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Introduction

Statement of Work

The report covers work carried out for the Department of

Communications under DSS Contract PL 36100-4-2003, Serial.

- OPL4-0184 to Work Plan Reference CS 4.6.

Background

System concepts provided by the Department of Communfcations.
for the proposed multi-purpose UHF communications sate]llte
provide potent1a] system conf1gurat1ons for UHF UHF/SHF and -

UHF/SHF/L Band transponders.* The final system configuration,

not firmly established at the present time, will be dependent

upon fqbtors including traffic characteristics; RF Interferenqe :
environment, and equipment avai]abi]ity, The UHF section of»the
system was stressed in the present invesfigation since it is
common to all configuratiohs, and presents the main problem
areas in.respect to passive component 1ntermodu1ations

interference.

% Department of Communications Report "Multi- ~purpose UHF

Satellite Communications System Feas1b111ty Study"
December 1974.
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frequency plan from intermodulation requirements. -

The UHF band uplink and downlink frequency assignments within
the mobile-satellite service bands 240-328.6 MHz and 335.4-399.9
MHz are not confirmed at the present time.

The following bands have been under consideration, with the

latter 275-285 MHz downlink band prdducing'the most suitable

Lowest Intermod

- D/L Band (MHz) U/L Band (MHz)

‘ ~ ~ “Order on UL Band
300 - 328.6 350 - 400 3
300 - 328.6 ~ 370 - 400 5

~ (370-385 SSMA)
(385-400 FDMA)

321.5 - 328.5 370 - 400 o ' 13
275 - 285 0400 19
Additional up]ink UHF bands include 401 - 403 MHz (DRP) and
406 - 406.1 MHz (EPIRB). | |
| Approximate]y‘eighty carriers at a nominal one wétt'aVeragé

power level per carrier are to be considered, with an additional

number of carriers (up to 20) ranging between + 10dBw. Transmitter -

(HPA) output signa]—to—intermodu]atioh levels for a few carriers

ranging betweén -10dB and +10dB from nominal levels vary from 12dB

to 27dB respectively, to 19dB for nominal carriers.
The satellite receiver (LNA) thermal noise power in a 25KHz
bandwidth is -128dBm. Transmitter spurious and intermodulation

noise generated by all sources within the_tranéponder and satellite

occuring on the uplink bands must be reduced to 10dB below thermal

noise (-138dBm) for a maximum c¢/n degradation of 0.5dB. | t

- 1.2 -
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Assuming that the transmitter thermal noise, spurious, and
intermods falling on the receive band are reduced to -138dBm by

output filtering, and negligibly small receiver intermods due to

© incident transmit signals occur due to adequate input filtering,

the principal intermodulation interference becomes that due to -
passive component generated intermodulation. The main sources
are transmission components and structure, wh1ch share a common

transmission path to transmit signals, where due either to 1ocat1on

of the component in the transponder circuit or to re-rad1at1on of

antenha coupled signals, intermodulation reduction cannot be -
provided by.isolation techniques.

The following hardware items present the most important

passive component intermodulation sources in a diplexed antenna

- 'system:

1) fDip]éxer
(a) Output terminal and transmit;receive filters ébmbining‘_
4 sect1on | ' | o
(b) Transm1tter output filter; pr1nc1pa11y the filter sections
adjacent to ‘the antenna terminal where attenuat1on to
fi]ter¥generated intermoduiatioﬁ on the receive band
apprdachééﬁminimum. | | ‘
(c) - Receiver input filter; principa]]y the-fi]ter sections
adjacent to the antenna terminal where the attenuation to
'transmit signals fs insufficinet.to reduce the filter-sections

generated intermod to the required receiver terminal level.

= 1.3 -




' '2) Antenna feed, including the UHF radiator, balun, transmission
‘ ‘ | line, and SHF and L-band feeds coupled to UHF feed system

currents.

-3) " Antenna reflector; principally the high.current density surfaces.

~4)  Spacecraft structure and éomponents coupled to thé UHF antenna

high intensity fields.

: - 1.4 -
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‘ 1.3 Sumary

1)

2)

Performance data and pertinent information obtained in

discus$ions with TRW, Hughes, and the Naval Research

Laboratory pertaining to the Fleetsatcom and Marisat UHF :

band satellite transponders is included in Appeﬁdix III""

for reference.

High order (i.e., nineteenth) passive component
intermodulation data for a Targe number of transmitting
carriers such as is representative of the proposed
Canadian multipurpose UHF satellite transponder.was
not available.

of primary importance was confirmation of the range
of practical third-order two-tone intermod specifications
for spacecfaft hardware, and proyision of some high-order

broducts rol1-off rate and power back-off rate data,

thbugh the Tatter are reasonably unique for'ihe particular

transponder design. ‘

TRW test data for Fleetsatcom was Timited to third and
fifth-order interfering intékmbdu1ation products. Third to
e1éventh—order.transmitting channels products fall on the 
receive.frequenby band; with fifth-orders affecting thé _
greatest number of receive channels, and Seventh.and higher

orders sufficiently low so as to be of no problem.

- 1.5 -




3)

A third-order intermod test specification for the

spacecraft antenna and filter hardware of -100 dBM for v”-

‘two-tone 30 watt clean carriers was employed. The

specification is moderately easy to accomp]ishvfor
production model hardware and approkimater 30 dB
greater than state-of-the-art results for.laboratory
test models. | |

Hughes data for the Marisat transponder was 1limited

" to thirteenth to twenty~f1rst-orderAthree—carrier

products; ‘Thirteenth-order antenna intermods were -150 dBM
for three +4é dBM test signa]é, increasing to —li7 dBM_foﬁ
the antenna and rotary-joint assembly mounted on'thé '
spacecraft. The 41p1exér comprising three.transmit.-
filters and‘a nine-section reéeiye f%]ter and including

rotary-joint generated thirteenth—order intermods of

about -125 dBM under similar test conditions. Strict

‘attention was not given to intermod reduction techniques

during Marisat transpohdér manufacturing, and it is
estimated that equivalent third-order two-tone intermods

for which measurement data was not aVai1ab1e may.be of

‘the order of -50 dBM.

- 1.6 -
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Intermodulation testing can be performed utilizing

a number of basic approaches to test signal conditions, and

quantity of test signals emp1oyéd.‘ Unmodulated test signals

are typical for laboratory testing, yielding worst case

amplitude-frequency spectrum results over the

noise-modulated test signal case for which a disperéipn

of the intermodulation spectral distribution occurs.

)

-b).

The following test methods are representative:

Two-tone CW signal test, for which_the product amplitude

. specification is designed for equivalence to the

intermodulation result under the finél sysfem actuél
signal conditions. | | o
Modelling of axtest signal in which the number Qf and
modulation of test signa]s}suitéb]y simﬁ1étes ﬁhe fina1
system actual signé1'conditfpns. Thévmethod w111_A
employ fhe sma]jesf'number 6f test signa]s_permiééab]é,‘
and is practical at the sub;syStem and final system‘fest
levels. Three-tone testing employing CW signals can be
included as a variation of the apprdaéh'and yiers

additional data for development éna?ysis over two-tone '

data, particularly where frequéncy band allocations

require measurement of the more dominant A-B+C product. .
In addition, the three-tone product amplitude distribution
provides an improved approximation to the Gaussian

distribution over two-tone data.

1.7 -
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. , c) Intermodulation noise Tevel mea.surement under actual ;
signal conditions. The method is impractica1bat the
component development level, and is principally empioyed ‘
at a system acceptance test level. - | | .

5) The two-tone CW test method is generally accepted as
the most practical means fof carrying out 1ntermodu1ation |
development tesés and diagnostics at the.component ahd’sub~
system level due to the inherent"simblicity ahdvpefformance.

" level attainable by the measuremeht~§ircuit QVer a test
‘situation involving larger numbers of carriers. Further |
advantages provided by the two-tdhe test aré the fe1atiVe‘
ease of determination and detection of discrete pTQdUCtA

. o orders and frequencies, and in sfandardfzation of the

. | "testing method. |

Correlation between the two—toné product test dafa:-
and the satellite 1nterm0du]éfidh noise Tevel due to a .-
number of noise loaded carriers is essential for justifi-
catioﬁ of a two-tone tést specification.

The Fleetsatcom transponder spécification requires fhat *L
the receiver sensitivity degradation due to twenty three
(operating) noise loaded cérriers be 0.5 dB, drlintermdd noise
be approximately -10 dB from receiver thermal noise. The
equivalent third-order two-tone product amplitude was
established at -150 dBM_(including a 20 dB margin for
‘additional degradation due to the spacecraft).

- 1.8 =
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A practical third-order intermod test specification
for the proposed multipurpose UHF satellite which is

applicable for spacecraft hardware at the componént 1éve1,

was established at -110 dBM for two-tone +45 dBM test e

i

signals. Transponder passive hardware developments should ‘I\

bé carried out tb 20 to 30 dB better than spacecraft hard-

ware specifications for the purpose of increasing the margin '&__

for satellite system degradation to the greatest practical | }

e

amount.

A'éummary of applicable transponder paséive hérdwaré\'
intermodulation level achfevements for state of tHe art f
fabrication techniques are given in Para. 4.1

Third-order iﬁtermodu]ation Teveis to approximately
~145 dBM for two +45 dBM carrier test, or -190 dBM from
barrier average power have been obtained for UHF filters
and diplexers under laboratory conditions. "However, thé
inconsistency of the laboratory results and possible -
berfdrmance degradétion due to environménta] factors.‘ .<-
indicates such very low levels to be impractical fdr'space

hardware at the present time.

- 1.9 -
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8)

Helical transmitting'antenna third—order'intermodulation

levels to ~130 -dBM have been obtained, degraded to -100 dBM .

for the final antenna-reflector assembly specification for

| spacecraft hardware. Veny Tow levels of antenna intermodu-

lation are usually difficult to evaluate due to re-radiation

from nonlinearities in the antenna test environment. The

above levels were obtained in an anechoic chamber where some

degree of nonlinear behaviour is to be eXpected duento high

intensity field regions and incident signal reflection from

both the'resiStjve material and the metal reflector interface{

Due to inherent difficulties in low 1eve1‘antenna o
intermodulation testing,'specia1 test facilities in the -
nature of either a free-space or anechoic high linearity

test range will be required for the proposed satellite

- development program.

The power back-off rate for seventh and higher—brder

intermods is estimated to be 'l dB/dB; A ro11foff-rate'of.

5 dB per odd order for high orders is éssumed for specifying

purposés. Since the nonlinearity coefficients for the

transponder passive components and complete system are not

predictab]e,'simulation testing coupled with computatﬁona]

~methods are required to establish final intermodulation

performance. .

- 1.10 -




. S 9)

A diplexed (common) anfenna.UHF transponder appears
feasible for frequency band allocations such that jbwegt
intermod orders of‘aboutAfifteehth to nineteenth order due to-
satellite transhitting signalé fall on the receive channels.

The estimated achieveable system intermod specification
as_determined by a two~tone.Cw test is given in Figure 4-1 e
versus the receive band lowest interfering.product;ordér." ' |
The repeéter receive band intermod noise pékfofmance can
be accurately determined only on establishing the necessary

correlation between the twb—tone product amplitude at the

" receive band Towest order interfering producﬁ’and the noise-

Toaded carriers intermodulation noise falling in the receive

" channels bandwidth.

Thé conversion coefficients inter-ré]atfng tﬁe two caseé o
can be predicted only after measurement of the transpondeF | \
transfer characteristic nonlinearity coefficients, although b
coﬁputationa1 accuracy becomes:the @ajor limitation at high ~K

order products. Alternatively, the correlation can be obtained |
through a direct measurement of receive channel noise when.

employing a modelled test signal.

- 1.11 -
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10) Multipactor breakdown, better described as a predecessor
] - to plasma, is a significant problem area in transponder
. hardware design. The effect occurs:at a range of pressures

of 1072 to 1070

torr with the principal parameters being
frequency, conductor spacing, conductor work function,

and field intensity. The effect has been obtained at 15

watt average power levels, and_{s inititatedlby microdischérgé

~occuring at discontinuities in the transmit signal path. -

,‘1|l. | ‘ - 1.12 - :
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1.4 Passive Component Intermodulation

1.4.1

Design Guidelines for the Multipurpose UHF Commuhications_Sate]]ite

Transponder

"NRL Guide1ines for UHF Transponder Development

Difficult problem areas were encountered in the Fleetsatcom UHF .

transponder development due to passive component intermodulation in.

| atdip1exed"antenna system, and multipactor breakdown. -The transmit-

receive frequency allocations for Fleetsatcom resulted in some

third-order, but principally fifth-order intermodulation interference

in the receive band. Since the frequency bands cou]d‘not be altered

for an improved compatability with the intermod spectra, separate

transmit and receive UHF antennas prov1d1ng 50dB of antenna 1so]at1on‘

AWere employed in the final sate111te conf1gurat1on rather than the

or1g1na11y proposed d1p1exed antenna system.
Severa] 1mportant gu1de11nes toward a UHF sate]11te deveTopment
program based upon the Fleetsatcom program exper1ence were stated by » -

NRL:

1 Carry out a transponder s1mu1ator deve]opment and testing

ettt

"phase»toaestab11sh as many potent1a1 prob]em areas as poss1b1e )
Simulation of the entire commun1cat1ons package (UHF- SHF UHF)
was recommended. The fimportance of the s1mu1ator test phase in
relation to the F]eetsatcom-prdgran is suth~that simu]aton dat@tfg '
provides.the reason for proceeding with the spacecraft program.

2) Carry out a knowledgeable testing program on the simulator 4
package to determine the system intermodulation noise and re]ated‘
problem areas to the greatest possible extent;I It was stated
that all operational intermodulation problems will still not have

been completely solved after simulator testing.

SINCLAIR— s




The implications relate primarily to the F]eetsatcom'program
experience where the array of detrimental factors (Frequency p]an,
diplexed antenna, state of the art hardware requ1rements and-
techn1ques, and multipactor effects) produced initially unsolveable
intermodulation: problems. |

A comprehensive test progfam invo]vingaanit specffications,
subsequent relating to noise—]oaded—cafriers transponder-
specifications, through to performance\specificatidhs ina -

_sfmu1ated space environment‘is envisaged for the transpondef[

simu]ator test phase. | | V_. |
3) Design the spacecraft following the transponder designvstageg

The nate again ref]eets F]eetsatcem'experienqe_and suggests the
. T situation in which transponder design may result in extensjve‘ '
packaging and antenna system m0d1f1cat1ons

Completion of the transponder simulator test phase, is

-probably a sat1sfactory event at which to commit the spacecraft

deggn.

- 1.14 -
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- 1.4.2 Canadian Multipurpose UHF Satellite TranSponder Intermodulation
‘ ‘Design Considerations .

- A major decision area for the Canadian MuTtipurpose_UHF.‘

Satellite Transponder in regard to intermodulation interference ‘
. concerns diplexed or isolated transmit and receive UHF antehnas. A | B

The decision depends directly upon the UHF band frequency»": S | 17

allocations and the intermodu1étion products minimum ordef |

falling in the receive band. _ |

Intermods generafed by séte11ite transmitting signals,
which due to the transmit segment bandwidth and separation of‘_.
the segment from the satellite receive band, which resu]f-ih.

Tow order intermods (and up to approximately fifteenth-order)

on the receive band, will impose a requirement for isolated
.' ) : transmit-receive antennas. | '
 Isolated UHF antennas are to be preferred from the stand-
‘points of: »
1) Reducing the transmitting fi]ter and antenna circuit
“generated intermods at the receiver terminal. o - \
2) Reducing the receiver antehha circuit generated intermods. . }
3) Reducing the transmit filtering requirement for suppression :z
of transmitter amplifier generated noise in the receive band. ‘
4)> Reducing the receive filtering required fof carrier | \
suppression at the receiver input.

5) Increasing the margin for 1ntermod degradation.

"l'A o : _ o - 1.15 -
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. , 6) Preference of frequency assignment for the transmit-band;.
thnt is, added antenna circuit isolation will allow for
decreasing orders of intermod products to appear on the
receive band by simuitaneousiy_reduting the degradation_>

3

margin.

A transmit band freqnency allocation Which results in
 nineteenth and higher intermod product onders on the recéive
band appears quite feasible for the diplexed (common) UHF
antenna approach to transpondervdesign.. A transmit band 
frequency- allocation which resu]tsvin about fifteenth 6rder. , Wiiﬁg
prodncts on the receive band appears to be bordetiine for -
dip]éxing; In thié case additionéiicosts and deveiopment )
‘ b’ efforts are envisaged to accommodate the‘ reduced i'ntermo'd.
specification required to meet the diplexed antenna design
approach. . | |
Alternatively, for a fifteenth order‘case; a simulator
development approach incorporating_isoiated'antennas is
suggested, ‘with filters and antenna’system'hardware deveiopment:'
carried out to specifications snitab]e for the diplex approach.
A méchanica]]y complex common-mast transmitting antenna
aésemb]y containing the UHF, SHF,AandATT&C antennas presents = |
‘potentially difficu]t.intermodu]ation design probiems.' Physical
 separation decoupling of all antennas from the UHF transmitting

~antenna feed is preferred from intermodulation requirements.
o - - 1.16 -
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The levels of 1ntermod products falling on the receive band -
cannot be mathematically predicted at»therhset of design, but
must rather be established by a measurement-computation approach.

A conservative initial estimate for a two-tone specification for

- the UHF transpondérs which is based upon available practical data

is given in Figure 4-1. A 10 dB ro]]—off.rate‘per odd-order
prodﬁct is considered to be a good rule-of-thumb, and for this
case is applied to the transponder~antenna systeﬁ up to fifteenth-
order products. The 5 dB rate for~seventh-ordeks.and'up for | |
component specifying is again ﬁy rule~of-thumb aTthough_1ittTe |
supporting data is available. The actual transbonder ihtérmodu~’7'
lation spectra will be reasonably unique. A 20 dB degradationk_
factor decreasing with product order, is included in the system

§pecif1cation. The estimate will depend upon transmitting

“antenna illumination of spacecrdft hardware (the solar panels

and telemetry receiver diode front-end were noted to be -
prominent sources on Fleetsatcom). | : |
Recent discussions with NRL confirmed that a 20 dB margin

for solar panels and séte111te structure contributions should

‘be satisfactory.

- 1,17 =
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No deliberate allowance fbr‘space deterioration of the
intermodulation noise Tevel has been included. At this time
no data has become available with the exception of the
Lincoln Lébs LES-6 result which’indicated an intermod mal-

function improvement in space rather than deterioration.

Confirming information within this poténtia] problem area ‘

is required.
The transponder system specification given in Figure 4-1

incTudes an additional factor for (n) noise-loaded carrier.

‘noise Tevel conversion from the two-tone +45 dBM carriers

product amplitudes. For a total permissab]e intermbdu]ation : .-f\
noise level of -138 dBM at the rece1ver terminal, approx1mate]y ‘
+6 dB is allowed for fifteenth- order product conversion,. B

increasing to approximately +17 dB at nineteenth order.

- 1.18 -
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1.5

-1.5.1

1.5.2

Recommendations for Transponder Hardware Development
Program

Program Plan

Suggestions toward a program plan up to the transponder
simulator (RF package).testing stage dre givenliﬁ Figure 1-1.
It is fecommended that the UHF and VHF/SHF systems RF package ;
testing be accomplished by the earliest possible date in the y
overall pfégram.. NRL have recommended that thé complete
communication package inc]uding.powér supplies and necessary

spacecraft equipment be included in the overall simulation.

Notes Pertaining to Development Pfogram Plan

100-110 UHF Primary Feed:

An initial development of the UHF;transﬁiﬁting and
receiving feed only employing a solid ref]ector‘(and possibly -
.SHF feed mockup) is recommended to simplify the {ntermodu1atioh
designs then progressing to increasfng compTexity. ‘

120-130 | L

UHF feed intermod testing is berformed on the feed, mast;
balun, and-solid reflector sub-assembly. Both two-tone and
modelled test signaT intermod_tésting'is'performed.to determine -
the two-tone test specification for'theléub~assemb1y.:

130-140 | | o

Multipactor effect testing of the above -assembly at this

development stage is included to prOvideVmechanica1 design .

guidance.

- 1.15 -




200-210 Transponder Test Signal Intermod Test Faci]ity:.

The facility as suggested will comprise a_numbef of

channelized Tow-power solid-state amplifiers with noise

- modulation capability.

Eight to ten coup]ers with common output, prov1d1ng

-approximately 0.5% frequency separat1on channe]s at 70-80 dB )

1so]at1on for amp11f1er intermodulation protect1on is

env1saged for the test signal model.

220-230 Two-tone Intermod TeSt Faci]ities:

Several.testing facilities, at least for anteﬁha'and o :;:r$:f*f
dip]exer development testing phases are suggested. The |
following upgrading of the present configuration of UHF -

Intermod Test Facility is proposed: _. N | »

1) Addition of band-reject filters td the presenf bénd-pass_ -
three-channel assemb1y. I

2) Addition of manual-tune frequency ganging to filters.

3) Improvement,of spectrum analyzer-preamplifier deteétioh
capabiTity fo approximéte]y ~-155 dBM noise ]eveT'in a:
10 Hz bandwidth. \

4) Addition of frequency stabilized 100 watt amplifiers.

- 1.16 -




- following amplifiers simulation signal testing is prdposed.

well.

700-710 UHF Diplexer Development Model

A brass-board development to initial design specifications <=

is recommended.

710-720

Two-tone and modelled test‘signaT 1ntefmod'testing>is
pérformed to determine the two-tone test specification for the

sub-assembly

- 725-735

e

_Finalization of the diplexer frequency response Characteristicé +

720-730
| Multipactor testing is included to providé mechanical design .
guidance. | 4
900-910 UHF Simulator Testing

The test phase covers only the UHF section, employing

preferably the UHF HP Amplifier (or the channelized test signat |

. Intermod Test Faciiity),

920-930 UHE/SHF Simulator Testing

Components at the service test model stage are -shown.

- Development stage UHF/SHF simulator testing is recommended as

- 1,17 -
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2.0 Passive Component Intermodulation

2.1 General

Passive'component,intermodu]ationApresents a significant
problem in sate]]ite'transponder designlin terms of estab]ishjng .
a suitable channel performance (S/N)‘within any given channel. )
Passive component intermodulation of major importance“ie that

generated by linear passive components where; due to location and

usage of the.components in the transponder circuit, 1ntermodu1ation

elimination or reduction cannot be adequate]y fac111tated by
f11ter1ng and isolation techanues ' ' |
A1l transmission line components including antennas, f11ter

conf1gurat1ons, various forms of transm1ss1on lines, and RF ~

' connections are typical and are treated as linear under normal

vo]tageecunrent test conditions. However, under simu]taneous'
excitation by two or mofe carriers; small non-]inearities Which
exist in the dynamic transfer characteristic for a linear dev1ce.
will result in generat1on of spurious 1ntermodu1at1on products.
In addition to the devices comprising the receive and transmit

antenna packages, other obscure hardware 1tems in the1r 1mmed1ate :

surround1ngs may be s1gn1f1cant intermodulation sources

- 2.1 -




_ Experience with passive component 1ﬁterm0du1ation‘has
shown that the most proﬁinent sources occur at regions or
circuit locations most Strong]y.éxcited by-curkents af the
Tocal transmitbsignal frequencies. The prominent sources are
also Tikely to be the most efficient radiators of intérmodu~"
Tation Signals due fo antenna-1ike characteristics. .

" The levels of the intermods produced cannot be predeter-

mined accurately in the design»stage, and can only be ascertained

from measurement. Rough estimates of performance prior to
actual component fabrication and measurement must be based upon
previous measurements of devices incorporating similar hardware

and fabrication techniques.

Lower odd-order products which fall in the receive band are--_'"

the most significant intermodulation interferences in the UHF

(225-400 MHz) band with interferences decreasing with increasing

order of product. Low even order products do not cause inter-

ferences in UHF band systems.

. Dependent upon the frequency allocations for the transmit

band and the receive band, and upon product amplitide decay

(rol1-off) with product order, the high-order,'even—ordef produét5~'

can be potential interferences at the high end of the 225-400 MHz .

band.

- 2.2 -
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2.2

As a rule of thumb, the h1ghest orders of 1ntermodu1at10n
products are generated. by the most prom1nent third-order
intermod sources, while all sources usually contribute to the

Tower order products. Multi-tone excitation (greater than two

tones) produces the situation where higher order intermodulation

signals are superimposed on the lower-order intermddu]ation' , ,- e
fréquehcies,’and the observed Signa1 Tevel is primarily due to
the Towest order'product. In comparison, two-tone excitation
prbduces-observed signal Tlevels due to the summatfon of all
sjmi1ar order contributions at a given order.frequency..
~PassiVe componeht intermodulation signals generated by all
sources produce interferences when the 1ntermodu1ation'spectré
appearing in thé receive.band at the recéiver terminal, is
significant relative to the receiver thermal noise powef_}eve1.
The iransponder specification requirés that all interferences
be reduced to 10dB below receiver thermal noise for maximhm‘

degradation in uplink C/N of épproximate1y 0.5 dB.

Non-1inearity Mechanisms

A COmp1ete quantitative characterization>of the weak non=

~ linearities in Tinear pass1ve components 1is not available due

to the comp]ex1ty of the task. However, the dominant causes for

nonlinearities can be categorized according to' the following:

1) Junction or semiconductor effects.

2) Plasma effect (Multipacing and corona).

- 2.3 -
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'3) Resistive nonlinearity due to local high current dehsity.

(Thermal conduction modulation)
4) Low level surface effects (NonTinear.bu]k materials, non-
Tinear absorbing materials, contaminants.)

Material surface finishes; bulk materia]s, and RF'connettions,A

“according to the following items tend to be major non-linearity

contributions in passive hardware development:

1) Coaxial connectors, RF cables, flanges.

-2) Metal-to=metal pressure contacts; screw covers; spring- -

finger, press—fit, and point.contacts; tuning screws.

3)" Dissimilar metal contacts; oxidiie& méta] contacts (heia]—
oxide-metal,tunne]ing); |

4) Corrosion (solder flux, etc.)

5) Contacting surface texture (1oose Contaéting junctfons and
ﬁicrodischarge mechanisms); roughnesﬁ; Bufrs, cracks, =~ -
scratches, imbedded chips, filings, metallic filament
conductors.

6) Contaminants; water vapour, solder f]ux,-etc°

7) Magnetic materials; ferrite, stainless steel, etc. a

‘Reduction of passive component nonlinearities requires "_
designs which minimize high voltage stresses and high current
densities. Manufacturing to state~of-art intermodu]atibn |
1éve1s requires precision machining, clean room facilities,

and tight .assembly control.

- 2.4 -




3.0
3.1

Intermodulation Amplitude Relationships

The transfer characteristic for a nohTinearity without
memory (i.e., output vo1tege is an 1n$tantaneeus function»of
the input voltage) can be‘described by a Taylor series
expansion:

- E =a, E. +a E.2 cevs a E.N 4 .;.. where
out 1 ™in 2 Tint nTin ottt )
Aps seee @y are constant coefficients of eurvatures and Ein
represents'the input signal applied to the ﬁon]inearity.-'
Two expansions are shown for reference (Appendix I); -
a two cafrier input for expansion order h£§5, and ah m -
carrier input each of equal amp]itudes‘(l)v |
| The first case demonstrates the generat1on of output
terms (d.c. components, fundamentals, harmon1cs, and 1nterm0ds)
up to fifth order, and the second case demonstrates
contributions to third and fifth order products to f1ftéenth(
order curvature. ‘A . |
The following observationsican be drawn for the amplitudes
of Tower order of products - _re]athe to,hermonic amplitudes:
1) Two frequency third-order products, type 2 Wy & W, are
9.6 dB greater than third harmonic products for equal
amplitude carriers. _

2) Three frequency th1rd order products, type Wy o Wy * w3
are 15.6 dB greater than third harmonic products, and 6 dB

greater than 2 wl + w2 type.

- 3.1 -
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3) Two frequency fifth-order products are 20 dB greater | »
(i.e. 3W *2H,) and 14 dB greater (4 Wy * H,) than

' fifth harmonic products. -

For a large number of simu]tanéous1y'app]ied carriers, :

the important product of each order is Wy * w2 * w3 £ oo,

| type, as to both amplitude and number of products.

(1) ResearchA1nto Non-Linear Characteristics of Antenna
systems, D.I.R. Report 239-1, F.G. Buck1es,
Sinclair Radio lLaboratories.
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| . - 3.2 Characterization of Low-Order Non]inearitieé o
| | | The non]inearity can be characterized given fhe values 1
of the an's of the voltage transfek characteristic. Diréct_'
measurement of the transfer characteristic to the accuracy
~needed to determine the Taylor series coéfficiénts'canhot be
carried out, however the following methods can be emp]oyed
fof determination of the Tow order coefficients:
1) Difeét measurement of harmonic amplitudes with single
carrier 1nput; and determination of fhe coefficients(_i
- The method becomes impracticaT at other than the 1ow‘:3
harmonic orders due to inadequate detection éehéitivity;
. 2) Direct measurement of a two equa]jcarrier product at a

| ‘ '.. - | given input vo1tége, and determination of the coefficient,

o or | o !

- " 3) Direct measurement of a two équal;carrief product ofVOFder
n for a range of input voltage (ffe. assumes constant
coefficients) aﬁd solution of the set of‘coéfficients R
(an, én+2’ 3 44° ce..) derived from-the-Taylor series.
expansion for the measured proddctc The method is Tikely
to be limited by computational errors whén dealing with-a

~large set of simultaneous equations or large n.

' S | -33-




3.3 Determination of System Total Intermod waer

3.3.1 The following methods for prediction of multi-noise .
loaded carrier system intermod IeVQTS;'for 1ow~ordef§ of -
nonlinearity, are given in the'Titerature. | |
1) 'Noh11near Distortion in Transmission Systems, R.A.

:Brockbank and C.A.A. Wass, J.I.E.E., 1945, Pt. III.
(Appendix II). |
The method obtains the diétribution of total intermodu- |
- lation powef over the operating band'for Tow orders 6f
expansion (2 to 5 approx.),of the power series._ Calcula-
tions are referenced to measured harmonic powers. -
2) Transmission Syétemé for Communications, 4th Edition,

‘ L - Bell Telephone Labs. Inc..

‘The Intermodulation noise computafidn (at Tow orders)-is
. obtained from .the spectral density and autoéorre1ation functions; -
with the input signal to the nonlinéarity represented by a
band of noise.
3.3.2 A measurement of the total intermod by means of noise 1oadinéz)
'or'simulation.signal input to the nonlineafity appears.the most |
sﬁitab1e approach for a wide band system in which high order f%””’f

intermods occur on the receive band.

(2) Communications System Design: Philip F. Panter,
McGraw Hil1l Co. 4 ' »
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As the probable number of superimpqsed products exceeds
20 or .30, they can be assumed to become indistinguishable from
random noise, becbming.increasing1y random with the masking due

to noise loaded inputs.

~
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4.0

Intermodulation Data

4.1 Summary of Third-Order Intermod Level Achievements

SINELAIR-

The following is a summary of stated achievement  levels

for .passive hardware third-order two-clean carrier intermodu-

‘Tatjon levels under Taboratory conditions. The levels can be

assumed to relate to hardware components which are designed

and fabricated according to preSént state;of—art techniques.'

1)

2)

UHF Diplexer (NRL), -140 dBM third order at +50 dBM test

carrier levels. _ |

The level was_not Cdnsistent. Precision machining dnd o
extreme care in aésemb]y was exercised. A 20 to 30 dB
satellite environment deterioration wés expected.'  N _
UHF Diplexer (MIT Lincoln Labs), =125 dBM third-order at
+45 dBM carrier levels. | .
Levels were within a -125 to -135 dBM range with soldered

0.250 inch diam. semi-rigid cable connections, and within

a -100 to -110 dBM range with 0.141 inch diam. semi-rigid - -~

cable and TNC connectors. The.rahge‘of Tevels resulted
from signal summing with ]iné length ehéhgéfﬁetwegngthe'
diplexer and load filter (used_to isolate the load intermod

from diplexer intermod).
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3) UHF Diplexer (TRW); ~130 dBM third order.at +45 dBM‘cakriens.

4) UHF Intermod Test Bed (SRL), -135 dBM third order at +50 dBM L
carriers. The result includes and is limited by 50 ohm.htgn teéf o |
.pOWeP load intermod. The level is stable and repeatab]e w1th V"KL -
routine maintenance of the output RF connectors. A cpns1stent |
level without routine maintenance s approximately -110 dBM.
Voltage stresses and current:densities are generally neduced
by hardware design, (conductor dimensions)'over equivalent -
levels occur1ng in sate]]1te diplexer designs. | | | _

5) UHF Helical Transmitting Antenna (TRW), -130 dBM th1rd order P
The test conditions were not defined. _ |

.6) UHF Biconial Dipole, including 200.foot feeden (He11ax FHJ 5-50)

' . ) . ‘ and four pairs of Type N connectors (SRL), _-100 dBM.

The resu]t includes the coupled environment contr1but1on ‘The

RF c1rcu1t-1ntermod sources are stable and repeatable with

-connector maintenance. | | |

4.2 Practical Third-Order Intermod Spec1f1cat1on for UHF Passive - -
Hardware . '

An 1n1t1a1 deve]opment goal for transponder pass1ve hardware
components to be used for 51mu1ator evaluations should be of the

order of 20 to 30 dB better than final requirements.

- 4.2 -
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. . ' For the purpo'se of increasing the margin of protection
- to tota]lsystem intermods at the receiver to. the greatést
'practica1 amount, component déve]opment to state-of-the-art | -
intermodulation levels or typically -130 dBM for laboratory |
models at two-tone +45 dBM signals should be carried out. |
The figure applies for reasonably Sfmp]e mechanical structurés;_
A practical Specification for spaceéraft hardware af:»:
the component level appears to be -110 dBM for simf]ar } ‘
test conditions. | v' | |
Refer: 1) .Fleetsat Antenna Systems | N | |
| Speciﬁ'catioﬁ: ~100 dBM at +45 dMB test carriers. .
(Achieved -110 dBM) o S
| ‘ ‘ - 2) 'F]eetéaﬁ Transmitting Filters o
L B ) | | Final Specification: -100 dBM at +45 dBM test carriers.”
(Procurement Spec: =115 dBM) “i B 3 ‘1::_ - . B o
35 SRA-503(V) UHF Fodr_channe1 multicoupler: -~105 dBM  o 2
at +50 dBM test carriers, for production qua]ﬁty"~

tunable filters and combiner..

4.3 Transpohder Third;Order Intermod Margin

The margin inc]udedffqr transpondef third-order intermod

Tevel degradation due to spacecraft coupled sources is 20 dB.

. - - - 4.3 -
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4.4

4.5

Reference: TRW.Trip Report, Para. 3.1(b).
The significant coupled intermod sources in Fleetsatcom

are the solar panels and common-mast antenna equipment.

Space deterioration of intermod levels méy occur with time..

No data is available in support of the concept, and additional -

margin for such deterioration is not included.

Power Back-Off Rate for Intermods

The theoretical power back-off rates for third order

- intermods is 3 dB/dB. Measured third order values generally

.faTJ within a range of 1.5 to 4 dB/dB. A 3 dB/dB rate has '
been measured (SRL) for a high 1inearity 50 ohm high-power -

UHF Intermod Test Bed termination. The assumed conservative:

rate for seventh and higher order products is 1 dB/dB. . -

Two—Tone Product R011Foff Rate

The roll-off rate for intermodu]ation.products of
1ncreasing proauct order cannot be predetermjnéd acéurateTy, _
and must be established from measurements on the individual
passive hardware components and complete traﬁsponder system.

An initial estimate for specifying the tfahsponder'_ \
components is given on Fig. 4-1. The 10 dB rate estimate %or “
lTow odd order products is confirmed by‘FleétSat data and o
SRL test experience. A 5 dB rate for product orders abbvé

seventh is an estimated average rate for initial purposes.
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A 6 dB allowance is included for vector summing of all -
contributions to the transponder system result. _The 20 dB |
margin for transponder system degradatipn due to the space-
craft is allowed to decrease with increasihg prodUct"order
(i.e. number of contributory-sourcés:decreases). _ |

Hughes measurements (Marisat Transponder data) at
thirteenth to twenty-first order products (Fig. 4-2) indicate
a 5'dB per odd-order average rafe at high brderg; and (2.5 dB'
per odd-order minimum rate). The measured data has been
eXtrapoTafed £0 a -50 dBM Tevel estimated for two-tone third
order products. A -50 dBM third-order two-tone 19ve1;
iypifies an assembly produced with horma} manufacturing
control standards but without strict adherence to Tow-intermod-
utation manufactur1ng techn1ques _ |

Test data in support of the estimate is as foi1ows _
1) VHF Intermod Test Bed (150 MHz band) with Noisy Termination;

the RF Circuif is given on Fig. 4-3. Product roll-off rétés
(Fig. 4-4) are 30 dB at third to fifth orders, decreasing to
about 5 dB at ninth to eleventh orders. | ‘
Back-off rates with power are 1.8 dB/dB at th1rd order and
less than 1 dB/dB at eleventh order

- 4.5 -
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2) UHF Biconical Ahtenna (Preliminary"design mode1)'énd feeder;
(Fig. 4-5). Product roll-off rates are typically 10 dB ét_
third to fifth orders. The third order power baékfdff rate |
is approximately 1.7 dB/dB. The plotted data‘iﬁdicates | |
a variation in the third order 5ntermod ieve]s across the

’UHF band for the particular antenna (approk;_14 dB for

three sets of two-tone measurements spread over the bhand.)

4 6 Transponder Tota1 Intermods

SINELAIR

The -total intermod power as a funct1on of a large number ﬁ
of varying amplitude noise-loaded carrjers can be predicted only'
after measurement of the transbonder tranéfer characteristic
nonlinearity cdefficients. |

The determination of the total intermod power fa11ing in

a given receive channel is dependent upon the particular.

transfer chafacteristic and a certain minimum number of noise
loaded signals for which the channel no1se becomes 1ndependent .
of additional input s1gnals

A simu1ation_measurement‘of thedtotal noise on a given -
receive channé] can be performed by app1ying unmodulated -
carriers’ two-at-a~time, then proceéding to-three~at—a—time,
etc. and noting the increése in channel intermod at a worst
case product (i.e. f1+f2+f3_ ..). The tdta1 aVerage app11ed-
power(typica11j)increases with each added‘qarrier. ‘At a
éertain density of prodﬁcts, the channel nqise.inckease flattens

out with additionally applied carriers.
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5.0 'UHF Low Noise Amplifier

The UHF Transponder low noise‘amp1ifier‘1s susceptible
to self generated‘intermodu]ation due to transmitter signals
4 d1rect coupled through the amplifier” 1solat1ng netWOrk ..
| Under two tone conditions, the relationship beuween 1nput
_power levels and self generated third order IM 1eve]s is_a
predictable byAmeans of the intercept point method.
Measured two tone intermodulation performance of a -
Bi-polar transistor input stage 3 dB NF amplifier (AUH- 1018)
is shown in Fig. 5-1. The measured third and fifth order - o
products followed the predicted_behaviour." B
| The predicted intermods for a UHF amplifier having an
. ‘ intercept of +10 dBM is shown in Fig. 5-2. ‘ | |
Transmitter signals at‘the.amplifier-input are"required
to. be attenuated to =68 dBM in order to reduce th1rd order
~intermods at the amp11f1er output to -96 dBM 1eve1 (—138 dB
+42 dB).

® Cosa-




. o | 6.0 Ferrite Isolators

Isolators employed for output circuit impedance matching

_.and for input impedance stabilization of cascaded amplifier-

stages under power level variation produce a high level broad

spectrum intermodulation compared to antenna system passive

hardware generated fntermods. Isolators employed in the‘high-
" power amp]ifiér circuit.previous tb.the 6utput filter will |
produce negligible contributions re1étive to the amplifier -
‘noise Tevel. h : |
Measured déta for a Western Micfowave Mode1‘1~201gLIB .
isolator is included as being rebresentatiVe offVHF/UHF' |
isolator performance. |

Isolator Specifications .

| . o - Frequency Range - 148-174 MHz

|  Bandwidth - % 5 MHz |
Isolatioh (typical) - 25 dB
-Iﬁéertion Loss - 0.5 dB

- VSWR - Under 1.3
Max. ForWard\Power - 100 W

Max. Reverse POWer - 20 W

“I" ‘ | | .~ 6.1 -
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The méasured intermod spectra for two—foné.fest arefshéwn‘;:
in Figs. 6-1 to 6-5 and are summarized ih Fig. 6-6. |
Third order intermodulation levels of four manufacturers®
units tested fall within %10 dB.of the values giveﬁ; f i
The roll-off rate per odd order varies}typfca]1y from"
"5 dB at'+41 dBM dinputs to 7 dB at +33 dBM inputs. Power Back-
off rates varied from approximate]y 1 dB/dB for Tow order |

intermods to 2.5 dB/dB for’higher‘orders.

|

‘ o . : N

| L | . _ o o ‘ ;
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3.0 Power Series Representation of Transfer Characteristic

1 Introduction
| The output spectrum produced by a nonlinear transfer characteristic
zwhose steady-state output varies nonlinearly with a steady—state input,
can be derived by representing the transfer characteristic as a power
series of the input signal, for those cases where the characteristic
'.is representable by a finite series. | | |
Power series expansions based on Maclaurin s and Taylor s theorems
_1have been used extensively in distortion analysis of nonlinear or‘
'variable systems, and the methods are applicable to the analysis of
'the behaviour of nonlinear elements in general, |
. The fundamental assumptions on which the- analySis is- based are .
.;the fnllowing°f | | | | . )
‘l) ‘A single valued input/output characteristic is assumed . ln power
.series form, the €0 (e ) functional relation for a nonlinear elementi |
1S;>l' . : : ; .
"e = a + a,e, + a e2 + ,.,<+ aNeN + . ;g‘ ) ' o :“ fi‘(l7

o 171 271
b}

A\

where eo is the instantaneous output voltage and ei is the lnstantaneous;

input voltage. The output is expressed as a power series function of

Y

.the 1nput which generally consists of a sum of cosine waves at differentj

frequencies. The coefficients a ,lai,'. ._;‘aN are constants for_the_.
polynomial which describes the transfer characteristic, and are.
independent of voltage over the range of the polynomic approximation
The coefflcients are usually determined experimentally, the~number

of terms required depends on the rate of decrease of a, as'n increases,

“emeiam——————
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© 3.0 Power Series Representation of Transfer Characteristic = '»> | _“w

3. 1 Introduction

smerag——m -

The output spectrum produced by a nonlinear transfer characteristic
hose steady—-state output varies nonlinearly‘with a steady«state inputa

can be derived by representing the transfer characteristic as a power .-»”

g series of the input signal, for those cases-where the characteristic

is representable by a finite series.,
Power series expansions based on Maclaurin®s and ?aylorfs~theorems_

have been used extensively in distortion analysis.of nonlineax or -

“variable systems, and the methods are applicable to the analysis of

the‘behaviour of nonlinear elements in general

'The fundamental assumptions on. which ~the analySis is based are”

‘ theffollowingv

1) A single valued input/output characteristic is assumed In'power‘f'

'series form, the eo(ei) functional relation for a'nonlinear element.

'iS,,»' ' ' . ®

L 2. N o <
. e = ao 4 alei + a28i+ s e o & aNe Lt . t . - (l)

-0

-\

where eo is the instantaneous output voltage and e:L is the instantaneous'

~input voltage. The output is expressed as a power series function of

the input which generally consists of a sum of cosine waves at different

:_frequencies. The coefficients a o al,’. ; . aN are constants for the

polynomial which describes the transfer characteristic, and are
independent of voltage over the range of the polynomic approximation.
The coefficlents are usually determined experimentally; the~number

of terms required depends on the rate of decrease of a_ as n increases;

n

i
!

-




1 ” . L ' - co : 10,
[ and on the accuracy required of the approximation.

l" - 2) ‘I‘he nonlinear characteristic of t‘he element is assumed to be .

.independent of frequency ‘over. the working frequency range.

qj 3) For a simplification of the analysis which follows, a pureA
L_ resistance load is assumed;Aand nonlinearity in the phase characteristic
_B N of the transfer.function is-neglected;' | | |
| ﬁl L The transfer function is actually described byigain and phase
_J_ "'shift ( k). characteristics, which produce nonlinear distortion
q‘ | due to vzriation either in 1nput signal amplitude or rrequency.
‘L::. The utility of the power sexies has been limited by the relatively
'[Ep;’f glarge number of’ terms that are often required to accurately represent
£ :a given functiong and secondly by the unwieldy manipulatlon involved in
j -._the expansion and regiouping of" common terms, particularly as the |
& " order of the -expansion and as the number of terms contained within. i
. e increases. '_ . '.fi o Q "..lr f'; .;*' - } l.
‘”Eih- , - Through the use of a general expre551on for the expansion of each
rfr term in the power series, and evaluation of the amplitude and

i . R L :
' ' corresponding rrequency ‘terms by digital computer, the power series'

.&- : approach becomes a reasonably direct method for evaluation of a non~
?:-,-’ linear element output spectrum, No particular restriction need Joc place
E._ o on the number of fundamental terms contained in ei. _7A "}f- .-g'~‘.§
l"h : The expansion of power series function expressing a nonlinear_
transfer characteristic,'for a single~freduency input Voltage;produces'
typically a d.c., term, the fundamental and‘harmonically related - |

frequency terms. All terms are related in amplitude by coefficient

S ~serles which are a function of the input voltage amplitude, and of the

 siciaim— e

|
4

<
=
\

AN
- N AN,



constant  co-efficients which specify a polynomial which suitably

/| I
o

approximates the transfer characteristic. The méthod of harmonic

analysis by successive difference based upon a Taylor Series expansion*

AN 3

is repvresentative of the single~frequency input voltage case;

- o
Fs

~ When the input voltage to the non- ~linear characteristic is

Vaimndd -

- comprised of two or more frequencies simultaneously, the output

‘spectrum contains in general a d,c. term, the fundamentals and

=3

~harmonic frequencies of the fundamentals, and the intermodulation

product frequenCies formed by all pos51ble additive and subtractive

oo B

comoinations of the fundamental frequencies and their harmonics
: A grouoing of the common frequency terms which appear in the power |
& : series expansion of Lhe input voltage, results in a modified power

series function Wthh expresses ‘the output voltage amplitude for

each Fregua component in the outout spectrum. as a function of

'n r
h frequanc

4

the inout voltage and the. constant coefficients of the transfer_\g

) s -jif'

“1charac eristic approx1mating polynomial

o . : |
. u' , The output voltage given by a power series‘expansion of an-
12 input voltage comprising M cosine waves with freqguency wk,

[ S o o o = oo : -

‘* amplitude Ek’ and instantaneous phase N 1ls as follows;

1‘- T : C = o . '+ + E + -

s . nput voltage-ei . cos(wlt el)_ E, cos(wzt _62)

1 + . + E cos(w £+ o) h

i e e s UM TV M’ -

[ i : . :

L . Substitution of e, into (1) gives the

i

output voltage e, = aq + ay {?lcos(mlt f el) +o. ot EMcos(wMt +;e$0}

% Reference- Harmonic Analysis by the'Method‘of'Central_Differences,'

| S I | S

D.C. Espley, Phil. Mag, 1939(28) P, 238

-smeap———————————
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demonstrates the-modifled powet'series amplltude functlons forx

[‘ | o ) | |
: ' ' . .y e PR : .o - ) -
. . o '_.; .

T the output frequency components,
T . t...ere e = E, cos w.t + B, cos w,t and the instantaneous
® 81 7 P €98 By T Fpocos Byb and BN | -
. ‘oh=se of the input is neglected, L
T . . . .-.'.
| 1 2 1 2.3 . .4
- = = = = a
1 %o %t 7 REL T 7 Wt e R
3 4 2.2
ki - X - - oe e
g g BByt 3 yE R v
1 + cos w,t ) a.E 3 a.md s 3 a B B2
Li 1 171 + 4 “371 7 2 “37172
1 5 05 15 _ 3.2 L 15 o A4, ..s
M + 8 aSE] + “Z aSElEZ + sy aSE]_EZ +

[V

' o - + o . +aN{Bcos(wt+sl)+..’.+vEM'cos.'-
q (w t + e ):}
"I‘ .
1 -or in compact form, _ ‘
I ) N | ‘ n
o eo = l E m cos ¢ |
4 Lo I o R )
i . e 1
L '3.2 “wo—~requency Input Voltago ExpanSLon ’
7 o i ; ; The output voltage glven by the expansion of a two—frequency ‘:_
w; . 1nogo vol age as a simple case, and considering only termq B -
HAN | -1
L _lgene; ed for up to the flfth—power of the input voltage, -
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1)

+ cog (Bwl = wz)t{2a4ElE2 *t o0 e

e e
S

' : 1 3, L
'i‘::COS (wl - 3w2)t{2 4E1E2 + > o o : -

-]

: . '3 :
: 1 S
+ cos (3w, + wz)t{2 4E1E + oo o

1 3

2 4E1Ez *oeos oo

+ cos (w + 3w )t{

- o - ‘ S"V32 c
- + cos (3w1, - 2w2)t{8' aSElEZ.'& e o o

+. cogs (2w

N v

, s . 23, -

5 .32 .
.+ gog (3(!) + 2w2)t{ a E1E2 +_o @ o

+ cog (2w, + 3w )t{—s-?:a E

+ 2’8
; §;{” 4. | e ’
+ cos (4wl - wz)t {16 axE.»ISBlE’2 P
"+ cos (w" - 4w, )t 3 aEEY 4

. > l . 2 1.6 172 s o »

+»co’s (4(1)1 +ow, )t 16 35

~ + cos (w + 4w >t{16 aSElEZ -}-... .

+...°- .o ‘ | . o (3)

)
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From. the expansion given by (3), it is noted that each term .
of the power series contributes only to intermodulation products

of order equal to or 1ess than the index of thé expansion. iIna-
general, the nth term contributes only to inLermodulation product

orders of n, n-2, n-4, . ; "to 1 or 0 for n odd or even, respectively
Figure3 1 displays the two frequency expansion case to ordexr 7o

[

General Term ' ' ‘ ' ' ' th "A‘_ . .
A general term* for the expansion of the n~ term in the powexr -

series of (1) is given from a multinomial expansion'of N -

M
E Em cos ¢m
m= 1

]

For an input voltage,

M

°

_ei‘= El-cos wlt + E2 cos wzt +Ao o ,‘f:.

The general term is, _ _ :
. - . » : . n - . .

e = aj (nl cos wyt + E, cos w,t +'°-ff') ’

o n et B .

n 'y .El E2 'Y . * ® -

m 2™ e - ) (B - B e v (LB L

os {@K—ZQ&)wlt + (ﬁ~281)w2tA# SEIEEE }A;. . .(4}t. -
Each of &, ﬁ,‘. . o are zero.or»positive integers such that
0<+ g + e e o = N,
and,

Aﬁﬁl, Bys + + . are zero or positive integers such thatCKl'ﬁffi

-* Reference A Table of Intermodulation Products,-C.A.A."Wass, Journél

of Inst. of Elec, Engrs.{London)Part III P,31l.7an. 1948,
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Cd o eed

%5 the output voltage from the n

8,28

taking all values of <X,

reguirements,

A
—.n

LY~}
-—a

2

4

. Equation (4) generates all terms which contribute

th

term in the power'seriesvby

B/ « «1%y, Bys + . . Which satisfy the

The exception noted to the rule is for caseé where

cosine argument 1s zero, when the correct value is one-half .

value given by Eqn

(S)o'

For example, when n = 2, ‘the expansion of (El.cos wlt + E2

e'-vvency terms for&+ B = 2, °\/1_._ ., and [3.._,., Ec '
2 R

04: . 0(1 . Bl

0 2 0 0

0 2 .0 L

2 o o, S0

2 o L o

produces the followxr:z:1 sets of c(ﬁ B, Q{l’ Bl‘ and corresponding

The complete expan sion for thio particular term in the power

zerx ies is as an examo]e,

25 {2

(e

Zin

1.2
Ey

+

1
5 E

2

5 cos 2wyt

2

Ly

cos 2w .t + E E

2 .

J

-

cos w?t)
~_Freguency Tefm'
20,
0
szl'.
0
5 Cos
2
%

N



p—|

Frtmesnat

) s

o

.3w

- 20

. 3w

) S—

| A— ‘

'4w
3w
2w

N st et et st

2w

4w

N NN

'Sw

4w
3w

=

2w

4o
5w

.7(»

6w
5w
4w
4w
5w
6w

Tw

O

N

NNN

o+ o+

N N

i

R

g
NN

N
ge
L N

2w
3w
3w
20

wy

N NN

+ + o+
N
g

— — —
C— P |
- — O
. ‘ .
| -
l \ Cm—— M#
. ‘
— H |
. » l ’ I ——
N, — e e c— —— — — — e——
! : |
—— A—— }i — - e,
D .
i — T
P e
‘ o |
T . ) ‘
8 o s
R " — —— |
1 i
—_— e e e — e i L (RS SRV
PN . R, '
; i ' g w0
i . N Lo *
} § e
"i o PRS- : '
5 Lo S
N o H [N
! [ .
i — .
oo ——— PR
. 4
e et mvemas eeemean ’ ) |
B s S S - S SR N
: : ——— . cr—
. - H |
l b
. . E s
. IR
. : ) R
o R— —
. . 1
S — N
—— — . ——  —— .- . i . H
- : i jome— e oo e———
t . S { 4
e ' VL — - N 7 emeeroa |
: I -
i . )
Cr— T c——
. . !
Eo o L
: ' i
. . 3 - tT N T ——
| ] ‘
' ! s
: [ [ IO
H i 1
: — Ve
= e = e ot - IR .j - i : '
- . ! P AR
! oo
B ; H z ’
i ! [ — b e
o 1 R [ i
1 . 3 i - )
} : oo ' .
' : R—
; f i i
i i 1—
L ’ .
: H
, —r .
S e e e e} el s e et e e -
t N i ——r———
; .
B ' :
i f 4 '
' [ H ————
. § : ‘
. H —
: ) t
i j P
| b
- — — ) ‘ '
) ] R § —
l | l l
. .. . i
Fig.3 —i | ‘ o
B -t r ' ) ange——



Loworapo oo g

A, are. applied to the non-linear characterisﬁic is*given in _>
-published literature * for n up to and- including 15

Reference

.Calculation of Nonlinear Dlstortion Products,'

vol. 115, No 7, July 1968 -

jserles function of the type,

93, -

3.7 Amplitude of Carrier and Third and Fifth-Order Intermodulation

Preducts,Power Series for m-Carrier Freqﬁency Input Signal

The amplitude power series generated by the general term(4);

for the case in which m carrier frequencles, all of equal amplitude

R.G. Medhurst R.A. Harris, Proc‘ IEE,_:*"

~The transfer characteristic Was exnressed by an odd—order poﬁer*~

o ' 3 5
‘eo~a191+a3ei+asei+.-..‘

s

In the'following tabulated series, kn = en Aég if “ggl' 4 E '

f.

»The result is similar to that given herein for the expansion?~~

of Equation‘(l) since only odd values of fndex contribute to |

the frequency terms tabulated.
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o [_. =1

P
| S

B

3

|

1

vt

. Carricr ontput

ky 4 {0-75 -+ U-5(m -- I)}L, +{0-62 + 5 62(m - I)
32750 -~ D) (m — kg . .
+ {0-55 + 18:59(:nn — 1) 4 39-38(mt — V)1 — 2)
4 13 12m —~ 1)Ym = 2)(m - 3)}ky ot
+ {0°49 + 61-52(m — 1) + 319-92(m — 1)}{(m — 2)
4 295-310m = )Yt — 2)(in — 3) L
+ 59-06(m — 1)(m — 2)(m — 3)(m — AMNky ‘
4 (0-45 4+ 207-99(¢n — 1y -+ 2436+33(m —- l)(m - 2)
+ 4737+30(m — 1)(m — 2)(m — 3)
+ 2436-33(m — 1)(m — 2Xm — 3)(m — 4)
+ 324-84(m — 1)t — )t — 3)(m - 4)(m — Sk
+ {O 42 .} 718- 49(m — 1) 4 18331-79(m )(m -~ 2)
4 67743:46(m — 1)(m — 2)(m — 3)
4--67743-46(rm — 1)(m — 2)(n — 3} m =~ 4)
+ 22170-59(m — D)(m — 2)(m — 3)(m — 4)(in —~ 5)
o 211 -48(m—1)(m—2)(n— Nm—A)(n— ) (m—6)}ky3
+ {0-39 +- 2527-03(m — 1) + 138720 12(m — 1Ym —2)
+ 927315-55(n — 1)(m — 2(mn — 3)
+ 1408755-98(m — 1)(m — 2)(m — 3)(m — 4)
+ 979200-88(m — 1300 — )(m — 3)m — A(m — 5)
+ 221703 - 88(m— 1)(m—2)(im— 3 (m—A)(in— 5)(m—
4 15836-13(m — I)(m — ) — 3)}(m — 4)
(m - 5}im — 6)(m - 7)}}:, 5
H+hH+ f,-products
1:5ky 4 {11°25 4 7-50n — 3)}ks + {7875 ,
+ xﬂ7-°z(;~ —= 3+ 39:380m — 3N(m ~ A}k, -
+ {56109 + 1988-44(m — 3) 4 1417-50(n — 3)(m - 4)
+ 236-25(m — 3)(m — H(m — S)ke -

+ {4101-15 -} 26867-28{m — 3) 4 36409- 57(m — 3)(m —-'4) .

+ 14617-97(m — 3)(m — 4)}m — 5) . .

+ 1624-22(m — 3)(rmt — &)m — S)(m —6Vky
+ {30669-31 + 356632-50(m — 3)

-} B28757-62(rn — 3)(m — 4) :

4 607051-76(m — 3)(m — &(m'=~ 5 . ™~

+ 158361-33(m — 3)(m — 4)(m — 5)(m — €)

+ 12668-9102 ~ 3Xm — A)m — S)m — &)t — Nikyy

+ {233780-91 + 4734035-95(m"-- 3) -
-+ 17918298-350n — 3)(m — 4)
+ 21477755 13(m = 3¥m — D(n — 5)
+9930574-95(r1 — 3)(m — ) — S)(mn — 6)
4 1829073-34(m — 3)(m ~ 4)(on — S)(in — €)m — 7)
+ 110852-93(n — 3)(m — 4)on — 5)m — 6) '
_ m — T — B)}kys .

- SINCLAIR
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[

2

2fy & fr products

0-75k; + {3-12 + 3-75(n — 2)}1:,

+ {1148 + 42-66(m — 2) + 19-69(m — 2)(m — 3)}/(7 )

+ {41-34 + 374. 06(m — 2) + 472-50(m — 2}(m — 3)
+ 118- !Z(m ~ 2Xm ~ 3I}m — A)}ky -
+ {148 89 + 3043-150n — 2) -+ 8053 47(m - 2t — 3)
+.5143- 36(m — 2){m — 3)(me — 4) :
+ 812 11(mm — 2Y(n — 3)fm — d)(m — Nk

+ {535-18 -+ 24202-89(m — 2) + 121586-31(m — 2)(m ~3)

-+ 150443-26(m — 2)(m — 3IXm —~
-+ 38065- 82(m — 2Xm — 3)(m — &) — 5)
+ 6334-45(n1 — 2)(m — 3)(m — 4)m — S¥(m — 6)}!:,;
+ {1965-77 + 191776-67(m — 2)
+ !7456’5_ T2n — 2¥m —-3)
+-3759761-86(m — 2)(m — 3)m — 4)
.+ 2678945-80(m — 2)(un — 3¥m — 4)0on — 5)
.+ 692830-81(m — 2)(rt — 3)(m = D — 5} — 6)
+ 55426-46(m — 2Xme — 3w — 4)on — S)
. (m — 6)(m - 7)}k,, -
1f, + 2/, products . e

0- 6”%, + {3-83 4 6- SG(m - 2)‘A7 -+ {17-72 .
"+ 98-44(m — 2) + 59-06(m — 2z - 3)};:,

+ {74-44 + 1051- 23(m — 2) + 1759-57(m — 2)(m — 3)
<+ 541 41 (1 — ")(m — 3)(m — D}ky,

+ {299-54 + 9926-91(m — 2) 4 35455- 34(m - 2)(m —3)

+ 28153-120n — 2){m — 3)(m — 4)
+ 5278-71(m ~ 2)(m — 3)un — 4¥m — 5}k,

+ {1179-46 + 88742-83(n — 2) -
+ 612385-45(m — 2)(m — 3) . P
+ 951487-65(m — 2)(m — 3)om — 4) -
+ 438792-850n — 2)(m — 3)(m — 4)m — )

+ 55426-46(m — 2)(m — 3X(m — 4)}m — S)m — 6)}kys
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- . Ynput per channel at the receiving terminal.

SUT\H\IARY

The problem of the distortion noise generated by a sxgua.l in 1ts
transmiséion through one or more non-linear devices is analysed..

“This subject has become of increasing importanse in connection wnh

the development of the transmission of different types of signals on a.

multi-channel basis through a common network, e.g. modulator -
.amplifier or transmitter. ‘The provision cf such networks is now of .

frequent occurrence, and in order that economic and satisfactory -
designs may be.obtained it is essential to be able to determine precisely -
the cffect of non-Hnearity and also the limiting linearity requirements, *
preferably in a form which can be readily comprehended and applied
by designers.

cation to any type of‘ complex signal (e.g. speech music, television, -
voice-drequency telegraphy or thermal noise) covering any frequency.:.

" . band or frequency allocation, The results are presemed to the de-

signer in the form of the limiting levels of the various harmonics of a
single tone, which levels must not be exceeded if the noise powet, from

" the non-linear device in any specified frequency band is not to exceed
The differences in the linearity requirements -

a predetermined value.
of a single amplifier and of a repeatered system are demonstrated. -
Provided the inputfoutput characteristic of the network can be ex-

* pressed as a single-valued power series independent of the frequency -~
‘in the working band; the results obtained should cover with adequate ’
. accuracy the design of all types of transmission systems,, k

- ' (1) INTRODUCTION -7 ** .
Most of the fundamental requxrements govemmg the desxgn
of networks for the transmission of electrical signals} with

T minimum distortion are now fairly well established. The desxgn .
information, however, for calculating intermodulation and har- -

monic noise caused by interaction between the various signals,’
or between the various frequency components of a single sanal
tmversmg a network having a non-linear mput/output charac-

- teristic, is very unsatisfactory. Previous contributions to'the -

Sp'ccnhzcd case of multi-channel telephone transmission through
wide-band amplifiers have been made by two authors,> 3 but

- tven such results are Vexy complcx and are unsmted to general

design applications. ~
The necessity for a more perfect understardmg of the be-

.- haviour, limitations and requirements of non-lingar systems has’

.m:cn from the modern development of the simultaneous ampli-
fication of 4 number of signal channels by one common amplifier, -
€.¢. wide-band coaxial-cable telephone systems and high-power - :

*ide-bund-modulator amplifiers. The whole design and €cono-
™ivs of a transmission system are based on the permissible noise
It is the contribu-
tion due to intermodulation and harmonic noise that has so far
Proved very difficult to assess smcc, unlike thermal noise, it is

_“Uependent on the speech volume in each channel, the frequency
“tand, the actual frequencies, and the output levels. The magni-

Wde of this nojse can be progressively decreased by the applica-
:mn of negative feedback, but, although in theory it is possible
O Improve the non-linearity of an amplifier to an cnormous

* Radjo Scction paper, -

The problem has been considered to be very complex, <
and existing literature is both scanty and involved. This paper pre- -
_ scnts'a simple solution, whichis capable, in general, of immediate apphe

" necessary to meet linearity reguirements is more than sufficient .

extent by the app]xcat;on of feedback, it is usu'ﬂly unecononucai
in practice to desxgn for a higher degree of linearity than will
“ensure that the noise contribution due to intermodulation will

. not unduly increase the noise power due to other sources. This

- statement” becomes of increasing .importance - as the hlghest
workmg frequency increases. = - -

It is therefore necessary in most hxgh-frequency amphﬁers to -

be able to fix, at an carly stage in the desxgn, the degree of
linearity required. When this requirement is determined it is.~

_readily possible, from consideration of the output valve and oute . ;f_‘

. put coupling, to arrive at the amount of feedback necessary to-

".obtain this degree of linearity, and hence a satisfactory freedom °

- from distortion. The application of feedback improves other
-characteristics of the. repeater, e.g. flatness. of gam/frequency

. charactenstnc and stability against supply voltage variations, but .

in practice’it is usually found that the amowst of feedback.

- to meet specification limits for these other characteristics. -
* Similar design and economic problems arise in the desxan of

" high-power modulators, transenitiers and receivers nsed in multic -

channel radio circuits.

Also, in the Jast few years it fhas Become increasingly necessary <

1o obtain concise information an the linearity requirements of
~ amplifiers, in order that 2 systems composcd of a chain of such -
amplifiers shall realize the predeciermined noise linits in serwce~
vathout e\cesswe and unecon esic: factors of safeﬁ;;, R

| (2.1) List of Symbols e :

= pumber of simultanecus. tones on thc systizm. -, .
N = to1a} number of chamejs in the system.’

f}, [> = Yowest and highest freguencies of workig; band c[s.

I, = rth harmonic output p-ower mw) prea&.lced by that
“sinusoidal input which mw.s a ﬂmdz:m#ntal output
.tone of I mW.

Iy== tota? reh-order distortien powex (m\V)

P = total fandamental pm\c—'r output (mW) {irom the non- ; K

_ fimear network. i o
R = mxmb r of repcater*tahons in the system. ’ _-= R

The unft of power adopteél is Jmmaterm] pruvxded 1, Ty ancL.
Pazc ,..ezc-med in the same %aits, e

(2.2) Basic Assumptxons

The fundamental assumptions on which the analysis has been.
based. are as follows:— .. - “h
(@) The treatment assumes a siqgle-valu‘c[’i input/output:

 NON-LINEAR DISTORTION "IN TRANSMISSION SYSTEMS* BRI
By R. A BROCKBANK Ph D., B. Sc.,T and C. A. A. WASS B Sc., Assocxaie Membcrs:i’ .- .
(The paper stﬁrst recezved 10tlx December 1943 and in rensed farm 21st Dccember, 1944) o R

charactcristic such as is obtained with valves and rectifiers where: . -

the transit time is nealigible
" by the following power series:—

—av+bv2+cva+ «ole P ¢
Where Vis the output voltage » the mput voltage, and a, b,

Thc relatlon canf.hen be e\pressed

. € . . .are constants.

t l'lul:l Office Engineering Radio Statlon. e intell ; ' . (b) The non-linear characteristic of the amphﬁcr is mdc.pcndcnt
by : ussumed here and throughout this analysis that the intelligence Is conveyed ,
Y umplitude variation and not by frequency- or phase-modulated Signals. . of frequency over the Worl\mg band. . S o

-~
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" . the analysis, but the treatment is applicable to any network
. whlch conforms substantially to these assumpuons

(2 3) Distertion Power Produced by 12 Tones o[ Equai Powers

If the nput signal to the amplifier consists of # tones, such .

that the fundamental output powers are all equal, the output
signal will contain, in addition, a number of harmonics and
intermadulation products. The numbers and relative powers of
the mest meortant of these are calculated in Appendices 9.1
and 9.2 and are shown in Table 1. It is evident that the pro-

The dls(orung device is referrcd to as an amphﬁer throughout

: 4rzP2 = 412{n products of form pJc + In(n — 1)'products oF

Thus (3) assumes the contribution due to the harmomc powcr tol

Thls result is slightly in error, smce producls of lhc type p
have been treated as p, . p, products, " Strictly,

form 2pxpy
{n products of form 4p}, —{-— n(n — 1) products of-
. form 4p,.p, 3
whereas the total d:stomon (see Appendix 9.1) is equal to

_ tz{n products of form p2 + n(n — 1) products pf form 417‘\‘1)]}

portzon of the dxstortlon contnbuted by the harmorucs xs rela-

be four nmes too large.

R AL “Fable 1 B T SR e
v E o CHARACTERISTICS OF DISTORTION PropUCTS . SR e e
+7 . S . o . PO:(”%l'uIégr . Total power per type of product when # is equal to—
’ Order Type of product Number of products E rotarive to : .
e L. T T .hsaaﬁ.‘f‘:’",’éﬁe"f 3 10 30 100
L0 24 . P 1. 3 oL 10 ) 30 | 100
2nd ﬁjg} wr— 1) ; 4 2% | 360 3430 |. 40000
34 n . 3 b1 30 " 100
~ 24+ B S I K B RCIE R B o
o iy e~ 1y s b1 | 1seso | 1000
- Bl'd{“ A"‘ZB 3.0 - L o R .. ) .
SR A+B+C) LN SR IS SO B AT R
4rize Jaln~Da—2 | 144 0| 17280 | 585000 | 23 x 106
- A—-B=C o B N R R .
R R 24+ BLC 2 — D —2) |- . e T 207500 7 %106
N T A2BLCED. &n(n-—])(n-—-Z)-—’" - o} 968000 |.126 X 106
B . : e @=3) - T :
SR 2ZA 8L CLD §n(n(—- 1)(;: - 2) 24 x 106 3x 108
o U sth ' . -1 .
™l 4xBrceDaE 1—;n(n-—~1)(n—2) , Tl ssx 108 | 33 x 109
) . L (,,._ 3 —4) . : M & S :

" ais not small, the only important type of product in each order
1sofb1eformA:tB:{: C;{; .

(2 4) ])stortxon Power Produced by n Tones of Uncontrolled
- : Powers

(2 4.1) Second-Order Distortion.

." If the input signal is such that the output powers are not

€qual, but have values py, p, . . . Py « Drr + <« Py then the

distortion power -in each (4 - B) and each (4 — B) product.

~ will be-of the form 4rlpqp,, and the total second order dlS-
. tortJon power will be .

. . . TZ'-% 8. ’22 qupr - -‘0(2)

~

g=1 r=° - Sl

The fracnon '3 is necessary since otherwise _pq P and p,.. pq'

would both be counted.
Expaading (2),

Iy= 4’2(P1+P2+P3+- . -17")2 o
‘.-—-4f2P2 AT L I N — (3)
where Pis the total output power.

tively smail, even when n is 2, and becomes quite negligible .- -
when »n is greater than, say 10. It is also'shown that, provided .

If the largest fundamental output tone has a power A'times
that of the smallest, and if the total power _output is P, it can
_be shown that the maximum error due to using (3) occurs when
‘one of the fundamental tones has a power AP/(n -+ A — 1) and
the remaining (# — 1) tones each have a power P/(n A= 1.
. The magnitude of the error for this most unfavourable distribu-

. tion is shown in Table 2 for various values of n and A. The

: .- Table 2
ERROR DUE 'ro ASSUMING THAT THE TOTAL SECO\D ORDER '
. DIsTORTION 1S Grvzxx BY 41,P?

- _ Maximur error for value of & equal to Error for
Value of - - “*normal”
. - g 10 .. 20 £00 distribution
I R a | @b © ab b
3 412 +2-0 4 42 + 56 + 20
10 2} 403 4+ 1-1 + 2-0 -+ 43 406
. 30 + 0-1 -+ 0-3 -+ 06 426 + 02
100" 4+ 0-0 -4 00 + 0-0 409 § 4+ 00

last column of the Table shows the error for power levels dis-
tributed approximately accordmg to a “normal’? spcech-volume
probablhty. L o - .

VPN AT
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In all cases the true dxstortxon is less than that calculated from .

A1, P2 ‘
The somewhat surprising result is thercfore obtamed that tt the

BROCKBANK. AND WASS: NON-LINEAR DISTORTIO‘\! IN TRAI\S\IISSIO"I SYSTEMS

. .

_Table 3

ERROR Dus TO Assmmzs THAT THE TOTAL THRD-ORDER. - .

stnummon 15 GIVEN BY-241,P3

total 2nd-order distortion power produccd by a number of . .
toncs # of tota) power P, provided # is reasonably large, is inde- Maximum ervor for value of 2 equal to - ror
pendent of 7 and of the relative value of the power of each tone | vawse of E{{,ﬁfn,‘,’ﬁ
“and dppcnds only on the square of the total power P. _ 1 T 10 . 100 1000 - |distribution}
(2.4.2) Third-Order Distortion. S N X @ R R D 5
Following the same ‘method of analysis the total thxrd-order 3. + 4.0 +871 | +130 |"+140 | +53 -
: d:stomon 1s given by - 10 4+ 10 4 1-0 *+10-0 |- 4 313-0 4 17 g
a0 | Fod | Toe-| T35 |40 | H04
o . -1 . 2.1 % . 3 01
» TE—‘% 4.36. t3 E z; sz-: Pan‘:’s N 50 | 400 +00-| + 03 | + 20 | 400 .
o =241, P3 -, ?° e e el T e o (B e  tin
‘and the total dxstomon powcr due to all ordcrs can thus bc

. This result is also shghtly in error because products of the
‘form p3 and p2p, have been treated Iike products of the form
* FxPyp:. The maximum possible error, and the error for “normal®

Aspcvch distribution of powers, are given in Table3. - . - .

In all cases the true distortion is Jess than 247,P3,

Vmiten’ . e

" The total, 3rd-order distortion power is therefore dependent - L
*.- only on the cube of the total fundamental power P, provxded the.

T T2+T3+T4+...T Rl
; "4{2P2+74Y3P3"r 1921'4P4+ « e = 2’"‘]“ t,Pr

(2.5) DlStl‘lbllflOﬂ of Dlstortxon Power ';5‘—"'- PR

" 1t is now necessary. to determine what proportion of the total

* number n of component tones is reasonably large.

- {2.4.3) Higher-Order Distortion. .

- Extending the method to orders hxgher than the third, it can -

distortion power due to each order falls within the band, and .

_ how this distortion power is distributed over the wasking band, =" -
When n is reasonably large -(Section 3.2) only the distoytipn'

powers produced by products of thetype 4 - B+ C2 ... are -

-

be shown that the rth order distortion power is xven b N
. P g 4 . of importance. As explained later in Section 3.4, thegwoducts of -
T = 2.'-ir'r,.l"= ) o a. o (5) thns type are dxvnded into twe Groups—-Group 1 cmsastmg of
T o S
. stmzaunon OF NOISE POWERS or ALL ORDERS
. . Group 1 products t Group2pzzv3m:ts.." -
" Orderr N Distribution c;ver'band P son y of T in oo . .
. . _Proportion ¥ of T, in max. power - roportion y of 7, in . “No powet oser-postion o(" * No power inbindif - |
) w?kag‘ band . m ?‘0}:‘1‘/32‘;?‘;5 if band xl‘f_Lf,j<‘1L B Lelh §: e
2 " * zero - 0-75(a) 3 il .'. 2
3 . 0-5() . 1-50 ° 0-16 (b) T 3
4 © zero cem L - 0:60 () 5l3_~. S PR 3P7 S
s 0-34 (d) - i-31 0-21 (d) LT L
6 2810 — 0-51 «715 . 4;81 -
.7 : 0-26 1-22 -0-22 - S5 5B -
pJodd . (e) N (2) .+ ..)[:\r - 2‘} (r + 3)[(( — 1)
even zero e (@) r = f) "{v' == 1) : o+ -
References:— - S oo AN .
: =2t pr T - S -
(@) to(d) SeeFigs. 1104, respectively, . — .- il e e ’ ' )
' : . T —ar ) . —<\r o T .
- e -ty CED Y D DO ol s
(&= ‘ - ' ‘
. ) . . (2,.,..))(1"— 1) ( r- 1)! - -
. ' T e T S
rr"" —-r(r—zy'"’i +£(£_1_)Q__.£2___ tol _+_1. terms . e
(f) _ R - — : - W v - . .-._',.:
(r+l)”"‘—-r(r-l)"' &‘:—l-)%%:i)"—- .. to’:¥;—lt6nns AT
1 2 UL R
@ =" gy 2oy — e+ ot + ey - e 4 ney + ‘51“—‘—”—“1 g S
4 rt2 2! 31 . . e -
. to 3¢ — 1) terms when ris odd - ‘ .
to 4r terms when r s even
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where B = (fe—Fdcfs 70 71

/
(/s
\\\\

T°

Fxg. ——sttnbutmn of 3rd- order dxstortxon power ina system “ orkm'e
: between frequencies f; and f>.

Thud-order dxstomon power falling m a parrow band b¢fs wxde at tmd-frcquenc)
fc s T .
e o -E.y (24f;P3)
where B = = (f2 nels - ',‘
7 / b

o= -
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_Fig. 3.—sttnbutlon of 4th-order distortion power in a system workmg * Fig. 4 —Distribution of 5th-order distortion powerina ssrstcm' waorking
between frequencies f} and /2. . between frequencies f and f2.

‘Fourth-order distortion power falling in a narrow band b.¢/s wide at mid-frequency Fifth-order distortion power falling i a parrow band b cfs wide at mld- frcqucnm
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distortion products which add on a voltage basis at successive
repeaters, and Group 2 in which the addition is normally on a
- power basis. The method of determining the frequency distri~
bution is indicated briefly in Appendix 9.4 for products of all
orders. The results are collected together in Table 4 and
- Figs. 1-4. 'The most 1mportant conclusions can. be summarized
~-as follows:— T
(a) The distributions are in all cases mdependeut of the actual

C e e

frequencies, but may depend on the value of the frequency ratio

1 ' . ey e— . R B
(b) ‘Group 1 Products—~The distribution is independent of the
- ratio foffy and is fairly uniform over the working band for the
third order, becoming sull more umform for higher orders (see_
Figs.2and 4). . - :
(¢) Group 2 .Products —The dlstrxbunon depends on the ratxo
 f3lfs- There is a value of f2/f; for each order below which no
Group.2 products appear in the band. Between this value and

o a hxgher va]ue of lefi, Group 2 products appear in only a portxon :

Fundamental power .

7 BROCKBANK AND WASS' I\ON-LII\EAR DISTORTION IN TRANSMNISSION - SYSTEMS

. obtained from Table-4. These values -Are an average over the - -
_workmg band, and the accuracy in assuming an a\'eragc value -
s adequate for prachcal purposw. ’

-+ assumes that the fundamental wave consists of a large number of
* tones uniformly distributed over the workiog band, at Jeast on a-'-

_tion from a umforrn fuudamental dlstnbutlon, .

an ox‘dex° dxstortlon powar

8y

‘to” Group 1 products is 0-50 and to Group products 0-18,
The total 3rd-order distortion power: m Uus parlxcular 4-kcls N
b:md 1is therefore s T

4 - ~
b/B.y. 41‘3P3 ‘ ET 106(0 50 + 0- 18) 2413}’3 = 0 017I3P3 (

"For 6th and hlgher~order dxstomoas th'e“ira]ues of 3 canl bc

ot

- (2.6) Non‘Umform sttnbutlon -of the. Fundamental Toneg -
. The distribution of the distortion power derived in Section 2.5 -

long-time basis.” This condition may not always obtain-in - *
practice; so that it is desirable to determine the cfiect of a dcv:a= s

3r~d -order dlstor'tlon power—."-_

(=]
o~

12 4 6 4
f/ﬁ ) S '. v s

Fig.

of ﬁlo W or}\mg band, and above this }u;,her value off;]fl, Group 2
products appear over the whole working band. The highest
density of Group 2 products always occurs at the lowest fre-
quency in the band, and it is greatest when f5Jf; is infinity.

Figs. 1-4 contain all the information necessary to determine
the magnitude of the 2nd, 3rd, 4th and 5th-order distortion
powers which will fall in any particular band of width bcfs
located at-a mid-frequency of fcfs, provided the fundamental
;COnlponents of the complex wave arc.uniformly distributed

over the working band. For cxamp]e,_ to determine ‘the .
drd-order distortion: power in a band 4kc/s wide located at -

1 Mcfs when the working band of the complex wave extends

. from 0-2 to 4 Mc/s ‘we have, from Fig. 2, B = (4 — 0-2)106
i 3'8.1()5;0::f g 2— 0-21, whcnce the proportion y due
VoL, 92, Parr NIL T 1T s e

& -
5.—Distribution of an- and 3rd- order dxstomon powers 'with non-uniform fundameutal dlsar’bhdons The total fun:hmmtal power is
. : the same in each case. ' . . . .

2 N e T T - l . ] T i I~Group 1 products
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In Fig. 5 is showu a comparicon between a \uu‘"('m dxstnbutxon ‘
of the fundamental power over the working band and four non- - .. =

_uniform distributions eacis having the same total power as the -
uniform distribution,

-1t will be observed that, although the ---
non-uniform distributions are much more marked than would -
occur on, say, a wide-band speech system, the peak noise power

in the band, for which the system has usually to be designed, - -
does not vary greatly between the d:ﬁ‘ercm oxstnbutxons.. e

(3) PRACTICAL APPLICATION -0
(3.1 Po“er/Txme Relation : _
The methods uscd in the previous Sections "to C'ﬂculate the - .
distortion power ‘assume implicitly that a stcady-state condition L
exists for the fundamental tones. The mecasurement or calcyla-
tion of thc mstant'mcous fundamenhl power will gwe a value
RRE RIS R 4

- .o .o.,. e

o h - oo
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50 BROCKBANK AND WASS:
whichi cannot be correlated with the average or long-time power,
and similarly the instantaneous -distortion power will not be
related to the average or long-time distortion power, It is the
average power that is of concern in this analysis, and this cannot

~ beé obtained accurately unless the time period under considera

tion is several times the pericdic time of the lowest frequency
in the workiag band; e.g. with an amplifier covering the fi2-
.quency bard 60-3 000 kc/s the average fundamental and Jis-

" tortion powers can be measured and calculated with accu-acy

only over a minimum time interval of about 50 microsec with
steady-state conditions. For most practical purposes this nme
mterval can be considerzd as mstantaneous.

(3.2) Effect of Tgpe of Swnal .
" The intelligence that can be conveyed by a’ smole—frc‘ouency
tone is strictly limited, and in all accepted methods of telecom-

munication the effective band is used for some iype of complex .
_+ 'signal, e.g. speech, music, and voice-frequency te{earaphy It =
. ~follows that 2 will be larze even for a compizx weve in a single

channel, and extremely lcege for the resultant wave in any multi-

; channel- system. The omzrestriction to tie vse of equation (6),
. le. thaitn should be largs is thus complaiely removed, and this
" expressipn for the total ditstortion powar can beemmployed without

reserve for all types of sya:cms.

. (3.3) Dete,mmatmn of Value wf P . -
The appropriate valwe of P to substitute in eqgn. (6) wxll

- dependl on the system resquirements and the economical defrree -

of safety. The followin, vmethods of deternzmnfr P wdl cover

- most practical cases. o

(@) Ntasure the peak walue of the fundame’xtal power at the

. output «f the amplifier oria typical system This is a compara-~
- tively smple method and quite safe since it
. average distortion noise s well below the raicuiated maximum

will ensure that the

noise, This method may, however, be unnecessarily severs and
u'npose uneconomical comditions on the designer. »

() Determine experimemtally or theoretically the power/pro»
bab;hty function for the signal. The value of P to give a pre-

- ‘determmed_ peak or averags noise power can. then be evaluated. ¢
(¢) ¥or speech, adopt the value of P taken from Fig. 6, curve 2.

“This re&rs to peak.values and may be unnecessanly severe.

(d) For speech adopt the value of P given in Fig. 6, curve 3.
~ This wiH give a value of J* for determmmg thb average noise
power «ering the busy hour.

The method of assessment of speech power given in (b), (c)

T and (d '} above is referred to briefly in Appcndu: 9.5.

It muat be noted that the values of P in Appendix 9.5 and in_
. Fig. 6 relate to an amplifier with an output channel level equal. .
‘to the sending switchboard Jevel. * If the output level from the
‘amplifier is not equal to the sthchboard level the value of P
must be modified accordingly; for example, .

NON-LINEAR DISTORTION IN 'I'RA‘.‘\'SMISSIO.\' SYSTEMS

“at zero frequency is zero or a multiple of 27 radians.

‘ total channel spacing, the total output noise power per channg

_ supervisory purposss,

. variation in valves, output levels. and speech powers.

R TR

" Group 1. A product is said to be a Group 1 product if
number of frequency components prefixed by a plus sign exceg
by + 1 or — 1 the number of frequency componcnts prefixg
by a minus sign, and the product frequency is posmve in
former case and negative in the latter case.

Group 2. All other products are inchided in this group

Examples: 60 + 300 — 200 = 160 is a Group 1 product
but 60 4 300 — 500 = — 140 is a Group 2 product

In an amplifier system with a lincar phase/frequency churag
teristic over the working band, Group 1 products add at syq
cessive amplifiers ‘on a voltage basis, i.e. their distortion wavg
forms coincide. Group 2 products can add on a voltage bas
only if, in addition to the linear phase/frequency characteristi
over the working band, the phase intercept of this characteristj

'.h‘- : »I (. 5) Eﬁ'cctxve Channel Noxse
Since the effective channel working band must be less (han th

will also take into account the relative aural unportance of th
noijse powers throughout the channel, and it can be shown fro
the standard C.C.LF.5 psophometric weighting curve that th
values of K are approximately 0-32, 0-40 and 0-50 for speec
channels of 5, 4'and 3 kcls spacing, respectxvcly..

spacing must be multxphed by a factor K. For speech this ﬁcl]

© (3.6) Pilot and Rmnmo Tones

) Telephone systems generally employ some type of ~voice
frequency signalling for setting-up calls, aad -pilot tones for‘
it It is usually satisfactory to increase Pt
cover the total speech power plus signalling power. .-
(3.2 I‘actor of Safety . .

The actual errors involved in the theorstical analysxs are qmali
compared with the discrepancies that will arise in practice, e.g‘
The
allocation of an adcquate factor of safety will depend on the
circuit design and the system conditions and requirements,

(3.8) Testing of Overall Systems .
A problem which has existed hitherto has been the specification
for an overall test that will adequately and accurately deter-
. mine whether the linearity of a system is sufficient to carry the

-ultimate busy traffic conditions for which the system is designed
- It is usually not a practical proposition to attempt to Joad :

multi-channel system with the numbers of talkers and corre-
"sponding levels that wouild obtain in service. The preceding
analysis indicates, however, how simple tests can ‘be devised ¢

. determine the noise characteristics of a system. For example, tc
. .. . ) N

L ew

"if the output level of each channel is 3 25 ) T-H
— 13 db ielative to the sending switch- « ¢ 20 [ ‘ | [H H ) ] . g . L]
board, the value of P will be 13 db below = £z . | Curve(t) 1% probability (American) | | 1 LtLlb—"1 o
that detemuned from Fig. 6. BE 5L - M s ih) =
: - g2 ' T 4 Cl\Jrve(?) ¥ P“°b“b‘hw BoMT L L
(3.4) antage or Power Summation 5210 - — . ! "nL ,—//
It is a peculiarity of a multi-repeater 3 5 1 Cur _M'ﬂ/l -
system that there is a difference in the ,5—]’:1:'/’
behaviour and effect of the different pro- 2 ¢ = | [Curve ) mh prohab\hty (B”t'sm YTy 0
ducts even if they are of the same type * l 5 o 20 - 50 00 200 ~500 100
and order. In Appendix 9.6 the summa- Number of channels. & ;
tion of distortion products in a multi- Fig. 6.—Load-capacity characteristics for systems of N telephone channcls. ot
sm is analyse it i , C . F b d Di Fig.7. Peak limi
‘rcpeater S.yS[LIT! IS E"n‘llys“d and l_t is shown Cﬂg: ((")) Arsm(?)}{:?:lt &t‘gllfc?:d b)l"gnssdblgun auorfxncc \:::F\ data on Brmsh trunk systems.
that all distortion products fall into o of Curve {3). Value of P which will give the same mean, 3rd-order distortion power as is obtained by (2 for th

peak, Computed from Holbrook and Dixon's Fig.
Curvc (4). Corresponds to (2) but for 10 probabxhly Computed from Holbrook ;\nd Dixon's Fig. 9.
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Jetermine the noise power due to 3rd-order Group 1 products, a
source of thermal-agitation noise can be applied to any block of,
say, three consecutive channels and the distortion noise voltage
- measured in an adjacent channel. If the total thermal noise
power output be adjusted to equal the total output power which
would be obtained on the complete system when in service, then if

. per channel on the system when in service will be 4/(3/N) times
t.he noise volt'lgc measured in thé adjacent channel. To deter-
eine the noise power due to 2nd-order distortion the samé test
czn be applied, but the measured power should now be the sum
£, of the individual noise powers occurcing in the six or so

meantal channels.  This measurement will give the total (4 +- B)

* - distortion power and is equal to 2t,P2 The noise power per

channel on the complete system will therefore be 5/B.y. 4!21’2.

i =bfB.y. '7r,,,, where y is obtamed from Fig.1.. - = -
{ o L
. ~'(9) SUMMARIZED DESIGN : :

i The’ general design problem is to determine the outpul dis- -
toction noise power produced in a given band-width or channel

‘; _ lecated at a particular point in the frequency spectrum of a.’

wide-band system. The ' noise power components due.to the
Group 1 and Group 2 products of the different orders should
. te evaluated separately and added to give the total distortion
“+ - . noise at the output of the system. Each noise component can
.~ . beevalnated individually from the following genéral formula,
; '\‘uch can be used up to the hxghest order necessary:—

m—->'TrR>K10-=*Il° PPN )

h s ;i\‘hérél PR -
T.R = noise power at
" duetorth order distortion (Group 1 or Group 2)in a
"\ : -, system of R networks in tandem, -
i .~ b = channel band-width (c/s), . Lo
- Jf = mid-frequency of channel band b (c/s), R
L B = total band-width of system carrying 51gnals (c]s),
P "fz fie: s
. fp="upper frequency of wide band (c/s),. .
o -1+ fy = lower frequency of wide band (c/s),

o=

© - ®-.

in Figs. 1—4 P
A

= proportion factor in Figs, 1-4 and Tab]e4 cols 2and4
_ = rth harmonic output power produced by that smusmda]
i o input to the non-linear network which gwes a fundau
: ' mental output tone of unit power,
total noise power produced by rth order mtermodulanon
in each network, . & -
= 47,P2 for 2nd order, . © - L. .
24t,P3 for 3rd order, . L
2r=1y17 Pr for rth order, . CL
P = total fundamental output power from the non-Imear

network (for speech on trunk liries see Fig.-6, Curve 3),

T

T, =

A = 1 for Group 2 products; "2 for Group 1 products, . .
K = psophometric weighting factor,
= 0-5,0-4 or 0-32 for speech channels w1th 3, 4 or
5 Lc/s channel spacing, respectively,
= output level of channcl band b from each nctwork in
decibels relative to a zero level point, e.g. sending
switchboard level. x is negative for levels below
zero.

" The unj: of power adoptcd t‘hroughout is immaterial, but the
N»nfh\vatt is u‘zually con\cment.

Nis the total number of channels in the system the noise xoltace'

i
4 - channels located at about twice the frequency of the three funda-
'

a zero-level point in & band-width b¢/s

S N e L Ty

. Fig.20=0-5andy

R = numbcr of non-linear networks in tandem in thesystem, -

. 51. : 1)
The value of y.can be obtained accurately from Figs, 1-4 for
.2nd, 3rd, 4th and Sth-order distortion for any location of the = ..
channel b For higher-order distortion the value of y can bs. .. -..
taken with sufﬁment practical accuracy from cols. 2 and 4 of
- Table 4. .-
In certain cases thc derwatxon of the harmomc lxmlts from creen
-eqn. (7) camw be further simplified, e.g. P is usually a function '_'“.' )
of Band may therefore be eliminated as a variable in the equation; ... .. "
also, for a given system many of the factors in the equation are” .'."" (
independent of the harmonic order, so that it is oftén convemcnt !
to relate by simplified expressions all the harmomc limits #; to, EO
say, the 3rd-order Jimit t:;. e PR T e .

(5) EXAMPLES OF APPLICATION . ..

Two examples of the apphcatxon of t}ns ana‘{ysxs are glvcn N
below. B S - . i o

(S 1), Design for a Coaual Cable 'I‘elephone System
It is required to determine the harmonic limits for a W1deeband
repeater to operate nnder the following conditions—= .-
(a) The telephone channels are uniformly dlstnbuted at 4kcls L
spacmg overthe frequency band 60-2 788 ke/s. . - - T
() The average psophomemc total distortion voltage per e
channel during the busy hour is not to exceed 0-6 mV mto i
600 ohms at a zero-level pomt on 2 500-mile system. . 0 . <o T
(c). A 500-mile system consists of four 125-1mh1 wks, each con- N
sisting of 25 repeatered sectmns. RN SEe e
(d) The output level per channel from cach repeaier is — 13 db
relative to the sending swiichboard level,. - - el
The noise: power in the four Links will sum oz a powar basw, e
* so that the noise allowance for each link will be 0-6f4/4 =0-3mV.--- 1" .
From curve 3 in Fig. 6 the zppropn'zte valueef #is +17db . .-
relative to I mW at a zerodevel poiat, ie. sending. switchboard -
level. The actnal valué of P at each repeater onpat wxll ther e« .
forebe+ 17—13=+4dbon I mW = 2- SmW*, L
JFor 2nd-order distortion we have m eqn ;-

0-32. 106 103

-
-3
O

R B A

-

Tor = qo W K= 0-4..
=4000- . . .. < R=25. =
fi=60% 10 Lo A=1_ N
fo=2788.103 » x=-—13;~,..--.~~~ AT
- B=2728.103 P=25 . U
Filfy =2 50 Ty = AnPT = 4ty 2 52

The maximum dxstortmn power wxll occur im the iowcst-
frequency channel, so thate =: 0 and y = 0- 98 {Fis, 1) SRR
. Solving equation (7) for ¢y it is found that”’ ) - N

ta= 2 1 10-8mW = —77 db rclatlve to 1 mW

Far 3rd-order intermodudation the maximum noise power . -
‘will occur in the centre of the band, and for Group 1 terms in '
: 0-56. Also, now,A = 2and7, = 24731’3
Substituting in eqn. (7) and soivmg for 13, it is

Qe

P

= 241,.2-53,
found that

t; = 1010 mW = —100 db relatwe tol mW

The Group 2 products are quite negligible. -

The 4th, 5th and higher orders can be calculated sxmxlarly, .
using values of y takcn from I“Ios 3 and 4 and Table 4 s,
respectively.

Straight lines can then be drawn through these pomts with -~
slopes appropriate to the harmonic order, as shown by the dotted -
lines in Fig. 7. Each repecater must therefore be so designed
that its measured hannonic curve lies above the corresponding
theoretical curve, if the distortion 1.cise is to meet the specified” |
requircinents. Since the limiting values of 73, #;, ‘ctc,, have.
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Fu,. 7.——Harmomc cham»r:strcs of a wxde-band repeater. :

“ b‘sn calculated o the assumptxon that each alone produces the .
. total permissible acise power, it witl orly 'be permissible for one’
- measured harmomn:i: curve to appreach very closely to its theo-

ratical limit, proviided that at the sam time all other harmonics .
2 6 db) their theoretical carves. In Fig. 7 the
fill lines show iz measured characieristics of a three-valve

. -n:tgauve-fcedback. repeater whrch meefs the’ calculated limiting

vdues.
(:o 7y Ouiput of Broadeast Recmver :
If the output vellve ‘of a broadcast receiver Is rated at 4 Watts

- fes- 59, 3rd-harmeric voltage, Le. a single-tone signal/noise ratio’
- of 26 db, thén the value of #; (in watts with a 1-watt tone output)
" is (5/100)2.4.1/65 = 156 .10—6. With acomplex wave of peak

power 4 watts the peak distortion pow#r will, from Table 4, be
(G5 -+ 0-16)241£,P% = 16,155, 106 . 43=0-16 watt, i.e. a sig-
This

mt.;restmg results. N

© SU'VII\/IARIZED Rl:.SULTS

iy the input/output characteristic of a non-linear network can -

be expressed as a single-valued function, e.g. V= av + 2
- wd fdvt L

- (5.1) The total instantaneous distortion power 7 produced by .
a complex wave of “instantaneous™ output power P is given by

" T=4nP | 2413P3 + ool 2l P .
Here t, is the rth hzumomc power produced by that smusoxdal

" inpul whlch gives a fundamental output tone of unit power,
is’

T, P and ¢, are measured in the same units. *“‘Instantaneous™
defined in. Scction 3.1. The term**complex wave’ includes all
-signals associated with speech, music, televjsion, voice-frequency
telegraphy, and random noise. If P is the maximum power of a

- complex wave during. any period of operation, then the expression .

above will give thc miaximum distortion power produced durmg

. the same period.

(6.2) The proportion of the power T which occurs within the
frequency range of the complex wave or in any. portion of this

band can be determined as follows, if the frequency components

25

1 . ., where ¥ is the output voltage, » the input -
" volage and a, b, ¢, d, etc., are constants, then the distortion noise
.- gerswated by a complex signal can be determined as follows.

for any value of the frequency ratio.. |
-(d) The products can be divided intg
Group 1 products, which are volt'we-
.adding, and Group 2 products, which are
. power-adding (Sectlon 3.4). |
(e) ’Ihe drstnbuhon of Group 1 products is independent of the
'fgquency ratio and is substanna}ly umform over the workmu
an

(f) The distribution of‘ the GrOup 2 products depends on ihe:
frequency ratio,

{g) The distortion power in any band can be obtamed from
Figs. 2 and 4 for 3rd and. 5th orders respec twel), and from
‘Table 4 for higher orders. .

(%) The distortion power of the Group 2 products is usuaII_v
much less than that of the Group 1 products. For most practical
purposes Group 2 can be ne;,]ected p'xrtlcuhrly when there are a
number of non-linear networks in series.

.(6.3) In a multi-repzater system™ certain produc(s, cailed
Group 1 products, will tend to add on & voltage basis at successive
repeaters. The criterion for such a product is that the number

- of frequency components prefixed by a plus sign must exceed by
<+ 1 or — 1 the number of frequency components prefixed by &

100 -

. minus sign; in the former case the. product frequency must

be positive and in the latter case negative. It follows that Group i
products can be obtained only from odd orders. Group 2 in-
cludes all remaining products. Group 1 products add on a
voltage basisif the phase/frequency characteristic of each repeate:
section is linear over the working band. - Group 2 products adc
on a power basis except in the case of a linear phase/frequency
characteristic combined with a phase intercept at zero frequency
of zero or a multlple of 24 radians, This condition xs nol

) readﬂy obtained in practxce.

- Lo .
U ol . - AR

“(7) Acm\zowmncr\mm "

" This study was carried out in the Radio Laboratories of the
British Post Office, and the authors’ thanks are due to Col. Sir A

. Stanley Angwin, Eugmeer—m-Chxef for perrmssron to publist

this paper,
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» (9) APPENDICES
(9.1) Distortion Due to Second-Order- Products *
The second-order dlstortlon can be cxanunecI by inserting in

. »=rsin 2% At+ssm27rBr
Negluctmg the production of sccond-order products by dv

and higher even powers of v (Appendix 9.3), the bu® term only -
: Dde be consxdered The output voltage due to-this term can

be written | . .

= bu2 = b(r sin 2zt + ssin Z'n-Bt)Z
- This can be expanded to - T -

—~'rs cos B—rt(A B) 4 dec. terms Wthh can
_be neglected . .

If in equatlon (8) the number of tones is mcreased from 2ton,

[ cos/drAt - 352 cos 4reBt + rscos 2—ri(A + B) -
Vz ®

. it will be found that the distortion products produced are still only
- of the types ‘exemplified by 24, (A -+ B) and (A B), and no

e A e g Bt S © TS A bt ek o et § e e b

new types appear.
It follows that if a sin igle tone of power 1 mW produces 2 mW
.of second harmonic, » tones, each of power ¢ mW, will produce

- second harmonics each of power g27, mW, togethcr with

dnln —'1) products of the form (4 — B) and }n(nz.—. 1) products
‘of the form (4 + B), each of power 4q2¢, mW. :
) ) (9.2 Distortion Due to Third-Order Products
Proceeding on similar lines to App\.ndix 9.1, the substitution
Y v=rsin2adr s sin 27Bt + 15in 22Cr .-, .(10)
is made in _equation (1) The output voltage due to Cv?’ is
therefore* .

v V= c(r sin 2—rAr + s sin 27Bt 4 ¢ sin 2 Ct)3
E\p'msxon of thxs expressxon and reducnon to compound angies
gives. :
3r3 sin Z’a’At — r3 sin 67rAr 4 6r25'sin 2Bt 3

— 3r2ssin 27124 4 B)
+ 3r-s sin 2~rt(2A B) - 6r2tsin 22 Ct :
— 352 sin 277 I(ZA - O)

o[
) n—a"

+ 3r2 sin 27124 — C)
+- 8 corresponding terms with amphtudes s3, s~r 521
. + 8 corresponding terms with amplitudes £3, 12r, #2s
L3 ot sin 2:71(A+ B+ C) —sin 2a1(4 + B~ C) —
2 [: (C 4+ A —B) —sin2s t(B+C A)
Azain no new types of products are produced if the number of
fundamental tones is increased to 7.

Neglecting products of the types 3 sin 274 and 6r3s sin 2B7rt,
which only modify inappreciably the fundamental tones, there

remain three types of distortion products, i.e. 34, 24 4 B and

A 4B 4 C. It can readily be shown that if there are n funda-
mental tones each of power ¢ mW the numbers of products of
cach type are n 2n(n — 1) and Zn(r — 1)(n — 2), and the dis-
‘Orl;on power in each type is q3t3, 94313 and 36{13:3 mw, respec-
tive y. .

(9.3) Low-Order Products from Hif’h-Order Terms

It was assumed-in Appendices 9.1 and 9.2 that sccond- and
third-order produets were produo,d only by the terms bv? and

-

° -~

(8) ‘

sul 27.‘1] a 1)

- . L . -

ov? tespectively,  Actually all the even powers of v in eqo. (1)
will also produce lower-order even products; and the odd powers
af v will also produce lower-order odd products. Thus, the term
ev3 will produce both fifth-order and third-order products, e.g.

terms of the types 4 & B & C in addition to terms of the types .

A+BLCLDLE It can be shown that, although the .
power in cach such lower-order product may e:.ceed the power™ '
in each higher-order product, thé number of products is so much
Iower when » is not small that the total distortion power in the
‘higher-order products is considerably greater than the power in.
the lower-order products. If, ‘therefore, the -design limits are .
.based on the distortion power of the high-order procucts, thc
effect of the lower-order products which are sunultaneously
generated by the lngh—order terms can be neglected. .

(9.4) Frequency Distribution of Intermodulation Products

. In the following treatment of the frequency distribution of
-intermodulation products it will be assumed that the. signal -
: passing through the non-linear system consists of a large number

-of sine waves, of equal amplitudes and random phases, uniformly - . -

“spaced in frequency, the unit of frequéncy being so chosen that

- the frequencxes of the waves are §3, (/i -+ 1), (fi+D...°

(fz ~ 1), 2. Second harmonics will be regarded as produ..ts of
the type (4 + B) for which A = B, but it is shown in Table 1
that the resultant error due to this assumptlon is small,
sponding apprommatxons will be made in dealing with higher-

order products in- which one fundam:.ntal appoa:s more than -

once, -
Cons:deuno onIy products of the wpe {4 +B), the wavs of
frequency J1 will combine with all the wawves, including itself, to-.
give products of frequencies 2f1, i+, AT D ...
U

.rccta'l&,ne in Fig. ]
bine with all the waves {o give a sct of products of frequeumes

@fi+1D, AT, ... U+ 1415), represented by the -

second rectan“!e in Fig. 8(a): and suru.ar,’y cach wave (f} 4~ 2),
(1 + 3), . .5 will combine with all the waves to give sétis of

Corre- ;‘.1

4+ £). This set cf produ‘ts )s -cpreﬁented by the lowest B

products which can be represented by reczangles dxsp]aced BUC~ .

cessively one unit 1o the right, the last ene occupying the range

2+ 1A) to 2fs.

particular frequency can be found by eozunting the numbz’ of

The number of preduwcts occurring at any ;=

rectangles which inclede that frequencyard dividing by 2,since . -

in the surnmation any product (f, - f;) where x s y will Frave

been counted twice, ie. as (f; + f)) and as () +fx) Ifthdsis .
done for all frequencies the result cam Be approximated very
closely by an ispsceles triangle [Fig, S(8)) of base 2f, to 2%, and. -
height 2(f; —

f1). Thus, the number of p'oducts inunitthand- .-~

w1dth at frequency fis given by - . - e

m= 3265 —f) when fi+fhef< 20

The two equations (}2), together vith the statements m = 0,

f<2f;, and m -—G [ 2f2, cafi by combined in ths smgle L

equation
m = J{ff 2f1 = 2Lf — fi — £+ f — 2f21}
(The device is adopted here and throughout the rest of Appcndlx-
9.4 that quantitics in square- brackets[] are to be dgnored if
they are negative.) Further, sinc: every pair of fundrmentals
produces one (A - B) product and one (4 — B) prefuct, the -

complete isosceles triangle represents half the total Znd-order -

distortion power, and it is easy to show that the praportion of
the total 2nd-order distortion power which falls as Vi -+ B)-type -
products in a narrow band (f — 35) to (f -+ $b) is given by ~

! b{[f 2f1]—2ff fx

B 2728 —f

. ) v .
- R " id LN

—H1+ U — 2;31} .

a4 .

m=Nf—2f). when 2f; & F< fi +fz} 5 {12)'__' _

am
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" to the third and higher onders, but it tends to become rather
" cumbersome.
establish a genéral expression which will give the frequency‘

Uh+

" ordinstes.

where B = (f; — f;). The frequencics in (14) cani be expressed

in any desired units, and the shape of the corresponding

curve dcpends on]y on the ratio £/f;, not on the absolute values
of 5 and /.

In cases whcrc the fundamental powers are unequal it is

possible o use the abové method as a completely graphlcal
méthod. .

The distribution of the (4 — B)-type products can be treated
in the same manner as the (A L B)-type, but it is preferred to
use a different method, which is better capable of applxcanon in
the case of third and higher orders.

The frequencies of a set of (4 + B)-t}pe prou:)u\.ts havmg I as L
cos Sy in

one component can be found by-adding £, (/; = 1),

turn to f,. Similarly, the frequencies of a ser of {4 — B)-type

“products having f. as ooz component can be found by adding
c=fa (=2 D),

-sets can be representecl fTus—

(B

.. (— S =D, —fp in turm tof; The two

(.f.\.'hfl): (_fx'T‘.f]"l‘J
(4 —B8):
Ou—fz) (f;—fz-i—f), fSot2), -e . U;‘fx 1), (f}—fi)

CJO‘J’CSPODdIH"" to eway frequency in The {A + B) sct there is

in the (4 — B) set a frqguency which is smmier by (2 +Sp-

This applies for all £ far which f; < f; =2 f5. and since there
— B} products, all of equal -

are qual numbers of §:4-4- B) and (4 —
powey, it follows thot the (4 — B) disiribution curve can be
obtuined by sliding the (A, B).curve bedily to the left a distance
i-f5). The result is to put half the isosceles triangle in the

neguiive frequency regxm, as shown by the broken lines in
Fig. 8{c). The negative signs can be ignored, as they have no
physial significance, so that the negative part of the curve can
be trsmsferred to the positive region by lateral inversicn about
the oxdinate axis, and e final curve can be found by adding
Overlapping parts of the (A + B) and (4 — B) curves
can ako be added. A typical result is sbown by the heavy lines
in Fig 8(o).

A sot of curves showmg the distribution of 2nd—order dis-
- tortixa power in the working band for different values of fHlfiis -

showrt in Fig. 1.
- The method used for the 2nd-order products can be extended

The same pnncxple can, however, be used to

distribution of products of any order.
The frequency of any product of order r is formed by addma

the freguencies of (- — g) fundamentals and then subtracting the .

frequencies of g other fundamentals. It is convenient to deal

with products in classes characterized by the number g of nega-

tive frequency components involved; thus 4 —~ B — C — D and
A+ B+4-C+ D — E — Fare both “g = 2” products although
of dL&‘ermt orders.

Considering the same set of fundamentals as before, and con-
fining attention for the moment to products of the rth order for
which g == 0, Le. those for which all the r component frequencies

are added, it can be shown that the number of products falling .

"in a band of unit width at frequency f is given by

"= ?#éﬁ{v m”““*v =1 - Awm-
"";r*%}l‘)ﬁf— (' - Z)fx — 2/}]0 n_ = 13)'(’ .— 2)

Lf«- (r-3)f,-3fz =4 ... to (r+ 1)) tcnns}(ls)
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Fié. 8.-—Derivation- of distortion digributidn.curvesl'

C e

This expression can be derived from elementary considerations, -
but an inductive proof is sufficient for the present purpose. °
All the products included in (15) are represented by the curve 4
of Fig. 8(d). If f; is added to the frequency of each of these -
products the new set of products can be represented by curve B -
of Fig. 8(d), which has the same shape as curve A but is dis~
placed f; to theright. This new curve represents all the (<4 1)th-
order products having f; as one component frequency. Further
curves can be drawn, each displaced successively one unit to-the .
right, corresponding to the addition of (fj + 1), (f;+2), .. fo
respectively, to the frequencies represented -in eqn. (15).
The complete set of curves, a few of which are indicated in -

‘Fig. 8(e), includes cach (r- 1)th-order product (r - I) times,

for a product of frequency (fp, + /5 + £+ .. . to r + 1 terms)
will appear under each of the curves, (v + 1) in number, formed
by adding £, fp» fo» - - tO the’ frequencnes included under
curve A. The complete distribution curve for the (r+- 1)th-
order ¢ = 0 products can thus be found by adding the ordinates
of all the curves in Fig. 8(e) and dividing each sum by (» 4 1).
From Fxg S(e) 1t will be seen that, instead of adding the
ordinates of all the curves at frequency f, the same result can be
obtained by measuring the ordinates of curve F at unit intervals
over the range f — (fz S to f; and adding. Thus, the sum of

- the ordinates at /" is cqual to the area under curve F between

Rl iy atad (STl AT il aers g o)
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(f— Lo+ f)andf Now curve F is simply the curve ofeqn. (15)
dxsplaccd a distance of f; to the right, so that its equation 1s

1

RN = ,(, 1),{U’ DI AP iy — FyJe=D
=1

=Dy et - 248 e b

and, if the frequency bet\\een successive fundamentals is now

called aIf' the ordinate of the (r + l)th-order curve at frequency ¥
will be given by .

e

[rpar T T s

‘m= +1f"fx+f: !. B f , ;H‘.-;A
B ' 1 -
mf{” "+‘>fx1<'~"*rtf—rfl—m<r n
F=fetf3
‘ rir — 1)

o —e—DG— 2f21<'—’> -.. .}df

;- 2!
-~———(vvf
' rr— 1 r 7
» +—7— ~ =D -2 - ) o
e < JI=fth
TGF 1)|r: U (""l)fxl' ¢+ l)[f th— Al
“+ G —;])r[f——(r»— )flf 2f2]r_..,.,_to (H‘-z) tex:ms}_» ‘

which is equation (15) rewritten for order ( + 1) instead of r.

.. Equation (13) shows that (15) holds for the second order, and

it therefore holds for all orders.

Considering now the products for which g#0, it will be sesn
that while a set of r funddmentals will give only one g=20

product it will give r products with g = 1, since the neaanv

... sign can be associated with any of the r fundamental frequencxes,

- and each choice gives a different product-frequency. Similarly,

= ‘the ‘number of g = 2 products will be r(r — 1)/2} times the’

number of g = 0 products, and, generally, the ratio of the’
number of nroducts with a given value of g to the number of

- products with g = 0, formed from the same set of fundamentals,

g 4 only.

ot

s rg— 1D —2)...to g terms/g! This ratio holds for
If r is even and g = }r, the ratio must be halved;
otherwise, in the case of sixth-order products for example,

{4+ B+C—D-—E—F and ~A—B—C+D+E+F .

" will both be counted as separate products, whereas they are
* identical when the negative sign before one of the resultant fre-

quencics is ignored. Values of g greatcr than {r are inadmissible,
because a product for which ¢ = ¢’ > ir would be identical,
except for a difference in sign, with a product already included -
in the class having the smaller number (r — g’) of negative com-
ponents, For example, 4 + B — C — D — Ewould be counted .
s a g = 3 product, 1]thomh it would already have been counted
astheg = 2 product — 4 — B+ C-+ D+ E.
' Tollowmg the method used earliecr for thé second- orde.r
=1 products, i.e. the (4 — B) products, it will be seen that the
distribution curve for the g = 1 products of order r can be found’
by multiplying the ordinates of the ¢ = 0 curve by r and moving
it bodijly to the left a distance (f; + f2). Similarly, for any other
value of ¢, the g = O curve is multiplied by r(r — D)(r — 2) .

10 g terms/q? and moved a distance g(f; +./3) to the left. The

* only exception is in the case of g = }r products, when the

" ordinate nwltiplier is r(r — 1)(* -2 ... tog terms/2q! An,
- parts of curves which appear in the negative frequcncy region

" are to be laterally inverted about the ordinate axis, and over-

e

hPDmg parts of curves can bc added dlrectly, prowdcd that

. pressed in any desired units, and the corresponding curve depends- -,

“ and f.

. .

Sto 43— 1) + ) and multxplymg ordinatss, and if the

Group 1 and Group 2 products (see Scctxon 9. 6) are kept scparatc
where necessary. S .. .
* The sum of the numbers 1, r, r(r — D2, ... by which the’
ordinates of the ¢ = 0 curve are to be multiplied to give the - |
g=20,1,2, ... curves, is always 2(—~1), so that the whole of ' -~
the ¢ = 0 curve rcpresents a fraction (})¢—1 of the total rthe -
order distortion power, and it can be shown that the proportion _
of the rth-order distortion power for g = 0, falling i ina na.rrow o
band (f — 1b) to (f + 1b), is given by ; o
b 1 - ‘-. e : ‘ “_'ﬂ = 4

= B(r——l)!;zr-l(f2 f})""‘ - e .
. Lf-—a’dcr—f>—r[f—(r~1m §
4D 240> 2m—°&]('-‘)—.‘.m(r-ri) fermis} -
S T A DU ¢ Lt
' where B= (ffz — _f}) Frequencies in eqn {16) can be ex-..

only on the ratio f3/f;, and not on. the absolute values of fl )
Corresponding -expressions for g = 1,2,3, .. . can be -,

" obtained by shifting the curve to the left and multmlymg ordmates

as before: for example, forq =1
b T l « .

B (r — ])'2""1(}‘2 f,)"‘
Ar-e-m -13](""——r[f—~ (r—zmltr—n
0

Ve =

r(r

+

[f (r S)fl —J}&]f'"*h...m‘ +1) terms}
[ B : (17)

- ' B . - B - T ..

PR

Acase of particular interest oecurs when r is odd and 0= %(r— .-

If the corresponding equanon is obtained from (16) &y increasing -

substntutxon a = (f—fOff>—/;) is made, the reszltant expres- ©
sion is found to be depesdent only on r and o, =nd a single .
curve can be used for all valnes of f5lf;. The pasitive part o_f‘
such a .curve contains Group I products only (Se(ixmn 9.6). e

The substitution o = (f — f13¢¥> — f;) can be m<lé in any of ™
the expressions (16), (17), etc., =nd for a given adier a set of 7
distribution curves can be pletted with a commga scale  of '
abscissae, the range ¢ =9 16 ¢ == 1 representing the working -
band in every case. These tenves, when summed, give the dis~
tribution of the total distortioa power for the pasicular order,
(Figs. 1-4).

Besides distribution cnrves, ’re general e;xprmons of the '
type (16) can be used for oftezr purposes, e.g. te¢ walculate the -
proportion of distorticn power falling in the wworking band
{Table 4). The methed can zko be extended to dical with less
simple distributions, of {undamental power, and'some results for
_secord and third ordess are }hL irated in Fxg. 5. CEee

(©.5) Dcternnnatxon of P

Holbrook’ ar.d Dixon carricd out in the Bell Telephone '
Laboratories 2 most valuable practical and theoretical study of -
the summatica of speech voltages, and their results are used,
frecly below. 1In Fig. 6, curve 1, is shown their derived charac-
teristic relat’ ag the peak voltage which will not be exceeded for-
niore than .9, of the time during the busy hour, based on a -
measured racan talker power of 12-1 db below reference tele- -
phonic power., Measurements by the British Post Office on ir-

- coming ¢ «lls at the London Trunk Exchange gave a mecan talker -
~power ¢,/ 176 db below reference telephonic power, and curve 2 -

shows curve 1 reduced by 5-5 db to conform to these conditions.
The C.C.L.F.* reccommends a limiting noise value of 2 mV pso-
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: phomctnc e.m.f, undcr conditions which are not precisely de-

fined.. In preference, therefore, to assigning this to the peak
noise it is considered to be permissible and more economic to
design for.an average noise e.m.f. of 2 mV. Ifit is assumed that
third-erder intermodulation noise is the limiting factor, it is
possisic to derive a cucve for P which, when used with the dis-
toraon formula, e.g. eqn. (6), will give an average noise
equal to the peak noise obtained from curve 2. ‘This value is
shown in curve 3 and is calculated from Fig. 9 of Holbrook and
Dixon’s paper. For non-trunk speech systems the value of P

“will probably be greater by an amount which will be determined .

by the particular conditions.

The value of P for telegraph channels can h.readzly calculatcd
and by the use of Rusyleigh’s distribution formu]a“ the powse r]pro—
babxhty funcnon can be evaluated. : S,

(9. 6) Summatw'r of sttortxon l‘\msas in-a "\/Iultl-»Repmter

System -

Consxder a mtﬂnrrepeater system compnsmg R 1dent1ca} re-
peater sections ceEying a numbes ©f sine-wave tones of fre-
quencies 4, B, € ... F, G, H, - « - and let intermodulation

‘wecur at a partisuar point Ry in one repeater, and the corre-

sponding point 1R, in the next repeater, etc, At Ry a number

p+q)of th_e~fum£amental tones will combine to form an inter- .
- modulation prodst which can be represeated by

sm{(ZFrAt-{— 2eBt A .. . t0 p'terms) C
— QuFt+ 252Gt + ... toqterms)}

=sin2stfd £ B+...)—(F$ GH..)} . (8)

" 'This product will: pass over a complete section of cable and

.~

repeater, arrivirg at R, with the same level but different phase.

It will be assurrpad that the phase-shift/frequency characteristic -

of this section jis i straight lins of slope € and zero-frequency
intercept §. A <lase approximation to this is usually obtained
over the working and,

The term on the right-hand side of product (18) wﬂl therefore
be changed to

sin[Zvrt{(A—*—B'-%—...)—-(F—}- Gi.Y

N +¢+£{(A+B—r...)——(F+G+.,.,)}](19)

-
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. ~called “voltage-adding™ products. .
that eqn. (18) represents a positive frequency. If .this frequer
. is negative, -however, it follows that the condition for equahq

Wik LI vt bt sy e me

»

At R2 the tones 2aAf, 2wBt, etc, w;ll have changed to 2
+.¢ + A0, 2Bt + $ + BO, etc,, and repeater R, will produc
new mtermodulatton product N
sm[{(Z'n'At-‘- b+ A0)+ @B+ $+BO+ .. top :erms}

—{(2¢rFt+q§+Fﬂ)+(21rGt+qS+60)+ - tog terme

'~sm[2,~,x{(A+B+...) (F+G..)}+ (o~ a);
OB (}"+G+...)}:l

‘Ihe mtermodulanbn products (19) and (20), having the sa
frequency, will add at R,, and the magnitude of the result
will depend on the relative phase. The important case is w!
_ p— g =1, which makes (19) and (20) identical, and the p
ducts therefore add in-phase. - Products of this type have bt
: It has been tacitly assun

nowp—q=—1. -

Group 1 or “voltaoe-addmg” products are therefore produ
if the number of frequency components in the product prefis
by a positive sign exceeds by <+ 1 or — } the number of |
quency components prefixed by a negative sign. The frequel
of the product in the former case must be positive and in
latter case negative. Group 2 includes all products which
not meet this criterion. Group 2 products can add on a volt;
‘ basis if, in addition to the linear phase/frequency characteri:
over the working band, the extension of this charactcristic

..zero frequency gives a phase intercept of zere or a multiple

2;7 radians. An approximation to this may be obtained
practice if* the product-of the phase angle and the number

‘repeaters is small, but this condition is usually not fulfiled

practice, and in general it can be assumed that Group produ
add on a power basis.

~From the definition of Group I products it can be scen
these can be produced only by odd-order intermodulation.

" is also of interest to note from thé analysis that for Grouyj

products, provided the phase/frequercy curve is linear for e
section, the values of & and ¢ are immaterial and can be differ
for dﬂerent secnons of cable. -
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1.0 General -
Discuésions with NRL were primari1y_concerned with methods
of measurement of intermodulation occuring in UHF_sate]]jte_ -
system components, and problem areas in passive hardware generated ,5_
intermodulation. The most urgent intermodulation problem areas
under ihvestigation with the.NRL group visited concerns the
Fleetsat Program. Quantitative infdrmétion~wés relatively |
minimal due to security restrictions. Several important:guide—
Tines to UHF satellite development based ﬁpon experience with
the-F]eétsat program were stated, and are summarized as fo]]ows:
'I) Simulate the trénsponder tb'estab]ishAthe potentié] prob]eh'
 areas: the Test Simu1étor'for Fleetsatcom déveTopment contains
about eight re]ayArACks of equipment comprising the tranqunder, .
power supplies, and hecessary spacecraft equiﬁment..'- |
The test simulator was considered essential to the extent that,
the complete communication package'musf be simu1atéd fn order to =
have a reason to go ahead with the Spacecraft program; |
2) ' Carry .out know]edgeab]e_testintho determine intermodulation
and related problem areas: 1t was stated that all space-
intermodulation sources will Tikely éti]i not‘have been
compiete]y solved after simulator evaluations. . The comment is
assumed to_épp]y particu]akly'tq the.FTeetsat Program where.:. 
transmit-receive band a110catiohs‘perm1t Tow-order products to

| fall on the receive band.

SINELAIR



2.0

2.1

2.2

2.3 .

3) Deéign the transponder first; then»design the soaoecraft;

w1th specific reference to the DOC-UHF satellite, s1mu1at1on
of the UHF-SHF-UHF system and a dual UHF antenna were recommended
In relation to Fleetsat experience, the des1gn requ1rement is

dependent upon frequency allocations and s1mu1ator_test data.

Comments on High-Power Amplifiers

Experfence with random multiple-access high~powerAamp1ifiers
(TACSAT) has Ted to the present channe]ized amplifier approach'_>~vo
used in the F]eetsatoom‘pnogram The pYob]em is principally that
of controlling the users' access power 1eve1 A s1ng]e h1gh
carrier access to a hard- 11m1t1ng mode amp11f1er due to an-
indiscriminate or unauthorized user, reduces the signal-to-noise:

ratio to zero for small carriers present.

Signal to noise ratio for hard~Timited'amp1ifiers; 10 dB

for single carrier to total intermods on carrier.

COmmunications_Transistor Corp.” 2N6439 Transistor, 60 watts -

(formerly C2M60-28): the transistor was stated to contain 400-500

- discrete junctions. The junctions fail in a shorting-mode, where

“partial shorts will behave as non-linear resistors across the

- array. The intermod levels consequently increase with contact

failures.

SINELAIR




‘ _ Variation in intermod Tevels was found in laboratory
_measurements on transistors. - Harmonic distortion measurements ~

are performed to determine contact failures. -

2.4 ;Cascaded Stages of Amplification: Isolators are‘fequired
between input-output cascaded stages of amplifiers for broad~"
band matching to reduce modulation of the mismatch due to’

input impedance dependency on poWer Tevel.

2.5 -Power Tevel control of carriers was stated to be Tess
| difficult with a larger number (12 or more) channels. With a
small number of channels (5 or 6) it was felt important to have

separate (channelized) power control.

. 3.0 Solar Panels

3.1  The solar panels on Fleetsat satellite can be illuminated with
an appreciable level of the transmitting éntenna off-axis power. :_”'
Panel rotation causes both forward and rear surfaces to be

illuminated by antenna fields.

| 3.2 ' IntermoduTation generated in the‘sb1ar pane]s»was‘determined'
to be due largely to steering diodes (ef%icient switchiné diodes).'
'mounted on the panels.' RF poWer coupling was by means of the'shoft .
interconnecfing Tead-Tengths on the diodes. "' ‘
The solar cell arrays generated intermod Tevels approximateiy.

: - 10 dB Tower than the diode generated intermod levels.
‘ ‘ o | -3 -
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3.3 The equivalent circuit (capacity) of solar cells was noted
to vary widely with 1ightfexcitation.
4.0 Multipactor Effect

14,1_ ' Multipacting breakdown was reviewed as a fundamental non-
linear phenomenon. 'Mu1tipaction:is-a precursor to p]aéma, and

the plasma current frequency spectra contains the intermodulation

frequency components.

Multipacting is associated with é]ternating current in
pressure regions lower than that for ionization, when the mean-
free path of the electrons is equa] or larger than the e]ectrode':
separatjon. The mu]t1pact1ng breakdown is pr1mar11y dependent

on secondary emission from the gap walls as a source of free
electrons. In-a vacuum, the breakdown 1is re]ated to frequency, 
spacing, and material at the gap boundaries.

For example, a 50 ohm coaxial 11ne, (air filled and ref]ect1on~.
free) has a threshon power for multipactor breakdown of approx1mate1y
15 watts aVerage at 100 (MHz-cm). Assuming a transmitter frequency_‘ : B
(nominally 300 MHz) and Tine spacing of 0.6 cm., mu]tipactingf _ S

.would be expected to occur at approkimately 50 watts. The same R A
transmission Tine would be subJect to ionization breakdown at

50 watts at a pressure of 0.25 Torr (about 200,000 feet).‘
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4. 2 Mu1t1pact1ng Prob]em Areas

4.2,1

Mu1t1pact1ng occurs usually at transm1ss1on ]1ne d1s-
~continuities, initiated by m1crod1scharge.
_"The following haveAbeen areas of difficu]ty}in Fleetsat
design V
1) 50 ohms Tine connection (transformer) to fransmitting'he1ix;
'2) Transmitting antenna balun (present.major problem). o
3) High power filters (still to bé tested at date of meeiing).
4) Transmitting filters. |
' 5) High power amplifiers.
6) TT&C antenna, due to the proximity ofAtrénsmiésion Tines
~in the mast. | |
Note: The principal 1ntermodu1at1on problem was caused by
~ transmitter energy coup1ed 1nto the diode 1nput '
te]emetry receiver due to the common-mast mount1ng
of the two antennas. |
75 Thermal blanket material; subsequently removed froﬁ.thé"
transmittfng“he]ix mast. Charge bui]d—up in spacé, associated -
with fracturing of the blanket surface re]ates to mu1t1pact1ng '
and 1ntermodu]at10n problems.
“4.2.2 Component des1gn for elimination of multipacting is primarily

related to the PEP requirement of the circuit. Fleetsat ﬁs operating

at high PEP (estimated greater than 4 KW) and presents a very: -

definite design problem.
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- 4.2.3

4.3

4.4

The PEP rating for the DOC-UHF sate111te appears

suff1c1ent1y low as to present maJor des1gn problems due

to mu]t1pact1ng

Teflon-filling of the balun and pressur1z1ng of a11
filters is employed in F]eetsat to so]ve mu]t1pact1ng des1gn A
problems. |

Mu]tipacting_is not expected to present a problem at SHF

due to the increased breakdown potential for increased frequency.

Antenna intermodulation at UHF due to the close physical = -

'spacing of SHF and UHF antennas (constrncted on axis-of common

mast) is a.potential design probTem.

Spacecraft Typical Operating Pressure .'

Space pressure has been the subject of satellite experiments}

107°

vary due to venting and outgassing of components.

Multipactor Test Facilities -

1) TRN employ an 18 foot diameter Bell Jar for antenna system

space s1mu1at1on test.

Torr was suggested as a typical valne. - Actual pressure will

2) A tank fac111ty.(company~unknown) Tocated in Ohio is cabab]e '

of holding the entire spacecraft.




4.5 Pressurizing

Pressurizing for 5-7 year Tife expectancy in space can be
accomp11shed Beam welding techn1ques are employed in pressur1zab1eA<
 ‘,fi1ter construction. G1a$s spheres-potting in Tieu of pressﬁrizing
for solving mu]tipactioh‘proved unsatisfactory, due to fracturing

of the glass spheres during Taunch vibration,

5.0 Filter Types

 5:1 D1p1ex1ng filters of the 1nterd1g1ta1 rod type are preferrab1e
: from the standpo1nt of employing Tow-Q c1rcu1ts for so1v1ng

multipactor and intermodulation des1gns

Other favourable factors 1nc1ude'mechanica7Vsimp]icity,

' . - strength, size, weight, and relative ease of design for intermod =~ '
reduction. :
5.2 The transmit filters for F]eetsat.are coaxial feSonatbrs,_

capacitive~end-loaded to approximately one-eighth wavelength, and
probe-coupled. Dual resonators (approx. 4" diam.) are employed in

a back-to-back configuration.

5.3 Stripline typé filters are'not presently favoured due to'the
intefmodulation design difficulty. Rough edges and metal-fingers
at the metal edge~substrate interface cause microdischarge

" generated intermodulation.

‘I' o - o .— 7 -
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5.4 Filter Isolation Achievement |

140 dB isolation has been achieved, and-was considered to

represent a practical Timit for specifying fiiter perféfmance.

5.5 Diplexer Third-Order Intermod Achievement .

Third order ihtermoduTation levels of -140 dBM have been 3.:
,achiéved at NRL for two +50 dBM clean-carrier test. fThe'resu]t Co
- is obtained with great care in manufacturing and assehb]y.f-Thé-_

Tevel is not consistent on removéT and reassemb]y ofAdfp1exer ;x-;:
~cover .plates. A - | .

- The expected space deterioration of the level is 20 to_30.dB,,.
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1.0 General
1.1 The report summarizes discussions with TRW pertaining to
intermodulation specifications and intermodu]ation'prob1em.
" areas encountered in the Fleetsatcom UHF transponder. |
The original design approach for Fleetsatcom required
twenty-three filtered transmit channe]s.and the receiver
-dip]éxéd-into a common antenna.
Passive component intermodulation products, principally
fifth-orders and to lesser extent third—orderé,'falling on the
lower receive channe]s necessitated abondonment of the dfp]exed

system in favour of a 50 dB isolated dual antenna system.

2]

Program Schedule

famd

"Fleetsatcom deve]opments were carried out to theffollowing

time sbhedu]e: |

Nov. 1973: Start of program

Feb. 1974: Engineering mode] of simulator racks comp1eted?
_System testing was begun.

June 1974: Realized prob]ém areas'wiﬁh transpohder UHF}gection

. intermod. Decision to abondon dib]exed single antenna

in favour of separate transmit-receive antennas.

July 1974: Completed -the preliminary design phase.

Began transponder UHF system rédesign.

SINCLAIR
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1.3

1.3.1

1.3.2

b) SHF

- Sept. 1974: Ran full tests on redesigned éngineering model;

demonstrated that the separate antennas desjgn
approach was feasible with regard to IM signal
levels falling on the receive band;

Dec. 1974: Payload critical design review meeting.
Redesign for IM due to muTtipactor effect (mechanical
design for high-power components in a vacuum)

Aprf 1975:  Completed the final engineering model of transponder.
Completed payload simulator.
Completed high-power IM tests in vacuum chamber.

July 1975: Expecfed completion of Qualification test model.

Transponder Specifications

Transponder Frequency Bands

a) UHF, typically 244-270 MHz transmit band
292-400 MHz receive band.

UHF Transmit Channels

a) Total number of transmit channels: 23
l)~ 10 single-carrier channels, fixed tuned, flat to wfthin
0.1 dB over 25 KHz bandwidth.
2) 1 single-carrier channel, wideband, high-power.
3) 12 mu]ticoupied channels, 5 KHz bandwidth, at approx.

25 dB adjacent channel . (crossover) isolation.

-2 -
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b) Transmit Power Levels

1) Approx. 30 watt average power, unequal carriers; about
10 dB max. to min. ratio on.carrier levels.
2) High . power channel, approx. 250 watt PEP.

3) Total UHF channels average power, approx. 350 watts.

1.3.3 Intermodulation Spec. for Transmit Channel Filters
Third order IM products are required to be less than

=115 dBM for two-tone +46 dBM signals test.

1.3.4 General Intermodulation Problem due to Tx-Rx Frequency

Allocations

a) Third to eleventh-order IM products fall on the receive
’ | frequency band.
| b) Thjrd-order products restricted mainly to those products
falling on channel 23 (near low-end of receive chénne]s) were '
a main problem. i
¢)  Fifth-order products were the greatest‘prdbiem, affecting
most receive channels. Approx. 10,000 fifth-order products
fall on channel 2. | R
NOTE Two;carrier fifth-order broduct levels were found to be-
20 to 30 dB Tess than five-carrier fifths. |

'd) Seventh-order products were sufficiently Tow to be of no problem.

o i -3 -
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e) Transmit-receive frequency a]]océtions could not bé changed
to be more compatible with the IM spectra. A diplexed system
employing a single 16 foot dish.with a crossed-dipole feed,
se]eqted for good antenna efficienéy, was attempted for the
transbonder original design. | |
A dual UHF antenna system requiring 50 dB of isd]ation
.between»transmjtting and receiving antennas, including
20 dB margin, was introduced in the intermodulation redesign

phase.

f) Passive component intermod. performance produced mainiof'. |
major problem areas for transponder systém redesign;.~r
Extensive investigations into manufacturing and testing
methods for passive components (transmitiing and receiving
filters and antenna circuit components).and theoreticaT

investigations in discrete problem areas were carried out.

2.0 Intermodulation Performance of Original UHF Transponder Components

2.1 Transmitting Multicoupler

The original model produced third-order IM at -70 dBM, for two

30 watt clean carrier mixing.
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2.2

2.3

3.0

3.1

Diplexer

~60 dBM 3rd order, for two 30 watt carriers.

NOTE  The best eventual result fok_thirdforder_was -130 dBM.

Crossed-dipote Antenna, including Hybrid and 502 Termination.

-40 dBM 3rd order, for two 30 watt carriers.

NOTE Best eventual result for helical transmitting antenna,

- ~130 dBM.

UHF Transponder IM Performance

Receiver Noise Requirement

a)

Spuriods and noise fa]ling_on receive~¢hahne1s was required

to be -10 dB or less from receiver thermai noise, for 0.5 dB
degradation. (i.e.. Total noise in a 25 KHz BW shall not
degrade more than 0.5 dB). The 0.5 dB S/N degradation
specification specifically applies to the worst channel

spec.; which 15 one of the lower 25 KHz channels. The
specification is similar for all channeJS'of 5 KHz and 25 KHz
BW. | -

Design Specification

Third-order intermods on receive channels are to meet -150 dBM
for clean carrier test signals. A -130 dBM transponder level

is required, with 20 dB margin a]]dwed for additional degradation

" due to the spacecraft. The signal to intermod is 20 to 25 dB. -

for clean carrier test.
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c) TRW feel that they have arrived at the best way to specify
the system IM performance; then plus 20 dB margin. At the
-stated required level (-130 dBM), IM performance of the system
was noted to be a risk. The system will handle the clean
carriér, worst case, with a 10 dB margin.

d) Maximum fifth-orders at the receiver are -148 dBM.

3.2 Smallest Expected Received Carrier; -127 dBM

a) Receiver moise level; -127 dBM.

b). Narrow-band channels are 7 dB more sensitive, i.e. received
signals are 7 dB lower.

c) It was stated that the ratio of IM spike power to uplink

. carrier power can be 5 to 10 dB on the worst channei.

3.3 IM Test Signals

3.3.1 a) Component tests are specified for two clean test carriers.
b) Transponder system.tests specify 23 channe]vnoise?1oaded |

carriers.

3.3.2 Discussion on Two—channe] versus 23—channe].Testing.

a) A unit third-order IM specification of -150 dBM for two-tone.
30 watt clean carrier test satisfies the system S/N degradation
requirement of 0.5 dB degradation for 23 noise-loaded carriers.

The technique for correlation of the two specifications was
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‘ stated _to be based upon analysis and measufement expérience.-
Apparently the conversion of two tone third IM to 23 noise-
loaded carriers third can be predicted within 5 dB. ,

The analysis ignores intermods. of eleventh-order and Higher,
and makes certain assumptions regarding seventh and ninth-
orders. |

Fifth-order intermods. were -10 dB from third-order for the
analysis. .

b) - Clean carrier IM performance comparison sﬁecifications for
two-tone versus 23-tone test was apparently nof»considered by
TRW. A single (discrete component of) IM generated for the
23-tone clean carrier case decreases from the 2-tone case;

) S mtnmncan  mimAd Bl mpeeT b
. : the total numbor of products increases, and the amplit

sum ofiproducté falling on the discrete IM component

frequency increases.

3.4 Test Diplexer and Equipment for Spacecraft IM Testihg

3.4.1 Test diplexers comprised of interdigital bandpass transmit
and. receive filters with common antenna#port, are emp]oyed for
IM testing of transponder antenna circuit components.” |
Single diplexers are machihed-of solid bréss;ri(éufé}fx‘:
ground p]éne T—configuraﬁion, very épﬁroximate]y 24"x18"x3" thick.)
Cover mating surfaces are maéhined’optica]]y f]gt. Two dip]exefs
are connected in a bridge circuit via coaxial sWitches,vfor testing

B forward and refiected intermods on the”antenna circuit.
B B — . ..,@;7—
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3.4.2

3.4.3

3.4.4

3.4.5

4.0

4.1

S —

Diplexer Specification

Third-order intermodulation at -130 dBM was required for
the test system. The design goal for diplexer third-order
intermodulation was -145 dBM for two-tone test with 30 watt

average carriers.

Diplexer; Mating Surfaces Machining

Approximately 8-20u inch finish is performed on lapped joints.

Surface contact pressures exceed 10,000 psi.

Test Receiver

Spectrum ana]yéer at -155 dBM sensitivity, Operated at 10 Hz

pandwidth with frequency-stabilized transmitting carriers.

Power Simulation for Spacecraft Testing

Eight noise-load carriers (signal generators) driving a one

- KW. broadband amplifier employed for~simu1atof.testing.

UHF Transponder Antenna System Redevelopment

The  folTowing components are now included in the dual antenna

UHF system:

a) Transmit multicoupler; same as dip]exed'system.

'b) Transmit filter; same transmit section as utilized in

original diplexer.




d)

f)

Receive filter; same receive section as utilized in original
dip1exer.

Transmit helical antenné; trib]e—taperibi—filar back-fire
type, approximate]y 9 turn total length. Circumferential
dimensions of the helix are trip]e—taperéd. The helix mast
is rigid-mounted at the dish vertex.

Receive helical anténna; bifilar, approximately 18 turn,

10 inch diameters turns consisting of approximately 1% inch
x 1/8 inch conductor. The helix mast is hinge-mounted to
the spacecraft.

Transmitting antenna balun.

The TT&C antenna (2.5 GHz) occUpies the same mast as the
transmit helix, and is a significant intermod. source.

A balun (mounted in the spacecraft body) is required to

reduce the mast excitation and consequent unsymmetrical

_ currents to the TT&C antenna: Multipacting requires that

the balun and preferably also 'the antenna transformer

(two-wire transmission Tine inside mast) be dielectric-

filled.

Parabola and Mast Dimensﬁons

1) Dish diameter, 16 feet; stainiess;steéllsi]ver71oaded
wire mesh construction. | |

2) Mast height (overall) to helix reflector, 15 feet. _

3) Mast height to helix base; approx. 6 feet; (f/D = 0.4).

-9 .
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Dish I1lumination ‘
Approx. 10 dB edge illumination; structure dﬁrect1y behind the

antehna is isolated 100 dB.

Mast Construction
The transmitting mast proper is fabricated of spun aluminum,

po]ished and chem. etched. Helix support mast; graphite-

‘filled epoxy.

Dish Fabrication

ATl contécting wires in the mesh are 1ndfvidua11y'wé1ded-by
means of an automatic welding machine. No random contacts are
permitted.

Hinges

Hingés were main problem areas in IM‘redQctfon; Hinges
employed at dish (mesh) fold-down points are fiberglass

insulated to prevent random contact to the mesh.

Graphite. Paint
Paint coatings are applied to antenna Support masts (internal

to helix), antenna mast (stripping), and reflector solid -

surface. Aluminized mylar was avoided.

Graphite coating produces a lossy surface, and was stated to
be one of the best methods for controlling multipacting on

antenna surfaces.

- 10 -
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4.2 Transmit-Receive Antenna Isolation

. . _ Transmit power at the receiver terminal is reduced 50 dB

due to antenna physical separation and antenna bandwidth.

4.3 Intermodulation Requirements for Present System

4.3.1 . The following are system requirements for third-order
fwo—tone 30 watt test:
1) Transmitting Filter: -100 dBM
.2) Antenna and Reflector: -100 dBM

-

4.3.2 Degradation
. The =100 dBM two-tone spec can be degraded to -80 dBM

without greater than 0.5 dB reduction of S/N.

4.4 Measured Transmit Antenna Intermods

| . ~ 1) Transmitting antenna Intermod; -150 dBM third-order; antenna
measufed on antenna farm, with receivér on re;eiye antenna
terminal. |

2)° With the receiver at the receiving antenna terminal, transmit
antenna system intermod need dn]y be ~-100 dBM since 50 dB of
path isolation is provided. -110 dBM has been achieved.

3) Five-carrier fifth orders were -10 dB from third-orders.

4)  Two-tone system test results:
3rd order: -100 dBM
5th order: -110 dBM
-7th order: dropped much more than -10 dB from 5th.
The reason for_a 10- dB discrepancy in the 3rd order result

. was not ascertained.

.11 -
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5) Back-off Rate on Third-Order

2 dB/dB reduction in carrier power.

4.5 Measured Receive Antenna Intermod
1) Third-order intermod generated in the receive antenna dué to

transmit power; approx. -200 dBM, due to 50 dB isolation.

4.6 Antenna Test Facility

Antenna system tests are performed in an anechoic chamber.
It was stated that the chamber has a quiet spot for placement

of the antenna under test.

5.0 Main Intermodu1ation Contributors in System

5.1 The following were noted as hardware problem areas:

1) Thermal Wrap; contact'prob1ems.
2) Heater and ordnance 1fnes.
3) Solar array; deployment mechanism
4) Antenna-cables and. connections.
5) Antenna mesh; less problem than contemplated.
6) Mﬁ]ticoup]er connectors. |
7) Ceramic Seals

- 8) Ferromégnetic material; Kovar seals.
9) Metal-joining techniques.

10) Micro-discharge mechanisms; burrs, metal chips, cracks,

material edges, hairs of metallic materia]ﬁ._

-12 -
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11) 'F1at metal surfaces in contact; interdigital filter covers.

12) Antenna hybrid dummy load; in original diplexed antenna.

13) - Cdrrosion‘problems; dissimilar metal contacts, oxidized
surface interfaces. |

14) Multipactor breakdown.

15) Outgassing; dielectrics.

5.2 Material Finish

-

1) Bare aluminum was stated to be one of the most suitable.
materials. _

2) Gold Plating: TRW were not~conv1n¢ed that go]d plating is
satisfactory. Gold purity is Tikely the matter to bé |

. resolved. lligh-puiity metal surfaces are requived.

6.0 Pressurizing

6.1 A1l transmitting filters (multicoupler and output filters) are

pressurized.
6.2 Pressurizing (dry nitrogen or helium) 1s‘to_2 atmospheres:

6.3 Safety factor on leakage rate; 20 over spacecraft lifetime.

1
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7.0 Multipacting

7.1
1)
2)
3)

The main probiem areas for mh]tipacting were the following:

Transmitting antenna balun, and antenna transformer.

TT&C.Antenna.

Proximity of TT&C and UHF transformer transmission 1ines

 inside the mast.

4)

Transmitting multicoupler and diplexer.

7.2 Parameters Stated for Multipacting

1)
2)
3)

Pressure range for multipacting; 10~2 torr to 10'9 torr.
Power Levels; multipacting can occur at 40 watt levels.

vy
Measurements indic

a n 10 +A 20 C\lr\'lr\
[RATC B N 05+ ' R LV WU AV (OREN

may be required for secondary emission charge build up.

7.3 Test for Multipacting

Intermod testing is a suitable test for multipactor breakdown

IM levels were noted to increase 30 to 50 dB with multipacting.

- 14 -
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1.1 General

~ The discussions were 1imited to data and performance
specifications applicable to the Marisat Program.

The transponder provides for:

a) Three channelized UHF transmitting channels:
- one at +47 dBM, 500 KHz BW |
- two at +42 dBM, 25 KHz BW

b) L-Band

c) Telemetry, 4-6 GHz band.

1.2 The UHF amplifiers are solid state, Class C, hard limited,-
60% efficiency; with a measured signal-to-intermod
" (S/IM = 9.5 dB) generated in the hard limiter. The
corresponding S/IM for the amplifier separate from the
" 1limiter had not been measured.

‘ A TWT L-Band amplifier (not hard Timited) is employed.

1.3 UHF Receiver thermal noise power (kTB): -170 dBW/hz BW.

1.4 Spurious Specification

a) ‘The specification for spurious inputs to the receiver
--was -160 dBM, for a ~120 dBM lowest expected received
- signal and 40 dB signal/spurious specification.

Thé'transponder performance does'not'meet the specifi-
cation. Only spurious falling in the receive band was
of importance to transponder performance.
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1.5

2.0

2.1

2.2

2.2.1

Transponder Performance

‘a) Specified input signal Tevels to the transponder are

-80 dBM to -120 dBM (minimum).
b) The transponder carrier to noise performance was
stated to be:
-9 dB on Channel 1, at -120 dBM input signal
+4 dB on other channe]s, at -120 dBM -input. .

Intermodulation Performance

What is considered to be a useable system having suitably
Tow IM levels has been achieved for the transponder with-
out a major effort directed toward state-of-art components
and latest of fabrication techniques. Antenna intermodu-

lation presented the main problem, and was always determined

to be due to poor RF contacts. Mechanical stability of

‘contacts was noted to be essential. The remaining IM

problem area to be solved for the Marisat antenna .is the

“helical antennas feed three-way sp1jtter,'(strip—1ine

structure is typical).

IM Levels in Receive Band

.The 13th order is the Towest order IM fa111ng in the receive
band, determined for 3-carrier excitation (one band-pass

carrier per each of three transmit channels). Al1 passiVe

IM tests were three-tone tests. Only one two-tone frequency
component& was observed in the receive band. -

SINCLAIR
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2.2.2

2.3

The total passive IM's at the receiver are at levels -120

 to -140 dBM for order 13, 15, 17, measured for a three

2.2.4

2.2.5

2.2.6

2.2.7

clean carrier case.

‘The-13th order antenna intermod (measuted) is ~150 dBM,

with 3-carrier (+46 dBM each CW) excitation.

Antenna testing was performed in an anechoic chamber,
stated to be non-contributary at the thirteenth-order.

A single-carrietr IM (broadband noise phenomena) was
encountered in atmospheric tests on the antenna, where at

a threshold of approximately -115 dBM,.the broadband

noise contribution increases the IM approximately 20 to

30 dB. It was recommended that one Took for broadband
noise when spurious levels exceed -115 dBM. Single carrier
IM was stated to be well below. threshold for antenna
intermods at the -140 to -150 dBM level. (Note: Applies
only to 13th order; no data as regards lower orders.)

High-order IM dr0p~6ff rate was less than 1 dB/dB change
of excitation. S

Measurement Data to be Supplied by Hughes

Measured IM data for the first two repeaters (total IM in
receive band) for 13th to 22nd orders up to -155 dBM
detectability 1imit, is to be supplied by Hughes.

Detector Bandwidth for IM Testing

100 hz BW was used for all measurements. .
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2.2.8

2.2.9

- 2.3

2.4

Diplexer, Rotaky Joint, and Antenna .IM Levels

a) Diplexer and rotary joint; -125 dBM measured at
13th order, 3 carrier test. ' ‘
b) Rotary joint and antenna mounted on spacecraft; -117 dBM
was the approximate highest 13th order level for three
saturated carrier test.

Spacecraft Intermodulation Tests

Spacecraft tests were threé—channe] noise-loaded carrier
tests. It is stated that spurious signals drop out
dranmatically with carrier power back-off, before predictions
indicated.

Hughes (military) Program IM Level Achievement

Ancther development program {diplexed antenna system

‘comprising filters, antenna, etc.) for which data is not

available has achieved low-order IM ieve]s of -110.to

~130 dBM for 10-100 watt carriers.

Lifetime Stability of iM Level

<
The transponder was subjected to a six-month environmental
test period-additionally inyo]ving transportation and

vibration test. The spurious levels were stated to be

relatively stable, with residuals probably due to dissimilar
metal junctions and tunneling-contact non-linearity.
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3.0

3.1

3.2

4.0

4.1

4.2

4.3

Multipacting

Mu]tipécting occurred in a standard switch at L-band due
to incorrect dimensions in the component. The effect can
be obviated by careful design of the component in regard
to voltage stress and physical separation of conductors.

The original switch, with SMA connectors is employed for

. L-band output switching into the quad-helix antenna array.

Multipactor effdct was solved by replacing the original
switch with an enlarged version, not hermetrically-sealed.

UHF Diplexer

A set of four discrete filters are employed in the UHF

section _

a) Three transmit filters comprising two-section cavities,
with 70 dB isolation at receive frequencies and
approximately 110 dB isolation at Tx-Tx frequencies.

b) Nine-section receive filter, assumed to be interdigital

. type. ’

A1l UHF filters are parallel connected to the antenna port.
The Tilters with residual at -145 dBM at 13th order are
employed as the intermod test set for spacecraft tests.

UHF Diplexer Weight

10 1bs. for four filters plus output  junction.

7
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4.4

4.5

5.0

5.1

5.2

6.0

6.1

Plating

Filters are silver-plated. Connectors are gold—plated{

Isolators

Isolators are employed between the powek amplifier final
stage and the transmit filters.

UHF Antenna Array

-

Type and Gain

Three-helix array.
Array gain: 14 dB peak at transmit frequencies
15 dB peak at receive frequencies
Approx. 9.5° beamwidth.
Single helices are bifilar, approximately 4% turn,
aluminum. ‘

Isolation

The L-band quad-helix array is located on axis with the UHF

array. The UHF and L-band arrays are 1so1ated 20-25 dB at

UHF frequencies.

High-Powey Amplifiers

UHF channels power output vs. amplifier stages:

a) 50 to 55 watts, .four devices operated in parallel.

b) 20 to 25 watts, two devices in parallel,

The deV1ces are input and output. hybr1d coupled, with w1de—

_ band matching between stages.
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6.2

6.3

__6."4

7.0

7.1

Redundancy 1is provided by switched 1nput output separate
hybrid-coupled amplifiers.

Power transistor procurement, and avaiTébi]ﬁty of repeatable
devices was noted as a difficulty. Manufacturer screening

-yields approximately 10 useful amplifiers per 6000 run.

Amplifier heat dissipation was stated a main prdb]em area

for the devices, and may create a thermal problem for the
repeater. All heat is removed by radiation coupling to
the sun shield. The maximum junction temperature for the
UHF transistors is < 200°C, and amplifiers are de-rated
considerably. Good thermal-band continuity, and heat
transfer tests on new design was recommended.

-The L-band tubes are the main heat'dissipators within the

repeater. The tubes are three-level output; 7, 30, and 60

‘'watts by beam current control. Efficiency of tubes less

power supply is 50% in higher power mode to 25% in lower.

power mode.

Thermal Wrap

Thermal blanket is stretched drum-taut (not wrapﬁéd) and

-mechaniéa]]y stable over the spacecraft end. The antenna
structure is wrapped only at the base The. spacecraft and

blanket is subject to high 111um1nat1on (everywhere) by

UHF currents. Crazing of the material was of concern in
respect to static-charge build-up. ' _
Aerospace Corporation has: 1nvest1gated p]asma therma] wrap ‘
related problems. '







