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1.0 Introduction  

1.1 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. 

1.2 Background  

System concepts provided by the Department of Communications 

for the proposed multi-purpose UHF communications satellite 

provide potential system configurations 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 factors including traffic characteristics, RF Interference 

environment, and equipment availability. The UHF section of the 

system was stressed in the present investigation since it is 

common to all configurations, and presents the main problem 

areas in respect to passive component intermodulations 

interference. 

• Department of Communications Report "Multi-purpose UHF 
Satellite  Communications  System Feasibility Study" 
December 1974. 
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D/L Band (MHz)  

300 - 328.6 

300 - 328.6 

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 producing the most suitable 

frequency plan from intermodulation requirements. 

U/L Band (MHz) 	Lowest Intermod 
Order on UL Band  

350 - 400 	 3 

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

5 

321.5 - 328.5 	 370 - 400 	 13 

275 - 285 	 370 - 400 	 19 

Additional uplink UHF bands include 401 - 403 MHz (DRP) and 

406 - 406.1 MHz (EPIRB). 

Approximately eighty carriers at a nominal one watt average 

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

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

(HPA) output signal-to-intermodulation levels for a few carriers 

ranging between -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 transponder 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. 

SAMAR 
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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, which share a common 

transmission path to transmit signals, where due either to location 

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

antenna 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) Diplexer 

(a) Output terminal and transmit-receive filters combining 

section. 

(h) Transmitter output filter; principally the filter sections 

adjacent to the antenna terminal where attenuation to 

filter-generated intermodulation on the receive band 

appràaches minimum. 

(c) Receiver input filter; principally the filter sections 

adjacent to the antenna terminal where the attenuation to 

transmit signals is insufficinet to reduce - the filter-sections 

generated intermodto the required receiver terminal level. 



Antenna feed, including the UHF radiator, balun, transmission 

line, and SHF and L-band feeds coupled to UHF feed system 

cùrrents. 

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

4) Spacecraft structure and components coupled to the UHF antenna 

high intensity fields. 



1.3 Summary  

1) Performance data and pertinent information obtained in 

discusions with TRW, Hughes, and the Naval Research 

Laboratory pertaining to the Fleetsatcom and Marisat UHF 

band satellite transponders is included in Appendix III 

for, reference. 

High order (i.e., nineteenth) passive component 

intermodulation data for a large 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 spacecraft hardware, and provision of some high-order 

products roll-off rate and power back-off rate data, 

though the latter are reasonably unique for the particular 

transponder design. 

2) 	TRW test data for Fleetsatcom was limited to third and 

fifth-order interfering intermodulation products. Third to 

eleventh-order transmitting channels products fall on the 

receive frequency band, with fifth-orders affecting the 

greatest number of receive channels, and seventh and higher 

orders sufficiently low so as to be of no problem. 



A'third-order intermod test specification for the 

spacecraft antenna and filter hardware of -100 dBM for 

two-tone 30 watt clean carriers was employed. The 

specification is moderately easy to accomplish for 

production model hardware and approximately 30 dB 

greater than state-of-the-art results for laboratory 

test models. 

3) 	Hughes data for the Marisat transponder was limited 

to thirteenth to twenty-first order three-carrier 

products. Thirteenth-order antenna intermods were -150 dBM 

for three +46 dBM test signals, increasing to -117 dBM for 

the antenna and rotary-joint assembly mounted on the 

spacecraft. The diplexer comprising three transmit 

filters and a nine-section receive filter 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 transponder manufacturing, and it is 

estimated that equivalent third-order two-tone intermods 

for which measurement data was not available may be of 

the order of -50 dBM. 



Intermodulation testing can be performed utilizing 

a number of basic approaches to test signal conditions, and 

quantity of test signals employed. 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 dispersion 

of the intermodulation spectral distribution occurs. 

The following test methods are representative: 

a) Two-tone CW signal test, for which the product amplitude 

specification is designed for equivalence to the 

intermodulation result under the final system actual 

signal conditions. 

•h) Modelling of a test signal in which the number of and 

modulation of test signals suitably simulates the final 

system actual signal conditions. The method will 

employ the smallest number of test signals permissable, 

and is practical at the sub-system and final system test 

levels. Three-tone testing employing CW signals can be 

included as a variation of the approach and yields 

additional data for development analysis over two-tone 

data, particularly where frequency 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. 

DIFUAIR 
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c) Intermodulation noise level measurement under actual 

	

. 	signal conditions. The method is impractical at the 

component development level, and is principally employed 

at a system acceptance test level. 

	

5) 	The two-tone CW test method is generally accepted as 

the most practical means for carrying out intermodulation 

development tests and diagnostics at the component and sub-

system level due to the inherent simplicity and performance 

level attainable by the measurement circuit over a test 

situation involving larger numbers of carriers. Further 

advantages provided by the two-tone test are the relative 

ease of determination and detection of discrete product 

orders and frequencies, and in standardization of the 

testing method. 

Correlation between the two-tone product test data 

and the satellite intermodulation noise level due to a 

number of noise loaded carriers is essential for justifi-

cation of a two-tone test specification. 

The Fleetsatcom transponder specification requires that 

the receiver sensitivity degradation due to twenty three 

(operating) noise loaded carriers be 0.5 dB, or intermod 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). 



- 	 • 

• 	 • 

6) A practical third-order intermod test specification 

for the proposed multipurpose UHF satellite which is 

applicable for spacecraft hardware at the component level, 

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

signals. Transponder passive hardware developments should 

be carried out to 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 

amount. 

7) A summary of applicable transponder passive hardware 

intermodulation level achievements for state of the art 

fabrication techniques are given in Para. 4.1. 

Third-order intermodulation levels to approximately 

-145 dBM for two +45 dBM carrier test, or -190 dBM from 

carrier average power have been obtained for UHF filters 

and diplexers under laboratory conditions. However, the 

inconsistency of the laboratory results and possible 

performance degradation due to environmental factors 

indicates such very low levels to be impractical for space 

hardware at the present time. 

-1.9- • 
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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. Very low 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 due to high 

intensity field regions and incident signal reflection from 

both the resistive material and the metal reflector interface. 

Due to inherent difficulties in low level antenna 

intermodulation testing, special 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. 

8) 	The power back-off rate for seventh and higher-order 

intermods is estimated to  bel  dB/dB. A roll-off rate of 

•5 dB per odd order for high orders is assumed for specifying 

purposes. Since the nonlinearity coefficients for the 

transponder passive components and complete system are not 

predictable, simulation testing coupled with computational 

methods are required to establish final intermodulation 

performance. 

PMFUMIK2 

- 1.10 - 



- 1.11 - • 

9) 	A.diplexed (common) antenna UHF transponder appears 

feasible for frequency band allocations such that lowest 

intermod orders of about ftfteenth to ntneteenth order due to 

satellite transmitting signals 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 

versus the receive band lowest interfering product order. 

The repeater receive band intermod noise performance can 

be accurately determined only on establishing the necessary 

correlation between the two-tone product amplitude at the 

receive band lowest order interfering product and the noise- 
/ 

loaded carriers intermodulation noise falling in the receive 

channels bandwidth. 

The conversion coefficients inter-relating the two cases 

can be predicted only after measurement of the transponder 

transfer characteristic nonlinearity coefficients, although 

computational accuracy becomes the major limitation at high 

order products. Alternatively, the correlation can be obtained 

through a direct measurement of receive channel noise when 

employing a modelled test signal. 



10) 	Mùltipactor 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 10-2 to 10-9 torr with the prfncipal parameters being 

frequency, conductor spacing, conductor work function, 

and field intensity. The effect has been obtained at 15 

watt average power levels, and is inititated by microdischarge 

occuring at discontinuities in the transmit signal path. 

MUIR 
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1.4 Passive Component Intermodulation  

Design Guidelines for the Multipurpose UHF Communications Satellite  

Transponder  

1.4.1 NRL Guidelines for UHF Transponder Development  

Difficult problem areas were encountered in the Fleetsatcom UHF 

transponder development due to passive component intermodulation in 

a diplexed 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 could not be altered 

for an improved compatability with the intermod spectra, separate 

transmit and receive UHF antennas providing 50dB of antenna isolation 

• 

were employed in the final satellite configuratiovather than the 

originally proposed diplexed antenna system. 

Several important guidelines toward a UHF satellite development 

program based upon the Fleetsatcom program experience were stated by 

NRL: 

1) Carry out a transponder simulator development and testing 

phase to establish as many potential problem areas as possible. 

Simulation of the entire communications package (UHF-SHF-UHF) 

was recommended. The importance of the simulator test phase in 

relation to the Fleetsatcom program is such that simulator data ,  

. 	provides the reason for proceeding with the spacecraft program. d 

2) Carry out a knowledgeable testing program on the simulator 

package to determine the system intermodulation noise and related 

problem areas to the greatest possible extent. It was stated 

that all operational intermodulation problems will still not have 

been completely solved after simulator testing. 

- 1.13 - 	
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The implications relate primarily to the Fleetsatcom program 

experience where the array of detrimental factors (Frequency plan, 

diplexed antenna, state of the art hardware requirements and 

techniques, and multipactor effects) produced initially unsolveable 

intermodulation problems. 

A comprehensive test program involving unit specifications, 

subsequent relating to noise-loaded-carriers transponder 

specifications, through to performance specifications in a 

simulated space environment is envisaged for the transponder 

.1111ulator test phase. 

Design the spacecraft following the transponder design stage; 

The note again reflects Fleetsatcom experience and suggests the•

situation in which transponder design may result in extensive 

packaging and antenna system modifications. 

Completion of the transponder simulator test phase, is 

probably a satisfactory event at which to commit the spacecraft 

design. 



• - 1.15 - 

• 1.4.2 Canadian Multipurpose UHF Satellite Transponder Intermodulation  

- Design Considerations  

A major decision area for the Canadian Multipurpose UHF 

Satellite Transponder in regard to intermodulation interference 

concerns diplexed or isolated transmit and receive UHF antennas. 

The decision depends directly upon the UHF band frequency 

allocations and the intermodulation products minimum order 

falling in the receive band. 

Intermods generated by satellite transmitting signals, 

which due to the transmit segment bandwidth and separation of 

the segment from the satellite receive band, which result in 

low 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 filter and antenna circuit 

generated intermods at the receiver terminal. 

2) Reducing the receiver antenna circuit generated intermods. 

3) Reducing the transmit filtering requirement for suppression 

of transmitter amplifier generated noise in the receive band. 

4) Reducing the receive filtering required for carrier 

suppression at the receiver input. 

5) Increasing the margin for intermod degradation. 

ME1181iR 
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6) Preference of frequency assignment for the transmit band; 

that is, added antenna, circuit isolation will allow for 

decreasing orders of intermod products to appear on the 

receive band by simultaneously reducing the degradation 

margin. 

A transmit band frequency allocation which results in 

nineteenth and higher intermod product orders on the receive 

band appears quite feasible for the diplexed (common) UHF 

antenna approach to transponder design. A transmit band 

frequency allocation which results in about fifteenth order  

products on the receive band appears to be  borderline for 

diplexing. In this case additional costs and development 

efforts are envisaged to accommodate the reduced intermod 

specification required to meet the diplexed antenna design 

approach. 

Alternatively, for a fifteenth order case, a simulator 

development approach incorporating isolated antennas is 

suggested,iwith filters and antenna system hardware development 

carried out to specifications suitable for the diplex approach. 

A mechanically complex common-mast transmitting antenna 

assembly containing the UHF, SHF, and TT&C antennas presents 	, 

potentially difficult intermodulation design problems. Physical 

separation decoupling of all antennas from the UHF transmitting 

antenna feed is.preferred from intermodulation requirements. 



The levels of intermod products falling on the receive band 

cannot be mathematically predicted at the onset of design, but 

must rather be established by a measurement-computation approach. 

A conservative initial estimate for a two-tone specification for 

the UHF transponder, which is based upon available practical data 

is given in Figure 4-1. A 10 dB roll-off rate per odd-order 

product is considered to be a good rule-of-thumb, and for this 

case is applied to the transponder-antenna system up to fifteenth-

order products. The 5 dB rate for seventh-orders and up for 

component specifying is again by rule-of-thumb although little 

supporting  •data is available. The actual transponder intermodu-

lation spectra will be reasonably unique. A 20 dB degradation 

factor decreasing with product order, is included in the system 

specification. The estimate will depend upon transmitting 

antenna illumination of spacecraft 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 satellite structure contributions should 

be satisfactory. 

- 1.17 .7 
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No deliberate allowance for space deterioration of the 

intermodulation noise level has been included. At this time 

no data has become available with the exception of the 

Lincoln Labs LES-6 result which indicated an intermod mal-

function improvement in space rather than deterioration. 

Confirming information within this potential problem area 

is required. 

The transponder system specification given in Figure 4-1 

includes an additional factor for (n) noise-loaded carrier 

noise level conversion from the two-tone +45 dBM carriers 

product amplitudes. For a total permissable intermodulation 

noise level of -138 dBM at the receiver terminal, approximately 

+6 dB is allowed for fifteenth-order product conversion, 

increasing to approximately +17 dB at nineteenth order. 



1.5 Recommendations for Transponder Hardware Development  
Program  

1.5.1 Program Plan  

Suggestions toward a program plan up to the transponder 

simulator (RF package) testing stage are given in Figure 1-1. 

It is recommended that the UHF and VHF/SHF systems RF package 

testing be accomplished by the earliest possible date in the 

overall program. 	NRL have recommended that the complete 

communication package including power supplies and necessary 

spacecraft equipment be included in the overall simulation. 

1.5.2 Notes Pertaining to Development Program Plan  

100-110  UHF Primary Feed: 

An initial development of the UHF transmitting and 

receiving feed only employing a solid reflector (and possibly 

SHF feed mockup) is recommended to simplify the intermodulation 

design; then progressing to increasing complexity. 

120-130  

UHF feed intermod testing is performed on the feed, mast, 

balun, and solid reflector sub-assembly. Both two-tone and 

modelled test signal intermod testing is performed to determine 

the two-tone test specification for the sub-assembly. 

130-140  

Multipactor effect testing of the above assembly at this 

development stage is included to provide mechanical design 

guidance. 

- 1.15 - 
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200-210  Transponder Test Signal Intermod Test Facility: 

The facility as suggested will comprise a number of 

channelized low-power solid-state amplifiers with noise 

modulation capability. 

Eight to ten couplers with common output, providing 

approximately 0.5% frequency separation channels at 70-80 dB 

isolation for amplifier intermodulation protection is 

envisaged for the test signal model. 

220-230  Two-tone Intermod Test Facilities: 

Several testing facilities, at least for antenna and 

diplexer development testing phases are suggested. The 

following upgrading of the present configuration of UHF 

Intermod Test Facility is proposed: 

1) Addition of band-reject filters to the present band-pass 

three-channel assembly. 

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

3) Improvement of spectrum analyzer-preamplifier detection 

capability to approximately -155 dBM noise level in a' 

10 Hz bandwidth. 

4) Addition of frequency stabilized 100 watt amplifiers. 
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700-710  UHF Diplexer Development Model 

A brass-board development to initial design specifications 

is recommended. 

710-720  

Two-tone and modelled test signal intermod testing is 

performed to determine the two-tone test specification for the 

sub-assembly 

•725-735  

Finalization of the diplexer frequency response characteristics 

following amplifiers simfflation signal testing is proposed. 

720-730  

Multipactor testing is included to provide mechanical design 

guidance. 	 . 

900-910  UHF Simillator. Testing 

' 	The test phase covers only the UHF section, employing . 

preferably the UHF HP Amplifier (or the.channelized test signal-

Intermod Test Facility). 

920-930  UHF/SHF Simulator Testing 

Components at the service test model stage are shown. 

•Development stage UHF/SHF simulator testing is recommended as 

well. 

SENUAIIR 
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2.0 Passive Component Intermodulation  

2.1 General  

Passive component intermodulation presents a significant 

problem in satellite transponder design in terms of establishing 

a suitable channel performance (S/N) within any given channel. 

Passive component intermodulation of major importance is that 

generated by linear passive components where, due to location and 

usage of the components in the transponder circuit, intermodulation 

elimination or reduction cannot be adequately facilitated by 

filtering and isolation techniques. 

All transmission line components incTuding« antennas, filter, - 

configurations, various forms of transmission lines, and RF 

connections are typical and are treated as linear under normal 

voltage-current test conditions. However, under simultaneous 

excitation by two or more carriers, small non-linearities which 

exist in the dynamic transfer characteristic for a linear device 

will result in generation of spurious intermodulation products. 

In addition to the devices comprising the receive and transmit 

antenna packages, other obscure hardware items in their immediate 

surroundings may be significant intermodulation sources. 

L8 	  
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Experience with passive component intermodulation has 

shown that the most prominent sources occur at regions or 

circuit locations most strongly excited by currents at the 

local transmit signal frequencies. The prominent sources are 

also likely to be the most efficient radiators of intermodu-

lation signals due to antenna-like 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 

(roll-off) wi,th product order, the high-order, even-order products 

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

band. 

M9KKAIR 
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As a rule of thumb, the highest orders of intermodulation 

products are generated by the most prominent third-order 

intermod sources, while all sources usually contribute to the 

lower order products. Millti-tone excitation (greater than two 

tones) produces the situation where higher order intermodulation 

signals are superimposed on the lbwer-order intermodulation 

frequencies, and the observed signal level is primarily due to 

the lowest order product. In  comparison, two-tone excitation 

produces observed signal levels due to the summation of all 

similar order contributions at a given order. frequency. 

Passive component intermodulation signals generated by all 

sources produce interferences when the intermodulation spectra 

appearing in the receive band at the receiver terminal, is 

significant relative to the receiver thermal noise power level. 

The transponder specification requires that all interferences 

be reduced to 10dB below receiver thermal noise for maximum 

degradation in uplink C/N of approximately 0.5 dB. 

2.2 Non-linearity Mechanisms  

A complete quantitative characterization of the weak non -a 

 linearities in linear passive components is not available due 

to the complexity 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). 



3) Resistive nonlinearity due to local high current density. 

(Thermal conduction modulation) 

4) Low level surface effects (Nonlinear bulk materials, non-

linear absorbing materials, contaminants.) 

Material surface finishes, bulk materials, and RF connections 

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. 

Dissimilar metal contacts; oxidized metal contacts (metal-

oxide-metal tunneling). 

4) Corrosion (solder flux, etc.) 

5) Contacting surface texture (loose contacting junctions and 

microdischarge mechanisms); roughness, burrs, cracks, 

scratches, imbedded chips, filings, metallic filament 

conductors. 

6) Contaminants; water vapour, solder flux, etc. 

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

Reduction of passive component nonlinearities requires 

designs which minimize high voltage stresses and high current 

densities. Manufacturing to state-of-art intermodulation 

levels requires precision machining, clean room facilities, 

and tight assembly control. 

- 2.4 - 



3.0 Intermodulation Amplitude Relationships  

3.1 	The transfer characteristic for a nonlinearity without 

memory (i.e., output voltage is an instantaneous function of 

the input voltage) can be described by a Taylor series 

expansion: 

Eout 	a 1  E. + a2 
 E. 2 	. + a E. n 	.... where 

in 	in+e — 	n in 

a l' 	a n are constant coefficients of curvature, and E. in 

represents the input signal applied to the nonlinearity. 

Two expansions are shown for reference (Appendix I); 

a two carrier input for expansion order ne.5, and an m 

carrier input each of equal  amplitudes . (1) 

The first case demonstrates the generation of output 

terms (d.c. components, fundamentals, harmonics, and intermods) 

up to fifth order, and the second case demonstrates 

contributions to third and fifth order products to fifteenth 

order curvature. 

The following observations can be drawn for the amplitudes 

of lower order of products irelative to harmonic amplitudes: 

1) Two frequency third-order products, type 2 W 1  ± W2  are 

9.6 dB greater than third harmonic products for equal 

amplitude carriers. 

2) Three frequency third-order products, type WI  ± W2  ± W3  

are 15.6 dB greater than third harmonic products, and 6 dB 

greater than 2 W1  ± W2  type. 



Two frequency fifth-order products are 20 dB greater 

(i.e. 3 W1  ± 2 W2 ) and 14 dB greater (4 W1  ± W2 ) than 

fifth harmonic products. 

For a large number of simultaneously applied carriers, 

the important product of each order is W1  ± W2  ± W3  ± 

type, as to both amplitude and number of products. 

(1) Research into Non-Linear Characteristics of Antenna 
systems, D.I.R. Report 239-1, F.G. Buckles, 
Sinclair Radio Laboratories. 



3.2 Characterization of Low-Order Nonlinearities  

The nonlinearity can be characterized given the values 

of the a n 's of the voltage transfer characteristic. Direct 

measurement of the transfer characteristic to the accuracy 

needed to determine the Taylor series coefficients cannot be 

carried out, however the following methods can be employed 

for determination of the low order coefficients: 

1) Direct measurement of harmonic amplitudes with single 

carrier input, and determination of the coefficients. 

The method becomes impractical at other than the low 

harmonic orders due to inadequate detection sensitivity. 

2) Direct measurement of a two equal carrier product at a 

given input voltage, and determination of the coefficient, 

or 

3) Direct measurement of a two equal-carrier product of order 

n for a range of input voltage (i.e. assumes constant 

coefficients) and solution of the set of coefficients 

(an , an+2 , an+4 , ....) derived from the Taylor series 

expansion for the measured product. The method is likely 

to be limited by computational errors when dealing with a 

large set of simultaneous equations or large n. 

-3.3- 
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3.3 Determination of System Total Intermod Power  

3.3.1 	The following methods for prediction of multi-noise 

loaded carrier system intermod levels, for low orders of 

nonlinearity, are given in the literature. 

1) Nonlinear 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 distribution of total intermodu- 

lation power over the operating band for low orders of 

expansion (2 to 5 approx.) of the power series. Calcula-

tions are referenced to measured harmonic powers. 

2) Transmission Systems for Communications, 4th Edition, 

Bell Telephone Labs. Inc. 

The Intermodulation noise computation (at low orders) is 

obtained from the spectral density and autocorrelation functions, 

with the input signal to the nonlinearity represented by a 

band of noise. 

3.3.2 	A measurement of the total intermod by means of noise loadine )  

or simulation signal input to the nonlinearity appears the most 

suitable approach for a wide band system in which high order 

intermods occur on the receive band. 

(2) Communications System Design: Philip F. Panter, 
McGraw Hill Co. 

- 3.4 - 
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As the probable number of superimposed products exceeds 

20 or 30, they can be assumed to become indistinguishable from 

random noise, becoming increasingly random with the masking due 

to noise loaded inputs. 

• 



• - 4.1 - 

4.0 Intermodulation Data  

4.1 Summary of Third-Order Intermod Level Achievements  

The following is a summary of stated achievement levels 

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

lation levels under laboratory conditions. The levels can be 

• assumed to relate to hardware components which are designed 

and fabricated according to present state-of-art techniques. 

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

carrier levels. 

The level was_not consistent. Precision machining and 

extreme care in assembly was exercised. A 20 to 30 dB 

• satellite environment deterioration was expected. 

2) 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 range of levels resulted 

from signal summing with line length changé - between the 

diplexer and load filter (used to isolate the load intermod 

• from diplexer intermod). 

MKUM1R 	  



3) UHF Diplexer (TRW), -130 dBM third order at +45 dBM carriers. 

4) UHF Intermod Test Bed (SRL), -135 dBM third order at +50 dBM 

carriers. The result includes and is limited by 50 ohm high 

power load intermod. The level is stable and repeatable with 

routine maintenance of the output RF connectors. A consistent 

level without routine maintenance is approximately -110 dBM. 

Voltage stresses and current densities are generally reduced 

by hardware design, (conductor dimensions) over equivalent 

levels occuring  in satellite  diplexer designs. 

UHF Helical Transmitting Antenna (TRW), -130 dBM third order.  

The test conditions were not defined. 

UHF Biconial Dipole, including 200 foot feeder (Nei -lax FHJ-5-50) 

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

The result includes the coupled environment contribution.  •The 

RF circuit intermod sources are stable and repeatable with 

connector maintenance. 

4.2 Practical Third-Order Intermod Specification for UHF Passive  
Hardware  

order of 20 to 30 dB better than final requirements. 

An initial  development goal for transponder passive hardware 

components to be used for Simulator evaluations should be of the 

uoal for transponder passive hardware 

nulator evaluations should be of the 
_ 

Sc 1E112iIR 
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• For the purpose of increasing the margin of protection 

to total system intermods at the receiver to the greatest 

practical amount, component development 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 simple mechanical structures. 

A practical specification for spacecraft hardware at 

the component level appears to be -110 dBM for similar 

test conditions. 

Refer: 1) Fleetsat Antenna Systems 

Specification: -100 dBM at +45 dMB test carriers. 

(Achieved -110 dBM) 

2) Fleetsat Transmitting Filters 

Final Specification: -100 dBM at +45 dBM test carriers. 

(Procurement Spec: -115 dBM) 

3) SRA-503(V) UHF Four channel multicoupler: -105 dBM 

at +50 dBM test carriers, for production quality 

tunable filters and combiner. 

4.3 Transponder Third-Order Intermod Margin  

The margin included for transponder third-order intermod 

level degradation due to spacecraft coupled sources is 20 dB. 

111 	 -.4,3- 
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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 may occur with time. ,•

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

margin for such deterioration is not included. 

4.4 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 

fall within a range of 1.5 to 4 dB/dB. A 3 dB/dB rate has 

been measured (SRL) for a high linearity 50 ohm high-power 

UHF Intermod Test Bed termination. The assumed conservative 

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

4.5 Two-Tone Product Roll-off Rate  

The roll-off rate for intermodulation products of 

increasing product order cannot be predetermined accurately, 

and must be established from measurements on the individual 

passive hardware components and complete transponder system 

An initial estimate for specifying the transponder 

components is given on Fig. 4-1. The 10 dB rate estimate for 

low odd order products is confirmed by Fleetsat data and 

SRL test experience. A 5 dB rate for product orders above 

seventh is an estimated average rate for initial purposes. 

• - 4.4 - 



A 6 dB allowance is included for vector summing of all 

contributions to the transponder system result. The 20 dB 

margin for transponder system degradation due to the space-

craft is allowed to decrease with increasing product order 

(i.e. number of contributory sources decreases). 

Hughes measurements (Marisat Transponder data) at 

thirteenth to twenty-first order products (Fig. 4-2) indicate 

a 5 dB per odd-order average rate at high orders, and (2.5 dB 

per odd-order minimum rate). The measured data has been 

extrapolated to a -50 dBM level estimated for two-tone third 

order products. A -50 dBM third-order two-tone level 

typifies an assembly produced with normal manufacturing 

control standards but without strict adherence to low-intermod-

ulation manufacturing techniques. 

Test data in support of the estimate is as follows:« 

1) VHF Intermod Test Bed (150 MHz band) with Noisy Termination; 

the RF Circuit is given on Fig. 4-3. Product roll-off rates 

(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 third-order, and 

less than 1 dB/dB at eleventh order. 



2) UHF Biconical Antenna (Preliminary design model) and feeder; 

(Fig. 4-5). Product roll-off rates are typically 10 dB at 

third to fifth orders. The third order power back-off rate 

is approximately 1.7 dB/dB. The plotted data indicates 

a variation in the third order intermod levels across the 

UHF band for the particular antenna (approx. 14 dB for•

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

4.6 Transponder Total Intermods  

The total intermod power as a function of a large number 

of varying amplitude noise-loaded carriers can be predicted only 

after measurement of the transponder transfer characteristic 

nonlinearity coefficients. 

The determination of the total intermod power falling in 

a given receive channel is dependent upon the particular 

transfer characteristic and a certain minimum number of noise 

loaded signals for which the channel noise becomes independent 

of additional input signals. 

A simulation measurement of the total noise on a given 

receive channel can be performed by applying unmodulated 

carriers two-at-a-time, then proceeding to three-at-a-time, 

etc. and noting the increase in channel intermod at a worst 

case product (i.e. f 1±f2±f3± ....). The total average applied 

power(typicalb;.)increases with each added carrier. At a 	 • 

certain density of products, the channel noise increase flattens 

out with additionally applied carriers. 
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5.0 UHF Low Noise Amplifier  

The UHF Transponder low noise amplifier is susceptible 

to self generated intermodulation due to transmitter signals 

direct coupled through the amplifier isolating network. 

Under two tone conditions, the relationship between input 

power levels and self generated third order IM levels is 

predictable by means 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 

products followed the predicted béhaviour. 

The predicted intermod 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 third order 

intermods at the amplifier output to -96 dBM level (-138 dB 

+42 dB). 

S'31 E18Eife 



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 intermods. Isolators employed in the high-

power amplifier circuit previous to the output filter will 

produce negligible contributions relative to the amplifier 

noise level. 

Measured data for a Western Microwave Model I-201-LIB 

isolator is included as being representative of VHF/UHF 

isolator performance. 

Isolator Specifications  

Frequency Range - 148-174 MHz 

Bandwidth - ± 5 MHz 

Isolation (typical) - 25 dB 

Insertion Loss - 0.5 dB 

VSWR - Under 1.3 

Max. Forward Power - 100 W 

Max. Reverse Power - 20 W 

-6.1- 



The measured intermod spectra for two-tone test are shown 

in Figs. 6-1 to 6-5 and are summarized in Fig. 6-6. 

Third order intermodulation levels of four manufacturers' 

units tested fall within ±10 dB of the values given. 

The roll-off rate per odd order varies typically from 

5 dB at +41 dBM inputs to 7 dB at +33 dBM inputs. Power Back-

off rates varied from approximately  J. dB/dB for low order 

intermods to 2.5 dB/dB for higher orders. 

-6.2- 
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3.0 Power Series Representation of Transfer Characteristic  

11,3.1 Introduction 
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• The output spectrum produced by a nonlinear transfer characteristic 

whose 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. 	 ' 
• - 

2 •P6wer series expansions based on Maclaurin's and Taylor's theorems 

have  been used extensively in distortion analysis of nonlinear or 

variable systems, and the methods are applicable ta the:analysis of 

the  behaviour af nonlinear elements in . general. 	 . • 

The fundamental assumptions on which the - analysis is - based.are. 

the  following: . 

1)... A single valued input/output characteristic is assumed. . In power 

series . form, the  e0(e) functional relation for a - nonlinear element • 

is, 

, 

• • ; 	 - 	(1) • ' 	 ' 
. 	 - 	 W. .. 	 ...s .1.. 	 .• 

' 	

. 	. 	
. 	• , 	

, 	• 	
1•

where e0 is the instantaneaus output voltage and e iS the Instantaneous 
• 1 

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 aco a 1 , 	 . aN  are constants for - the- . . 

polynomial Which describes the transfer characteristic, and are 

independent of voltage over the range of the polynomic approximation.. 

The coefficients are usually determined experimentally; the - number • 

of terms required depends on the rate of decrease af a, as  .n increases,• 

2 	• . 	ase 
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r 3.0 Power Series Representation of Transfer Characteristic 

ge l Introduction  

The output spectrum produced by a nonlinear transfer characteristic 

whose steady-state output varies nonlinearly with a steady-state  inpute  

[.1 	can bè derived by representing the transfer dharacteristic,as a pOwer 

' ' series of the input signal, for those cases-where the characteristiC 

. is representable by a finite series. 

r7 
ti 	. 	Power  series expansions based on Maclaurin's and Taylor's theorems 

have been used extensively in distortion analysis of nonlinear  or  

LH 	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.  following: . 	. 	 - 	• 

1) A single valued input/output-characteristic is assumed.. 	power 

series form, the e0(e) functional relation for a nonlinear element 

. eo = ào 	
alei 	

ableN 	 - 

O 

2 i 
2 	. 

1.1 

where eo is the 
instantaneous  output  voltage and •e 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  a01 	. . au  are constants forthe 
• - 	• 

polynomial which describes the transfer characteristic, and are 

independent of voltage over the range of the polynomic approximation.- 

1 7  The coefficients are usually determined experimentally; the mumber 

of terms required dependd on the rate of decrease of an as n increasesi 

• 
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and on the accuracy required of the approximation. 

2) The nonlinear characteristic Of the element is assumed. to be 

independent of frequency over the working frequency range.- 

• • 3) For a simplification of the analysis which follows, *a pure 

resistance load is assumed, and nonlinearity in the phase characteristic 

of the  transfer function  is neglected:- 	 _ 

The transfer function is actually-described by-gain and phase 

• 

shift ( k ).characteristics, which produce nonlinear distortion.. 

due to variation either in input  signal amplitude  pr frequency. 

The utility of the power series has been.limited by the relatively 

.large number of>terms that are.often required to accurately represent 

a given function, and secondly by :the unwieldy manipulation involved - in. 

the expansion and regrouping Of - common terms, particularly as the 	. 

order of the•expansion and as the'number of terms contained within. 	.- 

.increases. 	 . 	. 	 . 	. 	, , . 	.  .., 

11 ' 	

. 	 . 	, 
• Through the use of a'generel expression for the expansion of each , 

F 	
. 

- 	corresponding frequency terms by-digital computer, the power series« 

II 	
approach becomes a reasonably direct method for evaluation of a non- -. 

.. 
linear element Output spectrum. No particular restriction need be place 

, 
on the number of fundamental terms Contained in e 	 . 	.. ! 

i. . 	. 	• 	. 	. 	. 	. 

	

The expansion of epower series function eXpressing a nonlinear 	, 
, 

transfer characteristic, for a single-frequency input voltage.  produces' 

tYpically a d'..c term, the fundamental, and harmonically.related 

IT 
L 

	coefficient 

 

I!' 
• 

terni in the power series,..and evaluation of the amplitude and 

orp,) 
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constant co-efficients which specify a polynomial which suitably ; 

approximates the transfer characteristic. The method of harmonic 

analysis by successive diffèrence.based upon a Taylor Series expansion* 

is renresentative .of the single-frequency input voltage case. • 

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

comprised of two or more frequencies siMilltaneously„ the  output 	• 

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

harmonic frequencies of the fundamentals, and the intermodulation 

product frequencies frOrmed . by all possible additive and subtractive : 

combinations of the fundamental frequencies and their:harmonics. 

•A grouning of the common frequency terms which apPear in the power 

series èxpansion.of . the input voltage; results in a:Modified power . 

series function which expresses the output voltage amplitude for 

each freqUency component in the output spectrUm,as a. function of 

the input voltage andthe..constant coefficients of the transfer.. ' 

charàcteristic approximating pelynomial.. 	• 

The output voltage given by a poWer series expansion of an 

input voltage comprising M cosine waves with frequency w 

amplitude Ek, and instantaneous phase ek  is  as followst 

Input voltage e i = - E l cos(w 1t + e1 )+ E2 cos(w2t +e) 

+ 	. + Em cos(wmt +  0M ). 

r 	. 	 . . . Substitution of e
i 

into (1)'giv 	
.

es the 	- 
. 	. 	 . 	 . 

output voltage e cl,  r-7 ao  + al  {Flcos(w 
1 
 t + e

1 
 ) +...+ E

M  cos(wmt  -1- :em)1 •  
* Reference: Harmonic Analysis by the Method of Central Differences, 

D.C. Espley, -P1111. Mag. 1939(28) P. 238 	. - 
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n. :  
[T 

or in compact form, 

o 
n=  o 

M t + e M 

(2) 

•• •• • 

1 	2 	1 a. + — a2  E 1  + — o 	2 	2. + —3 a* E4 
8 4 1 

12. 

+ 	„+ aN.JElcos  (w it + 91 ) + 	+ Evi. cos 

FP 

• 

3.2 e.No-Freguency Input Voltage Expansion  

The output voltage given by the expansion of a two-frequency 

input voltage as a simple case, and considering only terms 

generated for up to the fifth-power of .the input voltage, 

demonstra.tes the modified power series amplitude functions for 

the putout frequency components. 

Wbere e. = E cos w t + E cos w 2t and the instantaneous 1 	1 	2 
phase  of the input is• neglected, 

T 

Pa: 	11 

• • • • • 

+ cos .o.) t f a1  E 1 + 	a3E  
3 	3 	3 

1 	 *4 	1 ÷ Î a3 E  1E22  

5 	5 	15 	315 	4 	• +—aE + 	a.EE +—aEE +*** 8 5 1 	4 5 1 2 	8 5 1 2 

3 + cos w2  t{ a. 1  E2  I. — a3  E
2E 2 	1 2 

15 	4 	15  
E t 	 E5  + 	• 

8  5 1 2 . • 4 e".5E E + 1 2 	8 a  5 2 • • ." 



+ cos 2w 2 t 

+ cos  3w 1t 1 

• • ••:,q 	. 

+. 

•

▪ 

	• 

• 

+ cos  
( (ill - 

. + cos (2w 1  + 

• 
• • 

10 

I. 
El 

Jr. .  
Eit 

ET 
; 

a.  . 0 

• 0 0 

1 	2 	1 	4 3 +cos2w 1t..L.–a2E +–et.E +– 2  a4E
2E2 + 2 	1 2 4 1 	1 2 0 • 0 

2 	 2 2 	1 	4 a
2
E +– 3  aEE +–aE + 

2 	2  

3 5 	5 	5 	32  aE +—aE +–a.E•E +  a.  3 1 	16 5 1 4 5 1 2 

	

T-71 	3 	-S- a. 23  - -S-- a ES  + c• os 3wit  (', a3E  2 + 4  5EE+   1 2 	16 5 2 • @ . 

• i 

	

1 	4 + cos 4w it gi ze.4E 1  + „ 0 

1 	4 • + cos 4w2t  j  a4E2  + . 

+ cos  1 • 	5 	• 5w 1  tlr— a5  E +.. 16 	1 a. 

+ cos 5w 2  t 	a
5  E

5
2  + 16  

3 	v3,, 
+ c• os (w.  1 w2"- a2E1E2 11° aer2 3aer-2 

1,3, 
• c• bee (w l 	tu2 )t  a2E1E2 	

3 
 a4"1"`"'2 	

3 
 ae12 

3 	2 	5 	4 	15 	2' 3 + cos  (2W 1  w2  ) tî 3E E2  + – a.BE + — a.rEE +. j, 41 	4 512 	8 J12 

ID 	a. ' a. 

3 	2 5 

	

i 4 15 	3 2 2u) )t –a E E + 	 + – a. E E 	-- a. 	-.- 2 	4 3 1 2 4 5 1 2 	8 5E E 1 1 2: 

‘ 4. 	3 ,2r, .., .5 	,4e  - 4. -  15 	•,2,3 .., 
tu2 1 4  { a3i1.1''2 ' -4-  a5""1 -‘32 ' 	8 a5"`"1. 442 • ' 

3 	2 5 	 3 2 + + cos (w + 2w2  )t sr–a
3  E 1  E + 	a5 	

15 E.E + 	a5 EIE.2  1 	 4 	2 4 	2 

ii 	 • 
 47  cos  (2w1. 	
{.2a 

4 
 4E2E2 

 1 2 

Elp .3 2-  2 + cos (2u) 1  + 2w2 )t f -7-1.a.4E 1E2  + 

• 'SWUM 
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ft  
n. 
n. 

• 0 . 

• . • ' • 

• • 

5 
-8-  

f+ cos (3w 1  + 2w2 )t i-3- a5  

i5 	2 
a5E 1 >4.- cos (2w

1 
 + 3w2 

o • 

+ • • • 

Ii 

• • • 

(9 0 • 

• • • 

• - • • 0 

▪ • • ( 3 ) 

14. 

+ cos (3w 1 w 2 ) 

+•CO3  (W
1 	

3w 2 

+ cos (3w1  + w2 )t 

+ cos (w 1  + 3w2 )t 

+ dos (3-w 1 	2w2 

 +. cos (2w1 - 3w 

1 	3 -a.
4  E 1  E2  + 2  

1 • 3 -a4  E 1  E2  + 2  

3 1 -a4  E 1  E2  + 2  

1 	• 3 E a.E_ 

	

4 i 2 	° 	° 

• • • 

asE21E23 
o.  • • 

15 	4 
÷ cos (4w1 - w2 11-7 a5 E 1 

5  + cos (w - 	) t 16  a. — 1 	2 	5
E 

 1 

+ cos (4w 1 + w2 )t -- 516 a  

+ CO3 (w 1  + 4w
?  

.f5 
16 a5 E 1 

SIMELAIR 



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 order T. 

General Term 
A general term* for the expansion .of the nth terM  in the power 

series of (1) is given from a multinoMial  expansion of  

[i 3.p 

CT 	 m 

e 	a n 	n 

M 
e 

cos fr-2q 1 )w 1t ± (13-2p 1 )w 2t •• • • • .(4)' 

r., 

ij - 
1 

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 less than the index of thè  expansion.  In. 
• • . 

general, the nth - term contributes only to intermodulation product 

E cos 0m 

For an input voltage, 

e 	E 1 cos w 1  t E2 cos w2
t 	. 	„ 

The general term is, 

cos w t E2 cos w2 t 1 

« n $ 	E 1  E2 	. 
n  2"-1 (e(_« 1. ) !  ( 0 	pl ) !  

= 'a 	, • 

Each of«, p, 	. . are zero or- positive integers such that 

0(1- p + . 	= n. 	 • 

and, • 

, 
p

' 	• • are zero or positive  integers. such that«, 1 	l• 	 -- e 2 
1.1 	 • 	 • 

* Reference  A Table of Intermodulation Products,.C.A.A. Wass, Journal 

of Inst. of Elec, Engrs.(London)Part III P.31.jan. 1948. 
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2 	 0 

e 

0 2 o 

2 0 

2 1 0 o 

1(, 1. r2 	r2 
a2 	—1 ' 	—2 

1 * w2 )t 

cos 2w 1t 	E22  cos 2w2tE1E2 cos 2  
1 E2 
21  

1: 

El 7 

Il 

Er 

u 

16. 

g 	.0.  *1 -  é 	Equation (4) generates all terms which contribute 2 	° 

to the output voltage from the n th  term in the power series by 

taking all values  of',  p i  . • ,0 1 , p i , . . . which satisfy  the  

reauirements. The exception noted to the rule is for cases where 

cosine argument is zero, when the correct value is.one—half. • . 

value given by Eqn. (5).. 

For example, when n .= 2, the expansion of (E1 
 cos w 1  t E2 cos w .  

'produces the following sets of c‹, 0„ey1 , p i , and corresponding 

'reauency terms forc-f- 0 = 2, (1..?)(. 	and 8 -ez,  17'  2 • 

Frequency Term .  

2w2 

The complete expansion for this particular term ,  in the power' 

• 	 - series is as an example, 

El  

Ft  



4w  -3w  1 3w - 2w2 
2w- w2 

w1 2 
w l 

2w 2 -  w 
3w 2 - 2w 1 

 4w2 - 3w 1  
2 • 	1 

5w - 

	

4w 1 	w2 
•3w 1  + w 1 2w + 2w 2 

	

1 	. 	2. 3w + w 

	

4w 2 	1 
5w 2 - w 

	

2 	1 

6w 
5w 1  + w

2 4w,1  + 2w, 
3we- + 1 2w + 4w2 

1  w + 5w 2  
1 6w 2 

2 

- 1 

1 

4w - 2w 
3w1-  w2 
2w1 2 

1 w + 

	

2u) 1 	w2 
2 3w - w 

4w 2 - 2w 1  

	

2 	1 

nnn • 

•11 
• 
11 
r. 

-:• 

[ 

5w  -2w 
 4w1 w 2 

	

3w 1 	2 
1 2w + w 

2w 1  + w2 

	

2 	1 
- 2 4w - w • 
5W 2 - 2w 1  

• 2 	• 	1 

6w 
 5w 1  

4w 1 +  w2 3w 1  + 2w 
3w 1  +  2w2 -  
4w 2 +  w1 
56ww 2 

2 
2 	1 

7w 1  6w 1  + w
2' 5w 1  + 2w 

4w + 3w2 
A 
-±UJ

2 
÷ 3w2 

1 5w
2  + 7w  1 6w 2 + w

l  
7w 2 
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3.7 Amplitude of Carrier and Third and Fifth-Order Intermodulation 

Products Power Series for m-Carrier Frequency Input Signal  

[1 

[11 

f] 
. 

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

for the case in which m carrier-frequencies, al l of equal amplitude 

A, are applied . to . the non-linear characteristic is:given in 

-published literature * for n up to and-including 15, - 

Reference • . 	. 

Calculation of Nonlinear Diàtortion Products,' 

U. . R.G. Medhurst, R.A. Harris, Proc..IEEi 

Vol. 115, No. 7, July 1968 

•The transfer characteristic was-expressed by an odd-order power'- 
. 	. 

'series function of the type, 	. 	. 

3 	5 

In the  following tàbulated series, kn  an  

The result is similar to that given herein for. the expansion: 

of Equation (1) since-only odd values of ndex contribute to 

the frequency terms tabulated. . . 

• 

fi 

Lè  
guaigliug2 



'Carrier output 	• 
+ (0-75 + I.5(nt 	1))1.:3 F {0.62-1-5-62(m 	1) 	• 

+ 3: 75(m -- 1)(m — 2))k s 	. 	• 	. 
-1- {0-55 +.18.59(m — 1) 	39-38(m — 1)(m — 2) 

+ 13-12(m — 1)(ni —2)(in 3)}k 7  
+ (0.49 + 61-52(m — 1) + 319-92(n: — 1)(m — 2) . 

+ 295-31(m -7 1)(en 	2)(en — 3) . 

+ 59-06(m — I)(nz — 2)(M — 3)(m —  4)1k9 ' 
▪ (0.45 + 207-99(en 	1)' -1-2436-33(m — 1 )(in — 2) 	. 

+ 4737-30(m I)(m — 2)(m — 3) 
+ 2436-33(m —. 1)(en 2)(rn 3)(n: — 4) 
+ 324-84(m — 1)(nr — 2)(m — 3)(n: — 4)(m — 5))1c i 

 + {0-42+718-49(m — 1) + 18331-79(m — t)(nt — 2) 	• 
+ 67743-46(m — 1)(m — 2)(m —. 3) 
+-67743-46(m — 1)(m — 2)(m — 3)(m 4) 
+ 22170-59(in — 1)(n: 2)(nt — 3)(m —; 4)(m — 5) 
4- 2111.48(m— 1)(m— 2)(m-7.3)(m — 4)(m —5)(m— 6))1c 1 3 

+ {0-39 + 2527-03(m — 1) + 38720-12(m — 1Xm  — 2)  
+ 927315-55(nz — 1)(m — 2)(m — 3) 	• 
+ 1408755-98(n: — 1)(in — 2)(m — 3)(/n — 4) 
+ 979200 • 88(m — 1)(ni 2)(nz — 3)(nz — 4)(m — 5) • 
-1-- 221703-88(m — 1)(m— 2)(m— 3)(nz•-:›.4)(iit —5)(m— 6) . 
+ 15836-13(m — 1)(n: — 2)(m 3)(rn — 4) . 

(nz 5Xn: 6)(m  7))k1 5  
• 

± f,  ±13  -pro du c ts 
1 5k3  + {1.1-25+ .  7-5(m — 3)Pc s  -I- (78.75 	. • 	.• 

+ 137-81(m — 3) + 39-38(m -- 3)(m — 4)14 • . 

+ {561-09 + 1988 - ,44(m — 3) + 1417-50(m — 3)(m — 4) 
- 	+ 236-25(m — 3)(A — 4)(m — 5)),( -9  • 	- • 

{4101-15 + 26867-28(m  —3)  +36409-57(m — 3)(n: 4) 
+ 14617-97(n: — 3)(nx — 4)(nr — 5) . 
+ 1624-22(m — 3)(m — 4)(in — 5)(m — '6)}k 11  . 

▪ {30669-31 + 356632-50(m 	3) 	• . 	. 	. 

-+828757-62(m 3)(nz — 4) 
+ 607051-76(m — 3)(m — 4)(ni* 5) 	• 

158361-33(m — 3)(M — 4)(in 5)(m — 6) 
+ 12663-91(ez — 3Xn: — 4)(m — 5)(nz — 6)(nz 7)}1( 1 ) 

+ {233780-91 + 4734035-95(m 3) 
+ 17918298-35(in — 3)(m — 4) 
+ 21477755-13(m 3)(nt — 4)(m — 5) . 
+ 9930574-95(m  — 3Xm — 4)(m — 5)(nz — 6) • 	• 
+ 1829073-34(nr — 3)(nz 4)(m — 5)(in — +5)1n — 7) 
+ 110852-93(m — 3)(nz 4)(nz — 5)(in — 
. (m — 7Xm 8))k 13 	 „ .• • 
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2f5  ± f2  products 
0-75k 3  + (3-12 3-75(m — 2))4 	 . 

(11.48 	42-66(nt  —2)  -I- 19-69(m — 2)(m 7 3))k 7  
+ (41-34 + 374-06(m  —2)  +472-50(m — 2)(m — 3) 

+ 118-12(m —.2)(m — 3Xm — 4))4 	 • 
+ (148-89 -I- 3043-15(m  —2)  + 8053-42(nt — 2)(m  _3) 

 +.5143-36(m 2)(m — 3)(m — 4) 	• 
+ 812-11(n; — 2X/22 — 3)(m — 4)(m — 5))kli 
(535, -18 -;-• 24202-89(m — 2) +12 î 586-31(222— 2)(nt 3) 

--1-.  150443-26(m — 2)(m — 3)(n2 — 4) 

• + 58065-82(m — 2Xne — 3)(m — 4)(nt — 5) 
-i- 6334-45(M 	2)(m — 3)(m — 4)(m -.— 5)(ti,t 	6))1c13 

• 4- (1965-77 4-191776-67(m — 2) 
1745625-72(m — 2)(m -3) 	 • 

+.3759761-86(m — 2)(m 7 3)(m — 4) • 
• 2678945.80(m — 2)(m 7 3)-(m — 4)(M 7 5) 

+ 692830-81(m 7 2)(711 — 3)(n1 4)(m — 5 )(m — 6) 
• + 55426-46(m — 2)(ne 3)(tn — 4)(m — 5) 

• (m 	6)(rn 	7))/c13  
• 

• • • 
3fi  -1-2f2  products 

0-624 4- (3-834-6-56(m — 2))1e 7 -1- •(17•72 	' 
• 98 • 44(n2 — 2) 4- 59-06(m — 	3))1r, 	• 	. 

-1- {74-44 4- 1051-23(m  —2)  + 1759-57(m — 2)(n:  — 3) 
 + 541-41(m .2)(m — 3)(m 7-  

-1- (299-54 -I- 9926-91(m — 2) 4-35455-34(m — 2)(m — 3) 
+ 28153-12(m — 2Xin — 3)(m — 4) 

5278-71(m — 2)(m — 3)(m — 4)(m — 5))k Is 

+ 0179-46+88742-83(M — 2) 
+ 612385-45(m 	2)(n? 3) 
+951487-65(m — 2)(m 3)(m  —4)  

438792-85(m 2)(m — 3)(m — 4)(m — 5) 
• 55426•46(m 2Xni 3X222 — 4Xm — 5)(m 7  6))kls 

ne 
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I 	 en 	, 

(The paper was first received 10th December, 1943, and in revised form 21st December, 1944.), 
•. 	• 	. 	• 	• 	. 	• 

• (I) LN-TRODUCTION - I • 	• 
Most of the fundarnental requirements governing the design  

of networks for the transmission of electrical sigria1s.1.-  with 
, minimum distoriion are now fairly well established. The design 
information, however, for calculating intermodulation and har -- 

: monic noise caused by interaction between the various simialsn 
or between the various frequency components of a single signal 
traversing a network having a nornlinear input/output charac:. 
teristic, is very unsatisfactory. Previous contributions to Abe . 

 specialized case of multi-channel telephone transrnission through . 
 \vide-band amplifiers have been made by two authors?, 3  but 

even such results are very complex and are unsuited to general 
design applications. • 

The necessity for a morè perfect understanding of the be-
haviour, limitations and requirements of non-linear systems has' 
arisen from the modern development of the sirimItanenus ampli-
fication of a number of signal channels by one common amplifier, 
e.g. wide-band coaxial-cable telephone systems and high-power 
wide-band .modulator amplifiers. The whole design and ècono- 

s of a transmission systern are based on the permissible noise 
!i 	output per channel at the receiving terminal. It is the contriba- 

-.. I .  lion due to intermodulation and harmonic noise that has so far 
Droved very difficult to assess since, unlike thermal noise, it is 
dePendent on the speech volume in each channel, the frequency 

•hand, the actual frequencies, and the output levels. The magni-
tutle of this noise can be progressively decreased by the applica- 

• 4' 1 ' of negative feedback, but, although in theory it is possible 
lo improve the non-linearity of an amplifier to an enormous 

Radio Section *paper. - t Post Office En-ineerin Radio Station 
lt is.assuincd here andgthroughout 	t hi; analysis tbat the intelligence h conveyed 7 umplitude variation and not by rrequcncy. or phasc-rnodulated signals. 	• 

	

. 	. 	 [ 
• • 

• SUM1gARY " 
The problem of the distortion noise generated by a signal in its 

transmission through one or more non-linear devices is analysed. 
This subject has become of increasing importanze  in  connection with 
the developrnent 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 deterinine precisely 
the effect of non-linearity and also the limiting linearity requirements, 
preferably in a form which can be readily comprehended and applied 
by designers. The problem has been considered to be very complex, 
and existing literature iS both scanty and involved. This paper pre-
sents'a simple solution, which is capable, in eeneral, of irrunediate 
cation to any type of complex signal (e.e. speech, music, television, 
%nice-frequency telenraphy or thermal noise) covering any frequency. 
band or frequency allocation. The results are presented 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 power from 
the non-linear device in any specified frequency band is not to exceed 
a predetermined value. The differences in the linearity requirements 
of a single 'amplifier and of a repeatered system are demonstrated. 
Provided the input/output characteristic of the network can be ex-
pressed as a single-valued power series independent of the frequency 
in the workbag band; the results obtained should cover veith adequate 
accuracy the design of all types of transmission systems,. 

. extent by the,application of feedback, it is usually uneconomical 
• in practice to design for a higher degree of Linearity than will 

: . ensure that the noise ccintribution due to intermodulation will 
- not unduly increase the noise power due to other' sources. This 
e• statement' becomes of increasing importance as the highest 

•working frequency increases. 	• 
. It is therefore necessary in most high-frèquenny amplifiers' to 

:; be able to fix, at an early•  stage in the design, the degree or „ 

linearity required. When this requirement is determined it is. 
• readily possible, from consideration of the output valve and out- 
n put coupling, to arrive at the ambunt of feedback necessary to- 
, obtain this degree of linearity, and henée a satisfactory freedom 

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

e characteristic and stability against supply voltage variations, but 
in practice' it is usually .fonnd that the amcnnt of feedback. 
necessary to meet linearity requirements is  more than s,ufi9cient 
to meet specification limits for these other characteristics. 
Similar design .and economic problems arise in the  design of 
hinh-tiower modulators, trannitteri and receiver.; rased in multi-
: channel radio circuits. . . . 
«• • Also, in the last few years .  it  lins  become increasingly necessary 
to obtain concise  information  en the linearity re.nuirements  of  
amplifiers, in order that a syeteera composed or a cltain of such 

,amplifiers shall realize the preeeermined noise limits in service. e 
without excessive and unecontnnic factors of safetle .  

•  
(2) BASIC TH 	

,
EORY.:e.,.. 

(2.1) List a Syrnbols 	- 
n = number of simultanenus tones on thé syst:ana. 	• 

/V= total number of  channesin the system.« 
7 fl,f, lowest and highest frequencies* of working,: band, cp. 

• . 	 rth harmonic output power (mW) procibced by that 
sinusoidal input uhiselt nives a funclrentental output'. 

- 	• • tone of I mW. 	 • 
s' 	re -= total rth-order distorlien. power (msW). 

P  total  fUndamental panser. output (mW) fifom the non- 
. 

•• 	linear network. 	• 	.• - . 	• .. 	• 
R = number of repeater  stations in the systeren 

The unit of power adopted is immaterial, provided 4,7; and:.  
P are men.nared in the same waits. • - . 

. 	 ' 

of frequency over the working band. 
4$]  

(2.2) Basic Assumptions • 	• 	• • 
•
• 

The fundamental assumptions on which the analysis has been. ' 
based ,  are as follows:— . • 

(a) The  treatment assumes a single-valuell input/output 
characteristic such as is obtained with valves and rectifiers where,  . 
the transit time is neeligible. - The relation cantlien be expressed. 
by the following power series:— • 	. 	- 	 • 

V av 	bv2 	cv 3  	 • ..(1) 

where V is the output voltage, :n the input voltage, and a, .6, 
C  . . . are constants. 	. 

(b) The non-Iinear characteristic of the amplifier is independent 

."-er"="re: 	.i.ezerrenee'rremer."17eseeimers. 



7  

T2 	• 8  • I•2 	± Per • 
qL r 

'BROà(BANIZ AND WASS; NON-LIN•  TAR.•DISTORTION IN TRANSMISSION SYSTEMS 
The distorting device is referred to as an amplifier throughout 

the analysis, but the treatment is applicable to any network 
 which conforms substantially to these assumptions. • 

•• 

(2.3) Distertion Power Produced by n Tones of Equal Powers 
If the input signal to the amplifier consists of n tones, such 

that the fundamental output powers are all equal, the output 
signal via contain, in addition, a number of harmonics and 
interrnodulation products. The numbers and relative powers of 
the nui.ist  important of these are calculated in Appendices 9.1 
and 9.2 and are shown in Table 1. It is evident that the pro-
portion of the distortion contributed by the harmonics is rela- 

• 

This result is slightly in error, since Products of the type p 
have been treated as px  . py  products. • Strictly, 
4t2P2  4t2(r: products of form 	in(n — 1) products of 

form 2pxpj, 
(n products of form 4A + n(n — 1) products of 

form  
whereas the toial distortion (see APpendix 9.1) is equal to 

t2(n products of form  p  + n(n — I) products of form 4px py  
Thus (3) assumes the contribution due to the harmonic power t 
be four times too large. 	 - 

.* 	Table 1 
s CPURACTERISTICS OF DISTORTION PRODUCTS 

• cn ••••nnn 1.••••••••• 

Type of product sleuraber of products 

Power per 
product 

relative to 
harmonic of 
same order 

' To al power per type of product when n is equal to- 

. 100-  

• 3rd., 

2A 	. 
A + 

. • 3A 

A —2B 
B C} 

A.— B C 

A + B C 

2e(rt — 

3n(ri 1)(n  — 2)  

— 1) 

„ 

• 17 280 

30 
• • 3 480 

15 660 • 178 000 

23 x .106 

40 000 
.100  

100 

2A B C 	2n(n — 1)(n — 2) 
4th 	A .n11 C D 	in(n — 1)(n — 2) 

(n — 3) 

2A ± 	C D 	n(n —1)(n --; 2) 
• (n — 3) 

A ± 	D E 	n(n —1)(n -- 2) 
• (n — .3)(n — 4) 

5th , 

144 
; .576 

207 500 
968 000 

7 x• 106 
.12,6 x 106 

3 x 109 

33 x 109  

tively small, even when n is 2, and becomes quite negligible 
when n is greater than, say 10. It is also shown that, provided 
n is not small, the only important  type  of product in each order 
is of the form A ± B C 

• (2.4) Distortion Power Produced by n Tones of Uncontrolled 
Powers 

(2.4.1) Second-Order Distortion. 
If the input signal is such 

equal, but have values pl , p2, . 
distortion power in each (A 

• will . be of the form 4t2per, 
. tortion power will be 

(2) 

The fraction is necessary since otherwise pg. Pr  and pr  pq  
would both be counted. 	 • 

Expanding (2), 	
. 

 

T2 = 4t2(Pt +P2 + P3 +..  • Pnr • 
• 4t2 P2  ... . . 	. 	. (3) . 	. 

where P is the total output power. 

If the largest fundamental output tone has a power à 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 XPI(n ± À  — I) and 
the remaining (n — 1) tones each have a power Pl(n X — I). 
The maetitude of the error for this most unfavourable distribu-
tion is shown in Table 2 for various values of n and à. The 

• Table 2 	 .* • . 

ERROR DUE TO ASSUMING THAT THE TOTAL. SECOND-ORDER 
• DLSTORTION IS GIVEN BY 4f2P2  

• 	 Maximum error for value of X equal to Error  for 
Value of n 	  "normal" 

- 10 	 20
- 	

100 	distribution 

- 
• . 	'db 	 db 	 db 	db 	db 

	

3 	+1-2 . 	+2.0 .** 	+42 	+56 	+2-0  
10 - 	+0-3 	+1-1 	+2-0 	+43 	+ 0.6 
30 	+0-1 	+0-3 	+0-6 	. +26 	+0-2  

100 . 	+0-0 	+ 0.0 	+0-0 	+•0-9 	+0-0  

ast column of the Table shows the error for power levels dis-
tributed approximately according to  a"normal"  speech-volume 

•. 

_ . 
that the output powers are not 
. . pq, . • • Pr 	. . p,  then the 

B) and each (A B) product. 
and the total second-order dis- 

- 	. 



= 2r 	t,Pr 

1-50 • 

1-31 

I-22  
-(f) 	- 

• ' zero 
0-5 (b) 
zero 
0.34 (d) 
zero 
0-26 

(e) • 
zero 

2 
3 
4 
5 
6 

.7  
rf odd 

even 

Group I products 

Proportion y of Tr  in 
working band • 

Distribution over band, 
Le 

 
max.  power 

• min. power 

Order r 

References:— 
Tr  2r  -1r! Ire • 

(a) to (d) 	See Figs. 1 to 4, respectively. 

(g) — —7
r  +i 

 OY 4- -r  { .(2Y - (r + 1)(1)r} + rfr  - 1)1C:tf (r -1-- 1)(2) r  -I- (r + 1)r(l)t 
* 	r!2T-- 	

. 

2! 	 3! 	 2! 	. . 	 . 	 • . 	 to W- - 1) terms wl-en r is odd 	. to r terms when r is even 	: 	. 

75 (a) 
0 -16 (b) 
0- 60 (c) 
0-21 (d) 
0-51 

-O-22 	• . 
•(g) 
(g) .  • - 

s : • 	 • 

Group 2 pro<ba-As- ' -* 

No power ore,- poraon  of. 
band iffefl  

•• 	- 	3. 	' 	_ 
5. 	- • 

" 	-513_± • 

- 	9/5 
• (r Z)ie," 7-  23 

1) 

Proportion y of Tr  in 
working band if 

• NA » 1 
No power inb,and if - 

12111 S. 

2 
' 3 

' 

4,83 
• 5/31' - 

3)ite - 1) 
• (r +2)fr - 

. 	. . _ 	. 	• 	.. 	2(2r-1)(r - 1) t (r --I 1) i • 	• 
‘-. 	. . 	1.. ; 

,.....-1 _ rfr  _ 2y._1 + r(r -  wt. _ 4y-1. 	r f 1  

(f) .--- 	 21 - 	.. . to - —,., terms 
4  

(i.+  »r -1 _ rfr 7 ly. _1  +r(1  - i)(r _  3Y'  

	

2! 	. . 	.. to r +2  1  tenns.  

(e) 
r 	1 	• 

. • to — 'terms . 2 (r + 1)r - (r 4- 1)(r - 1)r  + 2! 	 ! 
(r + 1)r(r 	(r + 1)r(r 1)(r - 

1 

•i 

1 

(2.4.2) Third-Order Distortion. 	 . 
Following the same method of analysis' the total third-drder 

distortion is given by 	 • -. 	- 
• 

TS 	4 36 Ze3 	E E Peer 	 
r4.1 	 2 	. • • 

• = 24t3 P3 	 (4) 

This result is also slightly in error because products of the 
form i;C and p2o, have been treated like products of the forrà 
fix  psp,. The maximum possible error, and the error for "normal" 
speech distribution of powers, are given in Table 3. ". . 

In all cases the true distortion is less than 24t3P3. " 
The total, 3rd-order distortion power is therefore dependent' 

only on the cube of the total fundamental power P, provided the 
number n of component 'tones is reasonably large. 	•

•(2.4.3) Higher-Order Distortion. 	• 	' " 
Extending the method to orders higher than the third, it can 

be shown that the rth order distortion power is given by 

, 

47 	. 

. 
• Maximum error .for value of ). equal to • 	_ 	- - 

Error for 
Value of n 	  "normal',  

• distribution -   1 	 10 	100 
•  • 

' 	db 	db — • 	db 	- 	db 	db 

	

3 • 	+ 4-0 	+ 8-1 	+ 13-0 	- + 14-0 	+ 5-3 

	

10 	+ 1-0 	4- 1-0 	*4-- 10-0 	+ 13-0 	-1- 1-7 
• 30 	+0-4 	+06 	+ 7-0 	+120 	+0-5- 

	

100  	+ 0-1 	+ 0-2 - 	+ 	2-2. 	'+ 	9-0 ' 	--1- 0-1: 
• 500 	+ 0-0 	+ 0-0 • 	+  0 •3 	+

e 
 4:0 	+ 0-0 

.. 	. 	...... 
-• - 	- 	- - 	- total distortion power due to all orders  can  'bus be . _ 

-= T2 + T3 -1-‘  T4 + 	' n • T:: 	' 7  
41' 2-  P2  + 241' 3P3  ±  19214P4  + . 2r eeirl 1,P; 

. • - 	 (2.5) Distribution of Distortion Power 
It is now necessary, to determine what propoftion of tlie -total 

distortion power due to each order falls within the band, and . •-•• 
how this distortion power is distributed over the war:king band. 
When n is reasonably large - (Section 3.2) only thtt distortion 
powers produced by products of the type A ± .B ± C 	. are , 
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. 	 - . 	..- 	 . ' 

	

In all cases the true distortion is less than that caleulated from 	' 	 Table 3 	- 

. 
_ . : 	4 t2P2. 	 • 	 ERROR DUE TO ASSUMING THAT THE TOTAL THtRD-ORDER 

1. 	 The somewhat surprising result is therefore obtained_fhat ihe 	 DISTRIBUTION IS GIVEN BY -2413P3  
. 	total 2nd-order distortion power produced by a number of 

i 	tones n of total power P, provided n is reasonably large, is'inde- 
li 	pendent of n and of the relative value of the power of each tone 

and depends only on the square of the tôtal power P. 

and  the 
. written: 

• - • 	 • 	' 

. 	. • 
DISTRIBUTION OF NOISE POWERS  OF AU.  ORDERS 

of importance. As explained later in Section 3.4, thepo ducts of - 
. (5) thie type are divided into two Groups 	Group 1, ctesisting of 



0.6 0.4 	0.6 1 •0 •  0 0-2 
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• -Fig. 1.—Distriblitica of  2nel-order distort7.enpower in a system working 
between frequenclesfi vntlh. 

Second-order distorlibn power falling in a intrcavF 2and b c/s wide at ruid-fiequency 

. Y Otte) — Y • IRV') 
where B (fm—foqz 

fi fa 
f — IL • • • 

• Fig. 2.—Distribution of 3rd-order distortion power in a system working 
between frequenciesh andf2. 

Third-order; distortion power falling in a narrow band b c/s wide at taid-frequenc 

where B = (f —1i)cls 
- a s•.• 	 

- 	• 	' 

O 5  

Ô 6  

O 4  

040 

 0-35 

0.30 

0-25 

0-20 
>> 

_  02  

• 0 1 

0.15 

0-10 

0-05 

Fig. 3.----Distribution of 4th-order distortion power in a system working 
between frequenciesfi and f2. 

•Fourth-order distortion power falling in a narrow band b.c/s wide at mid-frequency 

	

Icla 	 b 
y.... - , . ( 192t,i1n) • • 

	

. '. 	....... , .. ,. 	- 	 a 
where B ••• (f2 — fi)cls 

f 	—.fi  • a -• 4 -*Ix 

rkkir 	-w4 

RI 
111  hq 	10 01  I  

Ind eel,» Mfflimmurdefed  
04, 

where • 
D 	 il cis 	• 

f 	. 	. • • a  
.ft 	 ; 

Groupl 
Nalues ct!. 

Groupa  
12/11 
co 
50 

3 .  

0-6- 	0-8 	10 • ' 
c- 	 . - 	 • 

Fig. 4.—Distribution or 5th-order distortion power in a system.  working 
• between frequeneiesfi andf2. 

Fifth-order distortion power falling in a narrow band b c/s wide at ned-frequenc2 
f cis 	 • 	 . 

. y . (I 920t5P9 

.......y1.1.•nn •••••n ••••• 
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(2.6) Non-Uniform DistribItion -of the. Fundamental Tones 
The distribution of the distortion pow-'er derived in Section 2.5 : 

assumes that the fundamental wave consists of a large number of 
tones uniformly distributed over the working band, at_least on a - - 
long-time basis: -  This condition may not always obtain - in • • ' 
practice; so that it is desirable to determine the effect of a devia- 
tion from a uniform fundamental  distribution. -- • 

.s•.* 

1•0 

•1•0 

1') 	• 

0 

I 

1.0 

0 

10 

0 

1 

0 

I. 

• 
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• 

»tos  Group 1 products is 0.50 and t6 Group 2 products 0-18. 
The total 3rd-order distortion power-in this particular 4-kcjs 
band is therefore 

-24t3 P3  — 3.8 .106(0 50 4- 0.18) .24t3 P3. = 0.0171.3.e. •  

• 
- 

For 6th and Ii -g,h-e-i-oi'dèi-alifortions -th-Fi-ialue:§ of ;Y--eati be 
obtained from Table A. • Thes.e .  values -are an average over the. 
working.band, and the accuracy in assurillg an average Value • 
.is adequate .. • 

BROCKBANIC AND 

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 ii-nportant conclusions can_ be sununaihed 
as follows:— - . 

(a) The distributions are in-all cases independent of the actual 
frequencies, but may depend on the value of the frequency ratio 
121f1- 

(b) Group 1 Products.—The distribution is independeni of the 
• ratio f2/fi  and is fairly Pnifoma  or  the working band for the 
third order, becoming still more uniform fôr higher orders (see 
Figs. 2 and 4). 	- 	 • 	• 	 • 	- • 

(c) Group 2 Products.—The distribution.  depends on the ratio 
•filfi . There is a value of f2/f1  for each order below which no 

Group 2 products appear in the band. Between this value and 
a higher value off2/./i, Group 2 products appear in only a portion 

• 
.2nd .- order distortion_power 	
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Fig. 5.--Distribution of 2nd- and 3rd-order distortion powers'with non-uniform fundamental distributions. The  total furriamentaI poVeer is . 	 . 

. . 	 . 	 . 	' 	the same in each case. 	• 	- 	 .. 	- -. 	 . 	 . 
of the working band,•and above this higher value offei , Group 2 
products aPpear over the whole working band. The highest 
density of Group 2 products always occurs at the lowest fre-
clueney in the band, and it is ereatest.whenf2/./i is infinity. • 

Fies. 1-4 contain all the information necessary to detennine 
the magnitude of the 2nd, 3rd, 4th and 5th-order distortion 
powers which will fall in any particular band of width b cis 
located at -a mid-frequency of f cis, provided the fundamental-
components of the complex wave are .uniformly distributed 
over the wcirking band. For exainple, to determine  the • 
3rd-order distortion- power in a band 4 ke/s wide located at - 
-1 Mc/s 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  

1 	 0.2 38.106;o.=  — 	— 0.21, whence. the proportion y due 
4 — 0.2 

In Fig. 5 is shown a comparh:on between a unifierm distribution 
of the fundamental pOwer O ver the working band and four non-
uniform distributions e.cis having the same total power as the 
uniform distribution. It will be observed that, although the•
ncin-uniforrn 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 different distributions. . 

• . 
(3) PRACTICAL APPLICATION • 

(3.1) Power/Time Reladon 
The methods used in the previous Sections -to calculate the 

distortion power . assume implicitly that a Steady-state condition 
exists for the fundamental tones. The measurement or calcula-
tion of the instantaneous fundamental power will give a value 
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(3.4) Voltage or Power Summation 
It is a peculiarity of a multi-repeater 

system that there is a difference in the 
, behaviour and effect of the different pro-

ducts even if they are of the same type 
and order. In Appendix 9.6 the summa-
tion of distortion products in a multi-
repeater system is analysed and it is shown 
that all distortion -products fall into one of 
the two following groups:— ' 

10 	20 	50 	100 200 	500 100 
Number of channels IV 

Fig. 6.—Load-capacity characteristics for systems of N telephone channels. • 
Curve (I). From Holbrook and Dixon's Fig. 7. Peak limiting. 
Curve (2). As (1) but decreased by 5.5 db in accordance with data on British trunk systems. 
Curve (3). Value of P v.hich will give the same mean 3rd-order distortion power as is obtained by (2) for tiu 

peak. Computed from Holbrook and Dixon's Fig. 9. 
Curve (4). Corresponds to (2) but for lo% probability. Computed from Holbrook 4nd Dixon's Fie. 9. 

• • • 
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which carinot be correlated with the average or long-time power, 
and sirnilarly 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 
be obtained accurately* unless the time period under considera 
tion is several times the periodic time of the lowest frequency 
in the working band; e.g. with an amplifier covering the fre- 

•quency band 60-3 000 kc/s the average fundamental and • is-
tortion pce.vers 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 time 
interval can be considered as instantaneous. 

• 
(3.2) Effect of Type of Signal 

The intelligence tha.t can be conveyed by a single-frequency 
tone is strictly limited, and in all accepted methods of telecom-
munication the effective band is used for some type of complex 

• signal, e.g. speech, music, and voice-frequency telegraphy. It 
, -follows that n will be large even for a comple.x wetve in a single 

channel, and eXtrernely Itere for the resultant wave in any multi-
channel system. The one  restriction to the me of equation (6), 
i.e. thaet it should be lareee is thus comffle.tely removed, and this 
expressibn for the total diittortion power caa bie employed without 
reserve Iler all types of syeerns. .• 

• . 	• 
• . (3.3) Deteeminatiim of Value ;31 

The appropriate value. of P to substitute in eqn. (6) will 
•depend on the system requirements and the economical degreq 
of safety. The following methods of determining P will cover 
most practical cases. 

(a) Masure the peak . alue of the fundamental power at the 
Output id' the amplifier ore a typical' system. This is a compara-

-tiVely sinple method and quite.  sere since it will ensure that the 
average distortion noise is well below the calculated maximum 
noise. This method may, however, be unnecessarily severe and 
impose uneconomical Conditions on the designer. • 

(b) Determine experimeettally or theoretically the power/pro-
bability function for the sFeenal. The value of P to give a 

- deternxinecl peak or averase noise _p ower can  then be evaluated. 
' (e) .  For speech, adopt the value of P taken from Fig. 6, curve 2. 
This rerz.rs to peak -values and may be unnecessarily severe. 

(d) Far speech, adopt the value of P given in Fig. 6, Curve 3. 
' This wïlit give a value of P for determining the average noise 

power tiering the busy hour. 
The reuthod of assessment of speech power given in (b), (c) 

Group 1. A product is said to be a Group 1 product if ,z1 
number of frequency components prefixed by a plus sign excee 
by -1- 1 or — 1 the number of frequency components prefi x 

 by a minus sign, and the product frequency is positive in t 
former case and negative in the latter case.  • 

Group 2. AII other products are inchided in this group. 
Examples: 60 ± 300 —.200 ----- 160 is a Group 1 product 

but 60 ± 300 — 500 — 140 is a Group 2 product 
In an amplifier system with a linear phase/frequency chara 

teristic over the working band, Group 1 produCts add at su 
cessive amplifiers on a voltage basis, i.e. their distortion war 
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 characteristi 
at zero frequency is zero or a multiple of 2-er radians. . 

- 	 (3.5) Effective Channel Noise • - 
Since the  effective  channel working band must be less than th 

total channel spacing, the total output noise power per chanta 
spacing must be multiplied by a factor K. For speech this facte 
will also take into account the relative aural importance of th 
noise powers throutthout the channel, and it can be shown fro 
the standard C.C.I.F.5  psophometric weighting curve that  thz 
values of K are approximately 0.32, 0-40 and 0.50 for speed 
channels of 5, 4- and 3 kc/s spacing, respectively. 

• 
(3.6) Pilot add Ringing Tones . 

Telephone systems generally employ some type .  of .voice7  
frequency signalling for setting-up calls, and pilot tones for 
supervisory purposes. It is usually satisfactory to increase P tcj 
cover the total speech poWer plus signalling power. 

• • 	(3.7)  Factor of Safety 
The actual errors involved in the theoretical analysis are small 

compared with the discrepancies that will arise in practice, 
variation in valves, output levels and speech powers. The 
allocation of an adequate 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 load a 
multi-channel system with the 'numbers of talkers and cone- 

.• sponding levels that wotild obtain  in service. The precedim 
analysis indicates, however, how simple tests can .be devised tc 
determine the noise characteristics of a system. For example, tc 

and (c4 above is referred to briefly in Appendix 9.5. 
It nriult 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 /eve. " If the output leverfrom the 
amplifier is not equal to the switchboard level the value of P 
must be modified accordingly; for exatnple, 
if the output level of eacit channel is 
— 13 db relative to the sending switch-
board, the value of P will be 13 db below 
that determined frorn Fig. 6. 

25 

;I.> 10 
'ere. 5 

0 

20 

",1•^1,.,..,Y,""lerMreet.i., 	. 

Olin I 

	

. . 	11111 	1 :1111 
Curve(1) 1% probability (American) ma 	ea 	 um 

	

. 	

II 	 1  

probztbility  (.rai  

	

tine 	° 	 1  

	

- 	111101111 	1 i t 	aeeeese dist ort lot 	
1111 

Curve (3) For 	.- 
III 	 r 	I 	I 	li I 	I 	— 	

.1111 
u 	Curve (4) 10% probab,ility, ( British) ,:j  



BROCKBANE AND WASS: NON-LINEAR DISTORTION IN TRANSMISSION SYSTEMS 

; 

-; 
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• 

determine the noise power due te 3rd-order Group 1 products, a 
source of thermal-agitation noise can be applied to any block of, 
sa;', three consecutive channels and the distortion  noise  voltage 
measured in an adjacent channel. If the total thermal noise 
rower output be adjusted to equal the total output power which 
..veuld be obtained on the complete system when in service, then if 
Nis the total number of channels in the system the noise voltage 
pe channel on the system when in service will be V(3/N) times 
the noise voltage measured in th è adjacent channel. To deter-
mine the noise power due to 2nd-order distortion the same test 
can be applied, but the measured power should now be the sum 
e„, of the individual noise powers occurring in the six or se 
channels located at about twice the frequency of the three funda-:. 
mental channels. This measurement will give the total (A B) 
distortion power and is equal to 2t2P2. The noise power per 
channel on the complete system will therefore be bIB y .4t2P2•

blB .  y.  2t,„, where y is obtained from Fig. 1. 

v,here' 
R noise power at a zero:level point in à band-width b ci's 

• due to rth order distortion (Group 1 or Group 2) in a 
system of R networks in tandem, 

b = channel band-width (c/s), 	 • 
f = mid-frequency of channel band b (*), 
B = total band-width of system carrying signals cj's), 

upper frequency of wide band (c/s),_ 
= lower frequency of wide band (cis), 

a - f —  in Figs. 1-4, 
f2 — 

y = proportion factor in Figs. 1-4 and Table 4, cols. 2 and 4, 
= rth harmonic output power produced by that sinusoidal 

input to the non-linear network which 'gives a funda- 
mental output tone of unit 'power; 

Tr --r----  total noise power produced by  ,th  order interrnodulation 
in each network, 

P = total fundamental output power from thé non-linear 
network (for speech on trunk  lins  see Fig..6, Curve 3), 

R =- number of non-linear networks in tandem in the system, 
X -•---- I for Group 2 products; 2 for Group 1 products, .. - 
K psoPhometric weighting* factor, 	 • 

0.5, 0.4 or 0.32 for speech cli-ànnels with 3, 4 or 
5 kcis channel spacing -, respectively, 

= output level Of channel band b from each network, in 
decibels relative to a zero level point, e.g. sending 
switchboard level. x is negative for levels below 

. zero. 
• • 	' The uni: of power adopte throughout is immaterial, but the 

i. einiwatt is usually convenient. 
.• 

The value of y can be obtained accurately from Figs. 1-4 for 
2nd, 3rd, 4th and 5th-order distortion for any location of the 
channel b. For higher-order distortion the value of y can be 
taken with sufficient practical accuracy from cols. 2 and 4 of 
Table 4. 	 • • • 	- In certain cases the derivation of the harmonic limits from 
eqn. (7) carr be further simplified, e.g. P is usually a function ---;:•• 
of B and 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 often convenient.. • 
to relate by simplified expressions all the harmonic limits • 	" -- 
say, the 3rd-order limit 	- 	• 	• 	- 	- 	• -: 

, 
(5) EXAMPLES OF APPLICATION ,_. :. _.-..;... ..... :- - 	- -. Two examples of the application of this analysis are given- :•._ 

below. 
. 	 • •(5.1). Design for a Coaxial-Cable Telephone System . • 

It is required to determine the harmonic limits for a wide-band 
, repeater to operate tinder the following conditions:- 	- • - 

(a) The telephone channels are uniformly diUributed at 4 kcjs 
spacing overthe frequency band 60-2 788 kc/s. 	- 

(b) The average psophometric tcital distortioa voltage per .-. 
channel. .during the busy hour is not to exceed 0.6 naV into - 
600 ohms at a zero-level point on a- 500-mile system.' 	. 

(e) A 500-mile system consist,s of' four 125-miblinks, each eon-
sisting of 25 repeatered sections. 	- 	• ---- • - 

(d) The output level per channel from each repeeter is - 13 db •, :- 
relative to the sending mn itelibeard level.. 	 • 

The noise power in the four links will sum c n  al power basisk 
so that the noise allowance for each link will be 0 -6/ 94= 0-3 mV. -  

From curve 3 in Fig. 6 the appropriate value of..? is + 17 db 
relative to  I raW at a Zero-level point, i.e. sending switchborird 
level. The actual value of P at each repeater aufput will there.- 
fore be + 17 - 13 -= -1- 4db on 1 raW = 2-5 naW:., •  . 

For 2nd-order distortion we have, in eqn. (7), - . 	. 	. 
0.32 . 10-6 . 103.  • 

TrR = 	 -MW 600 	 K 	.4. : ••• 
• 

b = 4 000 - 	 - 	2 = 25 
= 60: 103 	. 	. 	X = 1 	• _ 

f2  = 2 788 . 103 	 x 
B = 2 728 .103 	' • 	P = 2.5 : 	« • - ' • f2ffi 	50 	- 	 4/2  . 2.52  

The maximum distortion- power will occur in the lowest- . ••• 
.frequency channel, so that e 0 and  y= 0.98 :Wig. 1). 

. Solving equation (7) for t, it is found that • 	 , 
- 	 _ • • 	- • t2 .,7  21. 10- 8  M.W.  -77 db relative to 1.mW 
For 3rd-order intennorMation the maximum noise power _ 

.will occur in the centre of the band, and for Group 1 terms in 
Fig. 2 a = 0 5 and y  0'56.  Also, now, X = 2 and 	24t3P3 - • 
.-=-• 24/3 .2.53. Substituting in eqn. (7) and solving for 13, it is 
found that 

• = 10 -10  mW -= -100 db relative to 1 mW •-• 
The Group 2 products are quite negligible. 
The 4th, 5th and higher orders can be calculated similarly, 	. 

using values of y taken from Figs. 3 and 4 and Table.  4, . 
respectively. ' 

Straight lines can then be drawn through these points ivith 
slopes appropriate to the harmonic order, as shown by the dotted • .. 
lines in Fig. 7. Each repeater must therefore be so designed 
that its measured harmonic curve lies above the corresponding 
theoretical curve, if the distortion lioise is to meet the specified • 
requirements. Since the limiting values of t2, 13, 'etc., have. 

• 

(4) SUNEVIARIZED DESIGN 
The general design problem is to determine the output dis-

tortion noise power produced in a given band-width or channel 
located 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 
be. evaluated separately and added to £.rive the total distortion 

; noise at the output of the system. Each noise component can 
, 

 
be  evaluated individually from the following genéral formiala, 
mhich can be used up to the highest order necessary:— 

TrR =__ xito 	„ „ 	(7) 
B 

•fe 

2r - irPr for rth order, . 

4t2P2  for 2nd order, 	. 
24t3P3  for 3rd Order, 

• • 	r - • 	• 

1 
••-• 



uniformly over the working band. 
. 

Even-order products. 	• 	. 
(a) No distortion power due to even 

order products of order r can be produce 
within the frequency band if the, zatio 

 

-the upper frequency to the lower frequencY 
Le. the frequency ratio, is less than 1 I- 2/ti 

(b) As the frequency ratio increases, th 
proportion of the distortion power will • u. 

, the band increases to a limiting value. Th 
• clistortion . power in any band can be 4er 

mined from Figs. 1 and 3 for 2nd and 4t1 
orders respectively, and from Table 4 for 

• higher orders of  f2/f1  much greater thaÉ 
unity. 	• . 	• — , 
Odd-order products. 

(c) Products of all odd orders are presenl 

52 
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•:b,en calculated  on-. the  assumption that e.-a& arone produces the-
•••: tcial permissible faiise power, it will only be p,-rmissible for One• 
••. measured harmomiz: curve to approach Ter?, closely to its theo- 

• rerical limit, proviiled that  at the Sair.n tittle an other harmonics 
• • • li•e well above  (e.g6 db) their theoretka/ -curves. In Fig. 7 the 

fd.1 lines  show • the  measured schara..ctefistics of a three-valve 
•nQative-feeelback. repeater whiCh'ineel. the calculated limiting 
vdues. 	• '• 	, 

(5.27).• Output of Broadcast _Receiver • - • 
-If the output yen  of a broadcast receiver is rated at 4 watts 

, 	fiei 5% 3rd-harmcieic voltage, i.e. a single-tone signallnoise ratio 
. of26 db, then the value of t3  (in watts with a 1-.watt tone output) 
•' 	is (5/100)2 . 4 .1/64 =  156.  10-6. With  a complex wave of peak 

power 4 Watts the peak distortion power will, from Table 4, be 
(0-5 + 0.16)24t3P3  ---- 16 . 156 . 10 -6  . 43  0-16 Watt, i.e. à sig- 

, flat/noise ratio of 2P3 logio  4/0-16 	14 db at peak output. This 
-• method of treating audio-frequency distortion appears to lead to 

• interesting results. 	• 	• 	 . •  

• (6) SUMKTARIZED RESULTS 
_ • ..:(f the input/output characteristic of a non-linear network can 

be expressed as a single-valued function, e.g. V ay + .bv2  
•+ ,rv3  + d v4  + . . ., where V is the ,output voltage, u the input 

' volge and a, b,e,c1, etc., are constants, then the distortion noise 
gen,erated by a complex signal can be determined as follows. 

(6.1) The total instantaneous disto rt ion power T produced by . 
a complex wave of "instantaneous"•output power P is given by 

T= 4t2P2  + 24:3P'+ , 	2P-Irlt,Pr 

• 
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of the complex wave are distributed  fair 

5 	 100 	for any value of the frequency ratio. 
•• - 	(d) The products can be divided lute 

. 	Group 1 products, which are voltage. 
er. 	_ 	adding, and Group 2 products, which are 

•• 	 . power-adbing (Section 3.4). 
(e) The distribution orGroup 1 products is independent of the 

Here: tr  is the rth harmonic power produced by that sinusoidal 
• inpu1 which gives a fundamental output tone of unit power. 

T, P and t, are measured in the same u_nits. "Instantaneous" is 
defined in Section 3.1. The term."complex wave" includes all 
signals associated with speech, music, television, voice-frequency 
telegraphy, and randoin. noise. If P is the maximum power of a 
complex wave during any period of operation, then the expression 

• above will give the Maximum distortion power produced during 
the same period. • 

• (62) The proportion of the power T which occurs Within the 
freeency range of the complex wave or in  any  portion of this 
band czn be determined as follows if the frequency components , 

• •  

frequency ratio and is substantially 'uniform over the working 
band. 	_ • I 
• (I) The distribution of the Group 2 products depends  on  lhe 
frequency ratio. 

• (g) The distortion power in any band can be obtained from 
Figs. 2 and 4 for 3rd and 5th orders respectively, and from, 
Table 4 for higher orders. •  

VI) The distortion power of the Group 2 products is 'usually 
much less' than that of the Group 1 products. For most practical 
purposes Group 2 can be neglected, partictilarly when there are a 

• number of non-linear networks in series. 
•(6.3) In a multi-rep2ater system'. certain products, called 

Group 1 products, will tend to add on a: 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 a 
minus sign; in the former case the product fezquency must 
be positive and in the latter case negative. It follows that Group 1 
products can be obtained only from odd orders. Group 2 in-
cludes all remaining products. Group I products add on a 
voltage basis if the phase/frequency characteristic of each repeater 

• section is linear over the worldng band. • Group 2 products add 
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 multiple of 2ir radians. This condition is not 

• readily obtained in practice. 
- 	• 

• • 	• 
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(9) APPENDICES . .. 	. 
(9.1) Distortion Due to Second-Order Products • 

The second-order distortion can be examined by inserting in .. 
I 	eqn. (1) 	.. 	• 	• 	• 	. 	.

. 	
. . 

. v = r sin 2.1-At -F s s' in 2.7rBt . . • . . .. (8) 
1 Neglecting the production of second-order proilucts by dv4 

 ‘ 	and higher even powers of v (Appendix 9.3), the br.r2  term only 
need be considered. The output voltage due to .this term can 

: 	lie nvritten 	. 	• 	- 	 . 	. 	. 	- 
•  112 :=---- bv2  =-- b(r sin 27rAt ÷ s sin 2-n•Bt)2 	. 

.. 	This can be expanded to 	- - • --• 	- 	 . 
• 1,-2  cos:47rAt + -s.2 cos 47rBt -1-- rs cos 2,et(A.4 B) 

V2 = b 	— rs cos 27rt(A — B)-1- d.c. terms which can (9) 
i 	 be néglected 	 . 	 , 

If in equation (8) the number Of tones is incieased from 2 to n, .i 	. it will be found that the distortion products produced are still only ! 	• 	- ex the types exemplified by 2A, (A + B) and (A — B), and no 

1 	• 

11 

	

(9.2) Distortion Due to Third-Order Products 	• 
Proceeding on similar lines to Appendix 9.1, the substitution 

	

' 	v =  r sin 27rAt -Rs sin 2-e-Bt + t sin laCt 	• (10) 
is made in equation (1). The output voltage due to c2,°3  is 
therefore' •  

	

- 	- 

V3 = c(r 	 s sin 27.-Bt + t sïi 27.-Ct) 3  
Expansion of this expression and reduction to compound angles 

	

gives. 	. 
3r3  sin 27J'At — r3  sin 6rAt ± 6r2s sin 27rBt 
• — 3r2s sin 27rt(2.4  + B) 

 3r2s sin 27rt(2A B) ± 6r2t sin IrCt 
. 	— 3r21 sin 2-ift(2.4 	C) 

+ 3r2t sin 27rt(2A C) 
+ 8 corresponding terms with amplitudes sa, s2r, 
+ 8 corresponding terms with amplitudes t3, t2r, t2s 

	

-irst 	(C + A —B)— sin 277-1(B C — A) 
3 [sin 27rt(A+ B C)— sin 27,-t(A -FB C)— sin 21

(11) 

Again no new types of products are produeed if the nurnber of 
fundamental tones is increased to n. 

Neglecting products of the types 3r3  sin 27rAt and 6r2s sin 2B7r.  t, 
hieh only modify inappreciably the fundamental tones, there 

remain three types of distortion products, i.e. 3A, 24 ±  B and 
B ± C. It can readily be shown that if there are n funda-

mental tones each of power q mW the ;numbers of products of 
each type are n, 2n(n — 1) and -1'n(n — 1)(n — 2), and the dis-
tortion power in each type is q3  t3, 9q3 t3  and 36q 3 t3  inW, respec- 
tively. • 

(9.3) Low-Order Products from Iligh-Order Terms 
Ite was assumed in Appendices 9.1 and 9.2 that second- and 

third-order products were produced only by the terms bv 2  and 

1 3 = 
•c 

S. 

e a 

. 	 • 	 . 
1 

• .11 

_ 
: 	new types appear.. 	 .. . 	 • 
. 	It follows that if a single tone of power 1 mW produces t2  mW 

•• . of second harmonic, n tones, each of power q mW, will produce •1 second harmonics each of power q212  mW, together with e 	. 
iln(n ----• I) products of the form (A — B) and ..12(n.—. 1) products - 

.,• of the form (A + B), each of power 4q2t2  mW. • 	 . 

cv3  respectively. Actually all the even powers of vin eqn. (1) 	• 

will also produce lower-order even products; and the odd powers 
of v will also produce lower-order odd products.Thus, -the term 
ers will produce both fifth-order and third-order products, e.g. .; 
terms of the types A ± B ± C in addition to terms of the types . 
A ± B el: C ele  1 )  ± E. It can be shown that, although the 
power in each such lower-order product may exceed the power -1 

 in each higher-order product, thè number of products is so much 
lower whèn n 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 products, the 
effect of the lower-order products ‘. vhich are simultaneously. 

 generated by the high-order terms can be neglected. ; 	• 	• :1: 1• 
• (9.4) Frequency Distribution of Intermodulation Product.9 

In the following treatment of the fitquency distribution of 7 -7 ' 
•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 frequèney being so chosen that e 
the frequencies of the -waves are A, 	+ 1), 	+ 2) • • - - • 
(f2 1),12 . Second harmonics will be regarded as products.of '- 
the type (A ± B) for which À B, but it is shown in Table 1 
that the resultant erior due to this assumption is small. Cone-
sponding approximations will be made in dealing with higher-
order products in Which one fundamental appears more .than 
once. 	 - 	e• 

Considering only products of the inte (A + B), the wave of . 
frequency f1  will combine with all the waves, including itselt 
give products of fresnencies 2f1 , (2ft  + 1), (2f1  + 2), 

+f2). This set of products is represented by the lowest 
re-ctangle in Fig. 8. The wave of fazquzney + 1) will corn  - 
bine with all the waves to give a set Of products of frequencies • ' 
(2fi  + 1),  2f  ± 2), . (fl  + 1 +f2), represented by the -2 
second rectangle in Fig. 8(a): and similar& each wave (fi  2. ), 

+ 3), .1 2̀. will cornbine with all the: waves to give sa's of 
products which cat) be represented by recangles displaced utc-
cessively one unit to the right, the last one occupying the range 
(J2 +f1 ) to 2f2.  • le slumber of products occurring at .any 
particular frequency can be found by rolonting the numb.--è of 
rectangles which include that frequency and dividing by 2, shoe' . 
in the summation any product (ft. fp'; wbere x e y will bave 
been counted twice, i.e. as (f, + f,)  and. as (fy  fx). If tiaiis is 
done for all frequencies the result cati tee  approximate very 	. 
closely by an isosceles triangle [Fig. 8(b):11of base 2f1  to 25:2' and 	- 
•height .?_,Cr2 	Thus, the number cf peoducts in unit band- •• - 
•width at frequency f is given by 

• _ 

2  
-171 = 	— 21.1) . when 2f1  < < + f2  

	

f) when fi • 	f 2f 
•

(12) .. 

The two equations (12), together. left!". the statementS m ; 
f<  2f1 , and -nt — 0,  f>  2f2, cati k.)e- combined in the single 
equation 

= f — 	2Ef —fs —f2] Ef— 2f2)} . (13) a 	. 
(The device is adopted here and throunhout the rest of Appendix 
9 4  that quantities in square brackets[] are to be ignored if 
they are negative.) Further, sinœ every pair of fundrmentals 
• roduces one (A 13) product and one (4 — 13) preuct, the 
comPlete isosceles  triangle  represents half the total Ind-order 
distortion power, and it is easy to show that the proportion of  
the total 2nd-order distortion power which falls  as(. + B)-type 
products in a narrow band  (f—  ib) to (f 	is given by ' 

• 1 bi[f — 2f1 ]  — 2 [f  — — f2 ]  V — 2f  04) 21  

	

(f2 	ft) 	 •

. • . 

• 



	  r 
• • 

• 

• •• 

• 
•••n •• 
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where B =(f2  fi). The frequencies in (14) can be expressed 
in any desired units, and the shape of the corresponding 
curve.depends only on the ratio fei, not on the absolute values 
off2  and);. • ' 

In  casc where the fundamental powers are unequal it is 
Possible to use the above method as a completely graphical 
m'éthod. 

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

The frequencies of a set of (A + B)-type products having f, as 
one component can be found by -adding (fri  1), . f2  in-
turn to fx . Similarly, the frequencies of a set of (A — B)-type 
products having .f, as tonu component  van  be found by adding 

• —f2, ( —f2  +  1),'.  . .(— — 1), 	in Wm to fx . The two 
•sets can  be represented ithus:-- 

• (A -  -1-.B): 	 . ' - 
+ 3%, (ifx-Ffi  +2), . . (f.;-ff2— 1), (f,-I-f2) 

. (A • 
. . (1; 	Cfx—f2+ 1)1 «f;; —f2+21 • - Va•—jer--  (fx -1.1) 

• Ooiresponding to• evely frequency in the (A f B) set there is 
• in  the  (A B) set a Ikequency whick is smaller bY (/.2 +-r1)- 

Thkn apPlies, for all ,f; œer Which fi   <f <f2. and since there 
are ce:Lual numbers of KA+ B) and (A — B) products, all of equal 

• power:, it follows tlukt the (A — B) distribution curVe can be 
• obtained by sliding the fd. ±  B),curve bodily to the left a. distance 

(fif2). The result is to put half the isosceles triangle in the 
'neguiiiive frequency reseal, as shown by the broken lines in 
Fig. g(c). The negati.e.e signs can be ignored, as they have no 
physk.al  significance, so lhat the negative part br the curve ca.n 
be tremsferred to the podtive region by lateral inversion about 
the cnclinate axis, and e final curve can be found by adding 
ordinees. Overlappine4oarts of the (A  ± B) and (A —B) curves 
can e.213o be added. A typical result is shown by the havy lines 
in Fig. 8(c). 

A et of curves showbig the distribution of 2nd-order &s-
tore-Gm power in the worlaig band for different values offei  is 
shovut in Fig. 1. 

The method used for the 2nd-order products can be extended 
to the third and higher onlersi but it tends to become rather 
cumbersorne. The same principle can, however, be used to 
establizh a général  expression which will give the frequency 
distribution of products of any order. 

. The frequency of any product of order r is formed by adding 
the frequencies of (r — q) fundamentals and then subtracting the 
frequenaies of q other fundamentals. It is convenient to deal 
with products in classes characterized by the number q of nega-
tive frequency components involved; thus A-l-B—C—D and 
A+B+C+D—E—Fare both "q--= 2" products although 
of diffewnt orders. - 

Considering the same set of fundamentals as before, and con-
fining attention for the moment to products of the rth order for 
which q =  0, i.e. 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 frequencyf is given by 

m 	1) ,tff — 	 (e 	A )(r— I)  

r(r — 1) 	 • (r r(r — 1)(r — 2) 
-F• 	2)fi  2fer- 1) 	  

• 2! 	 3 t •

•. V— (r —3)4-3fer—i) . . . to (r 1) tenns}(15) 

.- 	 4  ' 	1_1/eel:trig ___+" • 
• (a) 	• 	• 	

r 	band 	• 1. 
s 	 , 	. 	

.
,

. 
' a  r • 	: 	 : : 	. 	- 
; 	..e• 	 : : t 	it....--...„---, 
1 	rl--------'r--r'

v 
 

fe 24. 	4 4+4 	24 
. 	 e e D 

(b) 	 s 	. 
' 	.. 	 _ 	 _ 

 (4-4) 
 • -------- 	

... 	- 
2 	6 

t 
t 	 (11 4B) I 

0 	Zi; 	12f)'6 	 211.2 

' 	 F 	• • 
F 

# 	 # 

P 	 ... 

4'12 O 	'4 4 	6-4 	4 	 • 	 • 	 . 	 ez 
. 	

. 

- 	 - 
0) A 	 ; 	

. 	
. - 

• . 	 eD 
O 	rÇ 	(ril)/; 	. 	re, 	.14 44 	- • ' 	. . 	. 

(c) 
i \ . 

(r+Ofi  r4+4 	 del; (r+1)4 

8.—perivation-  of distortion distribution.curves.. 

• .. 	• 	 . 
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 A 
of Fig. 8(d). If fi  is added to the frequency of each of these 
products the new set of products can bp represented by curve B 
of Fig. 8(d), which has the same shape as curve A but is dis-
placedfi  to the right. This new curve represents all the (r -f-  1)th-
order products having fi  as one component frequen.t:y. Further 
curves can be drawn, each displaced successively one unit to the 
rig,ht, corresponding to the addition of (fi  4- 1), (fi  + 2), - • 
respectively, to the frequencies represented in eqn. (15). 
The complete set of curves, a few of which are indicated in 
Fig. 8(e), includes each (r + 1)th-order product (r 	1) times, 
for a product of frequency (fp 	4- .. to r 1 terms) 
will appear under each of the curves, (r 4- 1) in number, formed 
by adding f,„ fq, f,„ . . to the frequencies included under 
curve A. The complete distribution curve for the (r 1)th-
order q ---- 0 products can thus be found by adding the ordinates 
of all the curves in Fig. 8(e) and dividing each sum by (r 1- 1). 

From Fig. S(e) it 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 c .urve F at unit intervals 
over the rangef (f2 —fi)  to fi  and adding. Thus, the sum of 
the ordinates at f is equal to the area under 'curvq F between 

• 

—"•••••••••:n-•.m,7,.>•'w•Irrtrrn!^ fe-.•1,1.« 	 ,errr.•••,.. 



,  

BROCKBANK AND 'WASS: NON-LLNEAR DISTORTION IN TRANSMISSION SYSTEMS 	• • 55 . 

• (r + 1)!r!\.." 	V 

2! 
tr 1)fi  2f2Y •r(r - 1), , 

(r + Writ 
- 	1  nrir. - (r± 1)Ef rfi - .f2Y 

(r
21

1)r[f - (r - 1)4 2f2Y ... to  (r+  2) terms} 

which is equation (15) rewritten for order (r + 1) instead of r. 
.. Equation (13) shows that (15) holds for the second order, and : 
•it therefore holds for  ail  Orders. 

Considering now the products for which q e 0, it  will  be'seen 
that while a set of r fundamentals will give only one q =  0 
produCt it will give r Products with q =  1, since the negative 

• sign çan be associated with any of the r fimdamental frequencies, 
and each choice gives a different product-frequency. Similarly, 

-= the :number of q = 2 products will be r(r - 1)12! times the 
number or q = 0 products, and, generally, the ratio of the 
number of products with a given value of q to the number of 
products with q 0, formed from the same set of fundamentals, 
is r(r - 1)(r 2) . . . to q termsk!  This  ratio holds for 
q.< ir only. If r is even and q = .1-r, the ratio must be halved; 
otherwise, in the case of sixth-oraer 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-
quencies is ignored. Values of q greater than ?t• arc inadmissible, 
because à product for which q = q' > -01-r 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, A +B-C-D-E would be counted 
as a q =  3 product, althout.x.h it Would already have been counted 
as the q 2 product -A-B+C+D+E. 

Following the method used earlier for thé second-order 
q 1 products, i.e. the (A - Byproducts, 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 q 0 curve by r and moving 
it bodily to the left a distance (f/  + f2). Similarly, for any other 
value of q, the q = 0 curve is multiplied  by  r(r 	1)(r - 2) . . . 
to q terms/q! and moved a distance g(fi  +.f2) to the left. The 
001Y exception is in the case of q = ir products, when the 

; ordinate multiplier is r(r - 1)(r - 2) . . . to g terms(2q! 
E parts of curves which appear in the negative frequency region 

are to be laterally inverted about the ordinate axis, and over-
lanping parts of curves can be added directly, provided that 

Group 1 and Group 2 products (see Section 9.6) are kept separate 
where necessary. 

The sum of the numbers 1, r, r(r - 1)/2!, . . . by which the 
ordinates of the g =-- 0 curve are to be multipried to give the .- 
4 =  0, 1,2, .. . curves, is always 2(r -1), so that the whole  of  - 
the g  =  0 curve represents a fraction  ()tr-i)  of the tOtal rth- _ 
order distortion power, and it can be shown that the proportion 
of the rth-order distortion power for  g = 0, falling in a narrow 
band (f 	to (f + ib), is given by • 	 . _ 

1 
Yr B (r - 1)12r --1 (f2  - fl)r- i 

	

. 	- 	• 
[f 	 (i• 

+ r(r - 1) 	r f (r 2)f1.-2f23('-11 	.. to 	I).  fermi .7  
. 	 . 

where B = (F2  -ft). Frequencies in eqn. (16) can be 
pressed in any desired units, and the corresponding curve depends - 
only on the ratio f2/fi , and not on. the absolute values of 	• 

and f2. Corresponding 'expression's for g =-- 1,2, 3; • can be 
obtained by shifting the curve to the left and multiplying ordinates T.._ 
as before; for example, for q--- 1, 

' 	b 
Yr  - (r - 1)12r-1(f2  -fi)r-1.  

•
' . tf -(r---4 A +f2Ye -11; -' rif - (r -2)iii(r-1.)  ' ' ' _ 

+ 
r(r -1)

V 
 ' -• - 	' 	 . . • 

	

› 	• 2! 	 - (r ,- 3)fi - fer - -1) --- . . . . tv (r+1)  ternis} :.. ":".• 
. 	- 	• n 	- 	. 	 _ 	. 

• 
• (9.5) Determination ot P 

Holbrook' and Dixon carried Out in, the Bell Telephdne 
Laboratories a most yaluable practical and theoretical study of 
the sununatioa of speech voltages, and their reSults are used 

 freely below. In Fig. 6, curve 1, is shown their derived characœ 
teristic relat: ig the peak voltage which will not be exceeded  for' 

 more than 	of the tinie during the busy hour, based on a 
meaSured raean talker power of 12-1 db below reference tele-- - 
phonic power. Measurements by the British Post Office on 
coming c Ills at the London Trunk Exchange gave a mean talker - 
power ei 176 	below reference telephonic power, and curve 2 - • 
shows curve 1 reduced by 5-5 db to conform to these conditions. 
The C.C.I.F.5  recommends a limiting noise value of 2 mV pso--  . 

(f f2  + f1 ) andf. Now curve F is simply the curve of eqn. (15) 
displaced a distance off/  to the right, so that its equation is 

• 1 

	

r; (r i- 	1)1 	

. , 
u _, (r  + wi yr-l) - dir-- .0e, -f2 yr- l) 

•
jr r(r --7 1) 

.2! [f (r - WI  - 2f2P-- 1 ) - ... 1 - 
and, if the frequency between successive fundamentals is now 
called elf, the ordinate of the (r + 1)th-order ctu-ve at frequencyf 
will be given by .„ 

t  • 	1 If 	7 
--- -1  'm 	F(,f)df . .. 

	

r + 	. 
.f-fs+fi 

, (r + 1)11(r - 1)! 	. 
.. 
- 	.. 1 [f- (r+1)41(r-11-r[f-•rfl-f2yr-- 1) 

• r{  • 	, 	. 	_ 	.. 	. 

	

' 	 Jf—fritra 

. 	

. 

	

+ ' 	
- 1)[f - (r - 1)fi  - 2f2Y- 1) - . . le 

• 2! 	.  

(V - (r '-i-  nfil r  - di.  - rii - le 
œ • 1, 	 • 

F(f) 

- 

• , . 	 - - 	• . 	(17) _ • 
A case of particular Interest oectus Wheri  r is  odd a.  zo7 e 
If the corresponding equation is obtained from (16:)I ..zy increasing.  
f to f -+ i(r 1)(fi  + f2) and xnultiplying ordinabs, and if the 
substitution o-  (f - f i)1(f2 - ft) is made, the resetant expres-
sion is found to be dependent only on r and cr, amd .a single 
curve can be used for all values of f2/f/ . The pcs?tive part of 
such a curve contains Grmip 1 products only (Section 9.6). 

The substitution o. (f - fe(f, - f1) can be muile in anY -ét 
the expressions (16), (17), etc..., and for a given ex:ier a set or': 
distribution curves can be ploned with a comemn scale of • - 
abscissae, the range o-  =0  lb cr 1 representing the workinâ 
band in every case. These unve!es, when summed, Le,iVe the dis-: 
tribution of the total disiorfien power for the paeticular order . 	_ 

	

(Figs. 1-4). 	 • 
Besides distribution curves; the general expr...w.ions of the 

type (16) can be used for oif-es,-r purposes, e.g.  ta  (calculate the - 
proportion of distortien peea•er falling in the working band 
•Çrable 4). The method e-la aiso be extended to ckal with less - 
simple distribution s.  of fundamental power, and some  results for 
second and third orders are illustrated in Fig. 5. 
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phometric e.m.f. under conditions which are not Precisely de- 
. fi ned. In preference, therefore, to assigning this to the peak 

noise- it is considered to be permissible and more economic to 
desim-nforan average noise c.m.f. of 2 mV. If it is assumed that 
third-order intermodulation noise is the limiting factor, it is 
possible to derive a curve for P which, when used with the dis-
tomian formula, e.g. eqn. (6), will give an average noise 
equal to the peak noise obtained from curve 2. This value is 
shown in cum 3 and is calculated from Fig. 9 of Holbrook-. and 
Dikon'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 car2 b.-Ireadily calculated, 
mad by the use of RAyleigh's distribution formu1a4  the power/pro-
bability function. can be evaluated. 

. 	(9.6) Suinmatiore of Distortion Noises in a Multi-Repeater • 
• Systera 	- 

Consider a ravei-repeater system comprising R identical re-
peater sections ceaLying a number of sine-wave tones of fre-
quencies A, B, C . . F, G, and let intermodulation 
occur at a partimihr point R1  in one repeater, and the corre-
sponding point iR2  in the next repeater, etc. At R1 a numbe.r 

q) of the•frinfamental tones %ill combine to form an  inter- 
• modulationprodi'gt which can be represented by 

sin {(2TrAt + 2m-Bt.+ . to pIerms) 	. .• 

(27rFt 217-Gt ±... to  q  terms)}  

	

sin 24A B + ) — (F.  G ± • • • 	• (18) 
This product wig: pass over a complete section of cable and 
repeater, arrivin4 at R2 with the sarne level but different phase. 
It will be assurnM that the phase-shift/frequency characteristic 
of this section is a straight line  of s/ope 0 and zero-frequency 
intercept 9S. A dose approximation to this is usually obtained 
over the working band. 

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

•• 
• sin[27rt{(A  ±B±  ; ..) —  (F+ G + 	 . 

	

cb e(cA+ B + • • • ) (F + G - 	093 

•
• 

• 
a.....a.......fliaele4a4:a4 • . 	 . 

......,.....—t.›.........-.......n • , 
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At R2 the tones 27rAt, 271-Bt, etc., will have changed to 21 
+ 49, 21-rBt + + BO, etc., and repeater R2 will produc 

new intertnodulation product 	• 
sin [{(27rAt + + AO) (273 -Bt+  ç  + BO) + . to p terms) .  

—((27rFt 	F0)4 (27rG't +1) -I:- GO) 	. to q team 

sin [27a{(21 B 	)— (F + G . • . + 

• + 	+ B + • • • ) (F + G + • • •)}..1 	( 

The intermodulatibn products (19) and (20), having the sa 
frequency, will add at R2, and the magnitude of the result 
will depend on the relative phase. The important case is wl 
p — q ----- 1, which makes (19) and (20) identical, and the p 
ducts therefore add in-phase.  • Products of this type have b 
called "veltage-adding" products. It has been tacitly assun 
that eqn. (18) represents a positive frequency. If this frequet 
is negative, however, it follows that the condition for equalit2 
now p =-- — 1. 

Group 1 or "voltage-adding" products are therefore produs 
if the number of frequency components in the product prefil 
by a positive sign exceeds by -I- 1 or — 1 the number of 
quency components prefixed by a negative siei. The frequet 
of the product in the former case  must be positive and in 
latter case negatiye. 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 characteril 
over the working band, the extension of this characteristic 

..zero frequency gives a phase intercept of zero or a multiple 
27r 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 fulfilled 
practice, and in general it can be assumed that Group 2 produ 
add on a power basis.  • 

- Frona the definition of Group I products, it can be seen tl 
these can be produced only by odd-order intermodulation. 
is also of interest to note from  the  analysis that for Grotii 
products, provided the phase/frequency curve is linear for ez 
section, the values of 0 and are immaterial and can be differ ,  
for different sections of cable. 
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1.0 General  

Discussions with NRL were primarily concerned with methods 

of measurement of intermodulation occuring in UHF satellite 

system components, and problem areas in passive hardware generated 

intermodulation. The most urgent intermodulation problem areas 

under investigation with the NRL group visited concerns the 

Fleetsat Program. Quantitative information was relatively 

minimal due to security restrictions. Several important guide-

lines to UHF satellite development based upon experience with 

the Fleetsat program were stated, and are summarized as follows: 

I) Simulate the transponder to establish the potential problem 

areas: the Test Simulator for Fleetsatcom development contains 

about eight relay racks of equipment comprising the transponder, 

power supplies, and necessary spacecraft equipment. 

The test simulator was considered essential to the extent that, 

the complete communication package must be simulated in order to 

have a reason to go ahead with the spacecraft program. 

2) Carry out knowledgeable testing to determine intermodulation 

and related problem areas: it was stated that all space- 

intermodulation sources will likely still not have been 

completely solved after simulator evaluations. The comment is 

assumed to apply particularly to the Fleetsat Program where 

transmit-receive band allocations permit low-order products to 

fall on the receive band. 
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Design the transponder first; then design the spacecraft. 

With specific reference to the DOC-UHF satellite, simulation 

of the UHF-SHF-UHF system and a dual UHF antenna were recommended. 

In relation to Fleetsat experience, the design requirement is 

dependent upon frequency allocations and simulator test data. 

2.0 Comments on High-Power Amplifiers  

2.1 	Experience with random multiple-access high-power amplifiers 

(TACSAT) has led to the present channelized amplifier approach 

used in the Fleetsatcom program. The problem is principally that 

of controlling the users' access power level. A single high 

carrier access to a hard-limiting mode amplifier, due to an 

indiscriminate or unauthorized user, reduces the signal-to-noise 

ratio to zero for small carriers present. 

2.2 	Signal to noise ratio for hard-limited amplifiers; 10 dB 

for single carrier to total intermods on carrier. 

2.3 	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. 

fflUMIC 
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Variation in intermod levels was found in laboratory 

measurements on transistors. Harmonic distortion measurements 

are performed to determine contact failures. 

2.4 	Cascaded Stages of Amplification: Isolators are required 

between input-output cascaded stages of amplifiers for broad-

band matching to reduce modulation of the mismatch due to 

input impedance dependency on power level. 

2.5 	Power level control of carriers was stated to be less 

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 antenna off-axis power. 

Panel rotation causes both forward and rear surfaces to be 

illuminated by antenna fields. 

3.2 	Intermodulation generated in the solar panels was determined 

to be due largely to steering diodes (efficient switching diodes) 

mounted on the panels. RF power coupling was by means of the short 

interconnecting lead-lengths on the diodes. 

The solar cell arrays generated intermod levels approximately 

10 dB lower than the diode generated intermod levels. 



	

3.3 	The equivalent circuit (capacity) of solar cells was noted 

to vary widely with light excitation. 

4.0 Multipactor Effect  

	

4.1 	Multipacting breakdown was reviewed as a fundamental non- 

linear phenomenon. Multipaction is a precursor to plasma, and 

the plasma current frequency spectra contains the intermodulation 

frequency components. 

Multipacting is associated with alternating current in 

pressure regions lower than that for ionization, when the mean-

free path of the electrons is equal or larger than the electrode 

separation. The multipacting breakdown is primarily dependent 

on secondary emission from the gap walls as a source of free 

• electrons. In a vacuum, the breakdown is related to frequency, 

spacing, and material at the gap boundaries. 

• For example, a 50 ohm coaxial line, (air filled and reflection-

free) has a threshold power for multipactor breakdown of approximately 

15 watts average at 100 (MHz-cm). Assuming a transmitter frequency 

(nominally 300 MHz) and line spacing of 0.6 cm., multipacting 

would be expected to occur at approximately 50 watts. The same 

transmission line would be subject to ionization breakdown at 

50 watts at a pressure of 0.25 Torr (about 200,000 feet). 

- 4 ^ 
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4.2 Multipacting Problem Areas  

	

4.2.1 	Multipacting occurs usually at transmission line dis- 

continuities, initiated by microdischarge. 	 • 

The following have been areas of difficulty in Fleetsat 

design. 

. 1) 50 ohms line connection (transformer) to transmitting helix. 

2) Transmitting antenna balun (present major problem). 

3) High power filters (still to be tested at date of meeting). 

4) Transmitting filters. 

5) High power amplifiers. 

6) TT&C antenna, due to the proximity of transmission lines 

in the mast. 

Note: The principal intermodulation problem was caused by 

transmitter energy coupled into the diode input 

telemetry receiver due to the common-mast mounting 

of the two antennas. 

Thermal blanket material; subsequently removed from  thé 

transmitting helix mast. Charge build-up in space, associated 

with fracturing of the blanket surface relates to multipacting 

and intermodulation problems. 

	

4.2.2 	Component design for elimination of multipacting is primarily 

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

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

definite design problem. 

-5 
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The PEP rating for the DOC-UHF satellite appears 

sufficiently low as to present major design problems due 

to multipacting. 

Teflon-filling of the balun and pressurizing of all 

filters is employed in Fleetsat to solve multipacting design 

problems. 

4.2.3 	Multipacting 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 (constructed on axis of common 

mast) is a potential design problem. 

4.3 Spacecraft Typical Operating Pressure  

Space pressure has been the subject of satellite experiments. 

-5 
10 	Torr was suggested as a typical value. Actual pressure will 

vary due to venting and outgassing of components. 

4.4 Multipactor Test Facilities  

1) TRW employ an 18 foot diameter Bell jar for antenna system 

space simulation test. 

2) A tank facility (company unknown) located in Ohio is capable 

of holding the entire spacecraft. 

6 
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4.5 Pressurizing  

Pressurizing for 5-7 year life expectancy in space can be 

accomplished. Beam welding techniques are employed in pressurizable 

filter construction. Glass spheres-potting in lieu of pressurizing 

for solving multipaction proved unsatisfactory, due to fracturing 

of the glass spheres during launch vibration. 

5.0 Filter Types  

5.1 	Diplexing filters of the interdigital rod type are preferrable 

from the standpoint of employing  10w-Q circuits for solving 

multipactor and intermodulation designs. 

Other favourable factors include mechanical simplicity, 

strength, size, weight, and relative ease of design for intermod 

reduction. 

The transmit filters for Fleetsat are coaxial resonators, 

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 type filters are not presently favoured due to the 

intermodulation design difficulty. Rough edges and metal-fingers 

at the metal edge-substrate interface cause microdischarge 

generated intermodulation. 
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5.4 Filter Isolation Achievement  

140 dB isolation has been achieved, and was considered to 

represent a practical limit for specifying filter performance. 

5.5 Diplexer Third-Order Intermod Achievement  

Third order intermodulation levels of -140 dBM have been 

achieved at NRL for two +50 dBM clean-carrier test. The result 

is obtained with great care in manufacturing and assembly. The 

level is not consistent on removal and reassembly of diplexer 

cover plates. 

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 intermodulation problem 

areas encountered in the Fleetsatçom UHF transponder. 

The original design approach for Fleetsatcom required 

twenty-three filtered transmit channels and the receiver 

diplexed into a common antenna. 

Passive component intermodulation products, principally 

fifth-orders and to lesser extent third-orders, falling on the 

lower receive channels necessitated abondonment of the diplexed 

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

1.2 Program Schedule  

Fleetsatcom developments were carried out to theffollowing 

time schedule: 

Nov. 1973: Start of program 

Fèb. 1974: Engineering model of simulator racks completed. 

System testing was begun. 

June 1974: Realized problem areas with transponder UHF section 

intermod. Decision to abondon diplexed single antenna 

in favour of separate transmit-receive antennas. 

July 1974: Completed the preliminary design phase. 

Began transponder UHF system redesign. 
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Sept. 1974: Ran full tests on redesigned engineering model; 

demonstrated that the separate antennas design 

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 multipactor effect (mechanical 

design for high-Power components in a vacuum) 

Apr. 1975: 

	

	Completed the final engineering model of transponder. 

Completed payload simUlator. 

Completed high-power IM tests in vacuum chamber. 

July 1975: 	Expected completion of Qualification test model. 

.1.3 Transponder Specifications  

1.3.1 Transponder Frequency Bands  

a) UHF, typically 244-270 MHz transmit band 

292-400 MHz receive band. 

h) SHF 

1.3.2 UHF Transmit Channels  

a) Total number of transmit channels: 23 

1) 10 single-carrier channels, fixed tuned, flat to within 

0.1 dB over 25 KHz bandwidth. 

2) 1 single-carrier channel, wideband, high-power. 

3) 12 multicoupled 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  IN  products fall on the receive 

frequency band. 

h) Third-order products restricted mainly to those products 

falling on channel 23 (near low-end of receive channels) were 

a main problem. 

c) Fifth-order products were the greatest problem, affecting 

most receive channels. Approx. 10,000 fifth-order products 

fall on channel 2. 

NOTE Two-carrier fifth-order product levels were found to be 

20 to 30 dB less than five-carrier fifths. 

d) Seventh-order products were sufficiently low to be of no problem. 
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e) Transmit-receive frequency allocations could not be changed 

to be more compatible with the IM spectra. A diplexed system 

employing a single 16 foot dish with a crossed-dipole feed, 

selected for good antenna efficiency, was attempted for the 

transponder original design. 

A dual UHF antenna system requiring 50 dB of isolation 

between transmitting and receiving antennas, including 

20 dB margin, was introduced in the intermodulation redesign 

phase. 

f) Passive  component intermod. performance produced main or 

major problem areas for transponder system redesign. 

Extensive investigations into manufacturing and testing 

methods for passive components (transmitting and receiving 

filters and antenna circuit components) and theoretical 

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. 

4 
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• 2.2 Diplexer 	 • 

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

NOTE 	The best eventual result for third-order was -130 dBM. 

2.3 Crossed-dipole Antenna, including Hybrid and 50Q Termination. 

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

NOTE 	Best eventual result for helical transmitting antenna, 

-130 dBM. 

3.0 UHF Transponder IM Performance  

3.1 Receiver Noise Requirement  

a) Spurious and noise falling on receive channels was required 

to be -10 dB or less from receiver thermal noise, for 0.5 dB 

degradation. (i.e. Total noise in a25 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 is one of the lower 25 KHz channels. The 

speCification is similar for all channels 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 allowed for additional degradation 

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

for clean carrier test. • 
SWUM 
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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 

carrier, worst case, with a 10 dB margin. 

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

3.2 Smallest Expected Received Carrier; -127 dBM 

a) Receiver 'noise level; -127 dBM. 

h) 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  cari  be 5 Lo 10 dB on the worst cha r nel. 

3.3 IM Test Signals  

3.3.1 a) Component tests are specified for two clean test carriers. 

b) Transponder system tests specify 23 channel noise-loaded 

carriers. 

3.3.2 Discussion on Two-channel versus 23-channel 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 measurement experience. 

Apparently the conversion of two tone third  IN  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 specifications for 

two-tone versus 23-tone test was apparently not considered by 

TRW. A single (discrete component of) IM generated for the 

23-tone clean carrier case decreases from the 2-tone case; 

"- total number of products incr.u., and the amplitude 

sum of . productS' falling on the discrete IM component 

frequency increases. 

3.4 Test Diplexer and Equipment for Spacecraft IM Testing  

3.4.1 	Test diplexers comprised of interdigital bandpass transmit 

and receive filters with common antenna-port, are employed for 

IM testing of transponder antenna circuit components. 	 - 

Single diplexers are machined of solid brass. (Outer 

ground plane T-configuration, very approximately 24"x1ex3" thick.) 

Cover mating surfaces are machined optically flat. Two diplexers 

are connected in a bridge circuit via coaxial switches, for testing 

forward and reflected intermods on the antenna circuit. • 
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3.4.2 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. 

3.4.3 Diplexer; Mating Surfaces Machining  

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

Surface contact pressures exceed 10,000 psi. 

3.4.4 Test Receiver  

Spectrum analyzer at -155 dBM sensitivity, operated at 10 Hz 

bandwidth with frequency-stabilized transmitting carriers. 

3.4.5 Power Simulation for Spacecraft Testing  

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

KW. broadband amplifier employed for simulator testing. 

4.0 UHF Transponder Antenna System Redevelopment  

4.1 The following components are now included in the dual antenna 

UHF system: 

a) Transmit multicoupler; same as diplexed system. 

h) Transmit filter; same transmit section as utilized in 

original diplexe. 

8 
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c) Receive filter; same receive section as utilized in original 

diplexer. 

d) Transmit helical antenna; triple-taper bi-filar back-fire 

type, approximately 9 turn total length. Circumferential 

dimensions of the helix are triple-tapered. The helix mast 

is rigid-mounted at the dish vertex. 

e) Receive helical antenna; bifilar, approximately 18 turn, 

10 inch diametere turns consisting of approximately 11/2 inch 

x 1/8 inch conductor. The helix mast is hinge-mounted to 

the spacecraft. 

f) 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 bal un and preferably also -the antenna transformer 

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

filled. 

g) Parabola and Mast Dimensions  

I) Dish diameter, 16 feet; stainless-steel silver-loaded 

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). 
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h) Dish Illumination  

Approx. 10 dB edge illumination; structure directly behind the 

antenna is isolated 100 dB. 

i) Mast Construction  

The transmitting mast proper is fabricated of spun aluminum, 

polished and chem. etched. Helix support mast; graphite-

filled epoxy. 

j) Dish Fabrication  

All contcting wires in the mesh are individually welded by 

means of an automatic welding machine. No random contacts are 

permitted. 

k) Hinges  

Hinges were main problem areas in IM reduction. Hinges 

employed at dish (mesh) fold-down points are fiberglass 

insulated to prevent random contact to the mesh. 

1) 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. 
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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 

two-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 

measured on antenna farm, with receiver on receive antenna 

terminal. 	 • 

2) .  With the receiver at the receiving antenna  terminal, transmit 

antenna system intermod need only 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 #rom 5th. 

The reason for a 10 dB discrepancy in the 3rd order result 

was not ascertained. 
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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 due 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 Intermodulation Contributors  in System 

5.1 	The following were noted as hardware problem areas: 

1) Thermal Wrap; contact . problems. 

2) Heater and ordnance lines. 

3) Solar array; deployment mechanism 

4) Antenna cables and connections. 

5) Antenna mesh; less problem than contemplated. 

6) Multicoupler connectors. 

7) Ceramic Seals 

• 8) Ferromagnetic material; Kovar seals. 

9) Metal-joining techniques. 

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

material edges, hairs of metallic materials. 
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11) Flat metal surfaces in contact; interdigital filter covers. 

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

13) Corrosion 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 convinced that gold plating is 

satisfactory. Gold purity is likely the matter to be 

resolved. High-purity metal surfaces are required. 

6.0 Pressurizing  

6.1 All transmitting filters (multicoupler and output filters) are 

pressurized. 

6.2 Pressurizing (dry nitrogen or helium) is to 2 atmospheres. 

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

7.1 	The main problem areas for multipacting were the following: 

1) Transmitting antenna balun, and antenna transformer. 

2) TT&C Antenna. 

3) Proximity of TT&C and UHF transformer transmission lines 

inside the mast. 

4) Transmitting multicoupler and diplexer. 

7.2 Parameters Stated for Multipacting  
-9 1) Pressure range for multipacting; 10-2 torr to 10 	torr. 

2) Power Levels; multipacting can occur at 40 watt levels. 

3) Measur.ments indicate that greater than 10 to 20 cycles 

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. 
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•1.1 General 	 • 

The discussions were limited 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 

h) 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 

limiter had not been measured. 

A TWT L-Band  amplifier  (not hard limited) 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. 

• The 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 Transponder Performance  

a) Specified input signal levels to the transponder are 

-80 dBM to -120 dBM (minimum). 

h) The transponder carrier to noise performance was 

stated to be: 

-9 dB on Channel 1, at -120 dBM input signal 

+4 dB on other channels, at -120 dBM input. 

2.0 Intermodulation Performance  

2.1 What is considered to be a useable system having suitably 

low 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 splitter, (strip-line 

structure is typical). 

2.2 IM Levels in Receive Band  

2.2.1 The 13th order is the lowest order  IN  falling in the receive 

band, determined for 3-carrier excitation (one band-pass 

carrier per each of three transmit channels). All passive 

IN tests were three-tone tests. Only one two-tone frequency 

componente was observed in the receive band. 

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

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

clean carrier case. 

: . 2 :2;-3-'The - •13th . order antenna intermod (measured) 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. 

2.2.4 A single-carriC 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 look for broadband 

noise when spurious levels exceed -115 dBM. Single carrier 

IM was stted to  be i.1.11 below threshold for antenna 

intermods at the -140 to -150 dBM level. (Note: Applies 

only  to 13th order; no data as regards lower orders.) 

2.2.5 High-order IM drop-off rate was less than 1 dB/dB change 

• of excitation. 

2.2.6 Measurement Data to be Supplied by Hughes  

Measured  IN data for the first two repeaters (total IN in 

receive band) for 13th to 22nd orders up to -155 dBM 

detectability limit, is to be supplied by Hughes. 

2.2.7 Detector Bandwidth for IM Testing  

100 hz BW was used for all measurements. . 
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2.2.8 Diplexer, Rotary Joint, and Antenna IM Levels  

a) Diplexer and rotary joint; -125 dBM measured at 

13th order, 3 carrier test. 

h) Rotary joint and antenna.mounted on spacecraft; -117 dBM 

was the approximate highest 13th order level for three 

saturated carrier test. 

2.2.9 Spacecraft Intermodulatfon Tests  

Spacecraft tests were three-channel noise-loaded carrier 

tests. It is stated that spurious signals drop out 

dramatically with carrier power back-off, before predictions 

indicated. 

2.3 Hughes (military) Program  IN  Level Achievement  

Another development program (diplexed antenna system 

comprising filters, antenna, etc.) for whieh data is not 

available has achieved low-order IM levels of -110 to 

-130 dBM for 10-100 watt carriers. 

2.4 Lifetime Stability of IM Level  

The transponder was subjected to a six-month environmental 

test period additionally involving 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 Multipacting  

3.1 Multipacting 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. 

3.2 The original switch, with SMA connectors is employed for 

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

Multipactor effèct was solved by replacing the original 

switch with an enlarged version, not hermetrically-sealed. 

4.0 .UHF Diplexer  

4.1 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. 

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

type. 

4.2 All UHF filters are parallel connected to the antenna port. 

The filters with residual at -145 dBM at 13th order are 

employed as the intermod test set for spacecraft tests. 

4.3 UHF Diplexer Weight  

10 lbs. for four filters plus output junction. 
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4.4. Plating  

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

4.5 Isolators  

Isolators are employed between the power amplifier final 

stage and the transmit filters. 

5.0 UHF Antenna Array  

5.1 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 41/2 turn, 

aluminum. 

5.2 Isolation  

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

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

UHF frequencies. 

6.0 High-Power Amplifiers  

6.1 UHF channels power output vs. amplifier stages: 

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

h) 20 to 25 watts, two devices in parallel. 

The devices are input and output.hybrid coupled, with wide-

band matching between stages. 
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6.2 Redundancy is provided by switched input-output separate 

hybrid-coupled amplifiers. 

6.3 Power transistor procurement, and availability 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 problem 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. 

6.4 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. 

7.0 Thermal Wrap  

7.1 Thermal blanket is stretched drum-taut (not wrapped) and 

mechanically stable over the spacecraft end. The antenna 

structure is wrapped only at the base. The spacecraft and 

blanket is subject to high illumination (everywhere) by 

UHF currents. Crazing of the material was of concern in 

respect to static-charge build-up. 

Aerospace Corporation has investi•gated plasma-thermal wrap 

related problems. 
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