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~ ABSTRACT

This report details an investigation concerning passive
intermodulation (PIM) interférence generation in UHF (200 - 400 MHz)

satellite communication systems. A survey of reported phenomena

- which can generate PIM is présented. AnalYtical techniques for the

calculation of intermodulation signal powers are reviewed and a

novel technique is proposed. A combination of theoretical analysis'

and experiments with two transmit frequencies is then applied in an
investigation .concerning the identification of PIM signal sources
by power responseé signatures. A study of the vacuum phenomenon of

multipactor breakdown, a known PIM generator, is also reported.

Guidelines to be followed in all stages of design,

manufacture, and RF communication system assembly which will result

in the minimization of intermodulation signal generation in passive

components are given.
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CHAPTER I

INTRODUCTION

1.1 Introduction

The'Department of Electronics Engineering at Carleton Univer-

sity, Ottawa, Canada, was commissioned by the Canadian Department of

Communications,Communications Research Center (CRC) to conduct theore-

tical and experimentel investigations concerning-theigeneration of passive

intermodulation (PIM) interference in high power UHF satellite communica-

" tion systems. ‘The work was carried out at CRC in cooperation with CRC

widths. -Such IM signals can-be-st:significant:power'leveis and-cause

e
w

.equipment'housings,'or:any other conducting structures exposed to high

personnel.

RF interference caused by passive intermodulation or the "rusty
bolt" effect is encountered in the operation of*multifreqnency~radio comm-
unication systems. ‘Where transmitters~and-receivers are co~located, microscopie

naturally occurring conduction nonlinearities (e.g. in passive RF components,

intensity RF fields at the transmitter output frequencies) Can generate

intermodulation (IM).signals'on frequencies within the receiver band-

receiver desensitization as well as interference to-desired communica-

' ‘tioms.

In the past, PIM interferenoe has been avoided or minimized -

" by the choice of~operaring}frequencies3for‘ooésited:eqqipments,sﬁch

that the frequencies of,allbbut high“ order IM"signals fallnoutside the

For most terrestrial systems, the’ power of IM s1gnals above flfth order
is below receiver sens1t1v1ty thresholds : :
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receiver bandwidths. Due to the increasing congestion of'thecommunications

.freqﬁency spectrum  however, frequency planning can no longer be
effected so-as to provi&e-suffiéiént.alleviation from the PIM inter-
ferenge problem. In addition, thé requirement to communicate over '

ever increasing distances brought about by space satellite technology
necessitafes the use of high power transmitters in close proximity

and often sharing a common anténnavwith highly'sensitive reﬁéiVers
operating in the samé frequency zoné.' In such systems, even Very’

high order IM product signals,can.be of sufficient.amplitudg to severely

impair receive channels.

It is clear that @odern RF communiéation systems mustvbe
designed so as to avoid potential sources of PIM. This, however, is
aﬁ extremely,difficult task as PIM geﬁerators are numerous and the -
mechanisms of some are not well understood. ‘A number of investigations
in the past* have doneAmuch to answer some of the questions‘regafding
PIM, but.tﬁeir results are by no means conclusive. There remains there~
fore a need for further observation éf spurious signals generated. by
passive RF components and basic research concerning.naturally occurring
- nonlinear coﬁduction mechanisms.‘ Coupled with the,developmént of tech-
niqﬁes for the prediction of the amplitude of PIM signals generated by
'particﬁlar nonlinearities under different operating conditions, such
investigations can lead to the establishment of guidelines for the
désign of communication systems such that PIM interference can be elimi-

‘nated.

2

* A bibliography of literature concerning passive intermodulation can
be found at the end of this report.
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1.2 Study Objectives

This investigation was initiated to provide guidelinés
for thé design of "PiM*free" passi?e RF components fér use in the
proposed Canadianszvernment-Multi—Usé.UHF Satellite (MUSAT) Communi=- V
cation Sysﬁem. .This system Will éperéte with u?link frequencies in
tﬁe 400 MHz range and downlinkvfrequencies between 270 MHz and

300 MHz. It is planned that transmit~powers‘in»each'of'SO'communica—A

' tions channels will be automatically adjustable to maintain the total

RF power output from the satellite.transponder constant at

"+ 49 dBm regardless of the number -of channels in usé. Although the

satellite design has not been finalized, a common antenna for ‘trans-

‘mitting and receiving is believed preferable frbm'flight dynamics

and antenna deployment considerations. Signal to noise requirements

" dictate that received signal powers in each operating channel should

be a nominal -114 dBm. The maximum permissible power for PIM signals

-at .the receiver’input has therefore been specified -as ~-120 .dBm,

. allowing a 6 dB margin for»reliability.

. To delineate a path>along‘WhichAinvestigatiOns COu1d~pfoceed,

.the following seven subobjectives of the study were defined:

(1) The accumulation of :eférence materfaiignﬁ a
| ‘review of litefatﬁre:¢onc¢rning ﬁéssive ihtéréfvi
_modulation, ﬁarticﬁlafly-in sgte11ite‘cOmmunica-
A_tidn systemg,' | ~
(2)" Liaison and consultation with ofher:invesﬁigators

”of‘PIMlphénomena3




Y

(3) 'Experimentalviﬁvesﬁigation of the inter-
ference géneratigg potential of‘commer~ '
cially availaﬁle paééivé RF compdnents.

(4): Experimeﬁtal éva;uatidn of materiéls,‘
plg;ing#,.metallic joints;-énd hardware
mounting.scheﬁes'tq determine thé beét
'methéds and materials for the manufacture

'and:aséembly-of PIM free hérdwafe.

(5 The‘developmént of ;echniqﬁesvfor_the
ahalytiéal p:edictién of the PIM-geﬁera—
ting potéﬁtial of particular componeﬁts and
hardware'configuratibns;‘

(6) Expefimental'and théoretical investigation.
oﬁ the vacuué.phenomenon of multipacto;
Ereékdown.

(7) The deéién of passive RF components for

use in the MUSAT system.

1.3 .~ Planning and Ofganization

Since this investigation was conducted well in advance of the pro-
" posed impiementétibn date for thg MUSAT system,-spécific hardware
requiremenés were not known. RF component design and testing there-
fore took on only minor importance in the study. Majof emphasis was
placed on the identification and understanding of potential_fIﬁ sources
iﬁ materials which,from considerations other than PIM ,qualify for use

in the manufacture of system components. This research nature of the
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investigafion made it practical to study PIM over a wide range of
transmit powers éﬁd at ali.IM product orders rather than péying
atteﬁtion‘énly to signals generated in the operating ranges of the
MUSAT éystem.i Particular attention was, however, paid to PIM genera-
tors peculiar to the space environment.  In -.addition, transmit and
receive frequency bands for PIM experiments were chosen to cover
those of the satellite transpohder." To allow a lesser degree of.
complication in theoretical analyses and easier interpretation of
experimental resulés, consideration was given to only IMlproducts
generated by combina;ions.of two.traqsmit<frequenéies.

" The study was organized to permit the maximum mutual support
of theoretical and experimental investigations.  Folioﬁing an initial
literature review énd prelimiﬁary experiments to gain familiarity with

o %
CRC equipment and observe some of the PIM chardcteristics noted. from

the literature, a detailed.projéCt plaﬁ was developed. Highlights

‘of the plan are shown in the flowchart of Fig. 1.1.

The following paragraphs give a broad outline of ‘the work
that was to be carried out in connection with the topics in the num-

bered blocks.

Block A: Preliminary PIM investigations

This work included the initial literature review and
limited experiments which provided a basis for .

detailed project planning.

* The CRC PIM measurement facility was purchased and put into use
approximately one year prior to the beginning of work for this
contract. T : : :
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Block El:

Block E2:

" Block T1:

. INC/N Connector Evaluation

As PIM free RF circuit connections are difficult

" to achieve, many different commercially avail-

able connector types were to be evaluated with

" regard to their PIM generating characteristics.

The purpose of the initial evaluation of TNC and .
N types was to provide the knowledge necessary

for planning experiments and the selec-

tion of other potentially useful connector families
-for testing.

- PIM Test Set Calibration

Early in preliminaty investigations it was -

°

recognized that PIM measurement accuracy and
repeatability necessary for the verification

of'tHeory'with,experimental results would be

. difficult to attain. ‘A test set calibration

was therefore recommended for the purpose of

" determining methods for the improvement of
_ measurement capabilities.
‘PIM FrequencyAS;udyu

- The results of this work were to include equations

for the quick computation of two tone transmit
frequency combinations resulting in particular

IM products.at frequencies within the test set




" receive band. The possibility. of different

Block ‘T2:

IM products on the same frequency was also

:to be investigated.

Atomic Structure of Metals.
In connection with. PIM generated by conduction
through metal/metal-oxide/metal interfaces,

the atomic structure of various metals

was to be studied.  The objective was to -determine

. what types of corrosion might be expected at con-

tacts between similar as well as dissimilar metals.

Block T3 and T4

Block E3:

The prediction of'PIM signal amplitu@es using poly-
nomial representations of'nonlinear conductioﬁ
characteristics was to be studied. As a starting
poin£~the amplitude of PIM signals resulting from
the application of two transmit signals to the well
known nonlineérity of a semiconductor diode were to

be calculated. The diode I-V characteristic is similar

to that of junctions which can exist between metals
and naturally occuring oxides.

Diode Experiments

A commercially available semiconductor diode was to
be mouﬁted in a test jig for use.as the dévice under
test in the measurement facility. Experiments were

to be conducted in support of theoretical analysis.

t 1
—

o

—J

b
[\




[ s —

———

o~ s, .

" Block E4:

Preliminary Tests on Power/Order/Material
PIM Characteristics.

Commercially available hardware components of
similar construction but different metallic composi-

tion were to be used in experiments to detérmine

- the power of IM signals resulting from the applica-

tion of transmit.signals of different powers to
components manufactured from different materials.

Knowledge of these. characteristics'is important

both in the-selection of‘matéfial for the manufac-

- Block T5:

ture of PIM free hardware and the identification of
PIM sources in fﬁndtioning RF systems.

Review of Multipactor -Breakdown Theory. |

‘A sourcé of PIM which is of major significance and

is peculiar to RF systems in vacuum is a

-resonance electrical breakdown mechanism called

Block T6: . .-

multipactor bfeakdowﬁ. A review of literature

concernihg this phenomenon was to be conducted

with a view to the‘sﬁggestion of means for preventing

bréékdoWn in MUSAT satellite hardwaré.

Design ahdiBuild Test Jigs

To permit experimentation with different con-

ducting materials, éurfaces, platings'and"joining

processes, test jigs were to be designed and

" built so tha;gtesfisamples-could“be exposed‘to well

defingd'eléctromagneticifields'for varied PIM

experiments. - .




Block I?f

Block ES:'

Block E6:

Block E7:

Modifications to Theoretical Analysis

- With the aid of results from the diode and

power/order/material experiments, methods for

theoretical analysis were to be modified

.and extended as requifed.

Cleéning Brocedures_

The effect of dirt, oxidation, tarnish, and

other possible‘conductbr surface contamination

on PIM generation was to be investigated experi-
mentally.‘ The aim was to develop hardware cleaning
and ﬁandling ﬁrocédufes for the elimination of con-
taminants Which enﬁance-PIM generation. Such pro-

cedurgs would be used during PIM experiments and

~ satellite ‘assembly.

Additional Connector Experiments

Using knowledge gained from TNC/N connector '
evéluation-other conﬁector typeé were to be tested
to ascertain their potential for generating PIM.

The constructioﬁ of each connector type was to

be examined to determine peculiarities which could
be linked with an increase~or decrease in PIM levels.
Multipactor Experiméﬁts

As a follow up to the multipactor literature review,
experiments.werelto bé conducted to determine means :
for the prevention of multipactor bfeakdoﬁn in

satellite hardware.

10.
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Block ES:

Block EQ;

. Block T§:

~“-Block T9

11..

Evaluation and Modification of Test Jigs

"This work was to include the measurement of

PIM signals generated by empty test jigs
and possible jig construction modifications to
reduce IM levels to values close to the test set

receiver sensitivity threshold.

‘Basic Materials Experiments

To test modified theoretical analyses and gain =

increased knowledge regarding construction materials, -

~ PIM signals generated by different material samples

exposed to RF fields in the test jigs were to be

measured.

_Anaiysis of Tunneling and Space Charge Limited

Conduction Mechanisms.

Several repbrfs unﬁoveted during the literature review
identified tunneling [l,ﬁ] aﬁd.space ¢harge limited [1] .
ébnduqtion meéhanisﬁs:at metal/metal-~oxide/metal |
interfaces as poSsiﬁle.éoﬁrces 6f'PIM. Theoretical

analysis'techniques were to be developed to determine the

: level‘-pf PIM interference that-éould be generafed by
*%hese*phenoména.

'Réport-qn‘fheoretical InYéSfigatiog§ 
_The‘results_and ¢oncluéi§ns frbﬁ the literatgfe surﬁey

. and theoretical'analysié Were.to'be-made-availabie for

rEfereﬁcé iﬁ;fhe deéign and testing of required passive RF

components.
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Biock B: Passiva Component'Design.and Testing.
Thisbwofk was‘;oAinclude the design and testing
of itemé such. as RF connectors, transmiésiop lines,
filfefs, baiuﬁs andlénténnas as specified by MUSAT
.system designers tb.eﬁsﬁre the maintenance of PIM inter-
ference leveis,below the specified maximum of -120 dBm. .
Block C:'.Final'RepOQt |
Préparation and submission of a repoft covering work

performedrin fulfillment of the contract.

The study plaﬁ proved to be extremely ambiﬁioﬁs and as
a result of time of‘equipment limifations,lsome of the plénnedeork
had to be deférred. |

Theoretical work included the following: -

(1) a tﬁorough review of PIM an multipactor litéréture
and the establishment of an indexed réference
library

(2) the planned analysis of different PIM generating
frequency cémbinations

(3) an evaluation of techniques that can be used for the
analysis of spurious outputs from nonlinear éonduction,

mechanisms

(4) development of computer programs for use in theoretical

analysis
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(5) - comﬁutation of the characteristics of PIM.signals
generated as a result of the application ofltwo‘
transmit frequencies. to a semiconductor diode.

(6)  initiation of a study'coqcefning PIM generated-by
tunneling and space charge limited curfent con-
duction mechanisms.

(7) recommenaations and planning for the connector
evaluation and PIM‘and-multipactor'experiments

Experimental work included:

(1) :calibration of the measurement facility.

(2) - the méasurement of passive intermodulation signals
generated by a semiconauctor diode.

© (3) multipactor experiments.

With the exception of theoretical work that was started with

"regard to tunneling and space charge limited current flow, the

topics listed above are discussed in different'chaptersAof‘thié

report.

1.4 j' ~..Repbrt:Organiéation>.

. Chapter II presents a review of literature doncérning

.possible sources of PIM. 1Réferences are provided and‘exampleé are
"cited which indicate thé significance. of different PIM generators.

In additioﬁ'sduréQS‘which are considered to pose the greatest PIM

interference';hteat in the proposed MUSAT system are identified.A

Yo
\
b}
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Chapter III details four methods of analysis for the calcu-
lation of spurioué'ouﬁputs'from éircuit,elements with'nonlineaf con-
duction characteristics. These include: trigonometric expansion of
terms-inra>polynpmial'describing the nonlinear transfer characteristics
’df the circuit element, a method proposed by Sea [3] for the algebraic
manipﬁlation of polynomial.terms, Volterra series analysis;fand a
technique.proposed aé the result of research for this investigation which
is based upon decomposition éndISPectral analysis of the waveform at
the output from a ciréuit nonlinearity. The limitations of éach7 |
technique are discussed and information concefning characteristics of
IM generation brought to light by the investigation,of analysis methods
is presented. | |

Thejsubject of Chapter IV is,thé measurement of PIM signals.
Consecutive secéions of the chapter deal with measurement equipment
considerations, a déscription of the CRC test circuit, and experimental
methods. Resultsvanﬁ conclusions of the preliminary PIM experiments.
conducted at the beginning of the study are also.includad.

IM signal power characteristiés are studied:in Chapter V.
First, Sea's me;hod for the algebraic manipulation of polynomial terms
is_applied using two different polynomial representations of the non~
linear resistance characteristic of a semiconductor diode.

IM powers delivered to the load in a RF system model under

various transmit signal conditions are calculated. WNext, the
results from experiments in which a mounted hot carrier diode was
inserted aé the device under test in the CRC measurement circuit are

reported. UWo attempt is made to match computed and measured IM
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signal amplitudes because of modelling inaccuracies and difficulties
enCOuﬁtered in the determination of test circuit parameters. Instead
measured and computed IM signal ﬁower changes in response to drive
signal changes are comﬁared,.leading to general conclusions regarding
drive level/IM signal response characteristics and their use-for
identifying IM sodrcés in functioning RF systems.

Chapter VI begins with a thoroughAreview of évailable
literature on the sﬁbjgct»of multipactor breakdown. The basic
breakdown mecﬁanism is:explained and‘différent types of multipéctor
along with their effects on RF circuitry are discussed. - ﬁeans by
which multipactor breakdowﬁ’might be prevented.are suggested next.
Finaliy, exﬁerimenté’to test one éf the suggested'preventative
measures are described, and results are~presénted.‘

S

A summary of the investigation, conclusions, and recommendations

fur further research are contained in Chapter VII.
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CHAPTER 11
- SOURCES OF PASSIVE INTERMODULATION

2.1 Introduction

Many ﬁypes-of:conduqtion nonlineafities'that can exist in

‘passive components of a radio frequency communication system have been
identified in the literature. In.order to eliminate these noﬁiinear
. effects, it .is necessary to underst;nd the fundamental meéhanisms by
which they generate intermodulation signals, and the components of
a system in which they are most likely to exist.

| ’ In.this chapter,‘a'review of the litérature-concerning
- possible sources 6f PIM is presented. Consecutive sectiéné deal
with PIM generation by metalémetal-contacts, conductor heating,
ferromagnetic ﬁaterials, semiconductor junctibns formed in metal/
mgtal—oxidé/metal interfaceé,‘solar panels, multipactor breakdown,
and other sources which ére‘thought to be of a lesser significance.
In addition; PIM generators arelclassified with regard to their

anticipated relative importance in the MUSAT system.
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2.2 PIM Generation at Metal-Metal Contacts

IM products can be generated at metallic junctions across
which mﬁltiple RF currents:flow. Interfaces between similar-as wéll
as dissimilar metals can result in the generatidn of IM products at
levels which are dependent upon.the contact loaa, the geometry of
the metallic intérface, thé-composition of thé métais,_and the degree

of corrosion at the junction. An overview of reported effects caused

by variations in each of these parameters is presented in this section.

Semiconductor nonlinearities at: corroded contacts are the subject of

Section 2.5.

2.2.1 Contact Load

There is general agreement among investigators_[1,4?5,6,758]

“that the level of PIM generated at metallic contacts decreases as the
~Tesult of increased pressure between mating surfaces (load). Repdrts_

~indicate'that the dependence of PIM on contact load is related to RF

-current'density variations in microscopic contact points as load changes.’
From intuitive considerations, Von Low [4] analysed the
processes that take place when pressure is applied to contact members.

He-argued that since all metallic. surfaces are irregular, initial

_ contact is-made at isolated points.  With increased load,- cold flow

occurs as thé‘resﬁlt Qf'eﬁormbus'préésufes-ét.the coﬁtéét points, which
spfead into contact islaqu; ‘Additional bontactkpoin£9~aré established
simultaneously. As the‘meﬁallic'sufoCes é;eAdrawn closéf‘tbéether:_“
under still gréatérnloédsAédjacent iéiandélcombine and more mew contact
points form. Thg'ﬁofal-contédt SUIface éreé‘ié>ihcféasgd as~the islands

kY
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.. become larger. The totalityvof contact islénd perimetér is decreased,
however, fhereby decréaéingithe,RE gﬁrrent—carrying area defined by

the Skin depth at the frequency of Ope;afion. In contrast, the formétion
of new contaét ppints increases the current-carrying area as well as

the contact surface area. For low, or intermediate contact loads it is

therefore not clear if current density is decreased significantly as

.a result of increasedgload. In thé case of very large loads, all

contact islands eVenf:tially, coinbiné, causing an overall increase in the : l—Z
current—carfying'surface area. This decreases Rf current density and ’
,fesuits in lower PIM interferénce levels. Figure 2.1 is an illt‘:strat'iv.e - n
explanation of the' process. ' _ ~*’

Von Low [4],Bayrék ‘aﬁd Benson [6], Cox [5], and Sanli [7] ' I,Z
have all reported e#perimentally observed decreases in PIM. level as a : lv;

result of increases in contact load. :Figure 2.2 shows some results
of experiments performed by Sanli with two CW microwave (f1= 2.8 GHz, | l}

f2= 3.2 GHz) carriers applied to a variety of metal-metal contacts.

]
2.2.2 .Contact Surface Geometry and ‘Rbughness | l
'A number of éxperiménts have been performed [6,7] in which flat J
as well as spherically shaped m'etaliic contacts with twb frequency 'J
microwave excitatiovn were éubjected to d_ifferenﬁ loads. Results show
Vthat‘there is only a minor dependence of 3rd and 5th order IM levels ‘ Ij!
on contact geometry. There is' some indication, however, that surface lé
(planar) contacts generate the lowest Il\tivlevels. Reported data also =
" show that ﬁhe power of IM signals generated by point contacts decreases I)'
most rapidly with slight load increases. _ : , I’
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(a) Light Load; Contact establlshed at only a few
isolated points.

(b) With greater load contact islandé form.

ENNY

-(c) With extremely large loads’ the ‘contact islands

combine and a large contact area is established.

Fig. 2.1. The processes involved when metals are

* brought into contact.
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The effect of contact surface roughness on PIM generated

‘at metallic contacts has been investigated by Chapman et al [1] and

Maftin'[S]° According to Chapman, the number and area>of‘point
;ontacts Between mating surfaces is a maximum at an undetermined degree
of surfacé roﬁghness. Fewer contact poiﬁts éan be established beﬁween‘
metals with rougher surfaéesAbécause of severe cpntact’boundary
dissimilarities. At the other‘extréme, rounded knolls on smoother
surfaces y;éld less rapidly uﬁder‘pressuré to fit depressions in

the mating member.. This also results in a decrease of contact area.

These.considerations suggest that there may be an optimum finish for

contacting surfaces which resﬁlts in minimum PIM generatioﬁ.

Martin has experimentally observed the-efﬁect of surface
roughhéss at aluminum-to-aluminum contacts. Figure 2.3 shows fhe
amplitude of PIM signals generated under equivalent operating conditions,

but with three different contact surface finishes. He explained that

" rough surfaces are more efficient in puncturing oxides at the contact

point, thereby enabling a better metal-metal contact, and reésulting

 in the.significant reduction of PIM levels shown for the case of the

roughest contact surface.

:2.2,3 Y Contacts Between.Similar and Dissimilar Metals -

The amplitude of PIM signals genmerated at metallic contacts
is dependent upon the type of metals in contact. .

Bayréck aﬁd Bénsoh‘fé] have réported*the:results’qf a

‘detailed experimental study of IM proauctsfgenerated';t'contactiﬁg.

interfaces between similar and dissimilar metals under a variety of

\
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Fig. 2.3. Third order IM signal nower as a function

of contact pressure for aluminum contacts
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conditions. Contact materials of copper, brass, beryllium-copper,

-~ nickel, aluminum, stainless steel, and mild steel, as well as electro-

plated metel‘contacts of gold, silver, rhodium, copper, and tin on
hard brass were used in experiments at 3 GHz. The strongest 3rd and
5th order ‘IM signals were generated by similar and diséimilar contacts -
with mild steel, aluminum, and stainless steel. Lower IM levels were
generated in experiments with copper, b;aés, berylliumecoppe:, nickel,

and similar and dissimilar electroplated contacts. Dissimilar -contacts

of mild steel, aluminum, end‘stainless steel with any other metal

generated'IM signals of-intermediafe or high amplitude. .Sanii [7z1
has repbfted.a continuation of this work with similar results.

- Martin has-also:perfermed experimenes with different metallic
contacts at HF and UHF. Tab}e 2-1 is taken from his repoft.[8],and‘

shows typical IM levels generated by similar metal contacts under the

specified operating conditions. Martin noted‘thet'the results presented

in the table were not neCesserily reproducible as-a result of micro-
scopic differences in contact geometry after breaking and re-making

contact. - Variations were repofted'to be within + 5 dB>except for

aluminum contacts which produeed Qery different IM signal levels

- after each make/break cycle.

- Young ‘[9] reported.a number of experimentel:inveétigatibns
which show that very strong IM signals can'befgenereted by nonlinear = -
mechanisms in ferromagnetic¢ materials. IM generation by ferromégnetic

nonlinearities is the.subject of Section 2.4. .



TABLE 2-1

PIM Levels (dBm) for Various Similar Metal Junctions
at HF and UHF with 2. x 30 watts Fundamental RF Power
and 1MPa Contact Load (from Martin [8]) -

Fundamental Frequencies
(MHz)

PIM Frequencies (MHz)

Brass

Copper
Aluminium-(99.9%)
Mild Steel
Stainless Steel
Nickel

Silver

Gold

Beryllium Cofpe:,’

Oxygen Free Copper

360, 370

22.47, 25.47 |

28.47

< -85
< -88
-70
=54
-80
~61

< -85
< -84
< -84

24,




2.2.4 Corrosion

It has been reported that, in general, corrosion has a marked
effect on the generation of PIM. Bayrack and Benson [6] found that IM

levels produced by oxidized contacts were from 5 dB to 25 dB higher

"than those generated at clean contacts. They also found that scorched

or burned contact suffaces lead to increased spurious generation.
Coaxial éableé tested by Amin and Benson [lO] generated much higher
IM power levelg_after beiﬁg exposed to an oxidizing environﬁent.

In a slight deviation from the subject of contactg; it is
interesting to note that corrosian also has én influence on PIM
generatedAand.fadiated by metal.surfaces exposed to multifrequeﬁcy

RF fields. JIn connection with the study of IM interference generated

in a shiﬁiboard environment, Betts and Ebenezer [11] corroded mild

steel rods to various degrees before testing. They found that 3rd

order PIM amplitudes increased by 20 dB-as corrosion ranged from non-

existent to very severe.



" 2.3 PIM Generated by Conductor Heating,

Due to the finite'coﬁductivity [12] of tranémission lines and
waveguides there is always RF energy loss in a region ofﬁﬁolume
approximately defined By one ékin depth. The cyclié variation of
eﬁergy in this volume due to RF excitétion results -in a cyclic
variétion of conductor temperature. Since the electrical conductivity
of metals.isza‘nearly‘linear_fﬁnction bf tempéfatﬁre, this can produce
harmonic components of conductivity which modulate tﬁe primary input
currents énd'produce conductor currentslat ™ frequenéies.

As a result of finite conductor conductivity, tangential
electric fieids (Et) are non-zero. ?his means that if aftraﬁsmission
line is excited simultaneously by two RF fields at frequencies

fl and f2, conductor surface current density is given by:

J =0o(T) (E_ +E_) ,.
s tl t2
where, 0(T) = electrical conductivity as a function of
' temperature
E & E, = the tangential electric fields at £, and
t t : 1
1 2 £, respectively.

2

Equating.the corresponding E-M energy equation to the thermal
energy equation under appropriate boqndéry'conditiéns results in an
expression which shows that Jq has components ét‘intermodulation
frequencies which give rise to IM fields. Further mathemétical
manipulations show that the power in the IM product fields is inversely
proportional to electrical conductivity and depends directly upon

the square of the thermal coefficient of conductivity. Also, the
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intensity of the IM fields varies along the length of the transmission
line. For short distances from the transmitter the field grows as

a function of distance squared. At some greater'distance; which is

* a characteristic of the line, the IM field peaks and then is attenuated

as are the exciting fields due to dissipation in the donductor._
Sample calcuiations made by Wilcox and Molmid tlS]kfor

0.141 inch semi~rigid cable show that the IM ﬁcwer reaches its maxiﬁum
at a distaﬁce of 28 meters from the transmitter. Fof a 3rd.order ™
frequency of 300 MHz and CW carriers-at 30 watts gach,%the maxiﬁpm ™
power was calculated to be ~130 dBm.

| Stauss [14] has‘also made theoretical investigations with
regard to conductor heating as a source of PIM. In:addition to
conductivity changes, local dimensional changes were cited iﬁ'his
report as a possible generator. It was shown,_however, that this-latter
source is insignificant. o
| In a numérical example Stauss éalculated'the power of IM
signals geneérated by conductor heating in a very high Q davity
excited by two CW carriers at UHF with a total input to power of.
100 watts. These calculatioﬁs showed that Iﬁ powers as high as ~142 dBm

could be delivered to the load in an assumed circuit model.

From the numerical examples-referenced it can be seen that thermally

induced variations im electrical conductivity cam generate significant
PIM under optimum pirqumstances. This éource-of PIM is gonsidered,
however, to be of only minor imp&rtance ﬁhere tfansmiséibn lines are
short, and circuit Q's are notAeXCeptionally high. . Ffom deriﬁed
equations, Stauss conglude& that in the two frequenéy casé thermal IM

generation is enhanced in‘high Q circuits, when tramsmit carrier .
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amplitudes are equal, and.when cérrier frequency separation is small.

He advised against the use of conductors with high resistivity, low

heat capacity, loﬁ thermal conductivity, or a high'the:mal coefficient

of resistivify where multifrequency RF fields can be present. Stauss
also assumed a simple relatioﬁship between IM power generétion and
conductor area. From thié he cdncluded that PIﬁ genefation increases
with conductor surface.area. However, the fact that::esistance

deqreases in conductors wifh larger cross—sectiop (and therefore

larger sufface area) as does current.density, must introduce compensating

factors.
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2.4 The Generation of Passive Intermodulation in
" Ferromagnetic Materials :

Intefmodulation pro&uction<hy ferromégﬁeticlm;térials has
'béén investigated by Young [9] at the Naval Research Laboratories_(NRL)
in Washington, D.C. FHe noted that many of the newer cdmmercially
available RF connectors are being ﬁénﬁfactured from.stainless steel
type 303,-3 low permeability.ferromagnetic alloy. He obse;ved also that
brass stock connectors are being plated witﬁ nickel instead of the
previously used silver in order to cut pféduction éésts. To determine
the magnitude of IM géneration by new hardware coﬁtaining fEr:omagnetic
materials (ironm, nickel, coﬁalt,_and their allofs), A large number of-
commercially available conﬁe;tors were tested'at NRL in a specially
buiit léw PIM test set. Various experiments prdved'tﬁat donnecﬁors
apd adapters manufactured'frém ferromagnétic maﬁerials‘generate
- significantly (35 —,4S»dB) Stroﬁger 3rd‘order IM signals than their
éilvéf plated brass.counterparts under identicél operating conditions.
Figure 2.4 shows a set of measﬁred 3rd order'IM power - curves taken;5
from the referenced repqrtohA |

In one experiment; a commercially.avaiiéble RF douBle
jack type N-precisidn adapter‘with é staiﬁless.steel body and outer
-conductor and beryllium-copﬁer inner compoﬂeﬁts_was plaqed in~the PIM
"..fest set .and genéraﬁed'IM.levels'weré mgasuredﬂ Aﬁ‘identical:cdnnector
body was machinedhfrom~braés; and‘fittédlwith fhe Beryllium—céppef
inner éonductot parts:from the original adapter. PIM leveis:génerated
by this édapter.wére'AS.dB'lowef?, lnuanbther.eXpefiment-a sfainléés steel

adapter was plated,with:éold to;in excess of 5 skin depths at'BQO Mi_{z°
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This resulted in the reduction of IM levels by 15 dB. Even with this
reduction, the IM level was still 30 dB higher than IM products

generated by comparable silver-plated adapters. This is surprising since

.the tétélity of RF current should have been confined to the gold plated

surface area. Experiments were also conducted with nickel plated
and hermetically sealed RF components. It was found that the nickel
plated devices generated IM signals of almost the same strength as

stainless steel compoments. Adapters with Kovar-gléss hermetic seals

also generated very strong PIM.

It was speéuléted by Young that the PIM géneratinéimechanism"
in ferromagﬁetic materials is the nonlinéar dependence of permeability
ﬁpon current. ExperimEnts were conducted using external magnetic
fields to change material permeabilities dﬁring PIM measureménts.

It was found that components in a degaussed state (high incremental

permeability) gemerated much stronger IM sigmals than components near

magnetic saturation which have a low incremental permeability‘

dependgﬁce upon current.

To simulate Young's commector experiments and further
identify ferromagnetic generating mechanisms, Bailey and Ehrlich[53]
conducted experiments at NRL.on another test sefﬁﬁsing'much.lower
transmif powers (Young's experiments.qsed +45 dBm total RF transmit
power). In these tésts,_plated copper conductors‘were:supported in
test jigs so they could>be exposed ;o-various mégnetic fields while
PIM powers were measured- IM characteristics wefe found to be similar

to those reported by Young.
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Bailey and Eﬁrlich postulated that the response of PIM
levels to different magﬁetic field orieﬁtations.and the decrease
in levels as the point of saturation is approached is related to
magnetic domain wall displacement and domain rotation. On the
- assumption that the’déﬁain wall'motion is reSpoﬂéible for PIM generation
in ferromagnetic materials, two possible generating mechanisms were
cited. These weré: 'ﬁOnlineér inéra—domain wall excitations, and
domain wall vibratioms. _In the latter case it wés,explained that M
signals could arise-és a result of the absorption of energy by the
oscillating wall, and subsequent re—emission of energ? at the
fundamental as well as intermodulation frequencies. A mathématical
treétment based upon the theory of domain wall vibrations led to a
general correlation of measured IM power characteristics with vgriations
in domain structure. A qualitative explanation of IM signal/magnetic
field variations was given. Royal.and Cushner [13] have also
sugges;edvthat magnetic domain excitation is a possible source for
PIM generation.

In theoretical work by Stauss [14], also at NRL, three
sources of IM generation in ferromagnetic materials were suggestéd,
and describing equations were developed. Stauss first expanded
previous work [13] on PIM produced by conductor heating, and noted
thét in the case of ferromagnetic ﬁaterials, conduction loss is a
function of permeability. Calculations indicated that the higher,

permeability-dependent resistivity values and low thermal conductivity

of some ferromagnetic materials result in the pbssibility of the production

of IM signals at significant power levels by thermally induced

conductivity changes.
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An exemplifying calculation of the power of PIM signais
generated by gonductdr heating in a2 i cm long section
of coaxial cable was made. It was assumed that two equal amplitude
UHF CW.carriers excited the cablé with a total RF power of 100 watts.
For>a copper inmer con&uctor (dﬁter conductor PIM generation was
&ssumed‘negligible due to much lower current density), the 3rd order
IM power delivered to a matched load in an assumed circuit model was
calculated to be =242 dBm. Under equivalent conditions, but with a
nickel conductor, the IM power delivered to the load was calcuiated'
to be ~162 dBm-and.7186 dBm for average cdndpcﬁor permeabilities of
500 Mo and 100 uo respectively;

Stauss also investigated magneto-resistance as a possible
source of PIM. Due to this effect, the resistivity of a éonductqr
is altered by externaily applied m;gnetic fields, or by the conduction

of current. Harmonic variations of resistivity due to RF excitation

can modulate the primary currents and produce currents at IM frequencies.

For the lOicm_ long piece qf coax with 100 watts RF input, the PIM
due to magneto-resistance effects was calculated to be -71 dBm for
¥ = 500 My and ~114 dBm forAu = 100 M .Stausg noted from reférenges
that experimentally the Ehange inAresistivity~with mégnetic field is
quite linear for a maﬁerial near magnetié satufation. This would

lead to a reduction'of PIM with the application of higher magnetic> 

fields, as observed by Young.
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The variation.of permeabiiity in a phanging magnetic field.
was another possible ggnérating mechanism considered by Stauss.
Equations were derived relating IM current depsity to RF power input
and used to computeAa ratio of IM power ggnerated by permeability
variations to IM generated by the ﬁagneto-resiétancé nonlinearity.
For small externaily applied magnetic fields and an iron cbnductor
(the pefmeability of nickel is almost ﬁhe same.as that of ifon),’use
of the derived ratio showed that the variable u mechanism could
'producé PIM levels approximately'éoldB higher. |

In’summafy, both theoretical and experimentai_investigations
have shown that ferromagnetic materials are soﬁrceS'of strong IM
interference. All'investigétors have stressed the necessity to

completely gliminate such materials from multifrequency RF systems.
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2.5 Passive Intermodulation Generated by Current Flow
Through Semiconductor Junctions Formed at Metal/
Metal-Oxide/Metal Interfaces

~ A number of reports [1,2,4,5,6,8,15,16] have shown

' experimental evidence that corrosion at metallic contacts leads to

an increase in the production of PIM. 1In reports produced by Chapman '
and Darlington [1], Higa [2] and Bon& et al [16], conduction mechanisms
in metal oxides that could lead to PIM generation have neen inyestigated.

Most metallic surfaces [1l] form oxide coatings,several
angstromsvthiek under normal envirommental conditioms. If one considers
microscopic_surface irregularities, a cross sectionel view of.the
meting of twovmetallic surfaces can Be envisioned es shown in Fig.-iz.s,
If sufficient contact load were applied, jagged,points on the surfaces
would completely-puncture the oxide and form filamental contact
bridges [1,17]}. 1In other regions along the interface, only<partia1
puncture would occur, leaving a very thin 1nsulat1ng oxide layer
between metals. In the surroundlng areas oxides of various thlckness
would exist ae well as some voids. |

If only partial puncture of the oxide has occurred and the

remaining oxide between the conductors is sufficiently thin, (< 50 8)

‘ds compared with the DeBroglie wavelength for an electron [2], tunneling

can take‘plece. This conduction mechanism is extremely nonlinear and
could be a majbr source of PIM.
. Another nonlinear conduction mechanism that can exist where
the oxide layer between conductors is between 10 and 100 Angstroms thick [1]
is that of space charge limited current flow. Normally, current £low |

through insulating oxides is prevented due to the lack of free carriers



36.

N NN B e s e e

SRR BERTTE?
SN B SIS
2585 otatedoededs

", b 5030300 8005¢
$ 0090325001
u&\ Srasteasess
g pI5 e *,

g 38308

050302
o0 de 5050000 56043
95020508000 _ele 0000 *,
Seavessi tesels
24949

(from Chapman and Darlington [1]).

contact,

0505050580
3030 S00I0%e
0 %ata® 00

Fig. 2.5. Cross—sectional view of a metal-metal



37.

for conduction. In very thin oxide layers sandwiched between metals,

however, [18] the possibility of electron injection must be cons idered.

I

When a potential is applied across .a metal/metal-oxide/metal sandwich

electrons can be injected from the cathode into the oxide. These

electrons populate the normally empty conduction band and current is

permitted to flow. Since the electrons were injected, there are no
" equalizing holes. in the valence band of the oxide in which a space
charge is established with the. highest electron density near the

cathode.

™

i i e . M }
‘Il N BN B

The electric field in the oxide is inversely pfopdrtional to

the charge density. The field is therefore reduced near the cathode:

|

and acts to limit the injected current which is referred to as being
/"I » one carrier space charge limited. .The I~V transfer- characteristic
for the phenomenon is symmetrical about zero-voltage, and is of the

( . form shown in Fig. 2.6. PIM would result if multifrequehcy.excitation

. were applied where sﬁéh nonlinearities<e3ist[‘
{__' | The .réndom scattering  of éunneling an& space charge limited
ij'_ ' conduction mechanisms at a metallic interface would result im very
) unstable PIM power levels as signals generated by a number of such
[I ._ E elemeﬁts.ad_d with different phase reilatib_nships . ‘Complexities of this

‘situatidn~wduld'bEg¢ompounded, for example, in the case of .coaxial:
cables with braided outer conductors, where many semiconductor-like

junctions could exist at corroded inter-braidwire-contacts.




\

Fig.

6.

Typical space charge limited conduction
characteristic.
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2.6 Solar Panels

Arrays of solar ceils are used on modérn éommunication
satellites fo.charge battéxies whiéh supply energy!to on-board
electricai'eQuipmenf. Solar cells are semiconductor devices and have
nonlinear I-V characteristics. There is ﬁheréfore concern that solar
pénels exposed to RF fields radiated from transmif antennas could
generate and'radiéte.PIM interference.

Young [19,20] has experimentally‘investigated‘the‘possiﬁility
of IM generation in solar panels. Reported experiments were qualitative
and did not involVe the measurement of actual IM signals generatéd by
solar ;ellslexposed to multifrequency RF fiel&s at UHF. Instead, a
915 MHz'eleétromagnetic'interference detection ‘system was used-to
determine if harmonics of a éingle radiated transmig freqﬁency could
be génerated-and'radiated by solar panels. A highly sglective receiver
‘was tﬁned to monitor any second and‘third~harﬁonicé“of.the ﬁ?aﬁsmit
frequency that were emitted from the direction of tﬁe splar arrays.
Tests wgré made with differént solar.panei.configuratioﬁs and isolatea
.solar cells in»short and open circuit conditions and when.illuminatéd
or-in &arkness;,

Conclusions were that,typical-éola; célis_by themS¢lveé-would
gnot-genefate significan; ?IM interfeﬁgnéé; It.w;s:ﬁoté&;'héwevet, thé;'
'IMfsignals«couid be'gen;ratedVin.intefq§nneétionsibéfweéﬁ célls,and
7;Héir'mechanical attachmentéjtd the solar panéls."Sﬁeeriqg-diodes used
-to'pfevent the-cells from shorting the batteriesiduring periods of darkness,
A:and to minimiie»cireuiatingtdurfents'wére;alsq'idéntified as théntial

sources of strong IM signals.
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2.7 . Passive Inte:moaulation Generated by Multipactor Breakdown

Multipactof breakdown is.a phenomenon aséociated with the
existence of RF voltages‘acrpss.a'gap between dieiectriclor conducting
surfaces in vacuum.. IE is a resonance effect inthich electrons
emitted -from one surface are accelerated across Ehe gap during.one haif
cycle of the RF voltage and, if_théir energy iS'suffi;ieﬁt, release
secéndary elect:oﬁs:onvimpact with the oppoéite,gap wall..vThe resulting
chain'of:electron,éﬁissiéns due to_additioﬁal accelerations and impacts
leads to electrical breakdown which is nonlinearly dependent upon the
level of RF éxcitafion. If breakdown takes élace in the preéence of
multifrequency RF fields, strong PIM signals,are'generated.:

The results 6f.expérimeﬁts performed by Hahn‘at CRC before
work began for this contract show the degree to which PIM generation is
enhénced when multipactor breakdown_occurs. An open circuited sample
of a UHF antenna balun was mounted in a test jig and two frequency ﬁF
excitation was applied in air, and under vacuum conditioﬁs. The onsét
of multipactor in the vacuum test was monitored by means of an electron
collector blate mouﬁted at the end‘of the b;lun section as shown in
Fig. 2.7. _Simgltaneously, PIM signals generated in the tesﬁ circuit
were monitored using the CRC PIM test facility*. Figure 2.8 shows the
difference between FPIM levels generated ﬁnder normal operating conditions

in air, and under conditions of breakdown in vacuum. The figure

* The Communications Research Centre (CRC) PIM test facility is
described in detail in Chapter IV
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‘clearly shows that multipacting cannot Be permitted if PIM inter-

ference is to be minimized.
Multipactor breakdown and the resulting generation of PIM

is the subject of theoretical and experimental work discussed

in Chapter VI.

43.
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2.8 >_, .Other PIM Generators

: Theqréﬁical examinatioﬁ'of va;ious-éther'phepomena has shown
that théir nonliﬁeaf naturé could lea& to PTM generation. This sectioh
iists séveral suggeéted P gqufces, and cites references in which
. morevdetailed information‘canAbe found. The threat of significanﬁ
:interference dug to PiM.geﬁefated by these mechanisms is considered

minimal. . . . i

2.8.1" ‘ ,Nagneto~Resistance in Nonmagnetic Conductors
As with ferromagnetic.matefials (section 2§4), the presence

of a magnetic field can alter the resistivity of a conductor. 1f the

magnetic field is changing, resultant harmonic variations in resistivity

can lead to PIM generation.'
In copper [14] the 3rd order IM power resulting from the

magneto-resistance effect has been calculated. Powers were found to

be 43 to 54 dB down from those generated by conductor. heating.

2.8.2 - Filament Conduction

If a current [1] is restricted to flow through thiﬁ filaments
as may be the ca;e'iﬁ metallic contacts, nonlinearities are known to
exist. This effect has an associated "constriction resistancé” and
"constriction inductance.

IM generation due t6 filament conduction has‘not been
evaluated numerically. From an intﬁitive standpoipt, however,
an;icipated charécteristicsv[l7] are thought to correlate wellvwith

observed 3rd order trends.'
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‘of the input~frequencieslmodulate thé primary fields, leading to the

distance.  The peak IM power was calculated to be -158 dBm. For shorter

IS
r—

‘interference in a RF system: These include [1] ionization breakdown,

weak plasma effects, water vapor absorption, microdischarge, field

45,

$2.8.3 Nohlineaf'?roperties of Dielectrics

-~ Variations in dielectric properties may occur in responsé to .
electric fields eithér by heating, or by electrostrictioh_[l&}. In

good, nonpolar-dielectrics, electrostriction is expected to be the

principle source of nonlineafity. By this phenomenon, volume changes

due to the variation of energy density in a dielectric under RF excitation

cause a quadratic dependence of permittivity upon the electric field.

The resulting permittivity variations at the fundamental and harmonies

generation of_PIM.  Intermodulatioh powers.developedzby this-ﬁe;hénism’
depend~inversél§ upon the square of the bulk modulus of the dielectric.
. Aldng'a length of 0.141" semi-rigid (solid tefloﬁ dielectric)
coaxial ecable with-tﬁo 30 watt.équal:carrier.inputsiat UHF, [13] the
3rd order IM power produced due to elecérostriction was found :o'peak

at-28'meters'from the cable-inpuﬁ, and thereafter attenuate with

lengths of cable, and dielectrics¢with}a»highér‘bulkamodulus, this

~ power would be,much.loﬁera

2.8.4 - Other Low Level Generétofs
1“A‘nﬁmberfof‘0the; naturally OCcurring‘mechéniéms;haﬁe:been

suggested as-pcséible'cpntribhtorS'to the' total passive intermodulation-

emissions fromﬂthinAprdjectioﬁs inside-componén:s [13]_9 the nonlinear
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character of Lorentz force, [13] and direct resistivity variations as a

function of current density, The references cited give explana-

tions of the mechanisms assogiated with each effect. Conclusions are
that their IM contributions are comparatively negligible in compon-

ents designed for operation at UHF. .

2.9 Discussion

The 1iteratﬁre review presented in thislcﬁaptér has
revealed mechanisms which have been studied and suggested as possible
sources of PIM. Depending upon power, operating environment, and‘

P o :

component designs, some sources may be major contributors to PIM in
one RF system, while being of only lesser importance iﬁ another. For
example, conductér heating coﬁld produce significant IM noise in high
power microwave systems with long waveguide runs. Thié source would
be of 1ittie significance, however, in a UHF system operating

with moderate powers and using short lengths of coaxial transmission
line. Receiver sensitivity is also to be considered when-éstimating

the interference potential of different mechanisms. As sensitivity

increases, an increasing number of potential IM sources must be

investigated.

A review of the requirements of the UHF system with which
this study is associated leads to the following considerations with
regard to which sources could be of significance, and require detailed

study.




 avoi§‘PIMrproblems arising“frdm'thiS«soﬁgéé;
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Inter-metallic contacts are a major problem to be tackled
in reducing IM noise in most systéms. PIM produced at cable and

component interconnections can be serious and unstable. It has been

.reported that PIM [13] generated at properly soldered or welded joints

. is minimal. . Where .connections must'be made or broken repeatedly,

however, these methods cannot be used. PIM can be the result of
misalignment or improper tightening, and can increase in magnitude with

connector wear. - Certainly it would be a major achievement to eliminate

- or better understand this IM source. Detailed ekﬁerimental inveétiga—

tions which deal with the effects of such aspects as loading, surface

geometry, and metal types have been referenced. It remains now to

better éxplain these'effects and to find optimums for each parameter
that can be used in component manﬁfacture, and.éystem assembly.

The productiop of PIM as a result ofAcqnductor heating becomes
iﬁcréasingly ﬁoré-importapt as RF power'déhsity incréases, conductor
propertiés.deteriorate, orvtransmiséion line leﬁgths incréase. Except

in resonant structures or héatiﬁg elements exposed to multifrequency

RF fields, levels of PIM generated by heating are not expected to be

of significance in a system.of the type under-consideratipnn"Suffigient

information can be obtained. from the references to enable designers . to
There is much experimental and theoretical evidence that .
ferromagnetic materials can generate very strong PIM signals.  Such

evidence makes ‘it clear that the:eliminationlofvall fe;romagnetiC'

materialé from multifrequency RF systems is imperative. Assuming the

design of componénts énd«gystems willAfdlloW;thié guideline, further

study of ferromagnetic phenomena is not required.-
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In relétion ﬁo the generétion problems at connections, the
possibility of ﬁhe formation»of semicdn&uctor type junctions is real,
and expected to béva ﬁajor‘source of PIM. From thg refereﬁces; it‘is
reasonable to conclude ;hét clean surfaces aid in the reduction of
generation. Thejdiffiéulty is in ideﬁtifying PIM cauged by semiconductor
noﬁlinéarities, andvﬁhe.location of.sources; It is important thaﬁ more
effo?t be expended in'this area.
Multipactor bfeékdbwn is a phenomenon, which, like the use
of ferromégnetic materials, must be eliminated from proposed systems.
Theoretical and exPériméntal work associated with this type of electrical
breakdown are importaﬁt. |
~Under normal.operating copditioﬁs, the PIM sources discussed .
in Section 2.7 are nqt'éxpected to be tréublesomé in the MUSAT
systemn. |
In éummary, it is believed tﬁat in the proposed satellite
system, PIM generation of signifiéant-magnitude can be expected as a
result of:
(a) loose.or stfessed metailic connections,
(b) electron tunneling and semiconduétor junctions at
metal—oxide/metai interfaces; |

(¢) multipactor breakdown.

1
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CHAPTER III

ANALYTICAL TECHNIQUES FOR THE THEORETICAL
PREDICTION OF INTERMODULATION PRODUCT

CHARACTERISTICS

3.1 Introduction
' Qne‘of the first steps in theeelimination or control of
passive intermodulation in.any»systemeie the ﬁrediction of the~megnitude_
of interference that can be gererated by each componeht in the 5ystem,
and the circumstances uﬁder'which PIM-generation caﬁ‘take piace. o

Several analytical techniques are‘describedein the literature

-[3,7,21;22,23,24] which are applicable under various conditions to the

calculation of distortion components in-the output from a circuit
nonlinearity. This chapter shows how three reported techniques. can

be applied in making IM signal power calculations. -In addition, a

~ novel method of analysis which is more suitable for PIM calculations

than previously reported methods‘is"proposeda_'A two frequency’

sinusoidal input to the .PIM gemerating nonlinearity is assumed in

‘all .examples and derivationms.

3.2 . The Calculation of Intermodulation Product Applitudes by -

Trigonometric. Expansion of Terms in a Power Series. -

Intermodulation products are generated when multiple frequency:

% It should be noted that IM generatlon is not a harmonlc m1x1ng process.
IM signdls are generated 51multaneously ‘with ‘harmonics and - crossmodula=-
tion products. of ‘each applied frequency (See appendlx A) .. : :
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signals are applied to,a'circuit.element,'fhe.transfer characteristic

of which is nonlinear. Figure 3.1 is a representation of such a trans-

fer characteristic_havihg-x as the input 'and Y as the output.
Mathematically, a polynomial of degree (n) depending upon the

extent of nonlinearity can be fit to any nonlinear characteristic such

that one can write:

a

+ a X + a X2 + a X3 + . ..+ aX

=2y +a 2 3 2

(3.2-1)

Assume now that it is desired to cal¢ulate the amplitude and
phase of intermodulation proaucts résulting froﬁ the application of two’
cw signals to a nonlinear circuit elément. Assume also that the
element‘nonlineari;y is of a:iow degree so fhat its I~V transfer charac-
teristic can be represented by (3.2-1) ﬁrﬁncated atn=5with Y =1,

-

and X = V, so that

V2 + a V3 + a >

_ 5 4
I= a, + alV + éZ 3 4V + aSV . (3.2-2)
Let the applied signal (V) be the sum of two cosine waves having
amplitudes El and E2 and radian frequencies wy and Wy
= . o -
v 7 El‘cos(wlt + ¢l) E2 cos(mzt + ¢2). _ | (3.2 3)

Substitution of (3.2-3) in (3.2-2) and trigonometric expansion of
the cosine terms results in frequency component generation by each term

as shown in Appendix A.

# Only polynomials with real coefficients have been considered in this
work. Previous reports have shown [25] that the use of only real
coefficients introduces little error in PIM calculations.

‘- ‘-
: i .
. s s
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Fig. 3.1. An arbitrary nonlinear transfer:
characteristic. o -
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Consider first the third-order product (2f, - £).

Amplitude and phase contributions at.thisrfrequency from the terms
~ of eqn. 3.2-2 are as shown in Table 3-1. Referring to. the table, the

desired IM product is:

3 5. 4 153 2
[ZF’E E.” + a5(4ElE2 +‘§—El E2 )] cos[(sz wl) f 2¢2 ¢l] .

Next, consider the 5th order product (3f2 —'Zfl). Table 3-2 shows

the contribution of each term at this frequency.

From Table 3-2, the desired 5th order product is:

2_3 ,
SEl.E cos[(3w2 - 2wl)t + 3¢2 - 2?11.

oonlm

2

Three important facts can be noted from Tables 3—1 and 3-2:

(a) 0dd order intermodulation components are generated
only by odd powered terms of the polynomial des-

cribing a nonlinear transfer function.

(b) If the intermodulation order is N, no contribution is
made from terms of degree less than N. This means
that if Nth order IMvproducts are generated, the genera-
ting nonlinearity must be of a degree greater thaﬁ or

equal to N.
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TABLE 3~-1

Amplitude and Phase Components of the Thir& Order

IM product at f

m = (25 = £)

Degree Contribution to_IMP at fIM = (2f2—\fl)
of Term Amplitude .. Phase
0 No contribution .No_contribution
1 No contribution No contribution
2 No contribution No contribution
3 2 = |
3 A ) (29, - ¢1)‘
4 No contribution .No contribution
B 5. . 4 , 15 3_
5 as[zalEz + =58 Eéﬁ (2¢2 A¢l)




TABLE 3-2

Amplitude and Phase Components of the Fifth Order

Contrlbutlon to IMP at'fIM = (3f2 - Zfl)

Degree

of Term Amplitude Phase
0 No contributioq No contribution
1 No contriution No contribﬁtion
2 No ¢ontributiﬁn No contriBution
3 No contribution No contribution
4 No contribution NQ contribution
3 g5ty Ey (3¢5 = 2¢,)

54.
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(cj Unless* both pqsitine and negative coefficients dceur in
“the describing polynomial, ali terms contributing‘to a given
M PrOdUthave.the same phase. Where coefficients of both’
signe are-inclnded, contributions from some terms will be
180 degreesmout of*phase. This occurrence can, however,
be accounted for by adding the appropriate eign to the

- amplitude terms. That is, - other than by direct'subtraetion,
no phase cancellation of contributions from different terms
of the descrlblng polynomlal can occur, and transmit 51gnal
phases need not" be considered in IM calculatlons When there.

.’are only two transmlt frequenc1es°

Sea [3] has . proven p01nts (a) and . (b) for a descrlblng polynomial

" of any degree, and made generalizations to include even order products.

As seen by the multiplicity of terms in Appendix A, calculation

of intermodulaticn characteristics by trigonometric expansion of terms

in the describing polynoﬁial is laboriens, and quickly becomes unmanage—

able for nonlinearities of higherAdegreé...The_need for other methods of

computation is evident.

3.3 An Algebraic Equation for Computing theyMagnitnde and

Phase‘nf Intermodulation Products

Sea [3]iheS'derived an equetion-from=which]one can calculate .

~the. amplltude of any partlcular component ln the spectrum of the outputf‘
from a nonllnear dev1ce the transfer characterlstlc of Whlch can.be des-‘i

fcribéd by a power'series;fand'the‘input to.which‘is_the sum of an

* When using computer Fourier analysis for' computations, one is. limited

to a finite time interval.. In this case, random phases must be assigned

to each input signal. -



56.

arbitrar& numbeerf cosine waves of diffe£ent'frequenciesw

A“Sea's derivaﬁioﬁ will be repeated here to reinsert steps
omitted from Refergnce 3 and to'emphasize some important points.
Beginning as in Section 3.2 with the describing polyﬁomial, the output

(Y) from a nonlinear device is related to its input (X) by:
Y = T aX | ' : 0 (3.3-1)

 Assume again that Y = I, and X = V, where V is the sum

 of cosine waves:

] = T 7 = = -
S = . .V , ‘m Emcosem , em (wmt + ¢m) (3.3-2)

I = F a |z v - (3.3-3)
’ “K=0 K m=l © . '

From the multinomial theorem for the expansion of a sum raised to a

power, one can write.

v = I K I =5 (3.3-4)

— [ SN .l N’ ~— LN
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| Lt =
where, nl + n2 + Ny K
K K1 k)
T = 3 Tevoeeooeasl ,
mgrermy =0 om =0 =0
nl = kl s
and
ky s Rmmy =y 7T By
" Then, writing V, = E, cos 8,
i i i
M n M n
n : :
% V.'i_ = | I Ei L I (cosb,) ? " (3.3-5)
i=1 1 i=1 i=1 *
Using Eulers' identity:
n, . =38, jo. n,
i_ 1 i i1
(cosei) = n..(e +e ) s
g &

which,lby the binomial theorem can-be written as

13 (2kgmny) 05

. n- o
1301, JJogyhs o L 5 D _
s bl K ' - i L]
Zni . zni ki=0 ki. (ni ki) .



Since

n;L + n2 + ..t nm = K,
Moy
I = = x >
i=1 g i 2
and one can write;
3(2k,-n,) 0
M o n; 1 M oy ni! e t
T (cos 8.) == ]I z 0 = 7 .
i=1 1 2K ge1 |r=0 Kot (7

Expansion of thé right hand side of this equation gives

M ni»
H (cos 8.)

. i
i=1

Now, since multiplication is commutative, one can rearrange multi~ -

plication and summation

b;’ 1
g=pe0s 8) T ==

27 1k

n 3(2ky-ny )6

z
2 kl=0

1 nl!e

1
kl.(n

N

e

bl

(=]

—-— ' A.
LAY

o

operations  to yield

i(2k -n )0
J(pp)p

oy nbi M n'le

Z vee. I i P

=0 %k,=0 |p=1 k !'(n_ -k ).
MO P ot (P )

58.

(3.3-6)
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in which substitution of
M x, M
I e™ = exp I x,
i=1 i=1
gives
M | M| M n ! M
I (cos 0, ) - ~= T o ees I hii : exp | 3 (2k,-n,)6.
- K. _ .k i -k T . i 1774
i=1 2 \kl-O ..kM_O p=1 P P P | i=1 |
) (3.3-7)
Equation (3.3-5) can now be written as
M on | M oy . o M [ M n_! M
v = TE — I ... Z I T —lexplir (2k,-n,)®
i=1 4 i=1 * 2X k=0 k=0 [p=l (ap=ky): i=1
(3.3-8)
Putting (3.3~8) in (3.3~4) and (3.3=3) and collection of
terms gives
n. n, n
1.2 MIn » _ .
I=2a, z 1z ooz I ——
=0 X [n,,n, 2k k=0 k0| p=1 Fp' Ppp)
i s Bt MoLP P PP
- b
X exp Ji=l(2ki - ni)Qi 1 ) (3.3=-9)

Uy

Consider the - exponentlal term in (3.3-9). To ascertain the

trigonometric form of thls term, let M—2, and let P (ZkiFni)
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Then,

2 jT. 6 iT.8, - ' I{
. 171 =272
exp | jZ (2ki ni)ei e X e

. - zJ

+ 3 sinflel)(cos r.6.+ j sin rzez) _(3.3-10)

= (COS I‘lel 2 2 I,z

Expansion of (3.3~10), use of the double aﬁgle equatioﬁs and collection ij

of terms gives . ﬁ¥

2 | .

exp |jI Ty8, | = cos(l 8, +T,6,) + j sin(l 8) + Iy0,) I;q)

Then in general , L : - ' J
= + .. + i sin(T,6, + Ho
exp f=lriei cos(I‘lel + F262 +FM6M) j sin( 16 F262 '+FM6M)

(3.3-11)

i e

L

Now, an intermodulation product of order N resulting from the

-4

P SN

application of M signals of different frequencies to a nonlinear

circuit element has the angular frequency

N N i

i

wIM= .(alel + a262 + e + aMGM) . (3.3-12) ,j

and

.
i
R

N = Iall + Iazl + ...+ IaMl ,

where a, are integers.

—~

LN

Comparison of (3.3-11) and (3.3-12) shows that any desired IM

component can be obtained from (3.3-9) by equating

(-

—_—

L
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o} = = -
* oy T, | -(Zki n,)
_ n. + a A
to get Ky T T3 . - (3.3~13-a)
D, <oy . :
or ki = == (3,3-13—b)
ni+a
If k, = L | them ,
1 .
n
M K K Ell ..,E;LM 1 M 1
Y = z ' I
m=1 ® Ty sToseee ZK p=1 D oLp D ap
1720 P | e M Rl
M
X exp Jizl aiei . (3.3-14)
Somy Ty : i
If ko= 5 , an equation identical to (3.3.-14) is obtained.
Summation of these two equations gives the contribution of the Kth
term in the describing polynomial to the chosen‘IM product as:
n
K!E l,..E:M M
= 1 1 1
B, = z I —
K n 2K—l -1 D + a n_-ao
AR S Pl 2By 1 (R By
M
x exp |JT a,6, : n AL
jep T 1 . | (3.3 15)2
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Now, since both positive and negative  coéfficients have been accounted for
in (3.3-15), Gy can be replaced by |ai| and to avoid confusion with K,
replace ki by q- -

Then, . n, = 2 q * Iail R (3.3-16)

where 9y is a positive integer.
Equation (3.3—15) now becomes

el forlou

B. = T Il 1 - J
K K-1 . =1 + lq,
Qoo eady ) | et (aptle Dy

M ) . ,
X exp [jiﬁlaiei] . (3.3-17)
Recall frém (3.3-4) that
ng + n, + ... oy = K
Then, using (3.3-16),
. -+ . .=
[(2q, lall) + (2q, + ]a2| oo (g + o] K
and
¥ = ]+ oyl + e oy
gives
K-N
+q, + ... = === ' :
(a; +q, Ay 3 (3.3-18)
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From'(3.3—18) it is cleér thét since the q; are positive
integers, K-N must be an even positive integer, or iefo,/.Thus, it is
again' shown that cohtributions to the Nth-order IM component come only
from terms of a degrée~gxeater than or equal to N. In addition, only even
powered terms contribute if N is eVen, and only odd powered terms contribute

if N is odd. This means that the summation of contributing components

omits every second term in the describing polynomial and begins at the

Nth term.

Be Tog” AT Gwefwee b T T Ao figr

where IIMN is the intermodulation current of order N. Thes using (323-17),

the exponential term replaced by its trigonometric equivaient, IIMN can be

written as

© a0 (W2L)! : M Equ'*'l"‘pI
I = 3 -z it

W21 e FleTyig !
I#N L=0 2( ,) ql’qZ""gM. =1 (gp ®p ).qp-

X * 3 - \ Y . -
[cos(alel+u262+...+aMeM)-+ 351§(a161+a262+..+aM6M)]. (3.3-19)

It should be noted from (3.3-19) that since real and imaginary parts
“have the-saﬁe phase, the phases of the input carriers can have no in-

fluence on the amplitude of the intermodulation signals.
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For generality, refer to equation (3.3-1) in which X is the input to

the nonlinear element and Y is the output, where

M.
X = z AM cos(mmt f em)
. m=1

Then the intermodulation component of order N at the output is

| | | 2q + |a_ |
® Ay, (W2L)! uoAP P
Y = z 1 '
™ (N+2L-1). : + q !

x[cos(alel A aMeM) + 3 sin(a 0, +...+ WL R

M
N= % IaM|+ 0

where
i=]1
ei = (wit + ¢i)
L P L,
z = z T eeen
9+ A0 G 70 9,0
Ly = bmay ™ 9y e T 944
L = + g, e oo F
ql q2 + qn
@ = I
Ap = amplitude of tramnsmit signal at wp
and M
Z q. =1L
i=1 *

(3.3-20)
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The dc component in the output may be calculated by sétting
»all oy in (3.3-20) equal to zero (N=0) and multiplication by 1/2 since

only one set of ki exists, That is:

« 'aZL(ZL)! M 2q. : :
Y,o= I S o I Ap P . (3.3-20-2)

L=0 2 qpeey Pl (g g2
~ | P

Equations (3.3-20) are readily adaptable.to computer techniques [26].

and can be used to cbmpute spectral compoﬁent.amplitudes when an

accurate ﬁolynomial‘representation_of the;transfér'gharacteristic for the
IM source is available. This method is used exclusively for IM signal

power calculations in Chapter V.

3.4 Calculation of Intermodulation Product Amplitudes Using

Volterra Series Analysis

In Sections 3.2 and 3.3, the polynomial
N

Y = T aX a | _
i=0 * | - (3.4-1)-

was used to describe the transfer function of a nonlinear circuit
component. If, however, the component exhibits memory, or hyStéresis,

eqn. (3.4-1) must be replaced by an infinite series of the form-_

il

cy (L) nil'/i . ;/phn(wl,on,,rn)x(t-wl),q.x(twrn)

odTlo ° .dTn o (3'4-2)
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to make the output Y dependént upon past values of the input
X . Equation (3.4-2) is a Volterra Functional Series representa-
tion of the transfer characteristic of the nonlinear component.

Each term in the Volterra Series may be written as:

yn(t) =v/”...J/Ln(Tl,...,Tn)x(t—Tl)...x(t-Tn);dTl...dtn | , (3.4-3)

and in particulér,
yl(t) = ‘/f hl('rl)x(t-'tl)dTl . v . (3.4-4)
-—-oo_ .
The kernel of (3.4-4) is recognized to be the impulse response
of a linear component. The nth order kernel h (T — )'can therefore
be considered to be the nonllnear impulse response of order n. Its

Fourier transform ﬁn( 1o JE ) is then the corresponding transfer function

of order n, and

Hn(fl’f2'~"fn) = f f h l""n)
-0 -0

Conversely,
© [oe]
. hn(T‘l“'T'n) = / an(fl, 2,...f)
x exp j2ﬂ(flrl+ ve + fnTn) dTl....dTn . ' (3.4-6)

R . -
R | Ne——d

[

.'-E-




67.

 Substitution 6f (3.4=6) in (3.4-3) gives

i © oo.‘ - - . ’
Ty (€)= f f Bty TRE Jexp (5208, 0) af,

from which the nth order output spectrum can be obtained by taking

the Fourier transform of both sides to be -

=1

The spectrum of the output from the nonlinearity is the sum
of the épectra of all nonlinear transfer functions, Yn(f), or
Y(E) = T Y (F) .
n
n=l
The amplitudes of the IM products of concern are the sums
of the spectral components of all nonlinear transfex'fﬁhctions.at each

respective IM frequency.

It should be emphasized that since Volterra series are

infinite, there are an infinite number of spectra Yn(f) which add-to

give the total spectrum éf the output régardlessvof the degree to.
vhich the transfer function is nonlinear. It is poésible-thgrefbre
that the sum of more than N'spectra is‘required.to obtain an’
accurate speﬁtrum for the output from -an Nth degree ﬁonlineafity.

The derivation of.expressions‘for the nonlinear transfer

‘ functions begins with a circuit model of the component under study.

The transfer characteristics.of the circuit model elements are expanded
in appropriate power sefies, and a differential»equation is written .
for the circuit model. A variety of techniques [22,27,28,29]

can then be used to derive the transfer functions from the differential

equation.
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. This metﬁod works weli for Calcuiating spectrai components
in the oﬁtputfrom'mildlynmnlinear devices‘under small signal conditions.
For greatef nonlinearities, the,ﬁumber of calculations required to obtain '
‘each transfer fﬁﬁction iﬁcreases rapidly. The Volterra seriés approach
therefore becomes impractical,.especially when the ampiitudes of

higher order distortion terms are required.

3.5 The Use of Spectral Analysis for the Computation of

-Intermodulatio# Charactgristics

Use of the techniques outlined in Sectioms 3.2 t013.4 fof the
calculation of intermodulation product  amplitudes is dependent upon
the availabiliﬁy pf power series or polynomials ﬁhich accurately describe
the.nonlinéaritiés of thg»circuit'elemeﬂt“beingfgtudiéd;_N?n addition, when
there is more.than’one phenoﬁenon éontributing to the total nonlinéafgty,

a circuit model of the compdnent must be developed so that proper

addition of intermodulation contributions generated by each mechanism

can be effected. There are cases, however; in which it is difficult to
develop an accurate circuit model or to obtain a polynomial approximation,
or power series expansion for the nonlinear characteristic. This makes it

impdssible to apply previously described methods.

The influence of all contributing elements to a circuit nonlinear-

ity is reflected in the waveshape of the output from the circuit. This
suggests the possibility that intermodulation charadteristics can be
obtained from the spectrum of the output Waveform computed for a‘circuit
model of the component under study. Alternately, the waveshape of the
output can be measured on a wideband sampling oscillqscope, andvthe spec-

trum computed directly from the measured waveshape.
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This eliminatés the necessity for a circuit model, making spectral
analysis especially suited to the prediction of PIM 1evgls generated
by multiple uﬁknown sources.

‘To illustrate this approach, consider a 5th-degree non-

linearity having a two frequency consinusoidal input as shown in

Fig. 3.2.

If one assumes that the input carriers of Fig. 3.2 have equalt

amplitudes, then

‘ w, W, 0, =0
t + cosmzt) = 2V cos< 12 2»)1: cos( 22; l)t

VIN = V(cosw
: 1
(w,+w,) (W Wa) :
_ 172 - 2-1 B
Let w, = —5= 0, —3 (3.5-1)
then, VIN = 2V cos wct cos wét
Rewriting, the output from the nonlinearity is

I = K[av cosmct:{coéwetls = 32K5cosswct cosswet~ (3.5-2)
As seen 1In Fig. 3.2, the output-current wave can be considered

' to be the product of a distorted cosine wave of unity amplitude and fre-

quency W, and a distorted cosine envelope of frequency Wy and amplitude

+ If the carriers are not equal, the output waveform is a distorted
carrier with phase and amplitude modulation. The closed form
expression for this wave is derived in Appendix B.
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.
[

N |
[N

Y =
in Elco_sw

t + E,)cosw t

1 2

Fig. 3.2. Two frequency cosinusoidal input to a 5th degree A I
nonlinearity and distorted output current waveform. : ?
-
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5 i : . )
. The time and frequency domain representations of these wave~

32KV
' forms are shown in Fig. 3.3.

.Since the time dopain output is the product of the two
distorted cosine waves, the spectrum of the output wave is the
convqlution product‘of-their spectra , and is as shown in Fig. 3.4.

From the figure, the amplitudes of the IM products can
be read as follows:

The frequency of the'third—o:dér_product of éon;ern is
(2f2-f1)° From eqn; (3.5-1),

w, = 20 -
¢

1 2
wé = 2we + Ql
Therefore,
P17 BT Y%
e Wy = oyt

Substitution gives

2w, = W

2 1 wc + 3me.

or ‘ 2f2 w"fl

1

£f <+ 3f
¢ e
The amplitude of the spectral component in Fig. 3.4 at

this frequency is bA. TFrom Fig. 3.3,

b = 5KV°
A=5/16 -
This gives ’
bA = 255v0 .,
6

Conversion from a two-sided to a one-sided spectrum requires doubling

~this amplitude to give
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of: (a) The output carrier wave:

45
-8 A
A = 5/16
B = 3/32
C=1/32
- (a)
T32 kv5 8
» -{b
-t S I ~C I 4 -
Bfg -t o] fg 3fg Bg
= 10 KV5
b= 5KV
T =_l/fe c = KV
(b)
Fig. 3.3. Time and frequency domain representations

(b) The

output wave envelope from the S5th degree

nonlinearity in Fig. 3.2 with a
quency consinusoidal input.
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trum of the output from
nonlinearity in Fig. 3.2

with a two frequency cosinusoidal input.

73.

Frequency spec
the 5th order

Fig. 3.4.
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~The frequency of the fifth—~order product of concern is
- = +
(3f2 2fl) | fc 5fe

From Fig. 3.4, the amplitude of the component at this

frequency is cA. From Fig. 3.3,

c = KV5

5/16

>
I

this gives

‘ 5 -
_ 5KV

T

Then converting to one~sided spectra,

These amplitudes are identical to those livs'ted in Appendix A I’
resulting from trigonometric expansion of the fifth-power term in ’
eqn. (3.1-2). ' , | ‘ IJ

-It is interesting to note from Fig. 3.3 that the arectra of h

the distorted envelope and carrier are identical except for amplitude

and frequency scaling. This indicates that another semi-emperical I
approach may be possible. The spectrum of the output resulting from
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a single frequenky input ﬁear fc of amplitude 2V could be meésured.
From this; the spectra of the EnvelOPe.ahd carrief could be derived,
and the IM signal power calculated as shown.

‘If the transmit garrier amplitpdes are not equal, the input
signai has phase, as well as amplitude-modulatipn, making the épectrum
of the outﬁut difficult to cqﬁpute analytically. Numefical méthods fbr
computing the.spectrum should, however, be mpderateiy easy to develop.
The .proposed - technique has not bgen testédrbyAcqmpérisop with.meaSure—

ments due to time limitations placed on the present study.

3.6 ~ Summary
This chapter has described some of the most applicable

of reported techniques that can be used for the calculation of

‘distortion components in the output from a nonlinear device.

In addition, a new method of aﬁalyéislhas béeﬁ proposed
which elimiéates the'fequirement féf an'acdurate circuit model and
métheﬁatical deécription of the nonlineaf'comp&nent under study.

.It;has'been shown that all methods afé inaécufate or
unattraétivé in certain-applicatioﬁs. Conseqﬁently, several techniques

may -have to be used to obtain a reasonable estimate of the passive

intermodulation characteristics-of a particular component or system.

- As a result of exploring different methods of calculating
distortion component-amplitﬁdes, some important facts about intermodula-
tion ‘have surfaced;

© (a) nIf_IM‘ordér‘(N),is'evenx;only’EVeﬁ_terms in the poly-

nomial describing the generating nonlinearity con-




(b)

(c)

(d)

tribute to the amplitude of the IM signal.
Similarly, if N is odd, only odd terms of the
polynomial make contributions.

If:the IM product is of order N, no contribution is

: made .from terms of degree less than N.

. Other than by direct subtraction, no phése cancella-

tion by IM product ébmponents generated by.diffefent
tefms of the'describing polynomial can occur.

When the sum of carriers having unequal amplitudés

is input to a nonlinearity, the resulting intermodula-

tion characteristics differ from the equal carrier case.

76.
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CHAPTER IV

PASSIVE INTERMODULATION MEASUREMENTS

4.1 : Introduction

The measurement of PIM signal powers is a very difficult
task. Many modern multifrequéﬁcy communications systems. operate
with receive signal‘powers in the -100 dBm to~-130‘dBm range. This
means tﬁat if.requiréd carrier to interference ratios are cénsideredb
PIM signals ﬁust be below the -140 dBm level to meet é&stem specifica-

tions. In the measurement of the power of spurious signals at such

- low levels major difficulties are encountered in.the achievement of

measurement. accuracy and repeatability.
. Since there are varied and unknown sources of PIM it is
diffiCult=to»design-and maintain measurement equipment with internally

generated PIM signals that are lower than those generated By‘devices~

or systems it is required to test. Factors such as the materials from

which test circuit components are manufactured, the test circuit
layout, filtering in various sections of the circuit, protéction from
vibration, and maintenance of constant environmental conditions are all

important considerations in. the design and construction of a’test{cir—

cult wiﬁh’a 10#'"residﬁal" PIM level. .

: Thé,application for ‘which PIM measurements aré'to,bé,made is also

‘an important equipment .consideration. Operating frequencies, impedances

and tranSmitfef"béwers_must’beighosen to be compatible with the measure=-

ment requirements. Important also are experimental methods. :Measure-
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ments must be made in such- a manner aS-to yiel& u&émbiguous results,
and problem afeas must be identified before experimental procedures
are'estabiished.

Test equipment and experimental methods are discussed in
this chapter. Section 4.2 deals with general equipment considerations
and presenté a description of the test.circuit used for experiments con-
ducted in connection witﬁ this PIM investigation. Experimental methods

are discussed in Section 4.3. Finally, Section 4.4 describes some

preliminary experiments that were conducted at the beginning of the study.

Conclusions are drawn from the preliminary experiments with regard to

the accuracy and repeatability that can be expected during PIM measure-

ments.

4,2 Measurement Equipment
. 23

4.2.1 General Considerations

A. Frequencies

From the literature survey conducted at the beginning

of this study, it was noted that similar observations have been
i ' ’

reported with regard to PIM generated at HF through to micro-

- wave frequencies. Indications are that IM signals are generated’

% .
by the same sources in all communications frequency bands. This
means that from purely theoretical considerations, the fréquency at
which PIM experiments are carried out can be dictated by factors such

as equipment availability and technical expertise. Practically, however,

Some experimental investigations [8] have shown that the power of PIM °
signals generated by a particular IM source increases as transmit
frequencies become higher, 30 dB per decade has been cited for the rate

0f increase between 20 MHz and 5 GHz for_aluminum/aluminum contacts.

R - _
. ; - ..’ g




79.

investigations are normally associated with a study of potential

sources of intermodulation in an existing or planned communication

system. In such cases receive and transmit bands in the PIM measure-
ment set-up should be close to those of the associated~system.
This ensures that the same order IM product signals have frequencies

in real and test circuit receive bands, that test circuit and com-

munications system component design and manufacturing techniques

are similar,wsnd~that parts from the actuel system can be tested in
the measuremeﬂt facility. | |

The number of freqﬁencies.to be used for PIM measutements'
is another considefation.~ if intetest_is mainlyiin the study of
PIM sources and po&er requnse, twe-transmit freqeencies allow easier‘
interpretatioﬁ of results. jIn'a twovfrequencyrsystem>IM.signals at

a particular frequency are generated by only one combination of transmit

.tV'frequenc1es. A single-pair of ‘even and odd order IM productS'can

occupy the same frequency, but this 81tuatlon can be- av01ded as dls—
cussed in Section 4.3. When more than two.transmit frequenc1es are

used, IM.products'pf different order‘an&'pf the. same order, but

‘generated by different transmit frequency combinations can.occupy the

same frequency. In addition to obscuring.the "identity" of IM -

products, this can result in amplitude variations caused by the vec=

‘tor addition of different IM signals. Theseaféctorsjcomplicate.the

~interpretation of measurement'results;‘YFor the pfediction of IM lévels

in proposed multifrequency communlcatlons systems, however, more

than two test frequenc1es are requlred to: simulate worst case condltlons..
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B. Power

The power of IM signals produced by passive generators

. depends upon tranémit signal power iﬁ a nbﬁlinear manner., If IM

power trends ére to be investigated.in an attempt to characterize
particular genefators; it is importaﬁt that'expEriments be carried .

out over a wide transmit power range.,Experiments conducted over limited
power ranges can lead to many different conclusions about IM characteris-
tics which are not genéraily applicable, Test set transmitter outputs
powers should be stable and continuously adjustable so tﬁat equal

carrier powers or,predetermi#ed carrier power ratios at the test posi-
tion can be obtained. An accurate means for determining the power
aﬁplied to ;he device under test‘is also required. It is imperative when
M teéting is associated with a particulaf communications system that

tests be conducted at power levels throughout the operating range of the

system.

C. Filter Requifements

A number of filters are required in circuits designed for
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PIM Measurements. Transmitter'outputs must be individually filtered

so that only the desired transmit frequency fundamentals are applied to

the device under test. Isolation between transmit channels is ‘also

neceséary to prevent iM generation in transmitter amplifiers. If
there is a requirement fo measure a number of»different M pfoduct
orders in a particﬁlar receiver band, small transmit frequency separa-
ations are required. Transmitfer éombinef filters having very steep
skirts could therefore be necessary.

A receive band filter is required between the device uﬁder
test and the recéiver. This elimiﬁates the fundamental transmit
frequenciesjfrom low noise amplifier or receiver mixer cifcuits‘where
active IM products on identical frequencies to those of passive-Iﬂ.sig—
nals-couid be génerated,

The construction of filters as well as other compohents in

multifrequency portions of the circuit must be so as to minimize the

"residual" test circuit PIM level.

D. Frequency Stability - |

PIM tést circuit frequency stability requirements depénd
upop th¢ opérating frequehcy band‘and the IM p;oduct orders of
interest, In general, frequency stabilities in all pérts of a PIM
measurement circuit must be high. Since IM frequencies are combinations
of multiples of thé transmit fréquencies, instabilitiea'atithe.transmit
frequencies could result in large IM frequency variations; In
addition ﬁo making receiver and spectrum analyser tuning difficult,

such instabilities can cause spreading-of spectral energy and an

artificial reduction .in displayed PIM powers [25].

\
¢
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Receiver local oscillator and phase'lock reference frequency
stabilities should also be high to permit narrow receiver baqdwidths

in order to maintain low thermal noise levels.

’

E. Circulato;s and'Dummy Loads

In chapte: II, ferromagnetic materials were reported to be
strong PIM~generators; The use of ferrite devices such as circulators
and ferrite phase shifters'in»multifrequency RF cifcuiﬁry,should be
avoided. ' Connectors, screws, washers and other hardware'in.all com—
ponenté, test jigs and equipment housings must be made from nonﬁférro-
magnetic materials.

Commercially available dummy loads.E6,9] éften include
ferromagnetic materials in their construction and will’generate stfong
M signais. Such devices caﬁ be replaced in test circuits by long
lengths of open circuit transmission line. Long transmission liﬁes
can also be used as attenﬁators for the isolation of nonlinear loads

or terminations from the test circuit,

F. Transmission Lines and Interconnections Between Circuit

Components

The number of cbnnectors in PIM test circuits should be
minimized. Where'poséible, joints should.be properly soldered or welded.
All joiﬁté and connections should be fastened in statiénary positions
apd protected agains£ stress or vibraéion.

High ahd unétéble PIM signal powerS‘cén Be geperated by

multiple interbraildwire contacts in braided cables. All transmission
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lines in PIM measurement circuits should therefore be of semi-

rigid conmstruction with solid inner conductors.

4.,2.2 The Communications Research Center PIM Measurement Facility

| Experiments referencéd in this report'were performed using
the measurement facility designed and comstructed for ﬁhe Canadian
Department éf-COmhunications, Communicatiqns:Researcﬁ Center by Sin-
clair Radio Laboratories Ltd. under Canadian Government Contract
DSS 02PD36100-5-2069, Serial Number POL5-0150. The equipment was
delivered and put into use appréximatély one year prior to.thg beginning
of work for this research contract. | | |

A block diagraﬁ of the measurement circuit is shown in‘Fig.A,l.'
Each of two CW transmit signals is generated by a frequency syntheéizer
covering the range between 100 and 165 megaher#z; The syn;hesizer_
frequencies are doubled and each output’is fed through;a 0 to 120 dB
- step attenuator to a 200 watt power amplifier usable between 275 MHz
and 330 MH?. A Bird in-line‘power meter mohitdrs each poﬁer amplifier'.
output and can be used to measure'forward 6r reflected power. | |
To ensure the absence of spurious. signals at the test poft,

the ‘power ampllfler outputs are passed through tunable narrowband
fllters, Fl and F2, adjustable over the full 275 to 330 megahertz range
of the transmlt_band, The filter characteristics are such as to main-
tain a 3rd order reéidual'test«éet PiM level ofA-130 dBm at ﬁransmit powers
- 'of +50 dBm pef éhannel, while permitting_a minimﬁm transmit signal - separation
of 3 MHz.. The maximum permissible trausmit'frequéncyvseparation is 55 MHz.

The channel.filter outputs are combined and fed to a épecially

S




SYNVHESIZER
G2

FREO,
DOUBLER
02

POWER
SUPPLY

UNIT 1

€7
DEVICE
L
CONN “A
INHE LOAD
GONN L
CONN ‘B
£8

ALTERNATIVE )

CONN B

ALTERNATWVE I

LUE'ECJOR CONTROL UNITV

Fig. 4.1. CRC Passive intermodulation measurement
facility block diagram, (from
manufacturers operating manual).

| S— | —

s

»,__—\J \_ﬁ,a x_.x

I_UN"‘J e e e e . ’

—————— 1
[|
} .
|
1 i |
: E FOR ‘REFLECTED® MODE
SEE ALTERNATIVE ¢
i 1~ ror 1nansmirTen mone
g 7 SEE ALTERNATIVE it
]
: 1
1 )
i {
1 {
! ! i
! | !
L .J uNiT 2 |
______________ N |
| -
i 25 '1'
J seecthum | |
ANALYZER
0110 MHz | |
| = =
l. {
| .
| -
I |
fsi0. NOISE i !
SOURCE { |
| NE2 {
- i ! o
| NOISE ! ]
. SOURCE ! b
DRIVER '

i . SYNC 150214

| | - | DEY |‘ |“_""_"" —

I l CHOPPER i {
| J asciiLaioy | S ]
|

- . GRATOR 50235
! [regaaon 1 u
{i} 5625«?1"\'5‘25; OR 30 s&c 0
1 ' 1
JE |

‘98




:85..

built, low PIM diplexer (filters F7 and F8), through the device uﬁder
test, and into an air-cooled load comsisting of a transmission line

attenuation pad and speciélly constructed low PIM ceramic termination.

e

The system impedence is 50 ohms.

Reflected IM signals‘from circuitry following the transmit

o~y

filter in the frequency range 370 MHz to 406 MHz pass through the

“diplgxer receive filter and 30 feet of low loss transmission lime to

-the receive circuitry. -

—
.

The receiver subsystem consists of a low noise amplifier which

has a gain of 40<dB.followed by a frequency converter having a L4 to

f }

80 magahertz output. Spectral component (IM) powers are monitored using a

[
N

Hewlett Packard -spectrum analyser, Model i4lT:Vith 8552B and 8333B plug in

modules. A Hewlett Packard Model 7183B strip chart'recorder is cdnﬁected

=
e

to the spectrum analyser output via a selectable time constant noise

filter. The noise filter increases display sensitivity to approximately

Fl ~-150 dBm when the longest integration time is used.- IM products of
{‘ 'different order can be measured by adjusting transmit frequencies so as

to produce the desired IM product at a frequency within the 307 MHz to

; {
-

406 MHz receive band.

In addition to the reflected mode two port measurements des=

=

cribed aboveé and used .exclusively for éxpérimenmts referenced in.this re-

[T——
! H

port, two other measurementioptions can be selected. PIM generated in
one port devices can be measured by removing the dummy load and connecting

the one port device at the diplexer output.Transmitted IM products gener-

AR - }
- N EE W e

ated in two port components driven from the test facility output and

terminated with the dummy load can also be measured.

' i :

i
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The generation of PIM signals by more than two transmit
frequencies can be simulated by the application of narrowband noise
to the device under test.

A photograph of the complete measurement facility can be seen

in Fig. 4.2. Prior to the beginning of work for this investigatiom,

‘the dummy load was removed from the equipment rack and placed omn a

movable dolly to permit testing of a wider range of hardware configura-

tions.

4.3 Experimental Methods

There are many factors which must be considered during the
planning andlexecution of PIM experiments. Transmit frequencies which
result in particular IM components must be dete:mingd, thg'éoincidence
of even and odd order products on the same frequency must be'évoided;
displayed IM product signals must be identified and distinguishéd from
RFI, and IM sources in the test circuit must be located and eliminated.
Sevéral guideiines which can be applied for the simplification of such

problems are discussed in this section.

4.3.1 Selectién of Transmit Frequencie§ for Two Frequency Experiments
The numbér of transmit frequency combinations that cén produce

IM products of a particulér order becomes larger as consecutively

higher orders are considered. When there.are only two tramsmit frequen-

cies, however, - only one combination Will-generate IM products in é fixed

bandwidth comparable to that of the receive band in avtypical communica-

tion system. For equipment compatibility,; cosited receivefs and trans-

mitters in the same two way communication link normally operate over

R ..
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frequency bands within the same (fundamental) zone. This means that

frequencies in the higher of the two bands are lower than the second

harmonics of the lower band frequencies. Transmit frequency com-

binations which result in fundamental zone IM signals~caﬁ be quickly

determined from simple algebraic equations derived as outlined below.

In a two frequency system, the relationship between an IM

frequency and the transmit frequencies applied to the IM generator

can be written as

where

- and

From eqn. 4.3-1 it appears that.there are four different IM‘ffequencies

fiy = *mf] *af,

fIM is the IM frequeqpy

f1 & f2 are transmit frequencies

n,m are positive integers

order = ~|ml +’|nl .

(4.3-1)

corresponding tb»each.pair 6fiintegers m and n. - If only positiVe'IM

88.

frequencies are consideéred, however, only two combinations.remain. -  These

result frbm»theiassociation'qf opposite algebraic signs with m.and n

‘or. the association of the positiVe~sign with both integers. Since

interest. is only in IM-products within the fundamental zone the latter.

combination can be ignored, leaving only cases in which m and n have

opposite sigﬁéffor-considefation, For -such. combinations, integer values -

must be determined. -



If £, is chosen to be the lower transmit frequency, f

1

caﬁ be related to fl

f2 = fl +;Afl,‘where ? =

Eqﬁation &4.3-1 can now be written as

Eaq = fl(-j-_ m *+ n + nd).

Normalizing with respect to £. gives

1

=—— =8=(+m+n +nhd).

by the equation’

2

Now, since m and n cannot be associated with the same algebraic sign,

oW
]

m-n - nA

w
"

or n -m-+ nA

are the only two cases of interest.

(4.3-2)

(4.3-3)

Matrices can be formed by choosing all values of m and n

which result in IM products of specific orders and applying (4.3-2)

and (4.3-3) using various values for A.

Calculations quickly show

that for typical values of A (1% < A < 5%) the following general

rules apply:

89.
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(1) 0dd order IM products lie in the fundamental frequency
zone (1 < B < 2) if m is associated ﬁith the negative sign

and m = -1 (4.3-4a)

0dd order IM frequencies are then given

- by _ fIMO‘= fl(l + pOA) _ (4.3-4b)

and order = (2n_ - 1) (4. 3—4e)

(2) Even order IM products lie in the fundamental frequency’
zone if n is associated with the negative sign

and - : 4. 2
. m, (n, + 2) _ (4.3-5a)

Even order IM frequencies.are then given -

SIM

by = . ? - . » -
£ . fl(2 neA) : . (4.3-5b)

and A order =«(2né.+ 2. - (4.3-5¢)

_The coincidence of even and odd -order IM products on the same

frequency results when

e 5 Ep
or : fl(2-neA) = fz(l + nOA)
= ffom which. . o ' . : 1. . .
. : B e ——— (4.3-6) .
. A (ne . nO)> ; ( )

Since né and nO are integers, even and odd .order products lie on

the same frequency only when 1/A is an'iﬁteger,

The above rules can be used for a number of different calculations
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. as listed bglow:

(1

(2)

(3)

Transmit frequencies required to produce fundamental zone

IM. products can be determined by

(a) picking Values for m and n in accordance
with (4. 3-4a) or (4 3- Sa)

(b) Choodsing fl and calculatlng A from(4.3- 2)or(4 3-3) such that
1= é.ﬁ 2)

(¢) Calculating f2 from A =(———7"=

The coincidence of even and odd order IM frequencies can

* be avoided by enéuring that 1/A is not an integer. The

orders and frequency of IM product coincidence can be

calculated from (4.3~4) and (4.3-5).

The lowest order IM products that fall in a particular
fundamental zone frequency band can be determined from

equations (4.3~4) and (4.3-5) as follows:

(a) 1If interest is in the lowest even order IM

product that can result in interference in

a particular system, EIM can be set equal.to the
frequency at the upper receive band edge and
-substltuted in (4.3-5b) to calculate n,

when A is as large as the transmit band Qill'
permit (note that the value of ne'must be rounded

up following division). The corresponding order

'can be calculated from n, using (4.355c).
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(b) If interest is in- the lowest odd order IM

product of concern, can be set equal to the

fry
frequency at the lower receive band edge and sub-
stituted in (4.3-4b) to permit calculation of ns
again with A at its maximum value and n rounded

up following division. Order can be calculated

from n, using (4.3-4c¢).

Similar:caleulations,‘with £ M placed at the upper band

I

édge for odd orders and the lower band edge for even orders can be

used to calculate the highesﬁ ™ ?rodunts~in a particular fundamental
zone freqnenCY'band if A is equal to the smallesfnvalue permissible.
The values calauiated for n, and no‘must be rounded up following
diﬁision.

]

- 4.3.2 " A Method for Distinguishing Received IM Signals from

Spurious Emissions and Identifying IM Product Orders.

Sometimes it is necessary to increase the bandwidth of
the measurement receiver so that several IM products can be detected

and. dlsplayed 91multaneously With large receiﬁer-bandWidths it

 could ‘become dlfflcult to dlstanulsh between spurlous 91gnals and M
~'products or to identify'IM orders.. "By noting.the direction of change
"in observed 51gnal frequenc1es as a result of changes in drive fre-

' quenc1es the 1dent1ty (order and equatlon) of an IM product can be

"determined.

- 92.
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Consider theAthird order IM prdduct'at the frequency

= (2f, - £

by 2 Af, whereas an increase of Af in £, will cause f

). An increase (Af) in>f2 will cause fIM increase

to decrease
M :

by Af. Harmonics and other spurious emissions would not show the

- same frequency response. Interference from sources external to the

PIM measurement set up woﬁld be unaffected by transmit frequeﬁcy

changes.

4.3.3 Identification of the Nature of IM Generators

As ferromagnetiq_materials are known sources of PIM, com-
ponents and transmission lines in a measurement system are chosen
to be .of non~ferromagnetic construction. Due to thelrising‘;ost of
materials, howevef,“some manufacturers are receiving recycled metals
from their suppliers. These are apt to contain ferromagnetic materials.
Ip éddition, processes used in the manufacturing of components can
leave filings and chips from tools embedded in the finished pieces.
Consequently, hardware can be marked as '"'pure brass' and "pure copper"
or "non-magnetic" and still.contain small pieces of ferromagnetic material.
Fig. 4.3 shows scanning‘electron microScopé and xray photographs of
a ‘cross section»pf'the inner conductor from a "pure copper" coaxial
cable purchased for use as a dﬁmmy load. TheAembedded iron sliver is
clearly shown in the photpgraphs, and would generate PIM in a multi-
frequency system. . i

The presence of ferromagnetic nonlinearities in a measure-
ment set up can be-defected Withethe use of magnetic fields [9]. Any PIM
amplitude changes as the result of magnetic field intensity changes

would identify a ferromagnetic source.

'

|




e~

e,

ey

[

..,ﬂ

ey

,!"*'_"' ’

e

]

r

-

94.

’ ) + X.;u; .':'RL;.\' R
R N, NG

. . SR V1 Kbl ‘QE
.~ - |Copper Center}-

' !Conductor

™'
LY 2

Scanning electron microsgope photographs of a
cross~section of the center conductor in’'0.141"
semi~rigid coaxial cable: (1) inclusion shown

as dark:area in center of photograph, . A
magnification = 150X, (ii) magnification = 1000X.




Fig. 4.3(b).

X-ray photographs of a cross-section of
the center conductor in 0.141" semi-
rigid coaxial cable: (i) iron inclusion
in darker center portion, copper surround- I
ing, magnification = 1000X, (ii) iron -
inclusion in the lighter center portion,:

copper surrounding, magnification = 1000X. I
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The instability of IM product levels created by the movement
of components can also be used as a diagnostic tool. Such instabili-
ties would indicate that the IM is being generated at a junction, rather

than by bulk properties of -the materials in sYstemcom.ponents°

4.3.4 Methods for Locating the Source of IM Products in

a Measurement System.

Variable attenuatérs [ 5 1 can be used in each tranmsmit cir-
cuit of a measurement system to permit detefmination of the degree of
influence on IM product iévelé~assertéa by ffaﬁSmit po&ef at éath
frequency. Further,.if strategically placed, the attenuatoré can be
used to locate offending componenté by noting IM produc; amplitudevres-
ponse to changes in attenuation in various parts of the circuit.  Due to

' . Rl
the rapid increase in IM product levels fesulting from an increaée in RF
drive, one can assume that if product level changes are on a l:l ratio
with changes in the setting of a particular attenuator, the IM source
is between that attenuator and the transmitter. Alternately, if there
is a greater than l:1 response, the nonlinearity is between the attenuator
and the receiver. |

An additional means of 1oéatihg IM‘édurces of the junction type
is by twisting, tapping or shaking varidus'coﬁponents in the set'up,
and noting product response. Movement.of a bad component shquld hévé a

significant effect on product 1eveis.

4.3.5 Cleaning

It is essential that connectors and components being tested

as well as those which are part .of the measurement set up be kept free

N




from corrosion and from contaminants such as metal filings which maj
inﬁrodﬁce nonlinear charaéteristics.

Connectors should be cleaned after each time they are used.
Cleaning by immersion in 1iquid baths should be avoided, as there is
a possibility that this cbuld wash contaminaﬁts into inaccessible
parts of the coméonent being cleaned. | |

Equipment énd test samples'should be stored in covered con-
taineré and closed cabinets remote from magnetic fields and workbench
areas where dirt frém fabrication and modification processes can be
picked up.

Excessive handliqgvof component pieces exposed to RF fields:
may also dep&sit salts aﬁd ﬁerspiration on'tﬁe conductors. The effect

of such contaminants on PIM generation is not known.

- .- -

4.3.6 PrEliminartheasurements : LT e T

e e e e

In order to identify component typeé and hardware configura-
tions that would lead to the elimination of PIM from UHF communications
systems, it was one of the objectives ef-the study to measure the
amplitude of IM signals geperated in typical UHF components and sub-
systems. Before planning detailed measurements, a series of preliminary
PIM experiments withlpassive RF hardware was conducted to.gain familiar-
ity with the test facility and to observe some of the characteristics
that are reported in.the.literature. All measurements were made

using the reflected mode (Section 4.2.2) test set configuration.
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(1) Silver plated and nickel plated brass type N adapters
were compared in consecutive tests using a female/female adapter with

each type of plating between the duplexer output of‘the measurement

. *
"facility and a modified male/male adapter mated with the bulkhead

connector on the dummy load.

At an applied transmitter power of one hundred watts per
carrier and reasonably snug hand tightened connections the 3rd

order PIM signal powérs generated with the silver plated adapter

-in the test position varied between -120 dBm and =130 dBm depending
-on how tight . the connections were‘madé( When connections were very loose

. PIM signal powers as high as =87 dBm were observed.

Identical tests with the nickel plated adapter in the test

position resulted in displayed IM signal powers between -98 dBm when

' connections were snug and -82 dBm for very loose connéctions.

. Measureménts confirmed re?orté [o 1 that nickel platéd'com-

ponents can.generate much stronger IM signals than comparative silver

'platéd components. .The similarity of PiM‘leﬁeis genérated.iﬁ"éach:‘*

case when the -adapters were very loose indicates that under this con-

dition contact nonliﬁearities rather than bulk material properties were

-

- the predominant PIM generators.

(2) The variation in IM lével as'a:fuﬁctiOnfoijF'drive«for both
silver plated and nickel piated:type'N‘femalE/femalé.adapteré was’

observed at third and fifth orders by detreasing the transmitter powers

‘in’ steps from the.hundred'watt level: Very minimal éhanges~in IM. power -

\

% modification. discussed in Appendix C. - -
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" were observed with the sil&er‘plated adaptér in the test position,
but it was noted‘thaﬁ g1 ﬁowéf increésed by approximately 1 dB onv
several éccasions‘after‘the tranémitter éower Was.dropped from one
level to the mnext.

. Measurements made with the nickel plated adaptef in the
system showed a’géngral trend'toward a'Z.SIdB IM power increase'ig
response to a 1 dB increase in drive level at third order. The fifth
order measureménts shéwed'an.almost linear 3 dB/dB IM power
response to drive power changes. |

In both silver plated and nickel plated'adapter,experiments‘
the IM power level was more responsive to drive power changes at the.
transmit fréquency closest'to the IM frequency.

(3) The amplitudes of PIM signals generated by two short

lengths+(3" and 12") of RG/9B braided coaxial cable were measured.

The cables were ihdividually placed in the test position of the measure~
ment facility and 3 rd order PIM measurements were made at 100 W/carrier

with the cables in various different flexed positions. Both cables were

fitted with nickel plated brass type N connéctors.

The power of PIM signals generated in tﬁe 3 inch cable'sémple
varied betﬁeen -105 dBm and -114 dBm. The highest PIM powers were
measured during and after périods of continuous cable motion. Various
stationary positions resulted in thé lowest PIM levels

PIM powers measured with the 12 inch cable in the test

position were fairly constant near the =112 dBm level for all flexed and

moving cable tests.

The measurements showed that the PIM signals generated in the
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longer cable were the weakest. This could have been due to factors
such as PIM signals generated at different positions along the

cable adding vectorially, or a difference in solder jobs at the

connectors. The relationship between cable length and PIM signal

power is not clear.
(4) Third order PIM signals generated by ten foot lengths of

quarter inch semi-rigid cables fitted with different connector

"types were measured when the cables were tapped along their lengths

with a screwdriver handle and when the ‘cables were stationary.
PIM levels were also measured when the cables were supported on a dolly,
and when left to hang under their own weight. Three different connector

types were used. Cable #1 had "solder-on" silve:_piqted brass type N

. connectors, cable #2 had solder-on gold plated brass typaATNC

. connectors, and cable #3 had crimp-on silver plated brass type N

connectors.

Measurements made when the cables were supported showed that

’ﬁhe deer‘of'PIM signals generéted %ith'cable #1 in the meaéurement

circuit was lower (by approx. 5 dB) than PIM signal powers generated

.With-either'of the other cables in the test position. Tapping the
cables -fitted with type-N“connectoﬁs produced a 5 tot6.deCibel'vafiatiop
in PIM signal power.  The power Vafiationzwas 3»dB:greater'Whén the

'cable with the TNC comnectors was tapped.

A significant (5. dB to 15 dB) increase in PIM levels was

observed when support was removed from the cables, resulting in greater

stress on the connéctors. Tapping reSulﬁed'in a wider PIM wvariation
in tests with cable # -, when support was removed. “No significant

K




-difference in PIM level respoﬁse-to taﬁping was. noted as a result

of removing support. from cables 2 or 3.

Dﬁring:the.preliminary experiments a number of measurement
difficulties were encouﬁtered; VGenerally PIM‘leQels Were‘errati¢,

" and measurementsrweré not repeatable. Fig. 4.4 shows a strip chart
recording of‘the residual tesﬁ set 3rd order PIM level ﬁeasured
when the facility was left running with transmitter output powers
of 100 watts per channel applied directly to the dummy load. The
3IM’power spikes are typical of system performance on many different
‘occasions. Cleanliness playéd"an important role in eliminatipg‘
such instagilities. Lower, more stable PIM levels Werearecorded in
several instances when parts of the system in which more than one

: transmit frequency can be present were taken apart, cleaned, and

-re—assembled.

Strained or misalligned connector parts were also found to result
in very high and erratic PIM levels. The spreading of contact.fingers

to restore original dimensions and ensure good contacts in pressure type

connections after repetitive connector use was fqund to increase PIM
level stability. During one mgasurement when PIM powers were very
erratic, it was found that the centér conductor of one of the type N
female/female adapters was not éoncentric with the outer conductor.
Micrometer measurements showed that the center conductor pin on one
end of the adapter was off center by appfoximately 20 thdusandths of
an inch. Rgélacement of the faulty édapter with another immediately

resulted in more stable IM product amplitudes.

e
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Strip chart recording showing erratic 3rd

. order test facility residual PIM power

spikes. Each vertical line represents.
the amplitude of the 3rd order P signal
at the time of an Individual spectrum

~ analyser sweep.
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"~ In another case, the residual ;es£ snt PIM level increased
to 20 dB'above normal and remained high. When the usual connector
cleaning and maintenance procedures failed to lower the residual
tes; set PIM to its normal level, the.bulkhean connector and
seﬁeral centimeters of. transmission line were removed from the dummy
load. After solderiné a modified* cable connector in placé of the old
. nulkhead type, the residual PIM level of the system dropped to its

original value and normal stability was again attained.

Examination of the old connector revealed the following:

(1) A solder sliver was lodged between the retaining nﬁﬁ
and the teflon insért at the back of the connector. This
fell out when the retaining nut was removed.

(2) Two silver plated brass washers were seated behind ﬁhe
retaining nut between which dirt had collected.

(3) A bulge was noted in the coaxial cabie near the solder point.
This'was attributed to dielectric expansion with heat during
soidering. No cracks in the exterior of the outer conductor

‘'

surrounding the bulge were found. The interior side of the

outer conductor was not examined.
(4) The contact surfaces of the connector were scraped and scored
as a result of repeated use over a period of approximately

.one year.

It is possible that any of these conditions could have ]led

* Modifications are shown in Appendix C.
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to an increase in tﬂe residual test set PIM level over a period ofAtime.
The wearing of the connector contact surfaces as a result df many
mating cycles, however, is considered to be the major factor which con-
tributed to the performance degradation.

-It was also observed duting preliminary experiménts that
the test set residual PIM level waé higher immediately following a
period of time (over night for example) during ﬁhich the méaéuremént
facility had not been used. |

After start-up, the residual 3rd order PIM signal power gradually

decreased and could be consistently (when connectors were tight and

'~ clean) measured at a lower level at the end of approximately 3 hrs. of

continﬁous operation. This gradual PIM level change could not be
att;ibuted to warm up thermal ins;abilitieé o£ the éys;em électronics,
as all portions of the system were left in the standby mode ﬁhen not in
use.A It appeared instead that the PIM powef decrease was felated toi
the preéence of RF in passive circuitry of the test facility.

Extensive "warm up" tests were performed during st;rt-up
periods to determine the cause for the higher PIM leﬁéls immediately
following turn on. Simultaneous recording of the residual ﬁést set
PIM level, tfansmitter powers, relative humidity in the laboratory, and
load,receive filter, test port and rdom ;emperétures were made .
during 3 hr, periods following start-up on a number of different d;}s.
Fig. 4.5 shows the data from ége tﬁree hoﬁr test. The objective in
monitoring a number of different parameters was to correlate the PIM
power patterns with one or several other of the recordings. .Né simple
correlation between IM pdwer and a single other parameter was evident,

but the records show that the most consistent PIM levels resulted only

after the temperature and transmitter powers had stabilized after initial
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slow transient behaviour. The least correlation was observed
between PIM power level and laboratory humidity. This, however, did

not rule out the possibility that humidity inside system components

was responsible for the observed PIM power behaviour as suggested

by others [1,6,30]. Additional warm up tests were conducted after shining

a heat lamp on the test port prior to and during measurements in an

attempt to burn off humidity faster. Results indicated no change in the

warm up characteristics when the heat lamplWas used.

In addition to showing ébﬁé of the pgculiarities bfiPIM
measurements, the preliminary experiments revealed that some important
characteristics.of the test set.such as the RF'attepuation between
different part%of the system, the linearities of ﬁhé amplifiers
and measurement accuracies were not knéwn to the degree of accuracy
that waﬁld be fequired-for correlation of experimental results with
theoretically based PIM calculations.

After consideration of tﬁé_ﬁﬁk&own equipment charécteris~
tics, and the problems encountered during the préliminary experiments,
an equipment calibration was recommepded aﬁd calibration teéts were
proposed, to be carried out by CRC pe_rsonnel°

To determine the reason for displayed PIM signal amplitude
instabilities, the tests included the measurement of:

(1) the dependence of dummy load VSWR on operating temperature
(2)  transmitter frequenéy synthesizer frequency and output power

stabilities




(3

(4)
&)

(6)
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the output power staEility of the transmitter high

powaf amplifiers

the spurious response 6f‘the receiver low noise amplifier
the receiver 1qca1 oscillator freqdency and outpuf

power stabilities, and ouiput;speCtrgI purity

the spectrum analyser display staﬁility, amplitude respoﬁse,

and phase lock circuit ¢€haracteristics.

In addition, RF interference in the laboratory and---

mechanical vibration at the test pert Were monitored gimultaneously

with a continuous recording of the test set residual PIM level so that

IM amplitude spikes might be correlated with periods of high RFI, or

increased vibration.

To determine measurement system charagteristics go that

the required degree of measurement accuracy could be attained,

the following were measuréd:

1)
(2)
(3

(4)

(5)

(6)
(N

the linearity of the high power amplifiers
the sensitivity and accuracy of the in-line power monitors
the attenuation at applicable frequencies of all components

in the receive and transmit paths

the insertion loss, input and output VSWR, and frequency
response of the transmit channel filters at varioﬁs center
frequencies within the transmit band

fransmit and receive filter characteristiecs inecluding
passband inéertion loss, ripple and skirt slopes

the receiver low noise amplifier frequency response

the VSWR of the dummy load at various frequencies

covering the transmit band.
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A formal report of the.calibration results was not
available at the time of wfiting, and some of the proposed measure~
ments had not been made. It was clear, however, from available
results that equipment malfunctions~werg not fhe source of the .
measurement pfoblems. The observed instabilities were concluded to
be typical PIM characteristics caused by minute vibrations at metal-
metél contacts, variable contaét loads aS'a.result of thermal stress,
changing phase relationships_between_PIM signals generated by different
mechanisms, microdischarges, and othermsimilar hidden influences.

Since it was clear that me;sﬁrement stability and repeati-
bility ﬁere extremely difficult objectives to achieve,baﬁtention was
'turnédAftom;the measurement of abso;uté PIM.amﬁlitudes to the ébserva—
tion of\general~IM power ffends. Iﬁ wéé 5136 concluded that the
collection and anaiysis of data Eoncerning the PIM prOductionlcharac—
teristics of low level genergtorg shoul&-be conducted on a statistical

basis.
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CHAPTER 'V

‘ANALYTICAL AND EXPERIMENTAL INVESTIGATION OF

INTERMODULATION PRODUCT CHARACTERISTICS

'5.1 . Introduction

In RF communication system design, as well as in PIM
axperiﬁents, a knowledge of IM power le&el response to changes in
input signallamplitudes is desirable.
| In system design, it is necessary to predicﬁ‘how IM powers
.are affected by variations in transmit power, or changes in multi-fre-
quency carrier power ratios. Conditions that may result in significant

IM power levels in a normally quiet system can thus be avoided, and

specifications can be written to adequately cover "worst case'" conditions.

In PIM experiments,Achangeé in IM power levels that can
result - from variation§ in transmit signal parameters should be underst&od
. so that specific IM characteristics can be'distinguished from subsidiary
effects resulting from peculiarities of a particular measurement pro-
cedure or equipment layout. There is also an interesting possibility
that PIM.sources can be identified in functioning RF systems bj comparing
measured IM signal response to variations in transmit signal’péwars with
the known response of IM power levels generated by particular ﬁYpes of
nonlinearity. |

™ power characteristics are studied in this chapter. The

nonlinear dc resistance characteristic of a semiconductor diode is used

L—I:,I_. II (N~
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in theoretical anaysis to compute IM powers delivered to the load in

é RF system model operating with various assumed transmit.signal com-
binationsf Interest 1s in computing the general characteristics of iM
signal fesbonse rather than'in accurate IM signal power calculations.
For this reason, the feactive nonlinearities of the diode junction are
neglectéd, allowing the direct applicétion of the analysis technique
reported by Sea [3] (Section 3.3) in computer programs. Experimental
investigétions in which a diode was used as an IM source in the CRCvtest

circuit are also reported. The diode was chosen as the IM generating

_ nonlinearity in thiS~study.for two reasons;. fifst, a‘knowle&ge of the

diode parameters makes it possible to perform numerical-calculations

rather than purely algebraic manipulationé. Secondly, the study results

"can aid in classification of PIM éignals generated by semiconductor-type

nonlineafitiesj Such a classification would be used in PIM source 3‘.’<,ient:"..--°
fication by IM signatures.

- In the first section of the chapter a diode\having a known
I~V bhéradtérist;c is placed in'a'RF systém gircuit'médel, and.ggnérgli—
zed_circuit equations are de§eloped; -Two.different methoéé for deriving
a polynomiai &escriptioh of the diode nonlinearity are discussed. Section

5.3 describes computer exercises that were performed to simulate the

- application of various two frequency signal combinations to the-diode,

and~preseqfs computed résults. .Experimeﬁts using a cdﬁmertially available'
hot carrier diode -(minimal chafge storaéé) és'thé devicé uﬁder test in the
CRC measurement~facilify'are;described; aﬁd éxpérimentél results-ére_sum—_
marized in Seéfion_saé; The chépter”cldsgé wiiﬁ a discﬁséibn7and1compari—_

son of computed and measured IM characteristics.
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5.2 . .The Generation of Intermodulation Product

- Signals by a Semiconductor Diode.

The nonlinear conduction characteristic of a semiconductor
diode was chosen as the IM generating nonlinearity for the investi-
gatigﬁ of IM product'power dependence upon input- signal amplitudes.

;A physically existing noniinearity rather than an arbitrary "mathe-
matical" one was uSed as an.iM source to avold the possibility of

. assuming a,nonlinea:'Eharacteristic which would result in the computa-
'tién of unrealistic IM signal‘properties. To further ensure Ehat
computations had a realistic basis, the dc¢ I~V characteristic of a

HP 5082~2800>Schottky‘diode was measured to obtain practical parameter .
values. Measured curfent and voltage data for every second voltage

. applied during the measurements are shown in Table 5-1.

5.2.1 Development of a RF System Circuit Model and

Equations for the Calculation of IM Signal Powers.

The serles circult of Fig. 5.1 consisting of a two frequency
transmitter, the diode IM source, and a load resistance was assumed as
a circuit model for a typical RF system. Transmitter output and load
impedances were assumed to be real and equal -to 50 ohms. Based on the
assumption that any nonlinearities suéh as that caused by é metal/metal
~oxide/metal sandwich, or ferromagnetic inclusions in_passive RF deyices
would be shunted by low impedance linear conduction paths, the linear
resistance, Rsh; in parallel with the diode was included in the circuit

model. The voltage developed across the shunted diode is designated

Vd = El cos wlt + E2 cos w2t

;Lll . I’]}
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Table 5-1

The Conduction Characteristic of
a HP 5082-2800 Schottky Diode
Measured at dc

'.Current
- (n4)
-1.15
-1.13
-1.06
-0.91
-0.60
-0.297

~0.268 -

-0.231

~-0.207

-0.18
~0.151
- -0.13
-0.099

-0.070 -
~0.040

0
0.039
0.08

0.109

0.145
0.182

0.219. .

0.266
0.310
~0.356
0.4
1.29
13,79
9.16
400.00
8000..00

10000.00.

112.
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Fig. 5.1. RF system circuit model showing the diode IM
' source shunted by a linear resistance.
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and ‘the voltage at the transmitter output,

VT = Vl cos wlt + V2 cos wzt‘

where Wy and w, are radian frequencies.

At low diode currents RSh provides an independent voltage
source for the diode. Imn this range of operation the diode current,
Id’ can be described by a polynomial in V from which IM currents of

order N can be calculated using the equation

a (N+2L) 1 .M Equ+|°‘p l : A
I, = I _N“ZIZQT;ZL_D I s o Te T (5.2-1)
M 1= 2 Q759y5 -+ Qy p=1 “pT1% 1)

developed by Sea [ 3] and re-derived in Section 3.3 of this report.

If the diode is assumed to be an IM current source having

a much higher impedance than Rsh the IM current through the load\is

T S - S ‘ (5.2-2)

and the voltage developed across the .diode is given by

R ' .
Vd 100 < Rsh>x VT _El coswlt E, cosw, (5.2-3)

Substituting (5.2-3) in (5.2-~2) gives

<3

= &
Ione = o Ly,




de 2 ‘ .
= 5 X IIM x 50. (5.2~4)
V. '
T
% . .
- Now, assume Rsh has a value such that 147 of the voltage at

the transmitter output appears across the shunted diode. Then from

(5:2_4) 3
_ 2. 2
PIML 0.98 IIM = IIM . (5.2-5)
5.2.2 Intermodulation Signal Current Calculations

Two different methods can be used to derive polynomial
coefficients for use in eqn. 5.2-1 to calculate IM currents. These

methods are described in the following paragraphs;

Method A: The Derivation of Describing Polynomial Coefficients from
a Least Squares Approximation to the Measured Diode Con-

duction Characteristic

The coefficients of least squares or other polynomial approxima-
tions té measured conduction characteristics can be used for the
calculation of IM signal amplitudes. Such coefficients, however,,

must be obtained from a single accurate polynomial fit to measured

* The value of 147 (RSh = 8Q) was chosen to be equal to the reactance

of a wire shunt used in experiments described in Section 5.4.(see
appendix D).

I
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values covering the complete expected amplitude range of the
input signal, extending from its maximum positive to its maxi-
mum negative value. For severe~nonlinearities this limits the
use of polynomial approximation techniques for IM signal calcu~
lations to cases in Whic£ power applied to the nonlinearity is
low. Piecewise approximations covering different regions of the
characﬁeristic cannot be used, as difficulties are encountered
Wiﬁh the vector addition of IM signals calculated frdm different
polynomials which form parts of the complete‘approximation. Re-
presenﬁation of the nonlinearity only in the region of expecﬁed
pedak input signal values also fails, as ﬁarmonic amplitudes can-
not.be accurately calculated unless the full range of operation

is considered.

A CRC library computer program (LSQPOLY)zﬁas used to find a

least squares ?olynomial approxima£ion to the data in Table 5-1.
The best agreement between measured gnd calculated current values
resulted when a 12th degree polynomial was used to.calculate
currents‘corresponding to dc volfages'in the -100 to +60 milli-
volt range. Outside this voltage range deviations of éomputed
f;om measured currents'increased rapidly due to the forward

conduction breakpoint in the diode characteristic.

The coefficients of the "best fit" polynomial are listed in
Table 5-2. Table 5~3 shows a';omparison of calculated and
measured currents for selected voltages in the =100 mV to

60 mV range.




Table 5-2

Coefficients from the "Best Fit" Least Squares

Polynomial

% : '
Approximation to the dc Conduction Characteristic of a

HP 5082-2800 Schottky Diode in the -100mV to 60mV Voltage Range

2 | ‘ ~9.352 x 10712
) -8
a; _ : : 3.348 x 10
' -7
a, 8.473 x 10
' =5
a3 3.650 x 10
| . | -5
a4 7.480 x 10
~ -2
ag -2.380 x 10
-1
ag , -1.087 = 10
a. 8.650
, _ 1
ag 6.950 x 10
_ 3
a9 , -1.103 x 10
-1.209 x lO4
a4 . _
a / 1.703 x lO4
11 1.
a 3.382 x 10°
12 - X

*

2
I = ag + alV * a2V F oeeenes anVn , where I has

and V has units of wvolts.

units of amps



Voltage
(mV)

-100

WO 0 N O BN O

o BN
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Table 5~3

Comparison of Measured dc
Diode Currents and Currents Calculated

Using the Least Squares Polynomial Approximation

Measured
Current
(nd)
-1.15
-1.13
~-1.06
-0.91
-0.100
- =0,287
-0.258
-0.231
-0.207
-0.18
-0.151
-0.13
-0.099
-0.070
=0.040
0
0.039
0.070
0.109
0.145
0.182
0.219
0.266
0.310
0.350
0.4
1.29
3.79
9.16

Calculated
Current
(na)
~1.786
-1.201
-1.047
-0.945
-0.56
-9.293
-0.266
-0.241
-0.214
-0.187
-0.160
-0.132-
-0.103
-0.073
<0.042
0 R
0.025
0.061
0.099
0.140
0.184
0.230
1 0.279
'0.331
0.386
0.445
1.232
3.800
9.158"

118.

Percentage
Difference

55.3
6.3
1.2
3.8
6.7
2.1
3.1
4.3
3.4
3.9
4.0
1.5
4.0
4.3
5.0
0
35,9
-12.9
-9.2
-3.4
1.1
5.0
4.9
6.8
8.4
11.2
4.5
0.3
-0.2



Method

A computer program, "IMPWR", based upon an algorithm reported
by Sea and Vacroux [26] was written to calculate IM currents
usiﬁg eqn. 5.2~1. From calculated currents the program computes

IM powers delivered to the load in the RF system model using

eqn. 5.2=5, A complete.description and statement listing for

the program can be found in Appendix E.

B: The Calc;lation of IM Currents Using Coefficients

Derived from a Taylor Series Expansion of the

Exponential Termvin the Shockley Equation
In PIM experiments IM products of véry high order, (?75),
have been observed at CRC during the exposure of semi-
conductor diodeé to two frequency RF fields. It is shown
in Chapter III that an iM product of order’N can only be genera-~
ted by ndnlinearities of a degree greater than N. There is
therefore an,inconsisteﬁcy between PIM observations and calcula-
tions which show the best f£it to the diode_traﬁsfer characteristic
to be provided by only a 12th degree polynomial, It is uncertain,
however, whether the characteristics of IM signals of order less
than 12 should be considered inaccurate because of the discrepancy,
or if the inability to calculate high order IM signal characteris-—

tics is the only disadvantage of using the curve fitting technique,

To enable the calculation of the characteristics of high order

IM products, a Taylor series expansion of the expoﬁehtial term

in the Shockley Equation was used to obtain a polynomial representa-

tion containing very high index. terms. This also provided a second.

—
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method for the computation of low order IM signal amplitudes

for comparison with those calculated using method A.

The Shockley equation describes the diode I-V relation-

ship as
avy

I, = I (e o, | (5.2~6)

where

. = total diode current (amps)

3
1l

-d
Is = reverse saturation current (amps)
q = electronic charge (Coulombs)
. . ~23 .
k = Boltzmans' Constant (1.38 x 10 J/oK)
T = diode junction temperature (Kelvin)
a comstant, -1 < 'n_f«vl;

Vd = voltage applied across the diode (volts)

(For the circuit of Fig. 5.1, V. = e o
| ig ’ \d E, cosu, ¢ +E, coswzt) (5.2=7)

The exponential in (5.2-6) can be expanded in a

Taylor Series about Vd = 0 to give N

- . 2.2 . - 3.3 g ’ n _

Id IS (alVd+ a2Vd + a3Vd + ...+ aan), (5.2-8)
~ = 3
Where.‘ ai TTRT

A simple modification to the program IMPWR was made to calculate




up to 82 coefficients of (5.2-8) and used in the program
IMAMP (Appendix E) for computing IM currents (overflow problems
were encountered for i 5 82). Values for IS and q/nkT were
found by reﬁeated substitution of arbitrary numbers in (5.2-6)
and calculation of currents until values close to those in
Table.S*l were obtaiﬁed. The best agreement results when
q/nkT is set equal to 36, and IS has a value of 1 nA. A com-
parison of measﬁred currents and thosevcalculated using these
parameter values is shown in Table 5-4. The Table shows'that
the percentage difference between measured and calculated

currents becomes larger as the diode voltage is ‘increased.

5.3 Intermodulation Signal Power Calculations

With sets of coefficients calculated by each of the methods
described in Section 5.2.2 a number of IM power characteristics were
computed. This section explains how each characteristic was computed,

and presents a summary of results.

5.3.1 The Dependence of IM Powers on Total RF Transmit Power .

Without considering actual coefficient values, calculations

based upon a limited number of terms in the polynomial

_ 3 3.
I= a + alVd + a2Vd + a3Vd PR aan (5.3-1)

indicate that the power of the Nth order IM product signal shduld
change by N dB in response to each dB change in total power input

to the generating nonlinearity. This characteristic was investigated

-
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"Comparison of Measured dc¢ Diode Currents

Table 5-4

and Currents Calculated using the Shockley Equation
' with q/nkT = 36 and I, = 1 nA.

Measured
Current
(nA)
-1.15
-1.13
-1.06
-0.91
-0.60
-0.287
-0.258
-0.231
-0.207
~0.180
~0.151
~0.130
~0.099
~0.070
-0.040

- 0.39
0.070
0.109
0.145

- 0.182

©0.219

10.266
0.310
0.350
0.4 .

1.29
3.79
9.16

.Computed

-0

-0

=0

-0
-0

. =0

~0
-0

. =0

-0

-0

-0

=0

-0

-0

0
0

0
0

0.
0.
0.

0
0

0.

1

Current
. (nA)

.973
.944
.885
.763
.513
.302
.277
.250
.223
.194
.165

. 134
.086

. 069
.035
0
.037
.075.
.114
.155
197
241 .
287
.334
.387
433
054

3.220

7

.76

- Percentage

- Difference

-15.4
-16.5
-16.5
-16.2
-14.5
5.2
7.4
8.2
7.7
7.8

9.3

3.1
13.1
1.4 -
12.5
0
-5.1
7.1
46
6.9
8.2
10.0
7.9
7.7
8.7
8.3

-18.3

=15.0.
-15.3

122.
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numeridally using coefficieﬂts defived by each of-the methods explained
in Sectionm. 5.2.2. | | |

'1With equal cérrier voltage inputs,'El and E2, to the programs,
a stepped-increase iﬁ total RF powef applied to the aiode was simulgted
-by'incréaging the vglué; 05,31 and E, to represent 2 dB steps injtotal‘”
Aapplieé'ﬁower from 0 to’307dB”ébove 6.3 mV per car;ier (PT=’_8 dBm) . The
resultihg changes in computed,po&ers forrdiffereﬁt IM o;ders are plottgd
in figures 5.2 to 5.7. The Valﬁes'in figures 5.2 to 5.6'were calculated
using polynomial coefficients derivéd by methods A and B. In each of
these figures a straight line having a slope of N dB/dB has been drawn-
beside the power curve for the Nth order IM product for compé:ison.
Figure 5.7 shows 3rd to 25th‘order IM power curves computed'using the'
Taylor series coefficienté of ﬁéthod B. |

The power curves computed using method A have slopés élose to

the algebraically predicted N dB/dB over a largef inplut power rahge as
IM order increasés. For all:orders, best alignment is at low input‘
powers. The curves computed using method B all have slopes of approxi-
mately N dB/dB at low drive levels. - For greater input powers, the slopes
of the curves begin to increase, with the lower order curveé being affected
at lower powers. Results from the two calculation methods show the most
similarity at low orders, and at low transmit powers, where the polynomial
approximations are most accurate. Amplitudes calculated using the Ta&lor
seriés coefficients are consistently lower than those calculated from
the least squares coefficients.

Recall from Chapter III that contributions are made to the

amplitude of the Nth order IM product signal by all terms in the describing
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50 =
“#—m-b—s- Method A
o: Y=Y Method B
Slope = 3 dB/dB
. £50~
=|QQ -~
=200 Equal Transmit Carrier Amplitudés
' .1' f2 )-fl ’
=250 - T
| | b o 1 RR

0 . .5 o] ~ 15 - 20 . - 25 .30
20 LOG, ,(E, + Ep) (dB gbpvé =8 dBm) = '

Fig. 5.2. Computed third order IM power
: . dependence on total transmit .power.
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O
o
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~150~

-200 —

g Method A

ey Method B

Slope = 5 dB/dB
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-250~—
C ) Equal Transmit Carrier Amplitudes
f2 > fl_
=300 . g .
| I R | I |
o ] 10 - 15 " 20 25
- 20 LOGiO (El + EZ) (dB above -8 dBm)

Fig. 5.3 Computed 5th order IM power
dependence on total transmit power.
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50 e

e s Method A

S Method B

Slope = 7 dB/dB

50

leleloy

=150 o

=200«

"Equal Transmit Carrier Amplitudes
£,>5

-250

2300 S S
‘ o ] ) | RN
0 - 5 R [ © 15 - - 20 i . 25 ' 30
20 LOGlO(El + E2) - . (dB above -8 dBm)

—

Fig. 5.4. Computed seventh order IM power
: dependence on total transmit power.
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POWER DELIVERED TO THE LOAD AT THE IM FREQUENCY 5f2 - 4f

" =350-

Quamy. - «tant—e=. Mathod A

'-*-*-*- Method B .

5
!

Slope = 9.dB/dB

-100—
150 =
200~
-250.-;—

=300 =
£,> fl

2

Equal Transmit Carrier Amplitudes ‘
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l | l b

10 I8 20 25
20 LOGlO(El +,E2) (dB-abo‘{e -3 dBm)

(o]
[ & ; puem—

Fig. 5.5, Computed ninth order IM power
dependence on total transmit power.
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=350~
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~50 =
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~200~
=250~
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Y Me thod B

Slope = 11 dB/dB

Equal transmit Carrier Amplitudes
fz‘ > fl

) b i il
BT .18 L 20 0 28 30
© 20 LOG ((E, + E,) - (dB-above ~8 dBm) - '

Fig. 5.6. Computed eléeventh order IM power
: dependencg on total transmit power.
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(éBm)'l

POWER DELIVERED TO THE LOAD AT THE IM FREQUENCY nfz—(n—i)f1

Equal transmit Carrier Amplitudes

£,>F,
-800 —
’ L
- Q - .
90 ] T [ 1 1 |
0 5 10 15 20 . 25 30
20 LOGlo (El+82) (dB above -8 dBm)

Fig. 5.7. IM Product power dependence on total
transmit power, (data computed using
method B).
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-:polYnomial which have a degree greater than N. It is the. influence

of the high index terms on low order iM’signal levels that causes the
greatest deviation from algebraically predicted power slopes to be
associated w1th low order IM power curves. The coeff1c1ents, ai, of

the polynomial representing the diode nonlinearity increase in-magnitude
as the index, i, becomes larger, regardless of the method used for their
derivation*. 'in addition,.the relative magnitudes of the partial sums

in eqn. 5.2-1 associated with each coefficient are dependent upon RF

- input power. Except at low powers,these factors result in a major contribu-

" tion to low order .IM signal amplitudes by high index terms in the descri-

bing polynomial. This means that the lower Nth order IM power levels

vary in accordance with the (N+A)th power of the input signal amplitudes,.

- where A is a function of polynomial coefficient magnitudes and the input

power level. As IM order increases, the Nth degree term of the

-describing polynomial becomes more dominant, and the IM power slopes fol-

low the N dB/dB. trend more closely.
The nulls in the characterlstlcs computed using method A result
from the changlng influence of polynomlal terms assoc1ated with negatlve

coeff1c1ents as 1nput~power.changes,- Such~nulls have-also-been-observed

experimentally (section 5.4-1), but are absent from the curves in Fig.

5.7y as the.Taylor'Series coefficients?areuallaof.the'same’sign.-.'

5.3.2 - . The Relative Magnitude of IM Product Signals of

Different Order. .

Data were taken from Figures 5.2 to 5.7 and heed to draw the

curves of .figures 5.8 and 5.9. 'Theseffiguresnshow'theirelétive_mégnié

*. The q/nthh term in . the Taylor series has the largest” coeff1c1ent.
Coeff1c1ents assoc1ated w1th terms of hlgher ‘index have progre551vely
smaller values.. .
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20 LOG10 (E1+E2) = (PT) = 20 dBm

= 5O
50—

.‘~‘~‘“T--j;“~.,__‘~ PT = 2 dbn

- 200— N . |
-250
=300 =
- Equal Transmit Carrier Amplitudes

-350
-400 - :

I | | | I

| 3 5 7 -9 o

- INTERMODULATION PRODUCT ORDER

Fig. 5.8. The relative amplitude of IM products of
different order ( data computed using
method A ).
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INTERMODULATION POWER DELIVERED TO THE LOAD

=900+
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«460-5
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~600—
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=800

20 LOGIO (E1+E2) = (PT)_= 20 dBm
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'Fig. 5.9. The relative amplitude of IM products of

different order, ( data computed using -
method B.). . S
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tudes of IM products of Aifferent order combuted at four different
total input powers using methods A and B. Results s@ow that the'IM
power/order'relationship is_dependent‘upon inpue power levels. The
difference in power between IMAsignals of coneecutive order is greatest
‘at low input powers andidecreaees as input drive level is increased.
The*increaSing'slope of the curyes also shows that there is generally a
»wider«separation in- power between high order IM signals than that betﬁeen
low order signals. |
| Thevtrends discussed above are the result of the same'factors.

that govern the characteristics diecussed in Section 5.3.1. The
changing-influence of different terms in tﬁe describing polynomial.as

.input power is varied accounts for the input power dependence, while

contributions to low order IM signal amplitudes from high index polynomial

terms results in the small separation in power between low order IM pro-

ducts. Slope changes in the characteristics computed using method A

are due to- contributions from polynomial terms. with negative coefficients.

5.3.3 The Dependence of IM Signal Powers on the Ratio

of Transmit Signal Amplitudes

" In a similef coﬁputer exercise to that reported by Chapman
et ‘al [L], the sum ofvthe carrier voltage inputs (El and Ez), to the
programs was held constant as their ratio, (El/E2)’ was varied between
_ -30 dB end +30 dB. This is anelogous to a shift in power between
channels in a two frequency RF communication system while maintaining
the total input power to the system at a fixed level. TFigures 5.10 (a)
and (b)‘show IM signal power response to carrier power ratio changes

for two different total transmit powers computed using method A.

‘‘‘‘‘
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At 0 dB El = E2 = .0158 Volts

20 LOG10~(E1+E2) = PT
held constant at 0 dBm

fIM =.nf2-(n-1)f1

Fifth Order

Ninth Order

- Eleventh Order

[ ]

20 =10

TRANSMIT CARRIER POWER RATIO  ‘(dB) Py > Py

0 10 .20 30

Fig.'S.iO (a). -intermo&ulaticn signal power dependence
- " ~'. " “on the transmit carrier power ratio
. (P. /P. ), ( data computed using
. fl f2 . . .

.method A, P

T = 0 dBm)T
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Seventh Order

Third Order

Fifth Order

_ Ninth Order

Eleventh Order

At 0O dB El = E2 = ,0264 Volts

20 LOGIO‘(E1+E2) = PT
held constant at 4.44 dBm

fIM = nfz-(n-l)f1

TRANSMIT CARRIER POWER RATIO (dB) P_. > P

T T T

-0 o 10 20 30

Fig. 5.10 (b). Intermodulation signal power dependence

on the transmit carrier power ratio
(Pg /P; ), ( data computed using
1 2

method A, = 4.44 dBm ).
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Figures 5.11 (a) and (b) show corresponding data computed using method B.
The figures show that a wide variation in IM power at any par-
ticular order can result from carrier amplitude ratio changes even though
the total input power to the IM generating nonlinearity is constant. A
comparison of figures 5.10(a) énd 5.10(b) shows that thg cﬁaracteristic
computed using method A is altered by changing total input power. It
is also clear from all figures that the IM power is most sensitive to
power ratio changes when the carrier closest in frequency to:the ™M fre-
quency is the weakest.

Maximum 3rd order IM éignal power fesults when the power of the
transmit carrier at the frequency closest to the IM frequency is 3 dB
higher than the power of the other carrier. As order Becomesnhigher,
the maximum IM power point shifts ﬁoward a transmit carrier power ratio
of unity. As the transmit carrier‘power-ratio becomes large, IM.éignal
powers decrease, and in the limiting cése when the power of one carrier
is essentially zero in comparison with that of the other, tﬁé IM signals
vaniéh° | |

The shift in the power méximum from the unity rgtio point,
and the asympet?y of the power curves are both caused by the inequality
of the exponents (n-1), and n, associated Wi;h El and E2 in ﬁhe terms
of the describing polynomial Which‘contfibute to the amplitude df'a

particular IM product (see Appendix A). The curves become more symmet-

rical as order increases since the difference. between EY and E(n_l) is
small for large n and E < 1.
5.3.4 IM Power Sensitivity to Individuai Transmit Carrier Fowers

The charécterigtics of Sectionm 5.3.3 show that IM power is
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Intermodulation signal power dependence
on the transmit carrier power ratio
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fl E2 :

method B, PT = 0 dBm).
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-100— - At 0 dBE = E, = .0264 Volts

20 loglo(El+E2) = PT
Held Constant at 4.44 dBm

v . N A A

'.n—-"—. B ) " - )
-ZCK)-—-—;__;.____nasz'o——— -: " - ; ﬂ—-‘_f-‘-~‘~‘ﬁ~.._.

INTERMODULATION POWER DELIVEREL TO THE LOAD (dBm)

- =30 . -20 -0 . 0 - 010 20 ¢ - 30 -
TRANSMIT CARRIER POWER RATIO -(dB) '

Fig. 5.11 (b). Intermodulation signal power dependence-
: ‘on the transmit carrier power ratio
(P, /P."), (data computed using
-:fl_ I»Z . o

.method B, P

1 4. 66 dBm).
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most semsitive .to transmit power vériations at ‘the carrier frequency
" closest to the IM frequency. Algebraic consideration of eqn. 5.3-1

1

leads to the following conclusions:

,,(15. At third‘brder a n dB power change at the carrier
" 4frequéncy closeéE to the IM frequency should produce
a2 n dB changevin:IM power. A ndB change in power
at the oéher carrier freﬁuency should result in only'
an dBlchange in IM-power.
(i1) The IM power change shouid increase by n dB between

consecutive orders if the initial input power change at

-~ elther one of the transmit frequencies is n’ dB.

This characteristic was investigated numerically by first
computing the IM powers genefated by the'dioae when equal amplitude car-
rier voltages ‘are applied at three different total power input levels.
An ingrease in power delivered to the RF system at one of the carrier
frequencies was then simulated by increasing one of the voltage inputs.to
the programs by a faptor-éfyf’(B dB power increase), and computed IM
powers were compared with :hose‘correspondiné to the equal carrier
case., Next, the calcﬁlations were rebeated with the previously incre-
mented carrier voltage rgduced to the voltage for which equal carrier
IM powers were calculated and the other carrier voltage increased by
a factor of V2.

Changes in IM powers‘from those computed for the equal
carrier case_ére plotted in Figures 5.12 and 5.13. Figure 5.12

results from calculations using method A, and data for Fig. 5.13 were
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computed using ﬁethod B. Reference to the figures shows that results
are very dependent upon the total input power to the nonlinearity.

At low input powers the algebraically preaicted trend is followed
closely. At higher input powers, substantial deviation from.expected
behaviour occurs. - This, like seVeral previously discussed trends,

is the result of the'changing influencé~of different ‘terms in the
describing polynomiél in different ;egions of operation along the
diode conduction characteristic. The curves of Fig. 5.12 show that

in some regions of operation, the response to transmit power changes

.can actually be greater at low orders.

5.4 Experimental Investigations Concerning the

Characteristics of IM.Signals Generated by a

Semiconductor Diode. -

[

A series of experiments was conductéd in which a semi-
conductor diode was used to gehefaté IM signals in the CRC test
circuit;- The objective of egperimentation Qaé to observe agtual ™
sigﬁai response to changes in iﬁput»gignél’pafémeters simiiar to
tﬁosg simulated in the computer exéréiseé of Section 5.3,> It was

necessary during the experiments to apply higher transmit powers (see

—appendix D) to the diode than.those repreégnted‘in the simulatioﬁs in

ofder fhaﬁllM signals could be measufédjabove:theﬂnoiSE;flbor“of'the»

s

measurement system. Without violating several assumptions, theoretical

analyses could not be eXtended to cover transmit powers used in the

‘experiménts. This meant that it would not be possible .to  compare

~theoretical and~ekperimentalsresults.correSponding to-operation‘over

the same transmit power range. It was cdnsidered; howevér,-that
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' experiments in the higher power range c0ul& sﬁill-pfovide useful

information for determining the practicality of computed results.

A Hewlett Packard HP 5082-2800 Schottky diode was

shunted with a tinned copper wire and soldered in place of the

-resistors in the body of a coaxial attenuator as shown in Fig. 5.14.

This allowed connectién of the diode asSembly in the test circuit by
means of the type N connector fittings on the attenuator housing. An
equivalent circuit fér the measurement system with the shunted diode
in place is shown in Fig. S.lSi

The following subsections detail each of the experiments,

and pfesent measured results with describing annotationms.

5.4.1 - IM -Power Dependence on Total Transmit Power

Starting with 43 mW Qf total transmit power at the test
port of the measurement system, the equal éarrier.transmit power was
increased in steps to 35 dB above the 43 mW level. 'The power of the
IM signal displayed on the spectrum analyser'was recorded after each
step. This procedure was repeated séquentially with test frequencies
such that 3rd to 1llth order IM powers could be measured.

Figures 5.16 to. 5.20 show the measured IM powers plotted
as a function of the estimatéd* total transmit power at the test
port. A straight line having a slope of N dB/dB has been drawn on
each Nth order power curve for comparison.

The slopes of the measured IM power curves show a general

trend toward the N dB/dB characteristic anticipated from algebraic

#Power at the test port was determined from calibration data showing
total transmit power delivered to a 50 ohm load at the duplexer out-
put as a function of high power amplifier drive level attenuator
settings.
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v

consideratiéns; although therevis a subétantial déviation_ét higher
transmit powers. The méasufed data also show'miﬁima_similar to those
in the curves‘drawn from IM powers'éélculated using the least squares
approximation technique’(method A). It is intéresting to note thét
the separations between tﬁevnuils’in the computed and measured.éurvés
(see:Fig. 5.2 to 5.6) are similar, and that both sets. of curﬁeS'show

that there are a greater number of nulls for higher order IM products.

5;4f2 - The Relative Power of IM Signals of Different Order.

M power values correspoﬁding éo thrge differentitotal.
input power levels Qere taken from figures 5.16 to 5.20 and used to
drawnthé histograms of Fig. 5.21.

‘The histograms show similar trends to those éhown by the
curves of Section 5.3.2 drawn from computed IM‘power data. Both com=~

.puted'and measured IM power/order relationships are dependent upon the
" total input power level. The greater difference in the power of ™M

signals of consecutive order at low transmit powers that was noted from
the computed characteristics is aléo evident from the measured results. '

Iﬁ can be seen from Fig. 5.21 that the normally expected
decrease in power for progressi&ely higher order IM signal levels was
not observed. 'Célculations using‘polynomial coeﬁficients (Method A) -
deriyed‘from the léast squares approximation technique can'yield similax
results. IM powers calculated using the Taylof series coefficients,
howeyer,'always show a decrease in the power of consecutively higher
order IM signals. It is believed that -the departure from thé expected

monotonic decrease in signal powers results from direct phase cancella-
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tions, analogous to those which caused the nulls in-the computed power

curves of Section 5.3.1.

5.4.3 IM Power Sensitivity to Individual Transmit Carrier Powers

. The input drive level to the high power‘amplifiers in the
;test facility could be adjusteé only in steps of one dB. It was there-
fore not possible without équipmént modificatioﬁs to maintain a cénstant
total transmit poﬁer'while varying the transmit carrier power ratio as
in the computer exercises of Section 5.3.3. A similar characteristic
was, however,.investigated as déscribed'beloﬁ.

While méintaining tﬁe channel one cafrier powerAfiXed, the.
driveAlevel to thé channel ;wé high power amplifier was varied by
changing the input attenuator setting in 2 dB steps from 40 dB below.
to 20 dB above,the'channel oﬁé attenuator.setting. The iM power level
was recorded on’the strip chart recorder:after each change in attenuatof
setting. The chamnel two power was then fixed while the channel omne drive
level was varied and IM'p0wers were recorded in a'similar‘manner; It
should bé notéd thét transmit power increments in the varied channel

were probably slightly less than the 2 4B drive power increments as a

result of amplifier nonlinearity. No compensating corrections were made,

‘howeve:, as this small discrepancy was not considéfed to be_important
to the overall characteristic being studied. . Experiments were con-
ducted sequentially at three different fixed carrier power levels.

The third order characteristics were measured and the test
set retuned for fifth order measurements. It was not possiﬁle to
complete the experiment at fifth order, however, as the diode was des-

'troyed during measurements at the highest fixed carrier power setting

I .

., T
1y R }




154.

(=200 mW). The diode was removed from the test jig and a new shunted

diode was soldefed in its place.

With the second diodef_‘ the higher order characteristics
were measured first and care was takenvto limit the time during which
power was applied for each measurement to avoid overheating. Eleventh,

thirteenth, fifteenth, and seventeenth order characteristics were

ﬂ..._\
IR N

measured. - The test set was then retuned for low order measurements.

'The second diode was destroyed during measurements at third order. As

—— '
__

time was limited, no further investigations of this characteristic were

{l made. |

The third order characteristics meas;ired with the first diode

{l (diode #1) are plotted in Fig. 5.22, Data from the higher order

(l : measurements using diode #2 are plotted iﬁ Figures 5.23 to 5.26. Fig. 5.22-
shc;ws the third order characteristic measured when the fixéd caffiei: -

El power was ._2 mW, as saturation of the r,ec.eiver low noise amplifier

l was observed over most of the measurement fange in higher power tests.

(,.\r ' Figures 5..,23 to 5.26 show charécteristtics measured with n_bminal fixed -

{l | carrier power of 200 mW as saturatiom was not a problem. Lowef power
- characteristics are not reﬁorted for éxperimenté at the highe:;"order

tl as IM signal powers were abpve the measprement ‘system noise level

':-l | over only a limited portion of the variéd channel transmit power

2 ..... a - range used in the experiment.

gl . ' "It is interesting to note fof all orders, that in the region

B of positive carrier power raﬁios, the IM power decreases :evgn though

il A the total\ input power is continuously increased as the carrier ratios

(l become lérger.‘ Attempfs to realize this characteristic using the |

L * IM signals generat'ed. bv different diodes varv by approximately x5 .dB,

._' _but the slopes of their power response curves are identical,
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The measured data also show maximum IM power near unity tramsmit carrier

~ power ratios as predicted by theory.

-trué at all input power levels. For higher total input powers (fixed

160.

analysis techniques.of Section 5.3 have repeatedly. failed, showing
instead, a general trend toward increasing IM powers as ﬁotal
power is increased;'regardleés‘of the carrier power ratio.‘

The third order characteristic of Fig. 5.22-sﬁows‘cléarly
that IM powers deé;gases more ‘rapidly when é2’ the'?owe; of the
traﬁsmit.carrier closest in frequency to the IM freqpency is -the .

weakest. At higher orders, the curves become more symmetrical. :These

characteristics are also true of the computed curves in Sectiom 5.3.3.

. Tests at different fixed transmit powers showed that the

general characteristicé-reported in the above pa:agfaphs~we:e

carrier power = 2 W) it was mnoted that‘theupeaks in some of the higher

order characteristics interchanged positionms. - At lower powers, . the

double peaks shown in Figures 5.23 to 5.26 were not}observed..

5.4.4 . IM Power Sensitivity to Individual Transmit Carrier

Power Increments

The second diode was replaced by a third, diode #3, and

the test jig-inserted in the;measﬁrément circuit. With eQual*;ransmit

”carrieré;'the powers of the 3rd to 11th order IM Siénéls.displajed on -

- the spectrum analyser were recorded. . The drive level to -the channel

one amplifier was then inéreased by 3 dB and IM power measurements were

‘repeated. These-measuréménts'were"feﬁeéted“once-mote'witﬁ the channel

one power returned to its original value and the channel two drive -
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level in;rgased by_3 dB. . The differencé’betwgen powers measured in
engl and unequal cérfier tésts héye‘been plotted'against IM order
in Fig. 5.27. | | |

k Resuité show a gréater IM'powér response to carrier‘power
changes at f2,‘the frequencf closest'to‘the M frequency. The algeprai_

cally predicted monotonic power dependence discussed in Section 5.3.4

was, however, not observed. Instead, the difference in IM power changes

1

with no apparent relationship between order and IM signal power changes.

caused by power ingrements af f. and f2 varied for different orders

. B
5.5 Discus'sion'> ' , ' R ' IJ
The first sections of this chapter dealt with the development IE |

of a circuit model for a RF systém‘containing a discrete IM signal
generator, and the calculation of IM signal powers usihg two different Ii |
methods. Although both calculation methods used the same technique for ' lﬁ

the manipulation of polynomial terms to compute IM amplitudes, results

3

differed in some aspects. These differences were due in large part to.
the fact that the least squares approximation technique of method A
contained both positive and negative éoefficients, whereas all coef-

ficients derived from the Taylor series expansion of the Shockley'Eqﬁa—'

i- "‘-
3 1 3

tion (method B) were positive. The negative coefficients resulted in IM

-
\ "
N

power minima and localized slope'changes at particular values of transmit

power peculiar to IM signals of a specific order. Such minima were

:
e -

~absent from the power curves computed using the polynomial with 6n1y

positive coefficients. Another factor which influericed the results was

. -

the number of terms in the polynomiais. Accuradcy considerations limited

the least squares polynomial to only 12 terms. The polynomial derived

s I
[ -




162.

e,

25

o— s,

- . ey ' =

20—

"3 dB power increase at fz

&
|

o
l

3 dB power increase at fl

(&)
l .

CHANGE IN MEASURED IM SIGNAL POWER FROM THE CASE OF

EQUAL TRANSMIT CARRIER POWERS (dB).

,\.ﬁ
" -

I T 1T Lo
3 5 T 9 I
INTERMODULATION PRODUCT . ORDER

r——
—

(@]

.'-Fig. 5.27. Intermodulatioﬁ»signal'power sensitivity
" . to individual carrier power increments,
(diode #3)-. - :

e~
; " ;
= - e -

/

N

]
i %
=

Phakes ™,
f '



163.

,

- from the Shockley Equatioﬁ had. 82 terms, aﬁd Qas limited to that

number only by‘programmihg difficulties. The coefficients of the jeast
squares.apprbximation technique were thergfore fo;ced to be larger than’
the first 12 coefficients of the Taylor Series in order tb reflect the

l same QOﬁlinea:ity, This resulted in ﬁhe Calculation_of consistently

~ higher IM powers when methdd‘A was used. Apart ftom thevnumericél &if—i

ferences, and the minima exhibited in the data computed from the least

squares coefficients, the general trends of the power curves computed by .

the two methods were éiﬁilar for iow transmit powers, and low IM product
orders. The progressive lineérization oflfhe higher order IM signal
characteristics computed using method A should be noted. This indicates
that caution.is’reQuired when making Nﬁh order IM signal calculations
using é polynomial containing only a few more than N terms.

Resulﬁs of'SectionA5.3 shéw that purely algebraic anélysis of
™ signal'characge;istics using a limited number of terms in a fruncated
polynomial such as-that in equationVS.B-lvomits éwo important factors
from considerationﬂ These afe the magnitudes, énd the signs of the
polynomial coefficients. Changes in either can have a marked effect on
computed characteristics; AThis is shown’by the difference in IM boWer
trends computed usingvﬁethods A and B.

‘Work reported in this ehapter has revealed that.computed iM
charactefistics are largely détermidéd by theAmanqer in which the térms
of the'polyhomiai describing a particular.nonlinéarity contribute tQ
the émplitude of each IM product. . The influence of each_term in the

polynomial is determined by the size of its associated coefficient, and

the amplitude of the signals applied to the ﬁonlinearity. For this reason,

it is not possible to specify general rules based on algebraic manipula-

| 1}
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tions regarding the dependence of IM signal amplitudes on transmit signal
parameters. Instead, each nonlineafity muét be considered separately;
and IM~calculétions must refer to a particular range of operaﬁion..

" Though geﬁeral rules cannot be~specified, consideration of

theoretical and experimental results of this chapter lead to conclusions

‘concerning algebraically determined trends which are often assumed to be

the characteristics of all IM signals.

(1 "It is generally assumed that the power of an IM signal of order N

changes by N dB in resppnse.to each dB change in transmit power. ExperiQ

‘mental and computed results loosely follow the N dB/dB trend. 'However,

there are two reasons why deviations might be bbserved in any practical
measurement situation. First, local minima, or IM power nulls cén occur
at particular transmit powers. The measurement of IM power ;ﬁaracteris—
tics over a limitéd range of transmit powers near those which correspond
to IM nulls coﬁld indicate a wide varie;y of transmit.power/IM'power
relationships. Seqondly, IM power response is very dependent upon the
ratio of tranémit carrier ampli’ti.ides° .Measﬁrements‘using unequal carriers
or carriers with varying power ratios could yield results leading to
incorrect conclusions. ’ ) |

(2) Tﬁere is no fixed relationshiﬁ between tﬁe'amplitudes of IM
product signals of different order. It is usuéliy'égpecfed that higher
order IM signals have smaller émpiitudes. Cvér the;fange>of transmit
signal'voltages for which IM powers were calculated, this trend was fbﬁnd
to exist. The measured characteristics, ﬁoweVer,show that higher order
IM signals can have amplitudes significantly greater than'those of IM
-Signals of’muéh lower'prdér. The relationship between the‘amplitqqes

of different order producﬁé is dependent upon.drive power. This is_



important to consider when testing a system to determine if IM
interference levels are below specified maximums. It'is not sqfficienf
to measure'on1y>1ow order signa1 levels, but the amplitudes of signals
at all IM frequenciés within the receive band must be measured.

(3 The greater sensitivity of IM powers to trapsmit power
ﬁhanges at one input frequency than to similar power changes at the
other frequéncy'is a-well known characteristic; Computed and meagufed
results indicate that IM ﬁower response to changes in the amplitude of
the carrie£ at thg frequency closest to.the ™ frequency is the greatest.
There is no indication, however, thét the response is predictable or
well'behaved._The identification of IM signal orders by,qbsérvation of
IM level changes in responsé tg individual tfansmit signal power‘changes
is therefore not reliable.

The wide range of IM pd&ers resulting f£rom differentjtransmit car-
Afier amplitude ratioséiza‘fixed total ;ransmit power is not often reﬁorted.
This characteristic might be used to advantage in rgducing‘IM 1¢veis
by pufposely specifying the use of unequal signal powers in multifrequency
communications systems. Loo [31] has suggested this technique for the
minimization of IM noise generated in a TWI amplifier.

Explanations canmnot be offered for two of the characteristics
reported. . The nulls in the measured IM power curves are similar to those
'in the curves plotted from data calculated using the least squafes
polynomial coefficients. Nulls in thé computed curves result from large
contributions to a particular IM product amplitude by polynomial terms
associated with negative coefficients. This is analagous to the vector

addition of out of phase signals in a RF circuit. Practically, however,
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~multiple signéls.generated by different portions of the nonlinearity

do not exist. Phase cancellation.cannot therefore ﬁrovide an adequate
6xp1anation for the nulls.  An additiOﬁal complicati@ﬁ arises when‘bne
considers the larger number of nulls obserQed in the higher order |
characteristics; A possible explanation for this observation is the
gfeater sensitivity of higher order Iﬁ'signai powers to-transmit.carrier

power ratios. During measurements, the carrier power ratio could have

- been different at different values of transmit power as a result of

[

high power amplifier nonlinearities.
The other unexplained characteristic is the decrease in
measured IM signal powefs for positive carrier ratios even though total

transmit powef increased as the ratio became larger. This appears to

“be a result of the same factors which cause variations in IM signal

amplitudes .due to carrier power ratio chahges whgn total input power is
fiﬂgd. Ihe’inability'to AOmpute similafich;racteristics;»however, fequires
further-COnside:ation.

A rough comparison of;the slopés-qf_the computed aﬁdAmeasured7
IM characteristics showsAthe cloéest‘similérity to exist‘bethen meésured
data and the curves computed from the leaSt.squares coefficients. This
is 'a surprising.reédlt, as_Eefdre ekpériﬁents:wére cqnducﬁed, th§ 1eéétn
squares'?pproximatiOn”éecﬁnique_wasythought,to‘be uﬁacceptébie:becéusé‘ﬁ

nulls, or decreases in IM power as transmit power is increased were

- thought to be unrealistic.

The value of the characteristi¢s reported in this chapter for

the identification of IM.interference generated by semiconductor-type non-
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linearities cannot be deﬁerminéd ﬁntil éimilar stqdies of IM signals
generéted by.other nonlinear types havé béen completed..-The réported
chéracteristics would be useful ﬁﬁly if distinct differences can bei<
found in the power response of IM signalswgenéréted by differenf nén—

linearities exposed to the same range of transmit signal powers.
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CHAPTER VI

MULTIPACTOR EREAKDOWN

. 6.1 ',Introduction

Multipactor breakdown was identified in Chapter II as a

phenomenon that can result in. the generation of very high levels of |

intermodulation. . interference in space satellite communication

systems.. In addition to generating very strong PIM signals [32],
multipacting can lead to physical damage. of RF system componentso

It is therefore 1mperat1ve that this type of electrlcal breakdown be

eliminated from space systems. ThlS necessitates the understandlng

of the related physics, and a knowledge of the operating-conditigns
under which multipactor can be expected.
The first five sections of this chapter-are devoted to a

thorough review of available literatdre on multipactor breakdown.

. The bas1c breakdown mechanlsm is explalned dlfferent types of multl—

: pactor‘are dlscussed, the effects of breakdown on RF clrcultry are :

pointed out, and preventative measures are suggested.

Sectlon 6.6 .describes experlments that were conducted as‘

'~~part of th1s 1nvest1gatlon to determlne the effect of metal surface

finishes on the,cond1t10ns~requlred‘for-breakdown.
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6.2 The Multipactor Breakdown Mechanism

6;2.1 Basic Breakdown Theory

:In’RF systems:pnder coﬁditions'of high'vacuum,[33,34,35,36,37]
breakdown can take place between conducting or dielectric surfaces
-ﬁhen certain relétionships between the dimensions of the space between
_the sﬁrfaces, and the frequency of'an épplied RF VOltage.are satisfied.
Bfeakdﬁwn odcurs.if the rgté of production éf:eleCtrons in the;gép ex~ -
ceeds the rate of eléétron léss éhroughjdiffusion ér recombination.

In vacuum, the production. of electromns by ionizing collisions
is rare. This means [38] thét‘the only mechanism By which free electrons
can be produced in a gap between ﬁwo surfaces is secondary eﬁission dué
to electron:iﬁpact at‘the gap walls if the mean free path for elecﬁrons
is greater than the gap widtﬁ.' When a RF &Qltage is applied, a few

~electrons initially present are accelérated’and collide with one wall,:
whefe secondary electrons are emitted on impacﬁ. The original impinging
(primary) electroﬁs'afe absorbed by the surface. The sec0ndafy electrons

- are then acceleratéd in the reverse direction during the next half

RF cycle, and they too prodﬁée secondary électroné as they collide with

- the opposite. gap wall. It is clear [38] that if the secondarieS'so.produéed
are to be accelerated in.a.similar ménner in the reverse direction
before they recombineAwith the émiﬁfing sﬁrface, the transit time for

an electron across the gap must equal one half cycle of the RF voltage.

Also, if'bfeakdown is to occur, the ﬁumber of electrons in the gap muét
increase during each half cycle. An average of more than one sécondary
electron must then be produced upon impact of each of the accelerated

electrons with the surfaces. That 1is, the secondary emission yield, or

I
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secondary emission coefficient (6) of the gap walls must be greater
than unity at the energy with which the primary electrons impinge upon
their surfaces. -

The number of oscillating electrons in the gap can increase

- very rapidly to the point at which electrical breakdownvoccurs. This

multiplication of electrons caused by electron impact has been given
the name multipacting. The resulting electrical breakdown is thus
called multipactor breakdown.

From the above description. of Multipacting (MP) ome might con-

‘clude that, for a.given,geometry,'MP.can occur only for a narrow band

of applied signal frequencies. The MP frequenc& band, however, is

quite broad [38] due to the fact that electrons cross the gap with widely
varying ;ransit times, depeﬁﬁiug upon- the phase (¢) of the applied
electric field at the time they are emitted from the wall. The MP
process also is'preferenti31'[38] to‘ceftain ratios df_initial to final
(impact) velocity of the electrons. This~ratio is commonly @enoted

K in the literature, [39] and is used as a constant in theoretical analysis.

' The most negative phase with which an election can be emitted from a

surface and still cross the gap in~% RF-Cycle‘with the required impact
energy to produce secondary emission is a function of K.

There exists a cutoff frequeﬁcy‘f38]-belOW~which bféakdown cannot

- occur, no matter how large a RF voltage is applied. This has been ex~

plained [38] by the fact that as frequency decreases, the phase with which

an electron must start at. one wall in order-to make the transit in




%-cycle becomes increasinglyvmore negative. At the cutoff frequency,
the phase is so negative with respect to the RF field that the electrons,

in_spite of their initial velocity, are driven back onto the wall by the

4-field,_and are lost. .

6.2.2 Equatlons and BreakdOWn Prediction

- A seml-emplrlcal method has been developed [33] fér calculat—
iing the conditions determined by gap geometry, frequency, and applied
voitage under which multipacting éan occur. I1f experimental RF break-
down voltages are plotted versus the product of frequemcy (f). and gap
widﬁh‘(d), two breakdown voltage boundaries ére traced, between whicﬁ MP
can occur. bThese bouﬁdaries are determined by the maximum positive and
negative phases with which électrons can be émitted at one w;ll, so that
ﬁhey travel to.the opposite wall during-% cycle of the applied field and
prodﬁce sedondary electroﬁs 0n~impac£. These two phase boundaries can
be joined at their lower and upper ends by curves correspondinglto the
minimum and maximum electroﬁ energieé that are required to. produce a
secondﬁry electron yield greater than unity. The four curves form a
'closed.rggion within wﬁicthP can be initiated and sustained,* and out-

side of which MP cannot occur. The maximum energy boundary has. never

been reported as experimentally having been attained. The upper boundary

is therefore not usually plotted in the literature. A typical experi-
mental plot has the shape shown in Fig. 6 1.
Equations have been derived which can be fit to experimental

data in order to determine the limiting phase and energy values. The

o
Breakdown, once initiated, can be sustained at voltages less than %-that

‘required for initiation [38].
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theoretical development [33,35,40] is short, and can be reproduced here

as follows.
Assuming the abéence of a space charge, [41] in the gap, and

that the applied field is spacially uniform, the equation desgribiﬁg

electron motion is;

Zdzx = qEsin(wt +4) , . (6.2-1)
t .

where, m is the mass of an electrom
- q is the electron charge
E is the peak value of the RF field
x represents distance
¢ is the secondary emission time phase angle
and w is the radian frequency of the applied voltage.
If one integrates (6.2-1) over the-l cyele transit time, the

2

velocity of an electron on impact with a gap wall is found to be;

dx 2qEcosd -
—_ = = . 4 . . L=
dt Ve Yo m w (6.2-2)
vhere, Ve = electron velocity on impact
v, = initial electrom velocity

A second integration over the same period and a gap width d yields;

v w .
Z + qF ((2n l;ﬂcos¢+251n¢)  (6.2-3)

mw
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where n is the multipacting mode index to be discussed in the following

section.

Rearranging, and using V = g- (6.2-3) gives the multipactor

breakdovm voltage as

: 2 2 : ' »
45 - .
m n
where on = i f i x [(2n - 1)mcos¢*+2sing) ] (6.2-5)
. —
£ = 27
. and
K = Vf/Vo

The lowest RF voltages at which breakdown will occur can be
calculated by maximizing @n with respect to ¢. This gives the emission

ﬁhaSe angle value ¢L for the .lower -phase determined breakdown curve as;

o -i K - l . 2 | . . ) -
N tan [K T1 o l)é] ) | (6.2~6)
If one fits (6.2-4) to a lowef breakdown curve.plotted from
experimental data, @n can be found. Simultaneous solution of (6.2-5)
and (6.2-6) can then be used to calculate éLland K.
1f K is held constant and ¢ is varied-in (6.2%4) to plot a

family of breakdown curves, the value -of @ which traces the upper experi-

mentally determined curve is denoted ¢U. This is the maximum secondary

emission phase. angle permissible if multipact_ing_is:to-occur°
* Finally, the expression qu = %mvf?-for the impact energy of
an electron-can be combined with egn: 6.2-2 with K = 52.,'and (6.2-4)
N N7 .. . . . N 0 ) - .
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to give;

- Do [al |
fd = TP . e (6.2-7)

The value of fd at each intersection of the experimentally
determined minimum energy.cutoff boundary with a membe£ of the family
.0f phase determined cuf&es,can'be used in (6.2-7) fo determine wfz,
the minimum electron'impact energy SucH that § = 1-. |

The parameters resulting from the curve fitting prdcedureé
outlined>above can be ascertained by testing variousvmaterials and
: geometfies for their suscepfibility to multipacting. These parameters
can then be used in the equa;ionS‘for plotting theoretical -breakdown

. curves for components or systems under development to emable the choice

of designs such that multipactor breakdown is avoided.t

6.2.3 Higher Order Modes

At higher frequencies, or in geometries where the gép width
is too great for electrons to travel from wall-to-wall in ome half [40]
cycle of the RF, the conditions for MP can be met if the time oﬁvpassagé
is any odd number(m) of half cyecles.

If the appropriate mode index (n) is used in the equatioms of

the previous'section, along with the values of K, ¢U, ¢L and sz obtained

for the %-cycle mode, theoretical breakdown regions can be plotted for

the higher order modes. The assumption that‘% cycle mode values can be

extended for use in higher order mode analysis is not completely warranted

[40], but can be used as a first approximation in predicting higher order

breakdown regions.

.....
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From plotting‘theitheoretical breakdown boundaries for the
higher order modes, one finds that these boundaries overlap and thap
the extent of overlap increases with mode index.

Experimental data show irregularities in breakdown curves
at theoretically predicted points of éutoff for the higher order modes,
although an experimentally compleﬁed breakdown curve for higher order
modes has not yet been reported. The existence of higher order modes
has been used to explain'[40] the deviation at large values of fd of
the lower phase detgrmipéd boundary from q‘log~lpg slope.of 2, as pre-

- dicted by equation (6.2-3).

6.2.4  The Similarity Principle

It has been shownvE36]experimentally that under certain con-

ditions gaps with similar geometries exhibit identical breakdown char-

acteristics.
Let‘lV = RF voltage
B = magﬁetic flux dénSitY‘
f = frequency
Ve = electron velocity on impact

andrdefine ¢ as the characteristic length for the system (any length -that
characterizes one of a family of configprations that:differs only in

scalé).
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Phase similar [41] solutions can be oﬁtained to equations of motion for
the.électrons in the gap if<E%$2, %-, and vf/fi are invariant for configur-
ations having different scales. Tﬁus; if MP occurs for one such
configuration, it will occur for all other configurations in the
family. - Ifjfz is also invariant under scaling, the energy solutions
to the describing equations are similar, and breakdown voltages. are
identical for similar configurations of different scales.

This similarity principle is most useful when it is afplied
td geome;ries in which the electric field is nonuniform. For example,
-in the coaxial case the differential equations describing electron
motion in the field are non—linear and solutions are very difficult.
1f calculationé of electron trajectories are made for a pa?ticular con-
figuration in which MP is known to occur, similarity can be used'to
identify other scaled configurations which are subject to.MP, eliminat-
ing the need for detéiléd calculations for every design.

It should be noted that in coéxial geometries where
fd is variant [42], the MP region shifts to higher values of RF break-
down voltage for greater.values of the inner/outer conductor diameter
ratio. This is due to increased nonlinearities of the field, which

make it more difficult for MP to occur.

6.3 vMultipactor Types

Multipactor breakdown can be classified according to the type
and direction of the fields in the gap, and the number of electron

emitting surfaces involved in the breakdown mechanism.
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Classifications which have been made in the literature [43]

are reported in this section.

6.3.1 Two Surface Multipactor

A, RF Electriec Field Only, In A Direction Normal To The Gap Walls:

This is the type of MP that has been described in the pfevious

sections. Typical characteris;i;s are:

(i) The mechanism.is phase focusing® and only synchroﬁous
electrons wili multiply. The eleétrons involved in the
breakdown prbceéé afé therefore‘ﬁigﬁtly-Bﬁnchéd in time.

(ii) The discharge associated With.breakdOWn:has a relatively
low impedaﬁce. |

(1ii) The discharge builds up rapidly and is self sustaining.

(iv) Nearly all the kinetic enefgy gained by the éléctrons
from the RF field is given up in the form of heat at the

gap surfaces uponAimpact.

The two surfaces involved in this type df multipacting may be
conductors or insulators.
B. RF Eleétric Field and Static Magnetiﬁ Field - Both Fields
Normal to The Gap Surfaces: |
When a static magnetic field_is(superim?osed:on the RF
electric field, the transit times of the electrons can be adjusted to

produce a shift in the boundaries of MP region. This could be used

-as_a means for avoiding MP in a gap of .fixed dimensions.

* Phase focusing is defined and discusééd in'rgfereﬁceAS and is beyond the

scope of this report.
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C. Crossed RF Electric and Static Magnetic Fields - Electric

Field Normal To The Gap Surfaces:

If a static magnetic field is applied in a direction parallel

to the gap surfaces and the RF electric field is applied normal to the

- surfaces such that the fields are crossed, electron trajectories can

be altered by varying the magnetic field strength. The perpendicular

magnetic field produées a helical motion of the electrons along an axis

orthogonal to the plane of the fields. Thus, application of a transverse

field can also be used to shift the MP region for a given configuration.

Care must be taken however in this case to avoid the following situa-

" tiomns.

(a)

(b)

If the applied [43] electric field is nea:‘the cyclotron

freduency, fc = gﬁ; the gyrating electrons in thé gap

resonate with the electric field and gain energy very

rapidiy. This causes a reduction in ﬁhe RF voltage re-
quired for breakdown.

If the frequency of the electric field is-% the cyclotron
frequencf electrons strike the gap surfaces at grazing
incidence. This is a favourable condition for high

secondary electron yields and aids in the MP process,

again reducing the RF breakdown voltage.

6.3.2 Single Surface Multipactor —

A. RF and dec Electric Field in a Direction Normal to the Gap Walls:

If a dc electric field is present in addition to the RF field,
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one sided, or single surface multipacting can occur.

Assuming initially that the RF opposes the dc field, an
electron emitted from the positively biased side of the gap is pulled

away from the emitting surface against the dc field during the first

“half RF cycle. During the next half cycle, the motion of the electron

is reversed, such that it is accelerated towards the emitting wall.
Under proper conditions'of frequency and £ield intensity, electrons so
accelerated can return to the emitting wall at the end of one kF cycle
with sufficient energy to cause secondary gmissigp; This‘leadg to one
sided MP breakdown.

Plots of RF voltage versus dc bias voltage [34, 43] for one

-sided-MP in a given geometry form a closed multipactor breakdown

region which can be totally dissimilar to the region defined in the RF
only case.

This type of MP can occur in geometries where the gap surfaces
are dielectric materials when no external dc field is applieé_l° The
necessary static field is provided if the dielectric is positively charged.
Where ﬁhe gap walls are metallic, an external field must be applied as
no static surface -charge can exist,

It should be noted that one sided MP can be initiated at lower
RF voltages than the two sided mode and can-devélop into two gided MP,
This in effect lowers the two sided MP breakdown voltage boundary.

B, "Gliding" Single Surface Multipacting -RF Elgctric Field Only,

Parallel to the GapiSurfaces: | |

For this class of MP to occuy, the gap walls must be dielectric,



181.

as the electric fieid is tangential to their surfaces.

Eleétrons‘are emitted at-or near the times of zero field
and accelerated parailel to the emitting surface. . Their initial
veloclty always has.a normal component which will carry them away
from the wall. T§ cause MP they must Be returned to thebsurfacé at
the cofrect time by:a unidirectional electric or static _magnetic

field which acts as é'restoring force.

This type of breakdown can be very powerful and destructive
since all kinetic- energy derived from the electric éield is transferred
to'ﬁhe dielectric as heat. Also, since there 1s no requirement for a
definite tramsit distance, MP can exist over a large range of electric
field strengths, lim;ted&only by the upper and lower energy boﬁndaries
for 6=1. The breakdown in this case is not self~starting unless the
restofing force is preéent but once initiated, it can be sustained due
to a static field caused by the space charge of electrons. The initi-
ating force may result from a field due to an accumulation of positive
charge on the dielectric surface.

C. Electric and Static Magnetic Fields -~ Both Fields Parallel

to the Gap Walls:

This is as described in section 3.2.2 above, but the restoring

force is provided by a magnetic field acting in conjunction with the

initial normal component of electron velocity.

The magnetic field stremgth may have values of 2n%¥1 (n is an
integer) of the value of magnetic field intemsity required for

cyclotron resonance at the frequency of the applied voltage.
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6.4 Effects of Multipacting

Multipacting is always accompanied by a power loss
[35] which is an inherent characteristic of the secondary emission

process. An example cited is as follows:

In [35] a linear accelerator, typical input electron energy
is approximately 200 eV (60-100 eV in a communications system). If
=2 the secondary emission energy of each electron has a value between
5 and 10 eV. The RF power loss corresponding to the 180-190 eV
difference 'is dissipated as heat at the gap surface and can be very
destructive. In addition, power may be lost as MP electrons ionize
any of the few gas molecules which may be present in the gap (due -to
outgassing of the gap walls perhaps)a

Multipactor breakdown has a loading effect on a RF system
that can be complex, or purely reaetive.

| . The resistive component of loading is cleafly eVidenced in

the case of two-slded MP by the fact ‘that energy is absorbed from the
RF field. Typlcal electron emission angles Wthh range between + 18°
and -60° with respect to the RF electrie field suggest that there is
also a reactive effect. |

Where one-sided [34] MP occurs under conditions of uniﬁorm field,
electrons are always in flight during an even numbe?'of RF half cycles.
Net energy cannot, therefore, be gained from the RF field. This type.
of multipactor breakdown thus appears as a purely reactive load.

In a tuned c1rcu1t the comblnatlon of loadlng [353 and de-

tuning can result in an attenuation of several dB. Heating and mis-
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‘matches caused by MP in transmission line éecfions can also severely.
impair -a. spacecraft communications system.

O0f major concern is the nonlinear gharacteristic of passive
components in wﬁich MP occurs. Application of a multifrequency RF
signal to such'a component would result in the generation of inter-

modulation products.

6.5 . Prevention of Multipactor Breakdown

MP can have serious effects on the operation of any RF system,
and steps must be taken towards its elimination. Methods that are
commonly used to suppress MP in microwave vacuum tubes and linear

accelerators along with thé disadvantage in applying each method in space-

borne communication systems or satellites are discussed below.

6.5.1  Biasing with a dc Electric Field

As explained in.section 6.3.2(A), application of a de field
can significantly modify the MP region and perhaps eliminate breakdown
in a given set of circumstances.

Disadvantages,.[éz] are the possible requirement for high de
voltages, the no doubt qomplicated biasing circuit that would be

required, and the possibility of one-sided MP.

6.5.2 Application of a Static Magnetic Field

Section 6.3.1(B) aund 6.3.1(C) discuss the use of a static
magnetic field to shift the MP region.

The high voltage requirement might be eliminated [32]

by the use of permanent magnets. This would introduce additional weight;
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6.5.3 "Conditioning" of the Gap Surfaces

By outgassing [33,38,42J-the metal surfaces of an offending gap,it
is possible to reduce the secondary emission coefficient, therebj
increasing the RF voltage required for breakdown. Disadvantages of
this procedure are not immediately apparent, and this may be a viable
'means for reducing MP in a‘space application. The -extent of outgassing
required would depend upon how mucﬂ the breakdown boundaries must be
moved, ahd the composition of the surfaces.

A.possible result of burning could be an increased generation
of inﬁérmodﬁlafion produéts, és. éébfﬁﬁed oi burned surfaces [6] are verj

good generators.

6.5.4 Coating the Gap Surfaces

Coating the gap walls with a substance which has a low
secondary emission coefficient has beeﬁ used [43,45,46] effectively to
redupe MP.A»Titanium, Tantalug carﬁide, Paladium black and Teflon [47]
(P.T.F.E.) have all been qsed for -this pﬁrpose. It has been found

[43] that a film of between 50 and 100 Angstroms in thicknéSs-gives
satisfactory>results, depending upon the energies of electroms incident
on the surface.

The drawback assogiaéed with the use of coatings is that they
are.generally more resistive than the coveted surface, and therefore
introduce increased attenuation. Iﬁ should be noted that teflon
coatings cén bé ﬁsédfto-édﬁaﬁﬁége'also in réducing intefmédﬁlation‘tﬁj
generation at metaliic junctions where electrical continuity~'

is not required. The possibility of eliminating PIM



185

from both MP and junction effects with one treatment has obvious

advantages and is worth investigation.

6.5.5 Alteration of Gap Dimensions

Thig is an obvious solution that can be effected by designing

components having fd products clear of théoretically predicted MP regioms.

Gap dimensions should be increased rather than decreased [32], since a
decrease in dimensions would still leave field lines of appropriate

length.

Prevention by design alteration fails in cases where existing

.or purchased equipment and components must be used. One must then resort

to other means.

6.5.6 Subdivision of the Gap

Thin metallic or insulating baffles [35] can be used to subdivide

a gap suspected of MP into smaller gaps'narrower than that for MP cutoff.

A system of such baffles'caﬁ be designed to be effective in MP reduction

as well as electrically nonmperturbing. Partial suppression has been
obtained with different numbers of smooth baffles at various spacings. It
is interesting to note that only one baffle having a rough etched surface

was needed to completely eliminate MP.

6.5.7 Potting the Gap

The potting of gaps [32] with silicon rubber or epoxy has been
found effective in the elimination of MP. Care must be taken however,
that thermal mismatches can be accommodated and electrical breakdown of
air pockets in the potting material does not occur. vAnother disadvantage

is the additional weight.
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6.5.8 Making Gap Surfaces Irregular

In accordance with theory the electrons taking part in the MP
process must move in a tightly bunched group and travel a definite

fixed distance between the gap ‘surfaces during n/2 RF cycles. If the

' gap surfaces were made irregular by an etching or knurling process,

electron emission and impact angles would be widely dispersed, and
the required bunching may not be obtained. This might be used for MP'
elimination and promise of its effectiveness is shown by the complete
elimination of MP thrﬁugh using an etched alﬁmihﬁm baffle és reportéd
in section 6.5.6. There is also [42] a tendéﬁcy for rough surfaces
to give low secondary electron yields.

On the negative side [42], it should be noted that whep
electrons are obliquely incident on the MP surfaces increased Qecon-
dary emission jields can be obtained. 'When the angle between the

primary "beanm" and the normal is 60° or greater the secondary emission

coefficient can be incréésed»by more than 50%.

6.5.9  Changing Surface Geometry

TheAgeometrf of gap surfaces may play én important réle in
determining susceptibility to Mrf
In the design of some microwave cavities [43],orifice sides
'aré designed in coﬁe shapes:to maximize the radial electric field
component and minimize the area of.opposed(parallel gép surfaces. This
has been found efféctiv; in elimiﬁatiné MP due to the strongly
curved field which.by centrifugal force, throws the electrons out-

ward causing them to lose synchronism with the field.
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6.6 Multipactor Experiments

Experiments were performed to test the hYpbthesis (Section
6.5.8) that multipactor breakéoﬁn might be prevented by the use of
rough finishes on the surfaces of conductors in vacuum spaced with
the required dimensions for breakdown.

Figure 6.2 shoﬁs the equipment layout used in the eiperiments.
A single frequency transmit'signal is fed from the signal gemerator, -
through a directional coupler and into an adjustable gain wideband
amplifier. The transmit frequency is monitﬁred by a digitél frequency'
ﬁeter coﬁnected at the branch arm of the directional coupler. From the
wideband amplifier, the signal is applied through a circulator to the

parallel plate test jig inside the vacuum chamber (bell jar). A 20V

dc bias is maintained on the fixed plate of the jig to attract electrons

during multipactor. Breakdown is detected by monitoring the dc voltage
drop across the 100kQ resistor in the fixed plate electron collector
circuit.

At applied powers lower than that required for breakdown, the
test jig is an open circuit and has an input reflection coefficient of
unity. This permits the convenience of monitoring.the transmit power
through the circulator as shown in the figure. When multipactor current

is detected in the collector circuit the power meter reading is

immediately recorded as the breakdown threshold.

Rl

I

T




188.
SIGNAL GENERATOR
" (100- 500 MHz)

DVM FREQUENCY ' "
(MULTIPACTOR| METER DIRECTIONAL
INDICATOR) . COUPLER

" BELL JAR
. 'FIXED PLATE . W%%JBUASJSI?AL&EGAEQ{?E é
INTERCHANGEABLE 100 W H

PLATE

PARALLEL PLATE
TEST JIG

@
.| -POWER
'METER
Fig. 6.2.

50 dB

ATTENUATOR
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Four identiéally sized interchangeable brass plates, each
with a different surfacé finish, were tested Consecutively to determine
the efféct of surfaceffinisﬁ on the multipactor breakdown threshold.
Table 6-1 gives a description of the finish on each plate. All tests
were gonducted using thé same.separation-between fixed and interchangeablé
plates.* |
With each of the intercﬁangeaﬁle test piates in the circuit, )
- the tfansmit power required forvﬁreakdown was recorded at 5 MHz
frequency intervals (different values of ﬁﬂe fd product) within the
100 to 300 megahertz band. After breakdownlhasldetected the.transmit
power was quickly removed to avoid excessive burning or outgassing.
It was the:efore-not:cbnsidered necessary to clean the test plates
between e#periments with the same surface finish at différent frequencies.
The wvacuum in the‘bell jar was broken only to interchange test’plates
after each set of threshold measurements. |
Only very small differences in breakdown threshold'were
observed for the four surfaces tested.l These differences were attributed
to measurement inaccuracies, indicating that surface finish has no influ-
ence .upon the transmit powef required for breakdown. It is very difficult,
however to draw conclﬁsions from the limited experiments coﬁducted during
this study. A wider #ariety of experiments using test plates machined
from a number of different metals are required to yield conclusive results.

Time did not permit the additional investigations required.

#Difficulties were encountered in adjusting the test plates to be parallel.
For this reason there may have been small differences in plate separation on
consecutive runs with test plates having different surface finishes. The
difference in separation between opposite sides of the interchangeable plate
was of the order of 40 thousands of an inch.
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TABLE 6-1

Brass Test Plates Used in the Multipactor

Breakdown Experiments

Plate i : Decription of
Surface Finish

1 ' ' Polished surface - Jmaximum
surface roughness of 2 u"

2. : Machined to 30 u'" then lapped to 12 u"

3 Machined to 30 u" .
4 ' Hard polished to 30u" then etched to

3u" for 1 minute in Chromie Sulphuric
(a solution of chromic and sulphuric
acids) '
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CHAPTER VII

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

7.1 , Summary

‘The objective of this investigation has been to,gain suffi-
cient knowledge of passive intermodulation phenomena‘to enablé the
establishment of guidelines for the design’of MUSAT communication system
components such that PIM interference can be maintained below the speci-
fied maximum level of -120 dBm.

Ihe study began with a thorough review of available litera-
ture concerning known sources of PIM and research pérformed by‘;thers
attempting to minimize IM interference in similar communications systems.
Based upon information gained from the literature review, loose or
stressed metallic joints,-semiconductor junctions formed at metal/metal-
oxide interfaces, electron tunneling through metal oxides, and multi-
péctor breakdown were determined to be the most probable potential
sources of PIM in the planned MUSAT system.

Next, a study of different techniques that can be used to calculate
the amplitudes of spurious signals at the output from nonlinear circuit
elements was conducted. Three methods of analysis were found to be appli-
cable. These.included; trigonometric expansion of the terms in a poly-

nomial representation of the transfer characteristic of the IM source,
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a more maﬁageable algebraic equivalent, and analysis using a Volterra
Functional Series representation of the generating nonlinearity. The
difficulty in applying each of these techniques in PIM investigations

was recognized to be the requirement for a preéise knowledge of the IM
producing noﬁlinearity, In most‘instances where PIM is encountered,
this~iﬁformation is not-available as nonlinearities in passive components
are not -easily detécted, and several different-phénomena may contribute
to the total PIM generéted by ‘any single circuit element. Rééearch_to

develop an analysis technique that would eliminate the requirement for:

‘a knowledge of the transfer characteristiCS‘of PIM genérators‘was

initiated. This resulted in the proposal of a technique based upon the
decomposition and spectral anéiysis of the waveform at the output from
a circuit element containing nonlinéarities. Limitations of the technique

in its present form were discussed and suggeétions,fOr.additional develop~

-ment work were made.

To prepare for experimental work, a‘serieé-of preliminary PIM

measurements wés conducted. This enabled the observation of some of the:

N

characteristics noted from the literature review and provided insight into

the extreme difficulties in making PIM measurements. The preliminary .
tests also feveéled factors that can iﬁfluenCe~the“1evel'Qf PIM inter-

ference. To determine if equipment malfunctions or laboratory environ~

meéntal conditions WQfe'responsible‘for difficultities'encOunteréd,during

the preliminary experiments, a complete measurement facility calibration
was‘peffbrmedo--ReSulté from the calibration showed that the measurement
problems were not"equipmenf related. The observed instability and appar-

’

ently random variations of IM signal powers with time were therefore

concluded to be typicaliPIM'charactériétics3RepetitiVe'méasuréments,:and
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analysié.of ghe results fromv?IM experimenﬁs on a statistical basis
- was recommended. |

Do Thefinyestigation:of éqaly;ical_gechniqﬁes_éhowed that there
are no accurate analytical methods that can be readily applied for
célculaﬁing the amplitude of IM signals generated in passive circuitry.
- At the same time; the_preliminafy experiments showed that it wés not
qussible to make repeatgble'measurements of IM signal powers. It was
. obvious therefore-théf attempts to célcﬁlate the power of IM éignals
' genefated in particular RF circuits and verify calculations with experi-
‘mental results would bé futilé, 'It seemed’possible, however, that the
‘geﬁeral characteristics of PIM signals generated by particular phenomena
could be computed using.available methods. It was also. considered
‘pqssible.to measure the corresponding cha;acteristics of isolated com~
merciéily available, or laboratory prepared test samples. Attention was
thus turned to the classification of isolated nonlineér phenomena,through
“combined theoretical and experimental investigation of IM signal tfends.
It was postulated that thesé IM signal "signatures'" could be used in the
identification of PIM generators in functioning RF systems. It was also
considered that-suchlinvestigations.would léad to a better ability to
an;icipate-which M generaﬁing mechanisms would-predominate-in differeﬁt
' device configurations or under different operatingVCOnditioﬁs.

To begin the study of IM signal charactgristics, a semicon-
ductor diode was chosen as an In generator. This choice was in keeping
with the earlier identification of semiconductor junctions in metal |
oxides as a potential source of ?IM in the MUSAT system. In addition,
the well known nonlinear characteristics of diodes and the immediate

availability of test samples made the study of diode-generated PIM an
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attractive starting point. The reactive nonlinearities of the diode
junction and the package parasitics were;neglected-in theoretical
analysis for simplicity. ‘This allowed direct appiication of Sea's
method.for calculating IM signal amplitudes (Section 3.3), and programs
were written to compute IM response. to changes in transmit (drive) power.
A Schottky diode was mounted in a test jig for experiments. .It was
found, however, that because of the measurement circuit‘receiver sensi-
tivity threshold of -150 dBm and accuracy.limitations which,prevented;
the use ef:higher transmit peuer-vaiues.in theoretical analyses, experi-
mental and.theoretieal investigations correspending to operation:ever
the same range of transmit powers were not'pessible, Experiments were

still considered worthwhile, and were -conducted using the lowest

'transmit powers for which IM signals up to 17th order could be observed.

Experimental'data were used as»a'guideline“td-confirm that analytical

results were realistic. Conclusions were drawn with regard to the pre=~

} diction of the behavior of IM signals using purely algebraic,‘rather‘

than numerical analysis. The use of IM signatures for the identific-
ation of IM‘generators was also discussed.

-The problem of multlpactor breakdown was addressed in a some-.

- what separate study- from the PIM 1nvestigat10ns.. First, a llterature
review was conducted to;gainfinformation on the physics of multipactor

breakdown, itS»effects-bn:RFmeireuitry;'and,possibie methodS‘for its

prevention. Since none of the preventatlve measures suggested in the

- llterature appeared partlcularly well suited to the MUSAT appllcatlon,-




195.

alterﬁétive.SOlutioﬁs were sought.‘ It waszﬁoétulated that break-

ddwn might be avoided if -the éurfacesqu gapsihaving the required
dimenéions for méltiéacting were made irregular. Liﬁitéd experiments
were conducted with a_blanar gap configuration, and surfaces having a
variety of finishes. }All samples, regardless of surface finish were
found to be susceptibie,to multipactor breakdown at approximately the
same applied power‘le?éls. These results were considered incomclusive

and it was noted that additional investigations are required.
7.2 Conclusions

At the risk of repetition, conclusions from this study
have been divided into five parts.. The first four parts contain informa-
tion compiled from a combination of laboratory experience, and knowledge
gained from the literature review. Included are a discussidn of factors
which influence PIM generation, comments concerning passive RF components,
general guidelines for the minimization of PIM, and notes on laboratory
and systems assembly procedures. References are given where recommenda-

tions are based upon results and conclusions reported by other investiga-

tors. Finally, conclusions from the theoretical investigations are pre-

sented.
- 7.2.1 Factors which Inflqence IM Generation
(L Current Density

Reports [4,13] indicate that . the power of IM signals generated
‘at ﬁetal/metal-oxide interfaces and b% fefromagﬁetic inclusions in con-
ductors is proportional to current.density;%}Pfecautions shodld be taken
to minimize current density where PIﬁ geﬁérétion is anticipated. Such

precautions include the use of conductors with large cross—sectional areas,

I
T

..
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and the adjustment of VSWR and transmission line lengths so that standing

wave current maximums are displaced from comnectors, and other critical

parts of the system,.

The -influence of different conductor and contact surface con=- .

taminants (smoke, oil, perspiration, etc.) on PIM generation has not

{ I (2) Contaminants

been fully established. It is certain that metal filings and oxidation

‘{I . at meﬁal—metal contacts can enhance IM generation. Some clean:i,ng' agents
EI ‘ are also sﬁSpéctéd of aiding in the production of IM interference. It
'. "is best to ensure that system components ére kept in sealed containers
El : and handling is kept to a minimum before inStéllation.
sI (3) Humidity

, @

The ingress of moisture through the jackets and at connectors

El ’ in coaxial transmission lines can lead to higher IM signal levels [8],
as corrosion is accelerated by the presence of moisture. Where there

gl are high potentiéls, mic_:rodischarges between water molecules can aiso

[1] generate PIM,

———

(4) Thermal variations

‘Thermal variations can cause dimensional changes in conductors

-

and dielectrics. Oneé result is movement or increased stress at metallic

- -

contacts which could cause variations and a possible increase in IM

levels.

I 7.2.2 RF Components in which IM Generation is Probable

(1) RF Connectors

Since me_'tal/metal contacts are an inherent part of RF connectors
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there is a high probability that IM signals can be generated at each
point where non-permanent circuit conﬁections (é.g. at RF connéctors)
are made. All the factors which influence IM generation at metal/metal
contacts (Section 2.2) are important to comsider when choosing'(or
designing) RF connectors. These include: contact pressure, the
compositibn of the contact materiéls, contact geometry and surface
finish, and corrosion.- In addition, connectors for use in space must
be designed so as to prevent multipactor breakdown.

Considerations concerning some of these design parameters are
as outlined below.

(a) Materials

| The use of hard metals at contacts permits the develop-

ment of more pressure [8] between mating surfaces before

deformation occurs. This is advantagéous for penetrating

surface oxides, but may result in lower contact area than that

which can be attained using softer metals. Smallgr total

contact areas are forced to carry higher current densities

leading to a possible increase in IM generation.

Contact materials which readily oxidize (e.g. copper,
aluminum) should be avoided.® Gold, silver, fhodium, brass,
and beryllium-copper have been found to be suitable materials
for low-PIM contacts. [6,7,8]. The first three of these metais

are very soft. To provide strength and resilience such metals

Passivated materials have not been evaluated, but there is a chance
that the passivation process could leave metal surfaces such

that PIM would be enhanced due to mechanisms other than conduction
through oxides.
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would have to be used as platings on harder base metal connector
parts. Ferromagnetic materials should, of course, be excluded

from connector designs.

(b) Surface Geometry:

Point contacts permit the.developmeﬁt of more pressure
between mating surfaces. The larger surface area of spherical,
or flat contacts; however, allows for lower current densities.
This could lead to correspondingly lower PIM levelé, or could
preclude the possibility of reducing IM levels by the breakdown
of semiconductor junctions that can be brought about by higher
current densities.

(¢) Multipactor Breakdown

Connectors must- be designed so that when properly mated,
multipactor breakdown cannot occur. This calls for care to.
avoid gaps of the required dimensions for breakdown between

inner and outer conductors.

Laboratory experience* has shown that crimped joints between

connector pieces can lead to high and erratic PIM levels. It is sug-

gested that all connector parts should be soldered or welded together.

Return to the previously used connector manufacturing technique of

machining the outer conductor. contact from one piece which includes

~ the connector body has also been recommended by Young'[543,

An experimental evaluation of commercially available connector types
was initiated [49,50], but proposed experiments were deferred in
preference of conducting other 1nvest1gations Wlthln the time limits

set for the- progect.
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onrk with type N coﬁnectors has revealed that standard rather
than precision types are preferable. This is a result of greater
contact pressure exerted by the split (fingered) design of the outer
conducﬁbr contact in standard male connectors. The outer conductor
contact in precision male conmnectors is solid and allows no
deformation, resultipg in a poorer contact.

(2) Coaxial Cable Transmission Lines

To avoid the possibility of PIM generation by multiple inter-
braidwire contacts in flexible cables, it is preferable to use semi-
rigid coaxial cable for transmission lines. 1If, however, the operating

environment is such that thermal cycling can occur due to variations

in excitation® at high power or alternate periods of eclipse and direct

exposure to solar radiation, serious probféms can be encountered with
semi-rigid cables. 8ince the thermal coefficient of expansion for
normally used space approved dielectrics is greater than that of solid

metallic outer conductors, dielectric expansion and contraction with

thermal variations can lead to increased stress or movement of the center

conductor contact at RF connectors. This could result in greater IM

generation. 1In severe conditions, dielectric expansion can lead to total
destruction of coaxial transmission lines by rupturing the outer conductor.

These problems would not occur in flexible coaxial cables because of the

elasticity afforded by the braided construction of the outer conductor.

%
In vacuum appreciably greater temperature variations than would be
expected in a non~vacuum environment can result from changes in
RF excitation. '
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‘Investigations associated with work for this contract have

resulted in suggested remedies to the dielectric expansion problems in

E—I ' semi—rigid' cables [51,52]. . These su'ggest:i..ons are listed below with

- cautionary notes indicating that further invgstiéation is required.

| |

| (a) Aluminized teflon tape,: white paint, or other surface

)I : ' finishes could be applied to the exterior of the outer conductor
to alter its radiation__(absorptioﬁ) properties. The possibility

;I _ o : of PIM generation by metallized taped or paints exposed to the

EI S o ante‘ni’xa_ fields is a factor which”c':ou-ld 'ptecl'u»de\ such coverings

- as-a -solution.

‘.

(b) Electronically controlled 'sﬁbstitute' heaters might be

used to limit the range of temp:erature_ variations. The draw-

A,_,\
[

S o : - - back is that material properties (resistivity, ferromagnetic
-content, thermal conducti\fity, -_etc._) of heater elements could

“lead to PIM generation as a result of exposure to the transmit

- antenna fields. The complexity of heater control circuitry

must also be considered from a viewpoint: of system reliability.

=
' -

(e) The insertion of expansion gaps and the design of con-

LI L nectors to permit longitudinal dielectric expansion is also a

I S . o p;sssible' solutiofh. It must be ~en’_$ure;d,-howgver_, 'thatfsucf_h gaps ',
- do: not .a_llbiw‘ mu.ltipact-orvbreakdown.. . Figurg 7.1 shows- one

-possible configuration.’
&I '1f further investigations: shows that' the difficulties with
koo semi-rigid cables cannot be overcome, braided cables may be-a neces§ity.

In this event, the: following information from a report on .an experimental
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study by Amin and Benson [10] of braided coaxial cables at microwave

frequencies should be considered.

‘(a) The composition of braidwires is of major importance.
‘Braids with aluminium, stainless steel, or nickel—plated copper
wires generate strong‘IM signals. Plaiﬁ copper<wiré braids
with a good filling factor and adequate inter-braidwire tension
result in lower IM levels. Tin-plated, silver-plated, or
enamelled éopper braids were found to be best for low PIM.

(b) 1IM poﬁéf ievels.iﬁcreasé ;sﬁtable iéngtﬁfincréésésﬁ'

(¢) The release of inter-braidwire contact pressﬁre (by the
removal of the cable;jacket for;exampie)-enhances‘IM generation.
(d) PIM levels generated by braided‘cableé are»aﬁfected by
temperaturé variations. ‘This<result8ffr§m changes.in the
-volume~of‘thé.dieléctric which.cause-variafions'in»intern

braidwire contact .pressures.

-Alﬁhougﬁ elé;trostriction.iﬁ'dielecérit§~i§'a'PIM generatiﬁg
mechénism fhat is coﬁsidered to be ofllesser.iﬁpOrtancé; it should be
noted that-tlB] related IM generation varies in inverse proportion Qith
the squafe of the bulk-mbdulus oflthe die1e¢tri¢5"feflbnﬁis parpicqlafly

badvin~thiS»respect, as itAhas'a;low bulk modqlds;:A

 ‘(3) Antennas

‘The use of ‘separate receive and transmit antennas for simultane-

ous two-way communications is preferable from PIM considerations. This

mode of opération doeé not'cbﬁpiétély~elimiﬁgte'the PIM pfoblém,‘buﬁ may



result in significantly lower IM levels than those generated in duplexed .

antenna- configurations. Tr;e_ré .érg_ tv}o poésibilities for IM generation ﬂ
* when separate trénsmit and receive antennas arelﬁsed. o _ *X
| (a:)‘ Electromagnetic fields at the transmit frequency which I
are radiated from the transmit antemna can impinée on the H}
receivé anténna aﬁd'IM signals can be generated by nonlineéritieé -
in the receive sys;ein. The transmit signals captured by 'the. II
receive antenna will'be attenuated mot only by the free space II
;oss between antennas, but additional signal reduction will |
“result from' the direct‘ivities'of the antennas at the transmit II
frequencies. Isolations greater than 50 dB can be ﬁrovided with )
typié:etl spacecraft é:onfigurations. Since tranémit power/IM power - l}
. characteristies generally (except in the case of localized minima) I-j
: exhibit.dB/dB slopes greaﬁer than unity; IM signal power'deprgs—
- slon should be many times greater than the inter-antenna | 4 - Ij |
isolation. TFor ingtancé, at third order, IM signal depreséion
with respect to ﬁhe duplexed case mightr range be-twgaen 100 dB and IJ
. 150 dB if 50 dB of ‘isoiation between antennas is érovided at the If

transmit frequencies.

% N
N——

(b) 1IM signals in the receive band can be generated by non~

linear mechanisms in the transmit system and. radiated toward the

.
pR———

receive antemna. In this case, the IM signal depression would

-

be less than in case (a) for two reasons. First, the advantage
of the transmit power/IM power slope is lost since the transmit _ Ir

signals could be near full power at the generating nonlinearity.
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Secondly, there is no reason to expect that the transmit
aﬁtenna would be excited properly by IM fields generated

in the transmit system at receive band frequencies. The
-advantage of the transmit antenna directivity might there-
fore be obliterated, depending upon the locatlon of the

™ generafor° In a similar situation, PIM.signals could be
generated in or re—radiatea from conducting structures
(solar panels, feed supports, etc.) in the transmit antenna
fields. IM signal.aépression ﬁéuld be eﬁéecfed to.be
greater in this case because of'fhe losses incurred during

each of the two radiation processes involved.

As in any other multifrequency RF sections of a communication
sytems the choice of antenna and support construction materials is of
major importance. Ferromagnetic materials should be avoided. As well,

where corrosion at metallic contacts is possible, preventative action

should be taken. Considerations which are peculiar to antenna systems

are as follows.
(a) If wire meshes are used to form lightweight flexible
portions of antenna reflectors, it may be necessary to

solder each wire contact or to use punched sheet metal screens

‘as an alﬁernatiﬁe,,_ _
(b) PIM generation has been traced [2] to riveted panel
sections in reflectors. The use of metallized tapes over

panel junctions (in parallel with the metal junction) to

‘reduce current density at contact points is a‘possiblé
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solution. Dielectric paints might also be used to capacitively
shunt metal/metal comtacts. |

(¢) Joints in deplpyment mechanisms could be prqblem areas.
Nylon'or plastic coverings with plastic rivets through metal
members are suggesteé where adequate strength can be attained.
(d) Rotating joints or moveable feedlines such as those which

might be required for mechanically steerable antennas or on

despun antenna platforms would almost certainly lead to greater

IM levels. Electronic phasing with fixed antennas is an

alternative.

(e) Precautions should be taken to-avoid multipactor breakdown

in feed structures where high potentials can exist.

(4) Solar Panels

Réports [19,20] indicate that solar cells by themselves are
not expected to generate strong IM interference as a result of exposure
to radiated RF fields from tramnsmit antemnas. Solar panel support and
attachment mechanisms are, however, a suspected IM source. In addition,
associated eléctronic.devices (e.g. steering diodes) can generate strdng
interference. RF screening and bypass capacitors for such devices are

suggested preventative measures.

(5) High Q Structures

In high Q structures the threat of IM generation by

condugtor heating is emhanced by the presence of high intensity fields.

cavities are filled with solid dielectrics, electrostriction and non-

linear dielectric mechanisms could also become significantsources of PIM.

If
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7.2.3 General Guidelines for the Minimization of Passive
Inte:modulatiop

. The following is a summary of guidelines for RF system -and
component design which would lead to the minimization of PIM. Trade-
offs with other system parameters may preclude the use of suggested

remedies under particular operating. conditions. These consideratioms,

~ however, have been discussed in other parts of the report.' These

guidelines have therefore been made as general as possible within the

limitations of practical utility.

(1) Current densities should be kept low where IM generation is antici-

. pated. Some suggestions are as follows.

(a)-High-pressurés should be maintained at métallic contaét;
_ to ensure greater current-carrying contact area, and
reduced current densitiés.  Createrfpressures.at contacts
-_also aid in the,punctu;e<of o#idES in thch nonlinear
conduction can take_place.
 (b) Conductofs with large croSs~séctiqnal.areas can be used to
effect a reduction in curreﬁt'densiﬁy when .the pfeSéﬁce‘of

ferromagnetic inclusions is suspecteds

.‘(c)'Conducting-mEtalligRtapES:can‘be'appiiEdVoﬁgr‘sﬁeetjmeta;‘

seams (e.g. oh anténpa;refleg£orsAor'the'body‘of-a space=
-craft) “to minimizg-the'current.flowingﬂthrough:intef~'
metallic coﬁnection-poiﬁts; 'Dielectric cOatings or non-
conductipg'paints~can als§heliminaﬁe ﬁeﬁalliéquntactsAor-
prbvide shunt~paﬁh5'£§f RF’currepts wheré.dc»éontinﬁity

- is not required.
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VSWR should be kept:low.and line lengths should be-
adjuétéd to'keep standing wave current maximums away

from cable interconnections.

-(2) In all stages of design, manufacture, and system assembly, extreme

care should be taken to avoid the. inclusion of ferromagnetic materials

in multif?equency RF;circuifry.

- (a)

S(b)

(c)

System and circuit designs should exclude the use of

componenté with ferromagnetic construction. Examples
include many typeé of isola;ors, circulators, diréctionél
couplers, terminations, hermetic seals, paints’and epoxies,
and st:uctural'members. Screws, rivets, hinges and |
fasteners in alliparts of the system should also be -
nonferromagnetic.

Care should be.exercised to avoid the inclusion of ferro-
magnetic materials in RF components during manufacture.

This could necessitate the use of nonferromagnetic tools.

‘All purchased components (e.g. transmission lines and RF

connectors) should be scanned for ferromagnetic content

"before use.

Workbenches should be kept clean and free-from metal

filings and magnetic dirt. -Magnetic dust can be attracted

~ toward regions of high field intensity and becomellodged

in RF components during system testing.

(3) Metal joints in support structures -should be welded or soldered

if movement is not required. Where sufficient strength can be attained,

; I
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non-metallic (plastic, teflon, nylon, etc.) materials could be used at

fixed as well as moveable joints.

(4) The number of non-permanent circuit connections should be minimized.

PIM generation is most probable at RF comnectors.

(5) . solid jdcketed (semi-rigid) transmission lines are preferable.
Thermal cycling, however, can lead to problems sﬁemming from the move-
ment of dielectrics. .These problems are accentuated when high powers

are used in a space environment.

(6) Transmission lines should be fastened in fixed positions and their
outer conductors electrically insulated from conducting support structures,
‘Currents on the exterior of the outer conductor could lead to PIM if

. conducting contacts are permitted. -

(7).Precautioﬁs;mustAbe-taken to-guard,égainst,cérrosion in all exposed
parts of g~communi¢ation system. - This in;ludes=p9rti§ns of‘tﬁé system
where electfical édnductivity is notvreéuired;y This épélieé parficuiarly
to:metal/metal junctions formed'by metals which oxidize easily (e.g. copper,

aluminum).

(8) 1f diodes or other semiconductor devices are used for Sensing:and-
. control (temperaturé sensorsy Steering.diodes'On’solar;panéls-[lQ;ZO],.etc.)_
adequate RF shielding and bypass circuitry must be_ﬁrévided”if-éxposufe -

tQ.RF fields is_possible.

(9) 1t is .desirable to use sepérate'rathér:than duplexedﬂantenna

configurations. -



(10) Multipactor breakdown must be prevented. Possible preventative ﬂ

measures are outlined below. .

(a) Biasing with a dc Electric Field: Application of a : IP(
dé electric field.can significantly’modify conditions of “
geometry and. pov}er vne'cessary for 4multipact'or breakdown. | : A I’]
Biasiné could prevent breakdown where multipacting could o - I"]
‘normallygtékeAplace. |
".(b) Application of a Stéfié Magnetic Fiéld: The presence of Ij
a‘stati;: magnetic field can also make fixed geometries less m

susceptible to breakdown.

(c¢) Conditioning of the Gap Surfaces: By outgassing the

© metal surfaces of a gap having the required dimensions for

[
Y

breakdown it is possibie to reduce the secondary emission
coefficient of the gap walls, thereby increasing the lower

multipactor RF voltage breakdown threshold.

N e
i o

(d) Coating Gap Surfaces: Coating gap walls with a substance ' '
which has a low secondary emission coefficient can prevent J
‘multipacting. 4 S - IK
"(e) Alteration of the Gap Dimensions: This is an obvious Ii

solution that can be effected by designing components such that.
inter-conductor spacings lead to fd products which are outside

the multipactor breakdown region. I

(f) Subdivision of the Gap: Thin metallic or inéulating
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baffles can be used to subdivide gaps into smaller spaces

-where multipactor cannot take place.

(g) Potting the Gap: The potting of gaps with silicon rubber

or epoxy can be effective in avoiding breakdown. Caution is
required in the application of this remedy to ensure that
thermal mismatches are accounted for, and ;bat corona break-

down cannot occur in voids within the potting material.

(h) Alteration of Surface Geometries: The shape of gap walls

can be designed so that electrons emitted from their surfaces
cannot maintain synchronism with the RF fields. Under such

circumstances, multipactor breakdown could not occur.

7,2.4"Laboratbry and Assembly Procedures -

The following recommendations\are considered to be good laboratory

‘practice and will result in the maximum use of experimental time, and aid

in the reduction of PIM levels in systems under assembly. Several have
been standard procedures in RF laboratories for considerable time, but

are included for completeﬁess.
(1) Cleanliness is of major importance in ensuring low PIM. -
All cutting, filing and manufacting processes should be

separated from assembly and testing areas.

(2) The use ofvferromagnétic tdols (screwdrivers, wire
cutters, etc.) should be avoided.

(3) Solder joints should be of good quality and made in-
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" accordance with accepted soldering procedures for RF
circuitry.
(4) Several inches should be trimmed from the end of coaxial

cabies before use, as higher moiéture content,- which could

lead to accelerated corrosion is probable near cable ends.

(5) Connector contacts should be cleaned after each time
they are used. Immersion in liquid cleaning solutions is
not recommended, as contaminants could be washed into

inaccessible areas. .

(6) Connectors should be examined before use to ensure that
proper mating can take place. Bent, or misaligned connector

parts can result in very strong PIM.

(7) The identification of spurious signals by observing power
response is not reliable. Changing transmitter frequencies
and the observation of resulting spurious signal frequency

movements is preferable.

(8) PIM generator locations can be traced by adding attenuation
at various locationé in a circuit. As a result of drive level
IM power slopes which are normally greater than unity, PIM
levels will be affected most by attenuation_added between the_
transmitter and.the IM.source.
(9) PIM signals generated by ferromagnetic sources can be
identifiedvby noting the influence of ex;ernélly applied
~magnetic fields. 1IM signals geﬁerated by other mechanisms

should not be affected by magnetic fields.
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"Conclusions from Theoretical Tnvestigations

tions to the amplitude of a particular IM product by all terms

Theoretical work began with the‘trigonometric and algebraic

manlpulation of terms in an arbltrary polynomial with algebraic

coefficients. ThlS analysis showed that:

(a) If the order (N) of an‘IM»product'is even, only even-

~ powered teérms in the polynomial representation of the

~ generating nonlinearity contribute to the amplitude of the

IM signal. 7Similarly;»if'N is odd, only odd?powered terms
of~the;pelynomial'make<cohtributiens.

(b) If an IM product is of order N, no contribution is

“made to its amplitude from terms of a degree less than N.

'All even (or odd) terms of a degree greater than N contribute

if N is even (or odd).

(c) When there are only two transmit frequeneies, contribu-

&

in the describing.polynomial with positive coefficients, have

the same phase. The eontribﬁtion-from~each term-having a

negative coefficient is. exactly 180 degrees out of phase with
the contributlons from the p051tive terms° Direct subtraction
is therefore the only type of phase cancellation that can take

place. The phase dngles of the transmlt 51gnals can therefore

This assumes only real coefficients are contained in the
polynomial. - Polynomlal representations w1th ‘complex,
coefficients were not conszdered (see Sectlon 3.1).
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be neglected in IM signal amplitude calculations. If there
. are more'than two transmit frequencies, phase cancellation
can arise from the vector addition of IM products of different

s

order at the same frequency. Random phases should be assigned
to transmit signals in all calculations (including the two
frequenny case) when-onlj finite time intervals are considered

such as in computer Fourier analysis.

‘Point (b) above shows that the observation of harmonics from
a single frequency input to a nircuit noniinearity cannot be used to |
determine thé coefficients for a polynomial representation of iﬁs
_transfer characteric. |

Next, the method for the computation of IM éignal amplitudes
reported by Sea (Section 3-3) was used in numerical calculations. .The
objective was to conpute'the general characteristics of Iﬁ signals
Agenerated by a semiconductor diode using polynomial.coefficientsAderived
from approximations tn the measured dc I-V transfer funntion for the
diode. Results were shown to be realistic by comparison with experi-

mentally determined IM power trends. Conclusions drawn £from an.

examination of the computed characteristics are as listed below.

(a) IM‘characteristics are largely determined by the manner
in which the terms-of the polynominl describing the nonlinear
mechanism contribute to the amplitude of each IM product.

The influence of each term in the describing polynomial is
determined by the magnitude of its associated coefficient

and the applied transmit power. TFor this reason the response

I
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of IM signals to drive level variations is often signifiéantly
different from the response anticipated as a result of non-
numerical polynomial manipulations. ‘For example, it~i$-often
anticipated that the power of third order IM signals should
change by 3 dB in.response to each dB. change in transmit power.
In practice, however, third order power curves can exhibit

a wide variety of different sloPes,_dépendingxupon the raﬁge

of drive powers used in the measurements.

" (b) There is no fixed relationship between the power of IM

signals of consecutive order. The ;atio'of the power in IM
signals of different order is dépendent upon drive level. This
is important to consider when a system is-being tested to

determine if IM interference specifications have been met.

"It is not sufficient to measure only the lowest order IM signals

(which are normally assumed to be the largest), but measurements

-Should be made at all IM”frequencies.within.the bandwidth of

the system receivers.

(e) IMbsignal powers are very sensitive to tﬁe ratio of the
;ransmit.signal po§ers.~.When thefé'afe:only two transmit
~frequencies,,third_ordérAIM«p:odgcps;are‘lafgestfwhén‘ﬁhe
power ratié is~3'dB; theftfénsmit signal«at~the.frequency.
néarést5the.IM frequency Beiﬂé thé'lafgeéta As order~becdmeé
1grger't:ahsmitspdwep~ratidsucorresp9nding tofthé‘pgak M
poWef begome>clo$er=totunit§°»berﬂhighef'ofders,‘the gfeatef'i

sensitivity to variations in power»at-the:frequency_closest
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to the IM frequency disappears, and the characteristics become

lsymmetricél:about,the:unityfpower ratio point.

(d). Experimental and theoretical investigations concerning

the response o£ IM signals generated by a semiconductor diode
have sh&wn a very great dependence upon.tr;nsmit power. This’
is a result of differences in tﬁe slope of the diode I~V
characﬁeristic in differént regions of operatidn and indicates
a”definitevpossibili;y.that IM signals generated by different
-mechanisms respond with differe;t slopes. No definite con—.
cluéions regérding the use of PIM signatures for generétor
1identification can be drawn,. however, until further investiga-
tions with'other discfete generating mechanisms have been

‘completed.

Topics for Further Investigation

Much more effort is required in the development of a PIM-free RF
connector for use at UHF.A‘Emphasis should be placed on the
experimental evaluation of different contact designs and'manufacturing
techniques.

Additional theoretical -and experimental work concerning the prope:ties
of different materials (dielectric and conducting) that lead to the
generation of IM signals is needed.

An investigation of the effect.of contact surface contaminants such

as smoke, perspiration and corrosion preventatives should be conducted,

;I
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The sensitivity of IM power to VSWR at UHF should be measured.
For example, the slope of the IM Power/VSWR characteristic, for
the case in which an RF conneétor is placed at the standing wave
current maximum should bé determined.

Radiation experiments are needed fo ascertain the PIM generating
potential of materials and surfaces that could bg exposed to RF
fields radiated froﬁ transmit antennas. The influence of surface

structure with different orientations in the fields, surface

rOughneés9 and protective coverings such as paint should be determined.

PIM generated by frequency selective surfaces as well as other
stripline and microstrip strﬁctureé shéui@lalso be investigated.

A study of processes used for ménufacturing éystem components could
provide useful information. This might_include é review of metal
cééting, joining, and forming techniques.

Further researéh is recommendéd with regard to the'possibility of |
PIM interference cancellation [13] by obtéining a sample of inter-
ference generated in a fuhctibning system and adding it to.the
signal-plus~interference in recgive channels with the phase and
amplitude adjusted so as to cancel interference at the receiver
input,' The feasibility of such a scheme was demonstrated in the
referenced report. Cancellation of EIM by inserting a diode at a
fixed point in the test circuit has beén observed in experiments at
CRC.

Experimental and theoretical work concerning the characteristics

(signatures) of IM signéls generated by. different nonlinear phenomena

should continue. This should include‘; study of PIM generated by



9)
| S
|

(10)
(11)

(12)

tunneling, space charge limited current flow, multipactor break-
down and ferromagnetic nonlinearities.
Further development of analytical techniques for the prediction

of IM signal levels is required. This effort should concentrate

- on the elimination of the requirement for a precise knowledge of

the nonlinear mechanisms contributing to the total power of IM

-signals generated by RF components. In particular, the spectra1 

analysis teéhnique proposed in chapter 3 should be tested by
experimentation and extended to the case of unequal transmit
carriers. |

Passive intermédulation in systems with more than two transmit
frequencies requires further investigation.

The reduqtion of IM }evels by the deliberate pre-setting of
transmit power ratios should be studied.

More work is required to find means for the prevention of multi-
pactor breakdown. Experimentation with typical UHF system

components is recommended.
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. _APPENDIX A

TRIGONOMETRIC EXPANSION OF THE COSINE TERMS

IN THE POWER SERIES OF EQUATION.BQZ-Z

Equation (3.2-2) relates output current from a given non-

linear circuit element resulting from an applied voltage V as

- 2 3 4 5 _
I=a +aV+aV +aV +aV +al (A-1)
where,
v =-E1cos(wlt + ¢1) +.E2cos(Q2t + ¢2)

a

Using the appropriate &rigonometric expansions;ﬁf V, the spurious components

generated by each term of (3.2-2) can bg_calculated to Be as listed

below.

I The a  term results in only a d.c. component, "ao"

II Components of the a, term are:

alElcos(wlt -+ ¢1) + alEzcos(mzt + ¢2)

IIT Components of the a, term are:

a,l5= + =1 + aZE;, cos (2wt + 20;) + a;5 cos(w,t + 2¢2_>

a,E.E, cosl(w, +wy)t + Oy + d,d # 32E1E2°°s[(w1 = W)t ¢, = ¢23
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1V Components of the ag term are:

3.3 3w 2
33[4El + 5E,E, ]cos(wlt + d)l)

3.3, 3.2
o+ a3[4E2 + 5E) EZJcos(wzt o+ ¢2)

3 o 3
: El . E2
+ T a3cos(3wlt + 3¢l) + aBTcos(szt + 3¢2)

+§-aE

2 .
%23 lEzcos[(Zwl - wz)t + 2¢l - ¢2]

3 2 - |
+ JajE Eycosl (2w,+ wy)t + 2, + ¢,]

3 2 '
+ 7B Ecos[ (2w, + w)t + 20, + ¢, ]
+ 34 8 Ezdos[(Zw - W)t + 20, - 6]
4237172 2~ M1 2~ %1

V Components of the a, term are:

3.4 . 3.4 , 3.2.2
- a,[gE) + 5B, + SEIE,]
4
B 3202
+ a4[—2 + —2-E1E2]cos(2wlt + 2¢l)
Eg 3.2.3
+ a4E—§ + 5E1E3Jcos(2w2t + 20,)
V4
Ei Eg
‘ + a4—§cos(4wlt + 4¢l) + a4—§cos (4(»21: + 4¢2)
3.3 3.3 ’
+ a4E§ElE2 o+ 2ElEZJcos[(w1 o+ wz)t + g ¢2]

3. .3 3.3 -
+ a4[2ElE2 o+ zElEZJcos[(wl - wz)t + 9 - ¢23

i .
| S

[—
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Il I e

3 2.2
+ g2,E Epcosl (2w - 2w)t + 2(¢; - 6,07
+ éa E2 2cos[(2w + 2w )t + 2(¢, + ¢ )]
474 l 2 1
843
+ -i-—ElEzcos[ (30.\1 - wz)t + 3¢l - ¢2]
84 3
+ Z—-ElEzcos[(.Bwl + W)t + 3¢l + ¢2J
84 .3 '
+-§—E1E2cos[(3w2 - wl)t + 3¢2 - ¢1]
34 3 .
+4§—E1E2cos[(3w2 + wl)t.+ 3¢2 + ¢l]

B

VI Components of the ag term are:

1532 , 5

D—E + =E E, +-§E E ]cos(w t + ¢l)
| 5.5, 15,2 3 s be
+ a5[8E2 BB, + gE, 2jcos(w t + ¢ 5)
5 5. 532 |
+ 35[16E1 4E1E2]cos(3wlt + 3¢l)
a [2-8) + 25°E ]cos(Bw £+ 3¢ )
5 16 2 4
a a
5.5 55
+-I€Elcos(5w t + 5¢1) + == 16 2co.s.(.500’2 + 5¢2)
15.2.3 5 4
-+ a5[ 8E1E2 4 1 2jcos[(2w + w2 t + 2¢l + ¢23
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15,23 5.4

+ ag[=gETE) + 7E(E,
15,32, 5
+3.5[ 4
5.3:2 5

+a5[ 12*412
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]cos[(Zm - wz)t'+ 2¢l - ¢23

E ]cos[(Zw + wl)t + 2¢2 + ¢1J

]cos[(Zw - w)t + 2¢2 - ¢1]

5 ‘ 3 2 ’ '
§a5 1 2cos[(3wl + 2w2)t + 3¢l +_2¢2]

5 3
saSEl

5 2.3

gcos[(Bwl - 2w2)t + 3¢l - 2¢23

+ ga.ETE, “cos(3w, + 2w )t + 3¢, + 2¢lJ

875712

5 3.
+-§a5EiE2cos[(3w2

5
ie 5

5

5 4
+ Tee5E1Ey

5 4
* 1685818y

+ S—a EiEzcos[(4wl
+ —a E4E cos[(4w.

16757172 1
cos[(4w2

cos[(4w2

- 2w

o}

o

l)t +,3¢2 - 2¢lJ
wz)t + 4¢l + &23
W)t + 4dy = ¢,]
wl)t + 4¢2 +_¢l]

W

l)t + 4¢2 - d)lj
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APPENDIX B

- DERIVATION OF A CLOSED FORM EXPRESSION FOR THE SUM OF

T

TWOACOSINUSOIDAL CARRIERS HAVING DIFFERENT AMPLITUDES

o~

——

Let

vV = E cosuS (B-1)

1 1

e

t +_E cosw

9 2t, El # E

2

A

s e ien I crsh SR Y e 5

3 ,:' R 2 o K H

P———

~ . To obtain a single -frequency time domain expression for (B-1), consider

the representative phasor diagram shown in Fig. B.l.

o—

Let
[ ._
" w2 - wl + Aw o~
} Then,
{ R = Ei coswlt + .E2 cos(wl.-h-.Awt)
.let J(_w1 + Aw)t

Re{Eie + Ee } = Ré-{ﬁ.}

o

{L Splitting up the second exponential, and division by El gives
. Jw. t "E, . .
R = E a - l [l + 2 JAwt]

i 1 E

_ 1

v,._l _ E2 » jw. t

we = E. [1 + —=(cos Auwt + jsin Awt)]e

‘I E, E, TR

L‘ SR = El[l + 5 cos Awt + jgﬁ_51n>Awt.].e>

1 1

TR

j——-

B
i
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ol

w2

(wt+8 (1))

Fig. B.l1 Phasor diagram representing the
sum of two cosine waves.




In phasor form

Ro= [yl
where,
E ' E
2 .
IR| = E ¢{; + =2 cosAwt)” + GJL sin Awt)2
1 El S Ei.

E2 _ EZ 2
= El + ZE— cosAut + (==
1 : 1
and ‘

/R w o+ 8(t)

o -
where ~2-sinAmt
-1 El
€ = tan
Ey
1l +-Er-cosAmt
Then L 1 o
R = RelR} e _
28, E, 20 N
= E 1 + —*= cos Awt +H(==) cos(w.t + 6(t) )
1 El El . 1

This equation represéntsAa time aepéndént waveform having

amplitude modulation and phase jitter.

If E. = E, , equation B-2 becomes

1 2

_ -1 [ sin Mwt
R = El/rZ(l + cos Awt) cos[wlt + tan [jij;-ggg—zaz] 1.

Now, from mathematical tables,

sin Awt _ Awt
1+ cos Awt tan( 2 )

236,

(B-2)

(3-3)
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énd

V/l + cos Awt cos Awt
2 2

Substitution of these identities in eqn. B-3 gives

_ Awt Awt
R = 2E cos > Fos(mlt +,_§_
and using Aw = Wy = Wy yields
w, - W w, +
R = 2E COS[—'Z'j—z_—‘l]t cos [——2-—2'—]"']t

for the sum of two cosine waves of equal ampiitude, E.
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APPENDIX C

_MODIFICATIONS TO TYPE N MALE/MALE RF
ADAPTORS AND TYPE N BULKHEAD CONNECTORS
WHICH HAVE BEEN FOUND TO RESULT IN LOWER,

MORE STABLE PIM LEVELS

Figures C.l and C.2 on the following pages show modifications
that were made to standard cdmmercially available RF connectors to reduce

PIM»pbwers and maintain better PIM stability.

Figure C.l shows a modification that was made to type N male
connectors to reduce PIM levels. The silicon rgppg;_wa§pers were removed
from the connectors and the underiying compression joint was -soldered.
Itvwas thbught-best>hot to replace the rubber.washer after the modification
to permit easier counectbf~cleaning."1t was fédﬁd; howevgr, thét the washer

is necessary to prevent overtightening and deformation of the connector

- threads which results in higher PIM signal levels.

Fig. C.2 shows how a standard female/female type N -adapter was
modified for use in place of the‘bulkheéd connector on the test facility
dﬁmmy load. This arrangement proved to result in a more stable "residual”

test set PIM power level.

These modifications were proposed and prepared by Hahn at CRC.
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APPENDIX D

ESTIMATION OF -THE MINIMUM VOLTAGE DEVELOPED
ACROSS THE ‘DIODE DURING PIM EXPERIMENTS

In the experiments of Sectioﬁ’5.4, it was necessary to use
sufficient transmit powers to generate IM signals that could be
measured above the-—lSO dBa noise floor of the measurement systen.

To ‘define a éuitaﬁle minimum. total transmit power for use
- in all experiments, a prelimihary test was perférmed with the diode*
in the test circuit. The transmitter-drive levels were adjusted to
produce gwo equal amplitude RF signals at the test port such that thé
displayed third order IM signal level was approximately 10 dB above
the system noise levél. The.driver attenuator settings were recorded
before turning the transmitters off. The diode was then removed from
the circuit and replaéed by a 30 dB directional coupler with the
standard 50 ohm test facility.load connected at the through port, and
a power. meter connected at the branch-arm. With the transmitter‘drive

)

at the test port was found to be 43 mW. Although it is recognized that

levels that produced the IM signal 10 dB above noise; the power (Pout
a small change in power would result from mismatches with<thé diode.
connected in the circuit, this value was used to calculate the voltage
applied to the diode at fhe definedlminimnm transmif power of 43 mW.
Calculétions are as follows. |

Reference to The Radio Engineering Handbook [48] shows that

the inductance of a straight round copper wire at 300 MHz - 400 MHz

%
This test was performed using diode #1.
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can be estimated using the equation

L= 0.002 2 (2.303 loglo 42 - 0.988)

-
where
L = dinductance in uH
2 = wire length in cm
d = wire diameter in cm.

For the. 5mm length of #28 (d-=-0.032 cm) copper wire used

to shunt the dibde, this equation gives L = 0.0032 UH.
| The reaétange' (Xi) of ;he shunﬁ ié therefére 6,ohmsrat
300 MHz (transmit bénﬂ) or 8 ohms at 400 MHz (receive band).

Now, if it is assumed that the diode current is low in
._comparison with that ca:ried‘bf,the.shunt at 43 mW of transmit power,
the diodé impedance can be.omitted-fromﬁvoltage'caléulations; Under
. these conditions the voltage applied ac;dss‘thé diode &seeAFigs‘S,lS)

can be calculated from

vd =i XL V/POut .x‘ -50
-(XL+SO)
56
S= 157 ..
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FrémlTable 5~1, the diode current-co;re3ponding to a
voltage of 1SQ‘mV is 0.4 pA. For 157 mV across the 6 ohm wire
 -shunt,ithe current is 26 mA. The initial assumption of low diode

current in comparison with the shunt current_has therefore been
verified,‘and 157 mV is a reasonable estimation for the diode
'vqltage‘at 43mW of transmit power.

Fof'higher transmit powers the diode voltage is markedly
non-sinusoidal‘and ig very difficult to calculate.  In this range
of operation the diode current becomes the independent variable
and tﬁe voltage developed across the diode can be calculated from
a known diode current using Bessel Function techniques [23].
Consideration of the'fact that curve fitting,techniqueé cannot be
extended to accurately cover operation above 60 mV, however, shows
that it would be'futile to pursue feportEd techniques for calculating

: diode voltages above the calculated minimum of 157 mV.
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APPENDIX E

© COMPUTER PROGRAMS "IMPWR' AND ''IMAMP"

- E.1. Program IMPWR

Program IMPWR calculates the power of specified IM products

. resulting from a two frequency input to the IM generating nonlinearity
- using the method derived by Sea (Section 3.3). The program is based

upon an algorithm reported by Sea and Vacroux [26].

E.1.1 ' Program Inputs

The following are the program inputs in:the sequence in which

they are requested.

‘(1) The number of coefficients in the polynomial representation;

_ 2 '3
Y = ao + alX + a2X + a3X +\........ o

(2) The coefficients (ao to an)léfwthE~ﬁolynomiai.

The maximum number of coefficients permissible is 100.

(3) Progtram thidns:-'
~(a) OPTION:.
| i) If OPTiON‘= "1“,:the-pqwef of.é.singie'gpecified
ATM produc£'at‘the frequency (A2F2 - AlFA1)>is
;calcﬁiéﬁgd;-whefe:Al.and A2 are inputs fo the

. program.

.ot a-Xp A - (E.1.1)




© ii) If OPTION = "2", the power of all odd order
 IM pro&ucts Eétween a specified minimum
~(MINORD > 1 and odd) and a specified maximum
(MAXORD) are calculated. 1In this case IM
frequencies are fixed at fIM = (A2F2-Al1F1),
where A2 is incremented in steps of "1" from
 A2=(MINORD + 1)/2. The maximum value. for
MAXORD is dependent upon the coefficients and
tﬁe power of the transmit signals.
(b) PARTSUM: |
i) If PARTSUM = ""1", the program outputs the
partial sums (Appendix A) associated with each
coefficient in the describing polynoﬁial. This
~pe:mits determination of the relative influence
- of each tera on the computed IM signal amplitudes.
ii) IF'PARTSUM = "2"" the partial sums are not printed.

- (4) EN:

This is the normal mode of operation.

" EN may have the values:

or

lllll

if it is desired to calculate the dc component
in the output from the nonlinearity. - This must
be used in conjunction with OPTION = 1 and

Al = A2 = 0. (See Eqn. 3.3-20-3a).

if it is desired to compute IM product amplitudes.
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(5) The fifth set of input variables requested by the program is

- dependent upon OPTION.

(a) If OPTION = "1" (for the pdwer of a single IM product)

the program will réquest values for:

. ORDER - the IM order of interest

Al - the fl‘multiplier
A2 - . the f2 multiplier
El -~ .the‘amplitﬁde of the transmit signal

(Vor I) at fln

E2 - the amplitude .of the transmit signal at f

- (b) If OPTION ='"2" (for the amplitudes of IM products of
consecutive odd orders between MINORD and MAXORD) the

‘program will request values for:

- MAXORD <~ the highest IM order of interest.
MINORD - the lowest IM ordér'of'interest;
El - the amplitude of the transmit sigﬁalAat»f1n
E2 - the amplitude -of 'the transmit signal at £

25

It should be noted that 'IMPWR is.an‘intéractive'prbgram and will

.request each input from the 0peratof'ét the appropriate time after  the

f "RUN IMPWR" command has been entéred. - Iﬁstructions and parameter

definitions are ‘given each:time the program requests an input.

9"



E.1.2 Program Qutputs

247.

- The program outputs the polynomial coefficients in a list

immediately after the last coefficient has been read in. This allows

time to check for errors before proceeding. Thereafter, the form of the

output from.the,program is dependent upon the options chosen.

(a) 1If OPTION =

in sequence.

ORDER
Al -
A2
El
E2

., IMO -

PWR . -~

(b) 1If OPTION

(]

sequence.
MAXORD
MINORD
El
E2

MO ~

"l"; the program outputs the following data

the order of the computed IM product (IMO should

edual‘ORDER)

the absolute amplitude of the computed IM product‘

the relative amplitude of the computed IM product

(PR = 10 log,, (AMP%)+30)

"2", the program outputs the following data in

the order of the first computed IM product

| N—

H - 3 -




()

248,

AMP - the absolute amplitude of the first

computed IM product

PWR =~ the relative amplitude of the first

compute IM product (PWR = 10 loglO(AMP2)+30)

IMO - the order of the second computed IM product

etc. (information repeated for each IM order)

If PARTSUM = "1" with OPTION = "I1" or "2", the program
will print the -input data as in (a) and (b) above, then the

partial sums will be printed as follows.

J - = the IMOth index of the coefficient A(J)
‘ J
F1 = (AM=xrJ:)/2
PHI(2,I) = &(2,I)

see program explanation (Section E.1.3)

F2 = F1l x PHI(2,I)
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J- - the index of the (IMO + 1) th coefficient

ete. (information.repeated for each coefficient)

The program theﬁ outpuﬁs:
MO
AMP
PWR

in the normal fashion.
When the program is finished the operator is requested to enter
"1'" if another run is desired. This eliminates the necessity to enter

the polynomial coefficients each time the input parémeters are cﬁanged.

E.1.3 Program Explanation (TMPWR)

Program IMPWR is based updn an algorithm reported by Sea and
Vacroux [26].
First, the magnitude of the IM product wave represented by

eqn. 3.3-20 is written for the case of two transmit signals in the

form:

.

'l R EE I O EE
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2 laPl - 1 "
Iy T T8 I T AR TERD (E.1-2)
2y i=1 1=0
1
; 2
2 Aizqi
- where ®(2,L) =2 .. 2 1 '
. X +lo [)ig !
q; g P=1 (aptley Diay:
q1+ o +qM = L
It can be shown {26] that
29
®(l,q) = A (E.1-3)
(g+|e; D!
A,2%2 |
ands @(ZS'Q) = z 82 Q(l,q-qz)\ (Eol-lt)

1 q,=0 <q2+|uzl)5qé:

Ty

Thus [26] if it is desired to compute Y by.éqn° E.1-2

truncated at L = L., it is necessary to compute ®(2,L) for L = 0,1,...,L

0
Program IMPWR computes ¢(2,L) iteratively by first computing &(1,q) for

q = 0,1,...1.0 using eqn. E.1-3, then computing ¢(2,q) for q = 0,1,2...L0

using eqn. E.1l-4. Values for Y are then computed by'subétitution in

Dy

eqnu E& l"‘2n

* ey = 1 for dc calculations, or 2 for IM calculations (see eqn. 3.3=20)

Ou



E.1.4.  Program Flow Chart (IMPWR)

READ COEF, the number of
coefficients

READ the
COEFFICIENT VALUES

PRINT the

COEFFICIENT VAL

"]

. READ:
E > OPTION (10R2)
& PARTSUM (10R2)

YES
A OPTION = 2

NO

READ:
ORDER,A1,A2,EL1,E2

PRINT:
ORDER,Al,A2,EL,E2

NO




READ: : ‘
 MAXORD,MINORD, E1, E2

PRINT: -
. .MAXORD,MINORD,E1,E2

A2 = (MINORD + 1)/2}-

Al =>(A2 ;;;) '

¥

Bl

52.
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COMPUTE &(1,q)
for q = 0,1,2,...Lo

COMPUTE %(2,q)
for q = 0,1,2,...Lo

- COMPUTE
AMP = Y

. My

COMPUTE 5
PWR = 10 log);(AMP")

PRINT:
AMP ,PWR,
~ ORDER

C




-
13

1

- YES

“ANOTHER N
<~ . RUN

DESIRED .

254,



255.

E. 1.5 Program Statement Listing (IMPWR)

1,000 C
2,000 C
3.000 C

4,000
5,000
6,000
7,000
8,000
9,000

10,000

11,000

12,000 .

13,000

14,000

15,000

16,000

17,000

18,000

19,000 G

20,000

. 21.000

22.000
23,000
24.000
25,000
26.000
27,000
28.000
29.000
30,000
31.000
32,000
33,000
34,000
35.+000
34,000
27+000
38,000
39,000
40,000

200

202

700

961
10
i1

100
80

701

THIS PROGRﬁﬁSCUﬁPUTES IM AMFLITUDES 3RL-65GTH ORDER

- INO=MAXORD=0RDERy (AL +A2)=0RDER
"E1 AND E2 ARE CARRIER AMFLITUDES
INTEGER A2

DIMENSION A(0$100)

I0 200 I=0,100

ACI)=0

WRITE(108y202)

FORMAT(/INFUT NUMBER OF COEFFICIENTS’»s/)
INFUT COEF , .
WRITE(1085700) :
FORMAT (/s INFUT THE COEFFICIENTS’»s/)
0 561 I=0,COEF

INFUT ACD)

CONTINUE

FORMAT (6XE. 4)

N0 11 I=0,COEF

OUTFUT A(I)

WRITE(108-80) |
FORMAT(/» 2 INFUT OFTIUN(lﬂﬁq)ypﬁRT UMCLOR2)Y 7 »
X EN(LOR2) v/ : ' ’
X/OFTION=1 FOR AMFLITUDE OF A SINGLE ORDER’,
X7 "FARTEUM=1 QUTFUTS FARTIAL SUMS’ s/
Xy EN=1 FOR DC COMFONENT 2 FOR IM FWRS’»/)
INFUT OFTsFARTSUMYEN
IF(OFPT.EQ.2) GO TO 7
WRITE(108,1)
1 FORMAT(/y/INFUT ORDERsALlyA2yEL1sER’»/
Xy 'FIM=(AZ2F2-A1F1)’ s/
X'ELEE2 ARE TRANSMIT SIGNAL AMFPLITUDES?)
INFUT MAXORIYALlsAZ23EL1,E2
QUTFUT MaXORDyAl+A2sEL1E2
WRITE(1085701)
FORMAT(//)
IMO=MAXORD
CONTIMNUE
INTEGER CsD
COMMON Q
COMMON NsIsCrJsDoll
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AA
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41,000
42,000
43,000
44,000
435.000
46,000
47.000
48.000

50,000
S1.000
92,000
934000

54.000

55,000
56,000
57,000
58,000
59,000
40,000

61.+000

62.000
63.000
64,000
63.000
664+ 000
674000

70.000
71,000
72,000
73,000
74,000

75,000

76.000

000 o

. 68,000
89,000

77000 -

78,000

79.000
80.000

I

13

ra

Ui
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DIMENSION FHI(2:100)

IF(OFT.EQ.1) GO TO 13

WRITE(108s6)

FORMAT (/9 " INFUT MAXORIyMINORIIPEL1E272/y
X’MAXORD & MINORD ARE MAX AND MIN ORLNERS‘y/»
X’ELLEZ ARE TRANSMIT SIGNAL AMFPLITUIES?)

INFUT MAXORIG MINORD sE1,E2

OUTFUT MAXORIDyMINORDPEL-E2
"WRITE(C1087v703).

© FORMAT(//)

S=(MAXORD+1) /2
AL (MINORIGL) /72
Al=(A2~-1)
IMO=((2%A2)-1)

GENERATE FHI(MsL)

L=IFIX(((COEF+2)-IMO)/2)
IO 2 I=1y(L+1) |
FHICL,I)=0

FHI(2y1)=0
CONTINUE
00 3 I=1y(L+1)

K=2%(I~1)

C=AL+(I-1)

PHICLy I)=(E1KKK)/(FACT ¢ I-1)¥FACT(C))
DD 4 I=1s(L+1) -
J=0
TRM=0
K=2%J
n=A2+J
E=(I-~J)

TRM1=FHI(1sE)
fRM”*(E”**h)/(FACT(J)*FACT(D))
TRM=TRM1XTRM2 = .
‘FHI(BrI)~FHI(2;I)+TRM
J=Jt1
IF(J BT, (I- 1))60 TO 4




81,000
82,000
83,000
84,000
85,000
864000
87,000
88,000

89,000

190,000
91,000
2,000
93,000
94,000
95,000
96,000
97,000
98,000
99,000
100,000
101,000
102,000
103,000
104,000
105,000

106,000

107,000

108,000

109,000

110,000

111,000

112,000

113,000

114,000

115,000

116,000

117,000

118,000

119,000

120,000

c
C
c

c
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GO TO S

4 CONTINUE

»CALCULQTEIIMP'QMPLiTUDEQ

T=(E1XXA1YX(E2%XXA2)

F3=0 '

D0 8 I=1y<¢L+1)

K=(I-1)

J=CIMO+H(2%K) )
CFl=(A(JIRFACT () ) /7 (2%%J)

FR=F1%PHI(2,I)

IF(FARTSUM.EQ.2) GO TO 8

- "WRITE(108y45)

tJ
&

33.

FORMAT(//)

QUTRUT JrF1sFHI(2,1I)F2
F3=F3+F2

AMF=ARS (TXF3XEN)
FUR=10X(LOG10( (AMF)XX2))+30
WRITE(108,701)

FORMAT(//)

OUTFUT IMOsAMFyFUWR

C IF(OFT.EQ.1)G0 TO 29

A2=(A2+1)
IF(AZ2.6T.S)G0 TO 25

GO TO 20

CONTINUE

WRITE(108y33)
FORMAT(/»7INFUT (1) IF ANOTHER RUN DESIRED’ys/y
X7(2) OTHERWISE’)

INFUT AGN

IF(AGN.EQ.1) GO TO 100
STOF

END

FACTORIAL GENERATION
FUNCTION FACT(N)

.
[N

R _N_
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121.000
122,000

123,000

124.000
125,000
124.000
127.000

O kY

L=N
IF(LY2+354

FACT=FACTxL

L=L-1
GO TO 1
FACT=0
RETURN
END

258.
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E.2 - .. Program IMAMP

Program IMAMP is identical to IMPWR except that the polynomial
coefficients used in this program are .computed from a Taylor Series
expansion of the exponential term in the Shockley Equation for the I-V

transfer characteristic of a semiconductor diode.

E.2.l Program Inputs:

(1) Program options
(a) OPTION
(b) PARTSUM

as for IMPWR

(2) EN:

- as for IMPWR

(3) The third set of inputs depend upon OPTION.
(a) If OPTION = "1" inputs are as follows:

IS - Reverse diode saturation current

Q/KT =~ q/kT
ORDER
Al
A2 as for IMPWR
vl

v2 -

F B
P

g

s B8 BV B |
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(b) If OPTION = 2" inputs are as follows:

18

Q/KT

MAXORD

MINORD as for IMPWR
V1

V2

"E.2:2  Program QOutputs

Program outputs are the same as for IMPWR, except that no

. coefficient values are printed.

"E.2.3 Program_Explanation :

IMAMP calculates the power of'IM‘pfoducts.using the same algorithm
as IMPWR.

“The polynomial used in the IM calculations is

I=1I rl + (q/KT)V + (.g' ékr)‘zvz + i, + (g/f‘:) “vn]

—

The coefficients used in IMAMP are therefore computed from

a; = (g/kT)i

il
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E.2.4 Program Statement Listing (TMAMP)

1.000

c THIS FROGRAM COMPUTES 3RIY TO 65TH
2,000 € . IM ORDIERS FPROVIDING Q/KT<41 AMD E1+E2+1
3,000 C M=QR/KT» IMO=MAXORDI=0RDER» (AL1+A2)=0RDER
4,000 C El AND E2 ARE CARRIER AMFLITUDES
3.000 INTEGER A2
6.000 C '

7,000 100 WRITE(108:,80)
8.000 80 FORMAT(/»’/INFUT OFTIOMC10RZ2) sFARTSUMC10R2)/,
?.000 - X'sENCLIOR2) s/ '

10.000 X’0OFTION=1 FOR AMPLITUDE OF A SINGLE ORDER’»
11.000 X/» ’FPARTSUM = 1 OUTFUTS FARTIAL SUMS‘»/y
2,000 X’EN=1 FOR DC COMPONENT 0OR 2 FOR IM FWRS’s/)
13,000 INFUT OFTyFPARTSUMYEN
14,000 IF(OPT.EQ.2) GO TO 7
13,000 WRITE(108s1) ‘
16,000 1 FORMAT(/» “INFUT IS,Q/KTyORDERsAL»A2yELSERy/
17,000 Xy’ I8=REVERSE SATURATION CURRENT’ys/
18,000 Xy 'FIM=(A2F2~ALF1) s/
12.000  X‘E1%E2 ARE TRANSMIT SIGNAL AMPLITUDES’»/)
20,000 - INPUT SATCyMyMAXORDsAL,ARYEL14ER
- 21,000 WRITE(108,101)
22,000 101 FORMAT(//)
23.000 OUTPUT SATCyMsMAXORDyALSARSELSER
24,000 IMO=MAXORD
253.000 7 CONTINUE
26.000 C
27.000 C
28,000 INTEGER C»sD
29.000 , COMMON Q
30.000 - COMMON NsI»CrdsDsMsl
31.000 | DIMENSION FHI(2,100)
32,000 IF(OFT.EQ.1) GO TO 13
33.000 » WRITE(108s6)
34.000 6 FORMAT (/s 2 INFUT IS;G/hT;HAXDRU;HINORD;EIrE“’ /oy
33,000 X’ I8=REVERSE SATURATIOMN CURRENT’s/>»
36,000 X/MXORD. & MNORD = MAX AND MIN ORDERS’»/»
37.000 X’El & E2 ARE TRANSMIT SIGNAL AMPLITUDE& )
38.000 INFUT SATCyMs»MAXORDMINORIYELYEDR
39.000 WRITE(108,102)

40,000 102 FORMAT(//)

.
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41,000
42,000
43,000
44,000
45,000
44,000
47,000
48000

49,000

S0.000
51.000
S2+000
53.000

- 94,000
55,000

26,000
87.000
98.000
59,000
60,000
&1.000
63,000

" 64,000

63.000
66.000
674000
68.000

- 692.000

70.000
71,000

-72.000

73.000
74.000
75.000

74.000 .

77,000

78,000
. 79.000
- 804,000

R YR YRERYRY]

o000

- 13

r3

&
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OUTFUT SQTCvaMQXURDyHINORDrEI!EQ:

S=(MAXORD+1) /2

A= (MINORD+1)Y /2

Al=(A2-1)
IMO=((2%A2)-1)

GENERATE FHI(MsLD

L IS THE # OF TERMS AFTER A(MsIMO)
THE LOWEST ORDIERS REQUIRE THE LARGEST VALUES OF L

L=(81-IMO) /2

0 2 I=1s(L+41)

FHI(1,1)=0
FHI(2,1)=0
CONTINUE

no 3 I=iy(L+1)

K=2%(I-1)

C=A1+(I-1) :
PHT(in)x(EIWXK)/(FéCT(I 1IXFACT(C)Y)
LO 4 I=1»<C(L+1)

J=0

TRM=0

K=2%J

[I=A2+J

E=(I-0)

TRM1=FHI(1+E)

ATRH”"(E”**h)/(FACT(J)*FACT(H))

TRM=TRM1XTRM2

CFHIC(R2yD)=FHI(2 rI)+TRH

J=J+1

IF(J.BT. (I~ 1))00 TO 4
GO TO S

CONTINUE

. CALCULATE IHF AMFLITULES

T=(EL1XXA1) R (E2¥XXA2)

F3=0
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81,000 0 8 Is=ly(L+1)
82,000 K=(I~1)
83,000 J=CIMO+ C2KK) ) A
84,000 F1=(ACJyM)XSATCKFACT (J))/ (2%KJ)
85,000 F2=F1KFHI(2,1)
86,000 IF (FARTSUM.EQ.2) GO TO 8
87,000 WRITE(108y104)
88,000 104 FORMAT(//)
89,000 = OUTFUT JyF1yFHI(2,1),F2
90,000 8 F3=F3+F2
91,000 . AMP=TXF3XEN
92,000 FUR=(10KLOG10 (AMF¥%2) +30)
93,000 WRITE(1085103)
94,000 103 FORMAT(//)
95,000 OUTFUT IMOyAMFyPUR
96,000 IF(OFT.EQ,1)G0 TO 25
97,000 AR=(A2+1)
98,000 IF(AZ.GT.8)60 TO 25
99,000 GO TO 20
100,000 25 CONTINUE
101,000  WRITE(108,33)
102,000 33  FORMAT(/»/INFUT (1) IF ANOTHER RUN DESIRED’»s/»
103,000  X’(2) OTHERWISE’)
104,000 © . INFUT AGN
105,000 IF(AGN,EQ,1) GO TO 100
106,000 STOF
107,000  ENI
108,000 C |
109,000 C FACTORIAL GENERATION
110,000 C |
111,000 - FUNCTION FACT(N)
112,000 L=0 :
113,000 FACT=1
114,000 L=N
115,000 1 IF(LY2+3,4
114,000 4  FACT=FACTXL
117,000 L=l —1
118,000 GO TO 1
119,000 2 FACT=0
120,000 3 RETURN

(- . ..
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121,000
122.000
123,000
124,000
125,000
126,000
127.000
128,000
129,000
130. 000
131,000

132,000

133.000
134,000
135,000
136.000
137.000
138,000
139.000

140,000

141.000
142.000
143.000
144,000
145,000

aOaOoOaao

Iy Ey)

146.000

147,000
148,000
149,000
150,000
151,000
152,000
153,000
154,000

135.000

1564+000
157.000
158,000
1592.000

10

-3

11

[4;]

END

GENERATE COEFFICIENTS FOR THE DIOIE EQGN.
FROGRAM CAN COMPUTE 81 TERMS CORRECTLY IF

Q/KT=40

NMAX=(IMO+54)

IS MaX ¥ OF TERMS

FUNCTION A(NsM)

INTEGER @

264

TEST FOR EVEN INTEGERS S0 THAT FACTORIALS CaAN
EE RROKEN UF TO AVOID OVERFLOUW
IF(N.GT.0) GO TO ol ~

A=l

GO TO S
=N
F=5/2

R=IFIX(F)
R=(F-R)

IF(R.,EQ.0Q) GO TO 2

RREAK UF

Fé=(Q+1)

TRMIr=1

MULTIFLICATION TO AVOID

- TRMA=(M¥XXF &)
TRME=TRMA/FACT(Q)

00 10 I=1y(QR+1)
TRMO=TRMIK (N-(I=-1))
TRMC= (M**Q)/TRﬁD '
A=TRMEXTRMC

GO TO 3

TRMA= (MXXF)

TRMI=1

- TRMB=TRMA/FACT(Q)

0o 11 I=1.Q

TRMO=TRMDOX (N=C¢I-1))
TRMC= ( Mk%F) /TRMD

A=TRMEXTRMC
CONTINUE .

RETURN
END

OVERFLOW







