, what forces are at work
and then figuring out how to help or control these forces.

The subsystem designer wants to ensure that his sub-
system will work in spite of the EMR contributed by
subsystems in the next bay. He is largely interested in
ensuring as high an electromagnetic compatibility (EMC)
level as possible.

The system designer is more concerned about the
interference between subsystems, Therefore, his prime
goal is to reduce the EMR to a minimum. Last, the
project view is one of making certain that there is at
least a positive margin between the compatibility level
and the radiation level. However, large margins are great
if they do not cost anything. This is shown conceptually
in Fig. 1. The notches and peaks in radiation level and
compatibility level would be the result of specific re-
quirements of the subsystems, such as receivers and
transmitters. The system and subsystem efforts work on
the lower and upper bounds of the compatibility area,
expanding the compatibility margin. Again, the project
view is to ensure a compatibility margin over the entire
spectrum.

Although this is a simple figure, it points out one of
the critical elements of the EMC program, i.e., the early
definition of just what this picture really is and, hence,
the definition of those critical areas that will require the
most attention. The overall program for EMC should
include:

(1) Availability of good desigr. practices, the use of
which would simultaneously extend compatibility
level and minimize radiation without compromis-
ing reliability or performance. This would include
circuit design, component usage, layout, shielding,
and interconnection.

(2) Early recognition of the types of EMR involved,
and potential problem areas as indicated by the
notches and peaks.
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@ Fig. 1. Relationship between EMR, EMC, and EMI
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(3) Definition of an EMC specification.
(4) Definition of an EMC test program.
(3) Simple method of measuring EMC.

(6) Special capability for trouble-shooting,
(

7) Reliable corrective measures.

The EMI problem can best be handled by treating it
systematically. This requires the integraticn of the above
elements into an effective system, the continual develop-
ment of effective tools, and recognition on the part of
Project that the effort requires early and continual sup-
port. I hope that this workshop can help provide a con-
tinuing emphasis towards these goals.

Discussion

William Lash: I would like to know whether JPL has initiated a
general specification for use by the Laboratory, and, if it has, is it
available?

D. T. Frankos: We have a specification that is not used very much
for the simple reason that it is patterned after the Military Specifi-
cations. To blanketly apply a specification of this nature, in accor-
dance with some of the things Mr. Wolfe brought up, is pretty
difficult because of the time, schedule, and money problems. You
might say that we do have one in our reserve acccuii. We try to
approach the programs not on a blanket specification basis, but
on one that is more tailored to the particular program, its missions,
and within the framework of time, schedule, and money.

Larry R. Pangburn: I think that Mr. Wolfe hit on some very im-
portant aspects of our programs, which I will call Systems Engi-
neering. In the early conceptual phases of our programs we need
aids such as the chart discussed by Mr. Wolfe. Now, theoretically,
we can tailor all the requirements for a given system. However, we
encounter twe major problems while trying to do this. One of the
problems is that we really do not have enough time to do that
much engineering in that early phase; the second problem is
that, if we change the missions, or mission requirements, we also
have to change all the equipment requirements. Therefore, I think
that we must have a mixture of baseline or standard specifications
plus supplements for the given system.

Robert G. Peltzer: You must get your inputs in extremely early
concerning the selection of experiments, what these experiments
will measure, what will be the requirements for their sensitivity,

»
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etc. The spacecraft should be fairly well defined by the time the
experiments are starting to be designed. I think that these items
will have been specified, so you can pretty well specify the fre-
quencies, pulse widths, etc. Each experimenter should specify the
frequencies that he is going to generate in his package. Now, this
is essentially obtaining inputs to generate the chart that Mr. Wolfe
was talking about. It would not really be unmanageable if per-
sonnel would put the inputs into a central group that would
recognize their relationship and do something with them, such as
alert experimenters or systems designers for the spacecraft of po-
tential problem areas.

A. E. Wolfe: Commenting along that line, I think that, if we were
all starting from a dead standstill, we would be in real trouble. I
think that is probably what has happened as the years went by.
In the old days we were at this standstill and everything was being
developed new. As we go along, hopefully, we are developing sub-
systems in the spacecraft that we gradually come to know; maybe
we did not know when we started what the characteristics were;
however, we certainly should knew them after we have flown the
subsystems a couple of times. Therefore, there is a gradual increase
in this knowledge and an awareness of areas and specific frequen-
cies to avoid if possible. In the experiment area, it is more difficult
in that these frequencies usually are employed for the first time,
and it is during this first time that you have the most trouble. If
these subsystems fly a second time, then you are in a little better
shape. It is certainly true that, by tailoring too carefully to a
specific mission, should a mission change occur or should you be
forced to change the hardware on that first mission, you then are
vulnerable to problems.
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Applicability of EMI Specifications

Guy L. Ottinger
Lockheed Missiles and Space Company

Sunnyvale, California

I. Introduction

One of the primary tools affecting the basic philosophy
and policies for controlling electromagnetic interference
(EMI) is the official specification for the particular space
program. This specification is usually called out in the
contract, the work statement, the system performance
document, or all three. It has been found that many of
the requirements may or may not be applicable, depend-
ing upon the specific program internal and external envi-
ronments. This is, of course, to be expected for a
specification having general applicability. However,
there are certain areas, applicable to all programs, that
are covered improperly, or not at all. It is the purpose
of this paper to discuss some of these problem areas and
suggest possible solutions for your consideration.

I will limit this discussion to a few typical documents
which are widely used in space applications, such as
MIL-STD-826A (Ref. 1), NASA MSC-ASPO-EMI-10A
(Ref. 2), LMSC-447969B (Ref. 3), and Space Systems
EMC requirements (Ref. 4). Notice will also be taken of
the new DOD Standard, MIL-STD-461 (Ref. 5), which
is mandatory for use by all DOD departments and
agencies. There are, of course, a number of other speci-
fications not mentioned here; however, the above docu-
ments are typical and serve to illustrate the points.
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The problem of adequate systems EMI safety margins
at critical points has become a matter of concern; note
will be made of MIL-E-6051C (Ref. 6), and MIL-E-
6051D (Ref. 7), as well as the systems portion of EMI-10A
and Space Systems Specification. Important considera-
tion will be given to transient requirements.

In a paper of this nature it is feasible to discuss only
a few of the most common application problems. The
historical analysis and origin of the limits for the various
specifications is not discussed. Further information on
these matters can be obtained in Ref. 8,

Il. Correlation Between Conducted, Generated,
and Susceptibility Limits

The degree of correlation between generated and sus-
ceptibility limits is perhaps the most important relation-
ship that any specification can cover. This paper will
show that such limits vary so widely as to cast doubt on
their general applicability. The ultimate requirement is
for the overall space system to be compatible within
itself and to its external environment. To ensure that
compatibility exists under normal production tolerances
and environmental ranges, it is necessary that the sus-
ceptibility thresholds, at the most critical points in each




subsystem, be demonstrated to be at least 6 dB greater
than the cum of all the existing EMI at such points. The
value of 6 dB has normally been considered as the re-
quired margin in MIL-E-68051C (Ref. 5), MIL-E-6051D
(Ref. ), and the system requirements portion of EMI-10A
and Space Systems Specification.

lil. Transient Requirements

One of the major problems in EMI control in space
systems is the proper handling of transients. Suscepti-
bility testing is adequately covered on the power lines in
all of the specifications discussed herein. Transient levels
are normally +100 V, or twice the line voltage, which-
ever is least. Specifications EMI-10A and LMSC-447969B
require =50 V. Test requirements specify pulse repeti-
tion rates from 2 to 800 pulses/s, and are to be applied
up to 30 min in one case. Susceptibility transient testing
at 800 pulses/s for 30 min is open to serious question.
All specifications, except Space Systems, require that all
transient interference levels meet the steady-state levels.

IV. Single Event Transients

A new requirement and method are needed to prop-
erly control single-event-generated transients and pro-
vide meaningful information for design engineers. The
usefulness of the standard amplitude-versus-frequency
data (i.e., decibels above 1A per megahertz versus spectral
distribution) is highly questionable to the electrical-
electronic equipment designer. However, transient am-
plitude in the time domain is immediately understood
and applicable.

Lockheed Missiles and Space Co. has specified and is
using the time domain single-event transient criteria in
several space programs. The details in connection with
the development of these criteria follow. A single-event
transient is defined as no more than one operation for
any 10-s interval, except that one turn-on and one turn-
off is allowed for each 10-s interval, provided the one
transient has returned to line steady-state value before
the other is to be initiated. The amplitude of the tran-
sient is limited to 12.5 V above, or below, normal oper-
ating voltage at any external power interface lead.
Control and measurement of the pulse duration is also
of equal importance. To define this, it should be recalled
that there are many pulse shapes, from a single spike to
the oscillatory type, with the envelope both above and
below the axis. Inasmuch as the area under the curve is

a measure of the energy content, the envelope illustrated
in Fig. 1 is used. Total transient pulse width is the sum
of the separate pulse widths, defined at the 5-V level, of
each positive and negative voltage excursion exceeding
5 V. This width shall not exceed 250 us, and the voltage
shall return to the line steady-state value within 1 ms.

9 -
/ﬂ
\_//—\ 4
\J
B atb. .. <250 s

S0 250 us

VOLTS
=3

TIME, us

Fig. 1. Pulse envelope defi-ition

This definition considers the energy level at, and
above, the 5-V level to be significant. Single event tran-
sients at, or below, the 5-V level on power supply lines
are not significant, even though such interference will
not meet standard EMI specification limits in the fre-
quency domain. Accordingly, transients meeting the cri-
teria previously defined should be exempt from such
requirements for both conducted and radiated noise.

V. Susceptibility Correlation

Present susceptibility testing, in accordance with
MIL-STD-461/826A and Space Systems, requires at least
=+60-V spikes for a 30-V supply voltage; therefore, more
than a four-times, or 12-dB, amplitude margin exists.
This margin is deemed adequate. From the energy view-
point, on a worst-case basis, a four-times energy content
margin can be met by injecting a single square wave of
67-us duration for each single event. Alternately, the same
four-times energy margin can be obtained by injecting the
standard 10-us spike (MIL-STD-826A, Fig. 1001-13) for
10 s at the rate of approximately 10 pulses/s. Specifica-
tion of a minimum transient repetition rate for the tran-
sient susceptibility test used in all five specifications
discussed eliminates *he need for a special test and
allows the use of .indard approved test methods
and test equipment. ". .is is the recommended procedure.

The specified amplitude and duration limits for single
event transients are such that semiconductor devices
operating from the main power bus should not be af-
fected. Most semiconductor devices have thermal time
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constants of several milliseconds. Furthermore, most
failures of semiconductors occur because of excessive
energy dissipation during a breakdown mode. The single
event transient amplitude is not sufficient to cause break-
down (assuming proper design and derating) and, if it
should, the total duration of the allowed transient (1 ms)
should not be long enough to cause a problem.

VI. Test Method

The last item is to specify a standard test circuit for
transient and spike voltage measurement. The circuit of
Fig. 2 was selected as being representative of conditions
existing in a spacecraft at subsystem or equipment inter-
faces. It is preferable to use actual cable wire sized in
accordance with the load current. If a filtered or soft
switch is used, the relay and contacts shown in the cir-
cuit should be replaced to simulate actual conditions.

— 25t =10 ft ——

XFTB i >:< rest
SPECIMEN

b h

28 23
Vde

i1}

MEASURE TRANSIENT WITH OSCILLOSCOPE (A BANDWIDTH
GREATER THAN 20 MHz) AT POINTS 1, 1

CABLE FROM BATTERY TO LOAD IS 20-GAGE TWISTED PAIR
OR ACTUAL WIRE SIZED PROPORTIONAL TO THE SPECIMEN
LOAD

RELAY SHALL BE 2-A OR 10-A RATING, AS REQUIRED BY THE
LOAD. THE SWITCHING DEVICE MAY BE WITHIN THE TEST
SPECIMEN RATHER THAN A5 SHOWN

.’7’77 = BENCH OR FACILITY GROUND
POWER SOURCE 1S STORAGE BATTERIES OR AGE SUPPLY

Fig. 2. Standard test circuit for transients and
spike voltage measurement

Vil. Conducted Interference Testing Using Line
Stabilization Network

The most straightforward comparison of equipment
generated and susceptibility limits is readily appar-
ent in Fig. 3. The lower half of Fig. 3 shows the allow-
able voltage levels using a line stabilization network
(LISN) for narrow band conducted interference. The
values for MIL-STD-826A and Space Systems are equiv-
alent voltage limits based upon the product of the allow-
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able conducted line current and the impedance values
of the LISN over the frequency range of concern. It
should be noted that the oldest specifications, EMI-10A
and LMSC-447969B (both based on MIL-I-26600), have
the most restrictive limits above 500 kHz, while MIL-
STD-461 is the most tolerant. The susceptibility levels
are the two upper curves. These relationships may be
summed up as follows:

P Susceptibility-generated
Specification limit differences, dB
MIL-STD-461 58 to 60
MIL-STD-826A/Space
Systems 66to 78
EMI-10A/LMSC-447969B 37 to 66

Such differences or safety margins can be considered
excessively conservative. In attempting to arrive at the
proper relationship, it is incorrect to use the 6-dB margin
because any space system will have many pieces of
equipment contributing their own EMI characteristics
to the system. The various individual interference signals
will rarely, if ever, be in phase at any particular fre-
quency; thus, a direct addition will be exceedingly re-
mote. It has been suggested that the square root of the
sum of the squares be used.

Let us assume ten sources with signal levels increasing
in 50-V steps starting at 10 V. The composite level
would be approrimately 900 nV with the strongest indi-
vidual signal; at, or above, the allowable generated
Irnits. If this value were to be plotted in Fig. 3, it would
be evident that even the lowest of the susceptibility test
le vels, the EMI-10A, provides a safety margin greater
man 40 JB, while the margin goes up to 60 dB for
MIL-STD-826A. Perhaps a 30-dB margin should be ade-
quate for normal electrical/electronic equipment. LMSC
experience indicates that the problem is generally with
susceptible equipment; thus the limits for generated
interference should be raised by the amount greater than
the 30-dB margin. Applying such a change to MIL-STD-
461 generated limits would raise the limit by 28 to 30 dB.
This would appreciably reduce filter requirements, im-
prove reliability and functional equipment performance,
and reduce weight.

Broadband-conducied interference limits are shown in
Fig. 4. There is no sus-eptibility test method specified
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that attempts to simulate broadband signals. Presumably
the CW method has been considered adequate. LMSC
has employed the standard 10-us spike generator at a
10-pulse/s repetition rate to inject a broadband signal on
power lines at levels 10 to 26 dB above specification
interference limits for frequencies up to 10 MHz. This
method has been successfully used to perform both tran-
sicnt and broadband susceptibility testing at the same
time, thus cffecting a saving in test time. The use of
nanosecond pulses will produce broadband signals with
spectral energy up to, and beyond, 1 GHz.

FREQUENCY, MHz

Viil. Conducted Interference Testing Using
Current Probes

The use of the current probe is the most popular
method of specifying conducted interference levels.
MIL-STD-826A, Space Systems, and MIL-STD-461 re-
quire use of the current probe. The other specifications
vermit, or require, use of the LISN as wel! as the current
probe. Figures 5, 8, and 7 show the allowable interfer-
ence currents from 30 Hz to 100 MHz Susceptibility
testing would frequently be more realistic, correlative,
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Fig. 6. Broadband conducted interference limits using current probe

and converient if methods were permitted or specified
using current injection techniques. Current injection
probes are now available that have the capability of
handling the major part of equipment and subsystem
testing. This will also allow ready testing on signal and
control lines where LISN do not apply.
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IX. Conducted Low-Frequency Testing

Low-frequency conducted susceptibility test criteria
are expressed in terms of a voltage across the test speci-
men. The present limits differ in some important aspects
as presented ‘n Table 1. Experience indicates that the
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Fig. 7. Narrowband conducted interference limits using current probe

Table 1. Audio susceptibility test levels

icats Limits (RMS), Limits (RMS),

Specification 30 Hx 1o 15 kHz 15 kHx to 150 bz

MH.STD-826A 10% line or 3 V Decrease to 1V
use least value

MIL-STD-461 10% lineor3 V Decrease to 1%
use laast valve

Space Systems 5% of line voltage Decrease to 1V

NASA MSC-ASPO- '

EMI-T0A 3v None
LMSC-4479698 12V None

test limit of 10% of the line voltage or 3 V is unrealis-
tically high and imposes an unnecessary increase in
weight. power consumption, complexity, and design ef-
fort for many items of equipment, particularly cenverters
and inverters. LMSC has made a number of measure-
ments of steady AF noise on power supply buses for
spacecraft during the past few years and has not mea-
sured ripple voltages greater than 350 mV zero to peak,
or appreximately 250 mV equivalent rms. Therefore, a

10

limit of 5% of the line voltage will provide a safety
margin greater than 12 dB. Considering a noise current
of 1 A allowed per Fig. 7 and a combined power source
and cable impedance of ¥4 Q, the resulting ripple would
be 0.25 V. Again, the susceptibility-generated relation-
ship is greater than 12 dB.

X. Radiated Testing

There is even less correlation between radiated inter-
ference and susceptibility limits than has been previously
noted in conjunction with conducted limits. Figures 8
and 9 show that there is little, if any, uniformity be-
tween the various specifications. The conversion of units
from anteuna-induced voltage to field intensity units fol-
lows the system used in Ref. 8 for EMI-10A and LMSC-
447969B limits. All of the newer documents specify
limits in units of field intensity,

It is informative to compare the susceptibility field
intensity levels of Fig. 10 with the narrow band radiated
limits of Fig. 8. This can be summarized as shown in
Table 2. Again, it is noted (Table 2) that margins of 40
to 120 dB appear to be excessive. It does not appear
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Fig. 9. Broadband radiation limits
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Fig. 10. Radiat>d susceptibility limits, 14 kHz to 20 GHz

Table 2. Radiated susceptibility vs interference matgins

Specification Difference ranges, dB
MIL-STD-826A 66 10 120
Space Systems 74 10 120
MIL-STD-461 75 to 100
NASA MSC-ASPO-EMI-10A/
LMSC-4479698 40 10 113
Average: 64 to 113 J

that much relief can be expected in the future because
MIL-STD-461, issued July 31, 1967, requires a margin
of 75 to 100 dB.

Xl. Correlation Between Systems Level and
Equipment Margins

The major objective of EMI control is to provide sys-
tem electromagnetic compatibility so that flight mission

12

objectives can be attained. Historically, equipment and
subsystem limits (Ref. 7) have been established, based on
the capabiiity and sensitivity of EMI test equipment,
sensitivity of an unfiltered aircraft communications re-
ceiver with an unshielded lead-in, arbitrary engineering
opinion, and special-purpose requirements. At present,
there is no valid mathematical relationship between
equipment margins and critical systems margins as speci-
fied in MIL-E-6051C/D. It is generally recognized that
a new program has a better chance of demonstrating
safety margins at systems critical points if the equipment
meets some EMI control levels. Again, there is no agree-
ment as to what these levels would be until after the
system is tested.

Specifications MIL-E-6051C, Space Systems, and EMI-
10A specify a 6-dB safety margin between the critical
circuit susceptibility thresholds and the existing noise in
the circuit. There has been a change in systems test
philosophy as the latest systems compatibility require-
ment specification, MIL-E-6051D, does not require dem-
onstration of safety margins, but merely requires that
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consideration be given to establishing safety margins for
subsystem/equipment assigned to primary criticality
categories. Even then, such safety margins may only be
used when approved by the procuring activity and only
when catastrophic results of an EMC problem justify
their use. Specification MIL-E-6051D emphasizes that
existing test points shall be used and that special equip-
ment or circuit breakout use shall be minimized. The
level of safety margins, unless otherwise specified, shall
not be less than 6 dB (20 dB for explosives). In each
particular svstem, it is necessary to evaluate instrumen-
tation and other errors to arrive at the optimum levels.
Generally there does not seem to be enough data to
support more than a 6-dB requirement, except in the

case of pyrotechnic circuits where range safety require-
ments dictate.

Xil. Conclusions

There is a real need for control of single-event tran-
sients with measurements in the time domain, A set of
requirements is established and justified. The difference
in levels between susceptibility limits and allowable
interference generation limits is too great and imposes
an unnecessarily severe burden on a space program. It
appears that a thorough study and test program is
needed to establish the relationship between equipment
EMI requirements and system performance.

Discussion

Guy L. Ottinger: Specifications MIL-STD-826A and MIL-STD-461
state that, in the interference control plan, you should call out
your particular transient requirements. It has been my experience,
having written and submitted a number of control plans, that there
is a long period before they are approved. After the plan has been
forwarded, you may be led to think that this takes care of the prob-
lems; however, it is usually 4 or 5 months before you ge* the first
interference control plan to the customer. Then, as much as a year
may pass before it is finally approved. In the meantime, you must
put out specifications for the black boxes and all of the experiments.
The interface documents must all be prescribed. Therefore, if you
do not have an idea of what the requirements will be before the
control plan is approved, you will still have a lot of problems to
solve. The solution of these problems will prove costly and schedule
delays will result.

In Figs. 3 and 10, besides showing susceptibility limits, the
output has been converted to the field intensity in volts per meter.
Use of the word field intensity implies that it is, in fact, a free-
space radiation reading. It is not. Most of the susceptibility tests
are conducted in screened rooms and, in a screened room, the
best that can be said is that there is an apparent field intensity.
As long as everybody uses the same system and the same methods,
and identical conditions, it is probably the best that can be done.
It is perhaps better than the old system.

Hector M. Smith: At the beginning of the paper, Mr. Ottinger made
the comment that specifications should be written in a form that
the equipment designer can understand. I would also like to look
at the other side of the coin. I would like to see the designer in-
clude in his manuals information that the EMC man needs, such
as random noise bandwidth, iinpulse bandwith for receivers, sus-
ceptibility to different kinds of signals, etc. In looking at suscepti-
bility problems, I had to do a great deal of guessing and digging
to obtain the information I needed to determine whether the
equipment was susceptible or not.
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Albert C. Whittlesey: I would like to ask a question regarding a
particular area of your talk; it does not necessarily have to be
answered by you. The question is on the transient. You have
voltage levels and then you immediately jump to energy levels.
With all the various impedances, especially on power lines and
various other lines, I would like to know how you can have one
uniform energy level, or what you think might be a most appro-
priate type of transient. I would like a discussion on this, because
I do not think there is a real solid answer.

Guy L. Ottinger: This is one of the reasons why we have a 2-to-1
or 4-to-1 safety margin, so as to have a bit of reserve left over. The
way we compute energies by integrating the area or squaring the
voltage over the impedance of the line times the duration gives
so many millijoules. I have forgotten exactly how many joules our
particular device comes up with. It is quite true that you have to
assume a constant impedance if you are going to directly relate
voltage and energy determinations, which is not true. The semi-
conductor circuit, of course, has to be designed to withstand the
+50-V or 100-V spikes, or whatever they are. So you get addi-
tional protection.

Robert O. Lewis, Jr.: In our design of the Lunar Orbiter we stabi-
lized the power source impedance so that it had constant impedance
with frequency. Then, we devised our specification so that there
would be a constant average power, no matter the rate of the
puie repetition. We could then develop a series of curves which
woula limit the average power on the power bus to a particular
level versus frequency.

Robert W. Ellison: It does not appear to us that the digital equip-
ment that is being used in many of the programs today is ade-
quately covered by spikes which run up to 250 ps in width, We
have found that any number of static inverters, which are used in
practically all of the packages which come off of dc power buses,
are generating spikes which are 1-us total duration, maybe 100
ns at the half power points in other cases, and with repetition
rates from about 400 Hz to 100 kHz.




Discussion (contd)

We also find that these same equipment are susceptible to a
mode which, as far as interference is concerned, appears as though
both the + and — leads are connected to one terminal and the
other side of the circuit is the case, i.e., 2 common mode between
both power lines and case. If you do not do any testing, which
covers that common mode, it may be that you will not know that
this is the most susceptible mode of many pieces of digital equip-
ment. Some of these digital equipment are instrumentation systems,
some are guidance computers. We are finding that the levels on
some of this equipment are down on the order of 500 to 600 ergs,
which is an extremely small amount of energy. This was discovered
by one of our associate contractors during some tests. Applying
140 mV for only 50 ns in a common mode was sufficient to make
the equipment compute completely gross errors or even jump
programs in its computers.

Thirdly, we are finding that we are getting into systems
which have many different black boxes. There are all kinds of
power leads. The ones we are always associated with are the dc
power or the ac power leads; however, we find now that we are
getting into systems where one black box has a 250-kHz clock or
a 500-kHz clock, or even sometimes megahertz clocks, which dis-
tribute essentially clock power to other boxes. The slightest effect
on the rise time, or the time of occurrence of that rise, can cause
serious degradation. Therefore, I would think that if we are going
to do something about transient waveform specifications, they
ought to be puskted so that they also cover these very short spikes.

Guy L. Ottinger: You have raised some very good points. A lot of
these noises you are speaking of are not single event transients;
they are repetitive rate types of devices for which we are bound
to meet the present EMI specification limits. Therefore, you should
have a little better control over them. If you have a circuit that
respoads to nanoseconds, you have big isolation problems that do
not really depend on what you do in a power line. You could never
make the power lines clean enough so that your system will not
be affected. With a problem of this magnitude, equipment will
require special precautions, double or triple shielding, use of dif-
ferential amplifiers, 10, 20, or 100 MQ isolation, reduced capacity
effects, etc. This, certainly, is a new order of magnitude which is
beyond what I was talking about here; I am a little more down to
the practical power supply — the power problem. I recognize that
important problem, but believe it falls into the area of signals.
Whenever you are talking about signals, you have to go in and
find out what your problems are. As Mr. Smith mentioned, we
should train equipment designers to give us some useful specifica-
tion data so that we know what kind of signal the equipment
responds to. A great deal can be done to design some of this equip-
ment so that it is not responsive to the nanosecond pulses. Where
you have a circuit that depends upon such pulses, you have a sepa-
rate system that requires attention.

George H. Clavell: Looking at that single event transient from a
purely theoretical standpoint and its harmonic contents, that
type of waveshape lends itself quite readily to analysis with
Laplace transform methods. Theoretically, with these waveshapes,
most of the components are contained in the very low frequency
region, at least the higher-amplitude components. If you want to
correlate that kind of transient or a single event transient, using
some of the other methods used in past analyses, you will find that
the transients do contain the low-frequency components. Then, the
interferences that might be caused by these components might be
overlooked if you ignore doing a broadband frequency, or broad-
band component search. Therefore, I question the adequacy of
ignoring all the various methods of analysis and merely identifying
or putting a limit on the transient itself.
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Guy L. Ottinger: We have been making those measurements for
years. I have many of these measurements and I have presented
them many times to EMI boards. We have tried to explain to the
equipment designers how to use that information but have never
been able to do it. This information is useful for us; we under-
stand what it means. If you do have a receiver that is frequency
selective, then you can tell what you have; however, for a general
type of electronic equipment that is not frequency selective, this
information, we have found, is not too helpful. I suppose one way
of testing would be to make both types of measurements. Another
item I did not mention is that anyone can make a time domain
transient measurement with an oscilloscope. For the other method
you must have EMI equipment. You must take three readings per
octave or, with MIL-STD-826A, five frequencies. You must exer-
cise this particular single event probably about five times to get
good readings. These single event transients vary so much, that
repeated tests for every transient run the cost up astronomically.
It has been our experience that, for a single event transient, you
do not have any use for the data, and, to bring these generated
levels down to the standard steady-state specification limits, you
are unduly penalizing the program.

Paul Michaels: I have been listening to these discussions primarily
as a user. I noticed that this particular specification for a single
event transient is a very important one for most space experiments,
particularly with regards to power lines. One of the prime con-
siderations of most power supplies in a space experiment is that
these power supplies will probably involve use of a series regulator,
a transient filter, or a converter. The use of a transient specifica-
tion, as you indicated previously, is very important. One always has
the problem of questioning whether the transistors used in these
filters, converters, etc., will be capable of taking a transient. A
single transient can destroy these supplies. I think that the concept
that you provided is a very useful one. It is the time and amplitude
duration that is important. It is not particularly the harmonic
content or the particular rise and fall time; those characteristics
affect other aspects of design, but not the ability to survive a
transient of this nature.

The other comment that I had was that it seems that, if one is
concerned with the total power dissipation capabilities of your
transient filter, your regulators, etc., you should regard the total
energy in your pulse as really the difference of the positive spikes
minus the lower than normal spikes. It is a thermal problem; at
least that is the way I look at it. It is the difference in thos. -mergy
contents that is important to whether your device will survive
or not.

Guy L. Ottinger: We are proposing too that you run positive or
negative spikes for the susceptibility testing, so that you do equal
them. Actually, I believe, from the energy viewpoint, that it does
not make too much difference whether it is positive or negative —
the product of current squared, resistance, and time gives heating
energy. It doss make a difference in that some transistors are more
sensitive to negative going energy than to the other.

J. T. McClanahan: I particularly enjoyed your remarks concerning
the specifications. It seems that many people have tried to legis-
late EMI and it just cannot be legislated. The problem that I see
and have watched is the practical application of specifications.
When you have a contract, you must at least have an entry in
that contract, not too specific, that talks about EMI. I like the
JPL approach, something that is broad, that you can tie your hands
to, ensure some good practical engineering design, and then practi-
cal application of waivers. We are finding out now in the Apollo
Program, where we have had some pretty successfi i launches with
a big bird and many people building different stages, that when
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Discussion (contd)

we do this, through practical application of some existing specifi-
cations, we interface at the Cape with good results. Stacking the
stages, idiosyncrasies have been found and fixed only because of
a practical application of these specifications. They are necessary.
I also feel that you may get a lot of waivers against a certain
specification, but that it is not necessary to write another specifi-
cation. It does not necessarily mean that the specification is a bad
one. Once you have built something that works, and proved that
it will work, how do you measure how much margin of safety you
have from a susceptibility standpoint? What is a practical way to
induce enough unwanted interference to give you a feel for how
safely the system works? Do you have a 1-dB margin of safety
or 2-dB? This, I think, is something that could stand investigation.

Guy L., Ottinger: Yes, we agree. I thought that 6 dB might be safe.
In some cases, 20 dB is the correct amount, and sometimes, it
should be more.

Robert G. Peltzer: I would like to make a plea to Mr. Ottinger to
come off that business of increasing the radiation. The MIL-Speci-
fication levels are now at least 30 to 40 dB above our sensitivity
levels. The University of Michigan Radio Astronomy Laboratory
is trying to fly radiometers to measure the cosmic background
noise, solar flares, etc. I think that you will find that I am not alone
in this predicament; you will find that, as it is now, the VLF and
ELF experiments, and anything else that is trying to measure any
type of radiated fields, are in real deep trouble. We are looking
for a 20-to-60-dB reduction in levels. We are not looking for a
40-dB increase in levels.

Guy L. Ottinger: No doubt about it, you have a special case. I
guess the only thing we can do with you is to isolate you some-
where on the end of a boom as has been done. It is not a bad
idea. Otherwise, we could enclose all the rest of our electronic
equipment in a tight box. It certainly takes special precautions.

H. T. Howard: I would like to back up Mr. Peltzer. We have just
undergone a rather harrowing integration on Mariner V. We have
the same problem on Pioneer; however, basically the specification
for Pioneer was MIL-I-26600, which was 50 to 60 dB above our
discrete frequency sensitivity. While listening to the EMI frater-
nity talk about EMI specifications, I think that scientific experi-
menters would say: “We are coming into this and we constitute an
exception.” Basically, I think we understand your specifications,
although I am not certain. We can meet your specifications with
our instruments for our instrument’s susceptibility to conducted
interference, or your susceptibility to interference generated by
our instrument, without any great difficulty. However, the problem
is radiation from the spacecraft: radiation from harnesses, radiation
from solar panels, all of the places where power is conducted over
the spacecraft. Those who have sensors looking out can be totally
wiped out by interference that is far below the sensitivity of the
EMI equipment, and certainly below the sensitivities required in
the specifications. I would like to caution you that when you
see a scientific investigator coming along with something that
hangs out in space, that goes into his instrument, that the rules of
the game are going to be quite changed. He is going to be quite
fussy, not about how high a spike is, or how long it is, but any-
thing that is repetitive, anything that is likely to be there all the
time. I do not think that you can write a meaningful EMI specifi-
cation that will cover all these specific cases. Mr, Wolfe, in talking
about an envelope of susceptibility, had a couple of spikes about
halfway up the frequency scale that dropped clear down to the
bottom. I think that he probably had in mind our experiment
where, at 50 MHz for instance, we were susceptible to signals of
—146 dBm. Now, this is a very serious problem to an EMI man
who has a receiver that is sensitive only to, say, —110 dBm.
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The other comment was a purely technical one concerning the use,
in Specifications MSC-ASPO-EMI-10A and the old MIL-I-2660C,
of radiating to an instrument in a screen room. Your comment was
that it is not like free space. It is worse than that. An antenna in
a good screen room can only have a VSWR of infinity, because
the screen room, after all, is a high Q device. It is a cavity, and,
as you sweep from dc to daylight with your various signal
generators, you find that the cavity is excited to resonances at
various points — many points. It is certainly sensitive to the move-
ment of people; any absorbing object that you move changes the
standing wave pattern in the cavity. If the screen room is good,
the standing wave pattern is going to have infinitely deep nulls;
therefore, you will not have any radiation at these points. If it is
a small instrument with a small pickup, and you are at some
frequency, such as 50 MHz, where a wavelength is 6 m, then it
is a very small part of a wavelength and it can very well be in a
null in this field. So you have a requirement of say 6 dB in your
measurement and you find that you cannot do a 30-dB measure-
ment. If the instrument is moved a few feet, or if at the next test
setup there is another piece of coax cable running around the
room, the measurements are going to be different by 10 to 20 dB
or 10 to 30 dB, depending upon the quslity of the screen room.
Therefore, radiating to an instrument and trying to see its re-
sponse is tricky at best and probably not very repeatab'e. I think
our experience on Pioneer was that the 26600 testing done on the
scientific experiments did not help us. The test demonstrated that
there were no -adiated signals from the various boxes that were
right on our frequency. Where the object of the specification is to
produce something that is definite, that the system man can use,
the results are subjective appraisals of what you have. I do not
think that the systems man could look at it and say that these are
going to be compatible. Therefore, I am cheering you in your
attempt to obtain new specifications. I am glad to see that these
specifications are in a state of flux because they have not been
adequate, even from the systems point of view whare everything
is interconnected. I do want to caution the EMI fraternity that
those who are conducting scientific experiments will question
levels 30, 40, and 50 dB below current specification requirements.

Guy L. Ottinger: That is a serious problem for us. Obviously we do
not have the answer for your sensitivity levels. We have run into
a lot of experiments and, frequently, we are lucky that it is only
a very narrow frequency spectrum that must be covered. We can
go into the problem and use special techniques. However, if you
want to go all the way from dc to daylight, then we must start
all over again and devise a new system.

Ben Weinbaum: This is a very interesting discussion because it re-
veals the diversity of our interests and the fact that we all might
have mutually exclusive requirements. The specifications, as we
know them, can only lag the state-of-the-art because experimenters
are doing new experiments. Radio astronomers have increased sen-
sitivity recuirements. On the other hand, we still have to get along
with the same old airframes, or spacecraft. The spacecraft and
vehicle personnel have tended to standardize and we like very
much to have standard specifications, at least procedures that we
all are familiar with. It seems to me that to realize an optimum
solution to the problem of achieving compatibility, the EMC
engineer must participate in the system engineering function, and
the preliminary design and pre-proposal activity. He participates
in the functional analysis of the missions so that he knows what
information must be passed back and forth and what the power
requirements are. Mr. Michaels is talking about the physical degra-
dation, or the destruction of a component, whereas another gentle-
man may talk about iiie loss of information or the garbling of
information. I think that these things should be recognized and
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Discussion (contd)

that we should then attempt tc writz specific specifications, per-
haps utilizing standard procedures and a good methodology for
arriving at specification limits that are appropriate for the particu-
lar system of concern, and utilize measurement procedures and
test techniques that are well understood and within the capability
of the contractor, his vendor, or subcontractor. It is to provide a
standard set of procedures for arriving at limits rather than trying
to say what the limits are. I do not think that we will ever be
satisfied with general limits or standard measurement procedures.
In this area, many questions have been raised. For example, we are
interested in the rropensity of subsystems to generate interference.
This means understanding the impedances across which, or through
which, interfering voltages pass. At this time, we really have not
solved that particular problem.

Paul P. Monroe: I would like to suggest, before we enter too far
into this discussion, that we divide this meeting into two sections:
(1) EMI energy, which pertains to equipment that might be
damaged due to radiation, and (2) communication equipment used
in deep space and sciemific equipment. The two areas are not
compatible. Mr. Ottinger speaks about whether we transmit
enough energy to set off a squib and he may reduce the level at
which the radiation will not affect the squib. On the other hand,
if we have a receiver with a —160-dBm sensitivity, this receiver
would be incompatible for maintaining communication at his
cutoff level, I think, therefore, that we ought to be divided into
two sections ~ deep space communication where sensitivities are
very important, and energy transfer for equipment power supplies,
transistors, etc.

Ben Weinbaum: We seem to have almost reached a standoff. We
have a number of scientists in the audience, some of whom are
unfortunately not engineers, and we have a lot of engineers who
unfortunately are not scientists. We have talked about the various
aspects of the equipment and the various sensitivities. We have

talked about the requirements for specifications and we have
also talked about contracts. Contract performance is great if you
have an open-end contract that allows you to spend money after
you have partially developed the program. However, this is un-
acceptable in some contracts where you have a fixed fee. In such
a case, any waiver is a penalty. Therefore, we will dispense with
the contract part of it. The specifications were written for the
large weapon systems; they originated from DOD requirements
and, unfortunately, most of our space experiments ride on the
backs of boosters that were originally developed for DOD usage.
Launch site requirements impose tremendous demands on the
launch vehicles.

The new Saturn program would have done fine had we not had
the very strong requirements of the launch site to worry about,
primarily, the radiated fields. The tremendous interfaces that deal
with our various pieces of equipment require us to develop cer-
tain specifications. We are at the point now where there should
be a tremendous opening into the new scientific era for specifica-
tion requirements and limits. Unfortunately, many engineers,
myself in particular, have not really looked at the scientific aspect,

and at the scientist’s view of specification requirements and usages
in this field.

Glenn A. Reiff: I would like to attempt answering the last two com-
ments. I personally am delighted to see this standoff; I hope there
are many more of them, This is getting to the heart of the reason
why we thought a meeting such as this would be worthwhile. Cer-
tainly, spacecraft are a different breed of cats than missiles; ther
are different from airplanes. There are scientific requirements.
Those involved directly in EMI need to obtain a bett~r under-
standing of some of the scientific requirements. On the other hand,
some of those who are building scientific instruments need to
become familiar with developments which have taken place in
EMI; therefore, I believe that things are going well.
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Electromagnetic Compatibility/System Design

Management Plan
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TRW Systems Group
Redondo Beach, California

I. Introduction

Since the discovery of the first electronic circuit mal-
function caused by an extraneous signal, design engi-
neers have treated the strange and sometimes mystifying
phenomenon of electromagnetic interference (EMI) as a
“black art.” In bygone days, the control of this alleged
curse was left to the test engineer and laboratory tech-
nician who usually mastered the particular problem by
curing the symptoms.

As time progressed and certain problems appeared
with repeated characteristics which resulted in similar
“fixes,” efforts were made by governmental agencies iv
control compatibility problems between the many “black
boxes” comprising their complex systems. The nature of
these controls took the form of what are now EMI speci-
fications. Being all-encompassing to solve every kind of
probiem imaginable, these specifications had an opposite
effect to optimizing a system design, although they did
eliminate many of the standard EMI problems. This
“brute force” approach of reducing all EM emanations
from each equipment, while requiring that it be capable
of withstanding an artificial EM environment, was ade-
quate for many years, because the system constraints of
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weight, space, and power were not usually the limiting
factors of system cost.

The purpose of this paper is to present a system de-
sign management plan which is capable of keeping pace
with the driving trend toward sophistication in the pres-
ent day aerospace systems. Before delving into the de-
tails of the plan, it would be helpful to summarize the
driving philosophy behind it.

Electromagnetic compatibility (EMC) should be the
result of a conscientiously engineered system design
which balances the generated EM enviromments of the
system being designed with the TM sensitwities of
the syster: 2quioment and the functicaal performance
requirements. The implementation of this concep: en-
sures the achievement of an eicctromagu *ically compat-
ible system through the control of inter-, as well as,
intra-system interface characteristics and performance
parameters.

While the details of the concepts described in this paper
are in a continuing process of refinement, the methods
have been successfully implemented on Pioneer VI, Vela
Advanced Spacecraft Project (VASP), and Intellsat II1.
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The most complete implementation of these concepts is
currently taking place on Air Force Program 949. The
plan presented herein is, therefore, not a figment of
imagination, but a vital, practical, and living part of an
existing total team management concept.

Il. System Design Approach

The system design approach is basically a detailed
implementation of the concept of maintaining a balance
between the generated EM euvironment and the EM
- .nsitivities of the equipment. This balance must be
achieved by design, not chance. To achieve this goal,
the normal program can be broken into phases, as shown
in Fig. 1. Each of these phases contains a logical se-
quence of design activities which, when properly guided,
will result in an optimum compatible system design. The
following portions of this section are Jevoted to describ-
ing, in a simplified manner, a proven way in which a
compatible system can be designed.

A. Phase 0—Preliminary System Design

If it is assumed that the normal feasibility studies and
marketing activities have been successful, the program
begins upon receipt of a Request for Proposal (RFP),
often from a government agency. If the RFP is assumed
to be typical, it will contain a very brief description of
the required system performance characteristics and a
tremendous number of qualifying constraints, such as
weight, environmer:t, reliability, quality assurance, de-

livery and marking, launch vehicle, and, sometimes,
EMI/EMC.

The first step facing a company irying to respond to
the RFP is to define a conglomeration of hardware
which will functionally satisfy the required system per-
formance parameters and, at the same time, attempt to
satisfy all the constraints. This first step is probably one
of the most crucial steps in achieving a compatible sys-
tem design. It is at this point that the system design
engineer must influence tlie basic system configuration
so as to avoid gross compatibility problems. At this stage
of development, a typical situation might be a desire to
employ sensing equipment which intentionally monitors
very low-level broadband VHF energy while, in the
same system, attempting to implement a high-audio-
frequency squarewave ac power distribution scheme for
the system.

Concurrently during this Phase 0 activity, the basic
compatibility program approach must be defined. The
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compatibility program must be geared to accommodate
the system performance requirements as well as con-
straints and, at the same time, optimize the hardware
design performance in a cost-effective manner. This pre-
liminary program plan should define for the customer
which requirements will be met and also those which
will not be met. In the latter case, a positive alternate
must be defined to allow the customer some flexibility
in arriving at an acceptable contractual work statement
and budget allocation.

A typical requirements problem area is an RFP speci-
fication, such as EMC or environmental, being idealis-
tically severe. In such cases, it is obvious to everyone
that the many requirements must be relaxed (some
cases may need to be more stringent). However, because
of the preliminary nature of the system design, there is
not en -:gh information available to propose a meaning-
ful sct of alternate requirements. One possible solution
to this dilemma is to propose a revision to the specifica-
tion stating that the p. cular problem requirements will
be accepted as interim - ‘uirements until such time as
the contractor can pi: -.se technically justifiable and
realistic requirements. In addition, as a part of the re-
sponse, a positive plan should be proposed to allow the
derivation of realistic requirements at some fixed time
before th~ end of Phase I of the program, as indicated
in Fig. 1 and described later in Phase II.

B. Phase 1—-Detail System Design

Once a work statement has been negotiated and a
budget authorization has been given, the real task of
influencing the various subsystem design efforts to
achieve a compatible system begins. From the finally
agreed upon program performance requirements, the
task of allocating the compatibility requirements to vari-
ous subsystems can be initiated. Of primary concemn is
the allocation of electrical parameters to the subsystems.
Since power, command, and telemetry functions com-
prise approximately 80% of all subsystem interfaces, the
characteristics and implemcatation of these functions are
most critical in affecting system compatibility. It is
wasted effort and false economy to require very stringent
controls on the power interfaces and some nebulous
radiated environment limit on a complete subsystem if
the circuit designers are left to their own imagination in
designing the signal interfaces. As an example, the nor-
mal approach to controlling the EM profile of a subsys-
tem is to limit the amount of “undesirable” energy of a
power line and the radiated energy of the subsystem. If
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Fig. 1. System compatibility design program breakdown
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the subsystem fails to comply with these limits, the sub-
system equipment and cabling are blindly modified to
comply with the specification limits. This is usually
accomplished in a very inefficient manner in terms of
the system design. In most cases, the system design ap-
proach requires that each equipment be analyzed to
determine its worst-case sensitivity to extraneous energy.
Once a profile has been established which defines the
most sensitive system element at any frequency, an
analysis can be completed which will define, not only
the best EMC requirements for the system, but also the
constraints which are necessary for all the system inter-
faces to ensure compliance with these requirements.

As an example, assume that the sensitivity of each
equipment is defined. The compatibility limits should
then specify the allowable spectral density (with an ap-
propriate safety margin) which may be carried on any
conductor or radiated from any equipment so as not to
exceed any other equipment sensitivity. This concept is
illustrated in Fig. 2.

The general approach for analyzing the system to
establish the composite sensitivity profile and, thus, the
most realistic EMC limits, is illustrated in Fig. 3. As
indicated, the allowable generation limits are determined
by transforming the worst-case sensitivity of each equip-
ment, through the appropriate transfer function, int» an
equivalent voltage or current level on an adjacent con-
ductor in a typical system cable hamess. Taking the
composite profile of all the system equipment trans-
formed sensitivities, the complete frequency range of
interest can be mapped and the compatibility limits es-
tablished by adding reasonable safety factors. The out-
growth of this analysis is a concrete basis for defining the
proper program EMC requirements or to request quanti-
tative deviations from existing program requirements.

Based upon the results of the compatibility limits deri-
vation, a very important tool for defining and controlling

“@— CALCULATED £EQUIPMENT
SENSITIVITY

_____ -—— ASSUMED EQUIPMENT
SENSITIVITY

ALLOWABLE GENERATION
LEVEL FOR ANY EQUIPMENT
— «@—— WHERE x IS THE ENERGY
TRANSFER LOSS BETWEEN
TWO ADJACEHT CONDUCTORS

AMPLITUDE, dB

FREQUENCY, MHz
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electrical interfaces is established during the Phase I activ-
ities. This interface control tool is referred to as Wiring
Integration Design Engineering (WIDE). The basic con-
cept of this system is the utilization of the standard 80-
column IBM card format to identify electrical interfaces
in terms of functions, characteristics, and routing.

The key advantages of the concept are speed, flexi-
bility, and a mechanical means of matching interfaces
between subsystems. When WIDE is employed, time-
consuming preparation of wiring diagrams is eliminated,
and the normally difficult-to-spot errors of inconsistency
or non-correlation are made immediately obvious. Wire
shielding, grouping, and routing are readily controllable
with this concept. WIDE is being effectively used as an
interface design as well as a production tool for produc-
ing the system electrical cable harness. The concept can
also be expanded to provide a mechanism for feeding
interface information into a separate computerized sys-
tem compatibility model.

C. Phase [1—Detail Equipment Design

The activities during this phase of the program really
prove the worth of the system design approach to com-
patibility. The system designer utilizes the results of the
compatibility analysis of Phase 1 i» improve the equip-
ment design in the most cost-effective manner.

The key element during this phase is the EMI predic-
tion analysis. This analysis identifies the degree of iso-
lation required for power as well as signal interfaces.
In addition, the results of this analysis will influence all
electrical interfaces, as well as the equipment packaging
design. The flow diagram in Fig. 4 outlines the general
approach to the EMI prediction analysis based upon
the rudimentary equipment design necessary to satisfy the
functional performance parameters.

Fig. 2. lllustration of equipment sensitivity relationship
to the establishment of allowable interference
generation levels
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