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PREFACE

This book has been written as a comprehensive, self-explanatory reference hand-
book for the benefit of all who have an interest in the design and application of radio
receivers or audio amplifiers. Everything outside this field—television, radio trans-
mission, radar, industrial electronics, test equipment and so on—has been excluded
to limit the book to a reasonable size. )

An effort has been made to produce a handbook which, in its own sphere, is as self-
contained as possible. Extensive references to other sources of information have
been included for the reader who might require additional detail.

The success of the previous edition, of which over 280,000 copies have been sold
throughout the world, encouraged Amalgamated Wireless Valve Company Pty. Ltd.,
to undertake the compilation of the present up-to-date edition which is more com-
plete, great pains having been taken to fill in many of the gaps in the data published
hitherto. This has involved a considerable amount of both experimental and an-
alytical work by the editor and by engineers assisting in the project. Some original
work, previously unpublished, has been included.

Although the various chapters have been written by individual authors, all are truly
the result of team work, each having been carefully and critically examined by several
other engineers specializing in that particular field. In this way the accuracy of
mathematical calculations and of individual statements was checked and re-checked
to ensure that the reader would not be misinformed.

1 wish to express my grateful thanks to Mr. R. Lambie, Manager, Mr. D. M.
Sutherland, Works Manager, and to the following collaborating engineers—

J. E. Bailey, Dr. W. G. Baker, D. Barnetr, J. D. G. Barrett, Dr. G. Builder,
N. V. C. Cansick, W. N. Christiansen, Dr, E. R. Dalziel, K. G. Dean, H. L.
Downing, J. Gilchrist, I. C Hansen, R. Herbert, F. Holloway, I. Hood, D. G.
Lindsay, W. S. McGuire, E. J. Packer, J. Pritchard, R. J. Rawlings, B. Sandel,
J. Stacey, R. D. Stewart, J. E. Telfer, R. Vine, E. Watkinson.

I also wish to express my thanks to Mr. R. Ainsworth for his invaluable work in
sub-editing and assistance in indexing and to Mr. R. H. Aston for compiling data.

F. LANGFORD-SMITH

Amalgamated Wireless Valve Company Pty. Ltd.

NOTES

References to valve types are to the prototype (e.g. 6]J7) and include all equivalent
types (e.g. 6J7-G, 6J7-GT etc.) unless otherwise indicated.

If any errors are noted, please write to the Editor, Radiotron Designer’s Handbook,
Amalgamated Wireless Valve Co. Pty. Ltd., 47 York Street, Sydney, Australia.

W



ACKNOWLEDGEMENTS

The editor wishes to acknowledge his indebtedness to the publishers of the
following periodicals for permission to reproduce the diagrams listed below. In
some cases the diagrams are based largely on the originals, although modified.

PERIODICALS
Audio Engineering 13. 50D, 50E. M. 1A, B, C, D, E, F, G, H. 15. 15, 16,
57A, 57B, 60. 16. 15. 17. 7, 8, 15A, 15B, 15C, 18, 19A, 19B, 19C, 20, 22, 24B,
24C, 27A, 27B, 27C, 31, 37A. 19. 6A. 20. 10, 13, 14.

A.W.A. Technical Review 25. 33, 34, 35, 36, 37, 38, 39. 26. 6. 27. 44.

Communications 7. 72, 73. 16. 16. 18. 17, 18. 23. 17, 18, 19, 20, 21, 22, 23,
24, 25, 26.

Electronic Engineering 5. 13E, 13F, 13G, 13H, 13], 13K, 13L, 13M, 13N, 13P,
13Q, 13R, 13§, 13T, 13U, Table 5. 7. 51D, 11.7,8,9,10, 11, 12,13, 12. 3B,
3C, 11A, 11B. 15. 4, 63. 17, 21, 26. 18. 6A, 6B.

Electronic Industries 17. 6.

Electronics 1. 8. 4. 34. 5. 21, 22, 7.51. 9.17, 18. 12. 47A, 47B, 48.
15. 17, 18A, 18B, 38, 39, 45, 46, 52, 53, 61. 16. 4, 10, 12, 17, 18, 19, 20, 21, 22, 23,
24, 25, 26, 27, 28. 21. 9. 35. 24, 25, 36. 3, 5.

FM-TV Radio Communication 17. 35. 20. 25, 26, 27.

Journal Acoustical Society of America 20. 28.

Journal British I.R.E. §. 13C, 13D.

Proceedings I.R.E. (U.S.A)) 7.58, 59. 12, 7C. 13. 9B. 14. 6, 20. 24. 26.
1,2,3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21. 30. 4,5, 6,7, 8, 9.
37. 2, 3, 4.

Proceedings I.LEE. 7. 60, 65, 69, 70.

Proceedings I.R.E. Australia 35. 19, 20, 21.

Q.S.T. 186. 13.

Radio 13. 50D, 50E. 15. 47A, 47B.

Radio and Hobbies (Australia) 15. 14B, 35B, 37B, 37C.
Radio and TV News 15. 43A, 43B. 16. 14. 18. 7A, 7B.
Radio Craft 15. 42, 44A, 49, 54. 17, 33.

Radio Electronics 15. 64.

R.C.A. Review 17, 37A. 27. 20, 21, 25, 27.

Tele-Tech 15. 14A. 36. 2. 38. Chart 38.4.

T.V. Engineering 10. 10.

Wireless Engineer 5. 13B. 7. 75, 76, 77, 78, 79, 80, 81, 82, 83. 11. 1, 6A.

Wireless World 4. 10, 26. 7. 51A, 54B, 54C, 55D, 55E, 55F, 59C. 12. 34, 35,
39. 15. 5, 13, 41, 50, 51, 55, 56A, 56B, 58A. 16. 8,9, 11. 17. 24A, 28, 32, 35B,
35C, 35D, 35E, 35F, 35G. 18. 26. 20. 5, 9, 11, 12, 16, 17. 31. 6.

Reference numbers are given either in the titles or in the text. Lists of refer-
ence. giving authors’ names and details of articles are given at the end of each chapter.

(vii)



ACKNOWLEDGEMENTS (Continued)

BOOKS AND OTHER PUBLICATIONS

The editor desires to acknowledge his indebtedness to the authors and publishers
of the following books and publications for permission to reproduce the diagrams and
tables listed below.

Redrawn by permission from ELECTRONIC TRANSFORMERS AND CIRCUITS

by R. Lee, published by John Wiley & Sons, Inc., 1947. Fig. 5.23.

Redrawn by permission from General Electric Company from TRANSFORMER

ENGINEERING—I1st ed. by Blume, Camilli, Boyajian & Montsinger, published

by John Wiley & Sons, Inc. 1938. Fig. 5.18B.

Redrawn by permission from ELEMENTS OF ACOUSTICAL ENGINEERING

(2nd ed.) by H. F. Olson, copyrighted by D. Van Nostrand Company Inc. Table

19.7. Fig. 20.30.

Redrawn by permission from NETWORK ANALYSIS AND FEEDBACK AM-

PLIFIER DESIGN by H. W. Bode, Bell Telephone Laboratories Inc., copyrighted

1945 by D. Van Nostrand Company Inc. Figs. 7.55A, 7.55B, 7.55C, 7.56A.
Other acknowledgements are given in the titles,

OTHER PUBLICATIONS

Aerovox Research Worker, Vol. 11, Nos. 1 and 2, January-February 1939, Figs. 5
and 6. Published by permission of Aerovox Corporation. Tables 38. 43, 44.
Charts 38. 1, 2.
Allegheny Ludlum Steel Corporation—curves 3.6% silicon steel. Fig. 5. 20.
American Standards Association ‘ American Standard for Noise Measurement >’
Z724.22-1942. Figs. 19. 7, 8.
Australian Radio Technical Services and Patents Co. Pty. Ltd.—Technical Bulletins.
Figs. 15. 22, 23, 24, 25, 26, 27, 43. 31. 3, 4, 5.
Amalgamated Wireless Australasia Ltd. Figs. 18. 7. 28, 2.
Electrical and Musical Industries. Fig. 17. 25,
Jensen Manufacturing Company—Jensen Technical Monograpn No. 3. Figs.
14. 2, 3, 4, 5.
P. R. Mallory & Co. Inc. ¢ Fundamental Principles of Vibrator Power Supply ”
Figs. 32. 1, 2,3, 4,5, 6,7, 8,9, 10, 11, 12, 13.
National Bureau of Standards Circular C74, Fig. 208 redrawn and published by per-
mission of National Bureau of Standards. Fig. 10. 3.
Standard Transformer Corporation ‘ Engineering a transformer.” Figs. 5. 18C,
18D. Table 38. 70,
General Electric Company Ltd. ~“ Radio receiver for use with high fidelity ampli-
fiers.,” Fig. 15. 62A.
Radio and Television Manufacturers Association (U.S.A.)—Extracts from, or sum-
maries of, the following Standards:
ET-107, ET-109, ET-110, REC-11, REC-101, REC-103, REC-104, REC-105,
REC-106-A, REC-107, REC-108, REC-113, REC-114, REC-115-A, REC-116,
REC-117, REC-118, REC-119, REC-121, REC-128, S-410, S-416, S-417, S-418,
S-504, SE-101-A, SE-103, SE-105, TR-105-A, TR-113-A.

Note :—References in the text to R.M.A. Standards should be taken as having
been issued by RTMA.
I.R.E. Standards, Figs. 3. 11B, 15. 37. 1, 2, 3, 4. ]
Radio Industry Council—Information from standards on resistors and capacitors.
Chapter 38 Sections 2 and 3.
Radio Corporation of America. 1. 6. 2. 32A, 33, 34, 35, 47. 3., 16, 17. 10. 6.

13. 26, 30, 48. 17. 5A. 23. 9, 10, 11, 12, 13, 14, 15, 16. 30. 2A, 2B, 2C, 11.
33. 14. 35. 17.

(viii)



CHAPTER HEADINGS
PREFACE & ACKNOWLEDGEMENTS

PART 1: THE RADIO VALVE
CHAPTER

1 INTRODUCTION TO THE RADIO VALVE
2 VALVECHARACTERISTICS
3 THE TESTING OF OXIDE-COATED CATHODE HIGH-VACUUM RECEIVING VALVES

PART 2: GENERAL THEORY AND COMPONENTS
THEORY OF NETWORKS
TRANSFORMERS AND IRON-CORED INDUCTORS
MATHEMATICS
NEGATIVE FEEDBACK
WAVE MOTION AND THE THEORY OF MODULATION
TUNED CIRCUITS
CALCULATION OF INDUCTANCE
DESIGN OF RADIO FREQUENCY INDUCTORS

B
RPBoo~woo s

PART 3: AUDIO FREQUENCIES
12 AUDIO FREQUENCY VOLTAGE AMPLIFIERS
13 AUDIO FREQUENCY POWER AMPLIFIERS
14 FIDELITY AND DISTORTION
15 TONE COMPENSATION AND TONE CONTROL
16 VOLUME EXPANSION, COMPRESSION AND LIMITING
17 REPRODUCTION FROM RECORDS
18 MICROPHONES, PRE-AMPLIFIERS, ATTENUATORS AND MIXERS
19 UNITSFOR THE MEASUREMENT OF GAIN AND NOISE
20 LOUDSPEAKERS
21 THE NETWORK BETWEEN THE POWER OUTPUT STAGE AND THE LOUDSPEAKER

PART 4: RADIO FREQUENCIES
22 AERIALSAND TRANSMISSION LINES
23 RADIO FREQUENCY AMPLIFIERS
24 OSCILLATORS
25 FREQUENCY CONVERSION AND TRACKING
26 INTERMEDIATE FREQUENCY AMPLIFIERS
27 DETECTION AND AUTOMATIC VOLUME CONTROL
28 REFLEX AMPLIFIERS
29 LIMITERSAND AUTOMATIC FREQUENCY CONTROL

PART 5: RECTIFICATION, REGULATION, FILTERING AND HUM
30 RECTIFICATION
31 FILTERING AND HUM
32 VIBRATOR POWER SUPPLIES
33 CURRENT AND VOLTAGE REGULATORS

PART 6: COMPLETE RECEIVERS
34 TYPES OF A-M RECEIVERS
35 DESIGN OF SUPERHETERODY NE A-M RECEIVERS
36 DESIGN OF F-M RECEIVERS
37 RECEIVER AND AMPLIFIER TESTSAND MEASUREMENTS

PART 7: SUNDRY DATA
38 TABLES, CHARTSAND SUNDRY DATA
See next page for detailed List of Contents.
SUPPLEMENT

INDEX
(ix)

PAGE

13

128
199
254
306
403
407
429
450

481

603
635
679
701
775
806
831
880

890
912
947
962
1020
1072
1140
1147

1161
1192
1202
1213

1223
1228
1287
1297
1328
1475

1433



CONTENTS

PART 1: THE RADIO VALVE

CHAPTER 1. INTRODUCTION TO THE RADIO VALVE

SECTION
1. ELECTRICITY AND EMISSION
2. THE COMPONENT PARTS OF RADIO VALVES
(i) Filaments, cathodes and heaters
(i) Grids
(iii) Plates
(iv) Bulbs
(v) Voltageswith valve operation
3. TYPESOF RADIO VALVES
(i) Diodes
(ii) Triodes
(iii) Tetrodes
(iv) Pentodes
(v) Pentode power amplifiers
(vi) Combined valves
(vii) Pentagrid converters
4. MAXIMUM RATINGS AND TOLERANCES
(i) Maximum ratings and their interpretation
(ii) Tolerances

VALVE NUMBERING SYSTEMS
REFERENCES

No o

FILAMENT AND HEATER VOLTAGE/CURRENT CHARACTERISTICS

CHAPTER 2. VALVE CHARACTERISTICS

1. VALVE COEFFICIENTS
2. CHARACTERISTIC CURVES
(i) Plate characteristics
(ii) Mutual characteristics
(iii) Grid current characteristics
(iv) Suppressor characteristics
(v) Constant current curves
(vi) "G" curves
(vii) Drift of characteristics during life
(viii) Effect of heater-voltage variation
3. RESISTANCE-LOADED AMPLIFIERS
(i) Triodes
(ii) Pentodes
4. TRANSFORMER-COUPLED AMPLIFIERS
(i) Withresistiveload
(ii) Effect of primary resistance
(iii) Withi-f voltage amplifiers
(iv) R-Famplifierswith sliding screen

2
@
m

©COOwwoOo~NN~NOOOTTO OO M



CONTENTS

SECTION PAGE
(v) Cathode loadlines 29
(vi) With reactiveloads 30
5. TRIODE OPERATION OF PENTODES 34
(i) Triode operation of pentodes 34
(ii) Examples of transconductance calculation 34
(iii) Triode amplification factor 35
(iv) Plateresistance 36
(v) Connection of suppressor grid 36
6. CONVERSION FACTORS, AND THE CALCULATION OF CHARACTERISTICS OTHER
THAN THOSE PUBLISHED 36
(i) Thebasisof valve conversion factors 36
(ii) Theuse of valve conversion factors 37
(iii) The calculation of valve characteristics other than those pub-
lished 40
(iv) Theeffect of changesin operating conditions 42
7. VALVE EQUIVALENT CIRCUITSAND VECTORS 45
(i) Constant voltage equivalent circuit 45
(ii) Constant current equivalent circuit 46
(iii) Vavevectors 47
8. VALVE ADMITTANCES 49
(i)  Grid input impedance and admittance 49
(ii) Admittance coefficients 50
(iii) The components of grid admittance-input resistance-
input capacitance-grid input admittance 51
(iv) Typical values of short-circuit input conductance 55
(v) Change of short-circuit-input capacitance with transconduct-
ance 55
(vi) Grid-cathode capacitance 56
(vii) Input capacitances of pentodes (published values) 56
(viii) Grid-plate capacitance 57
9. MATHEMATICAL RELATIONSHIPS 57
(i) Genera 57
(i) Resistanceload 58
(iii) Power and efficiency 59
(iv) Seriesexpansion; resistance load 61
(v) Seriesexpansion; general case 63
(vi) Theequivalent plate circuit theorem 63
(vii) Dynamic load line-general case- 64
(viii) Valve networks-general case- 64
(ix) Valve coefficients as partial differentials 64
(x) Valvecharacteristics at low plate currents 65
10. REFERENCES 66

CHAPTER 3. THE TESTING OF OXIDE-COATED CATHODE
HIGH-VACUUM RECEIVING VALVES

1. BASISOF TESTING PRACTICE 68
(i) Fundamental physical properties 69
(ii) Basicfunctional characteristics 70
(iii) Fundamental characteristic tests 73
(iv) Valveratingsand their limiting effect on operation 75

(A) Limiting ratings 75
(B) Characteristicsusually rated 75
(C) Rating systems 77
(D) Interpretation of maximum ratings 77
(E)  Operating conditions 80
(v) Recommended practice and operation 80
(& Mounting 80
(b)  Ventilation 81

(xi)



CONTENTS

SECTION PAGE
(c)  Heater-cathodeinsulation 81

(d)  Control grid circuit resistance 82

(e)  Operation at low screen voltages 84

) Microphony 84

(99 Hum 84

(h)  Stand-by operation 84

2. CONTROL OF CHARACTERISTICS DURING MANUFACTURE 85
(i) Importance of control over characteristics 85
(if) Basic manufacturing test specification 85
(iii) Systematic testing 86
(iv) Toleranceson characteristics 88
3. METHODS OF TESTING CHARACTERISTICS 89
(i) Genera conventions 90
(ii) General characteristics 91
(@  Physical dimensions 91

(b)  Shortsand continuity 91

(c)  Heater (or filament) current 93

(d)  Heater to cathode leakage 94

(e) Inter-electrode insulation 94

) Emission 94

(g)  Direct inter-electrode capacitances 95

(iii) Specific diode characteristics 99
(@  Rectification test 99

(b)  Sputter and arcing 100

(c) Back emission 100

(d)  Zerosignal or standing diode current 101

(iv) Specific triode, pentode and beam tetrode characteristics 101
Reverse grid current 101

(B)  Grid current commencement voltage 102

(C) Positivegrid current 102

(D) Positive voltage electrode currents 103

(E)  Transconductance or mutual conductance 103

(F)  Amplification factor 104

(G) Plateresistance 104

(H) A.C.amplification 105

(0] Power output 105

@) Distortion 106

(K)  Microphony 107

(L)  Audio frequency noise 107

(M) Radio frequency noise 107

(N)  Blocking 107

(O) Stagegaintesting 108

(P)  Electrode dissipation 108

(v) Specific converter characteristics 108
(A) Methods of operation including oscillator excitation 108

(1) Oscillator self-excited 108

(2) Oscillator driven 109

(3) Static operation 109

(B)  Specific characteristics 109

(@ Reversesignal grid current 109

(b) Signal-grid current commencement 109

(c) Mixer positive voltage electrode currents 109

(d) Mixer conversion transconductance 109

(e) Mixer plate resistance 111

(f)  Mixer transconductance 111

(g) Oscillator grid current 111

(xii)



CONTENTS

SECTION
(h) Oscillator plate current
(i) Oscillator transconductance
(i) Oscillator amplification factor
(k) Oscillator plate resistance
(1) Signal-grid blocking
(m) Microphony
(n) R-Fnoise
(vi) Testsfor specia characteristics
(A)  Short-circuit input admittance
(B)  Short-circuit feedback admittance
(C)  Short-circuit output admittance
(D)  Short-circuit forward admittance
(E) Perveance
(vii) Characteristics by pulse methods-point by point -
(viii) Characteristics by curve tracer methods

4. ACCEPTANCE TESTING
(i) Relevant characteristics
(ii) Valve specifications
(iii) Testing procedure

5. SERVICE TESTING AND SERVICE TESTER PRACTICE
(i) Purpose and scope of service testing and discussion of as-
sociated problems
(if) Fundamental characteristics which should be tested
(iii) Typesof commercial testers
(iv) Methods of testing characteristicsin commercial service testers
(@  Shortstesting
(b)  Continuity testing
(c)  Heater to cathode leakage
(d)  Emission testing
(e)  Mutua conductance testing
) Plate conductance testing
(g) Reversegrid current testing
(h)  Power output testing
0] Conversion conductance testing
) Oscillator mutual conductance testing
(k)  Noisetesting
(1) A.C.amplification testing
(v) A.C.versusd.c. electrode voltages in testers
(vi) Pre-heating
(vii) Testing procedure

6. REFERENCES

PART 2: GENERAL THEORY AND COMPONENTS
CHAPTER 4. THEORY OF NETWORKS

1. CURRENT AND VOLTAGE

(i) Direct current

(ii) Alternating current

(iii) Indications of polarity and current flow
2. RESISTANCE

(i) Ohm'sLaw ford.c.

(i) Ohm'sLaw for ac.

(iii) Resistancesin series

(iv) Resistancesin parallel

(v) Conductancein resistive circuits

(xiii)

PAGE
113
113
113
113
113
113
113
113
113
117
117
117
117
118
119

120
120
120
120

121

121
122
122
123
123
123
123
123
123
124
124
124
124
124
124
124
124
125
125

125

128
128
129
130
130
130
131
131
132
133



CONTENTS

SECTION PAGE
3. POWER 133
(i) Powerind.c. circuits 133
(ii) Power inresistive a.c. circuits 133
4. CAPACITANCE 134
(i) Introduction to capacitance 134
(ii) Condensersin parallel and series 135
(iii) Calculation of capacitance 135
(iv) Condensersin d.c. circuits 136
(v) Condensersin a.c. circuits 137
5. INDUCTANCE 140
(i) Introduction to inductance 140
(ii) Inductancesin d.c. circuits 141
(iii) Inductancesin series and parallel 141
(iv) Mutual inductance 142
(v) Inductancesin a.c. circuits 142
(vi) Power ininductive circuits 143
6. IMPEDANCE AND ADMITTANCE 144
(i) Impedance, acomplex quantity 144
(ii) SeriescircuitswithL, Cand R 144
(iii) Parallel combinationsof L, C and R 147
(iv) Series-parallel combinationsof L, C and R 149
(v) Conductance, susceptance and admittance 153
(vi) Conversion from seriesto parallel impedance 157
7. NETWORKS 158
(i)  Introduction to networks 158
(ii) Kirchhoff's Laws 160
(iii) Potential dividers 161
(iv) Thevenin's Theorem 164
(v) Norton's Theorem 165
(vi) Maximum Power Transfer Theorem 165
(vii) Reciprocity Theorem 165
(viii) Superposition Theorem 165
(ix) Compensation Theorem 166
(x) Four-terminal networks 166
(xi) Multi-mesh networks 167
(xii) Non-linear components in networks 170
(xiii) Phase shift networks 170
(xiv) Transientsin networks 171
(xv) Referencesto networks 171
8. FILTERS 172
(i) Introduction to filters 172
(il) Resistance-capacitance filters, high-pass and low-pass 172
(iii) Special types of resistance-capacitance filters 176
(iv) Iterative impedances of four terminal networks 176
(v) Imageimpedances and image transfer constant of four ter-
minal networks 177
(vi) Symmetrical networks 179
(vii) "Constant k " filters 179
(viii) M-derived filters 182
(ix) Practical filters 184
(x) Frequency dividing networks 184
(xi) Referencesto filters 185

(xiv)



CONTENTS

SECTION
9. PRACTICAL RESISTORS, CONDENSERS AND INDUCTORS

(i) Practical resistors

(if) Practical condensers

(iii) Combination units

(iv) Practical inductors

(v) Referencesto practical resistors and condensers

CHAPTER 5. TRANSFORMERS AND IRON-CORED INDUCTORS
1. IDEAL TRANSFORMERS
(i) Definitions
(ii) Impedance calculations-single load-
(iii) Impedance calculations-multiple loads-

2. PRACTICAL TRANSFORMERS
(i) General considerations
(ii) Effectsof losses

3. AUDIO-FREQUENCY TRANSFORMERS

(i) General considerations

(ii) Corematerias

(iii) Frequency response and distortion
(@ Interstagetransformers
(b)  Low level transformers
(c)  Output transformers

(iv) Designing for low leakage inductance

(v) Winding capacitance

(vi) Testson output transformers

(vii) Specificationsfor a-f transformers

4. MAGNETIC CIRCUIT THEORY
(i) Fundamental magnetic relationships
(ii) Themagnetic circuit
(iii) Magnetic units and conversion factors

5. POWER TRANSFORMERS
(i) Genera
(ii) Corematerial and size
(iii) Primary and secondary turns
(iv) Currentsinwindings
(v) Temperaturerise
(vi) Typical design
(vii) Specificationsfor power transformers

6. IRON-CORED INDUCTORS
(i) Genera
(ii) Calculations-general-
(iii) Effective permeability
(iv) Design with no d.c. flux
(v) Design of high Q inductors
(vi) Designwithd.c. flux
(vii) Design by Hanna's method
(viii) Design of inductors for choke-input filters
(ix) Measurements
(x) lron-cored inductors in resonant circuits

7. REFERENCES

(xv)

PAGE
186
186
191
197
197
198

199
199
200
201

204
204
205

206
206
207

209
210
211
217
219
227
228

229
229
231
232

233
233
234
235
236
236
237
241

242
242
242
243
243
245
247
248
249
250
251

252



CONTENTS

SECTION PAGE
CHAPTER 6. MATHEMATICS
1. ARITHMETIC AND THE SLIDE RULE 255
(i) Figures 255
(ii) Powersand roots 255
(iii) Logarithms 255
(iv) Thedliderule 257
(v) Short cutsin arithmetic 258
2. ALGEBRA 259
(i)  Addition 260
(ii)  Subtraction 260
(iii)  Multiplication 260
(iv) Division 260
(v)  Powers 260
(vi) Roots 261
(vii) Brackets and simple manipulations 261
(viii) Factoring 262
(ix)  Proportion 262
(x)  Variation 262
(xi) Inequalities 262
(xii) Functions 263
(xiii) Equations 263
(xiv) Formulae and laws 265
(xv) Continuity and limits 265
(xvi) Progressions, sequences and series 266
(xvii) Logarithmic and exponential functions 267
(xviii) Infinite series 268
(xix) Hyperbolic functions 269
(xx) Genera approximations 271
3. GEOMETRY AND TRIGONOMETRY 272
(i) Planefigures 272
(ii) Surfaces and volumes of solids 275
(iii) Trigonometrical relationships 275
4. PERIODIC PHENOMENA 278
5. GRAPHICAL REPRESENTATION AND j NOTATION 279
(i) Graphs 279
(ii) Finding the equation to acurve 281
(iii) Threevariables 281
(iv) Vectorsandj notation 282
6. COMPLEX ALGEBRA AND DE MOIVRE'S THEOREM 285
(i) Complex algebrawith regular coordinates 285
(ii) Complex algebrawith polar coordinates 286
(iii) DeMoivre's Theorem 287
7. DIFFERENTIAL AND INTEGRAL CALCULUS 289
(i) Slopeand rate of change 289
(ii) Differentiation 291
(iii) Integration 294
(iv) Taylor's Series 298
(v) Maclaurin's Series 299
8. FOURIER SERIESAND HARMONICS 299
(i) Periodic waves and the Fourier Series 299
(ii) Other applications of the Fourier Series 302
(iii) Graphical Harmonic Analysis 302
9. REFERENCES 304

(xvi)



CONTENTS

SECTION PAGE
CHAPTER 7. NEGATIVE FEEDBACK

1. FUNDAMENTAL TYPES OF FEEDBACK 306
(i) Feedback positive and negative 306
(ii) Negative voltage feedback at the mid-frequency 307
(iii) Negative current feedback at the mid-frequency 312
(iv) Bridge negative feedback at the mid-frequency 313
(v) Combined positive and negative at the mid-frequency 314

(vi) Comparison between different fundamental types at the mid-
frequency 315
2. PRACTICAL FEEDBACK CIRCUITS 316
(i)  The cathode follower 316
(ii) The cathode degenerative amplifier and phase splitter 327
(iii) Voltage feedback from secondary of output transformer 330
(iv) Voltage feedback from plate-transformer input- 332
(v) Voltage feedback from plate-r.c.c. input- 332
(vi) Voltage feedback over two stages 334
(vii) Voltage feedback over three stages 344
(viii) Cathode coupled phase inverters and amplifiers 347
(ix) Hum 348
(x) Some special features of feedback amplifiers 352
(xi) Combined positive and negative feedback 352
(xii) Choke-coupled phase inverter 355
3. STABILITY, PHASE SHIFT AND FREQUENCY RESPONSE 356
(i) Stability and instability 356
(ii) Conditions for stability 356
(iii) Relationship between phase shift and attenuation 359
(iv) Designof 1and 2 stage amplifiers 364
(v) Design of multistage amplifiers 365
(vi) Effect of feedback on frequency response 378
(vii) Design of amplifiers with flat frequency response 379
(viii) Constancy of characteristics with feedback 388
(ix) Effect of feedback on phase shift 389
4. SPECIAL APPLICATIONS OF FEEDBACK 389
5. VALVE CHARACTERISTICS AND FEEDBACK 390
(i)  Triode cathode follower 390
(ii) Pentode cathode follower 393
(iii) Triode with voltage feedback 394
(iv) Pentode with voltage feedback, transformer coupled 395
(v) Cathode degenerative triode 397
(vi) Cathode degenerative pentode 399
(vii) Cathode-coupled triodes 399
(viii) Feedback over two stages 399
6. REFERENCES TO FEEDBACK 399
7. OVERLOADING OF FEEDBACK AMPLIFIERSON TRANSIENTS 1477

CHAPTER 8. WAVE MOTION AND THE THEORY OF
MODULATION

1. INTRODUCTION TO ELECTROMAGNETIC WAVES 403
(i) Wavemotion 403
(ii) Electromagnetic spectrum 404
(iii) Wave propagation 404
2. TRANSMISSION OF INTELLIGENCE 405
(i) Introduction 405
(i) Radio telegraphy 405
(iii) Radio telephony 405
3. REFERENCES 406

(xvii)



CONTENTS
SECTION
CHAPTER 9. TUNED CIRCUITS
INTRODUCTION
DAMPED OSCILLATIONS
SERIES RESONANCE
PARALLEL RESONANCE
GENERAL CASE OF SERIES RESONANCE
SELECTIVITY AND GAIN
(i) Singletuned circuit
(ii) Coupled circuits-tuned secondary-
(iii) Coupled circuits-tuned primary, tuned secondary-
(iv) Coupled circuits of equal Q
(v) Coupled circuits of unequal Q
7. SELECTIVITY-GRAPHICAL METHODS-
(i) Singletuned circuit
(ii) Twoidentical coupled tuned circuits
8. COUPLING OF CIRCUITS
(i) Mutual inductive coupling
(ii) Miscellaneous methods of coupling
(iii) Complex coupling
9. RESPONSE OF IDENTICAL AMPLIFIER STAGESIN CASCADE
10. UNIVERSAL SELECTIVITY CURVES
11. SUMMARY OF FORMULAE FOR TUNED CIRCUITS
12. REFERENCES

o0k wN P

CHAPTER 10. CALCULATION OF INDUCTANCE
1. SINGLELAYER COILSOR SOLENOIDS
(i)  Current-sheet inductance
(ii) Solenoids wound with spaced round wires
(iii) Approximate formulae
(iv) Design of single layer solenoid
(v) Magnitude of the differences between Lsand L,
(vi) Curvesfor the determination of the" current-sheet" induc-
tance
(vii) Effect of concentric, non-magnetic screen
2. MULTILAYER SOLENOIDS
(i) Formulafor current sheet inductance
(ii) Correction for insulation thickness
(iii) Approximate formulae
(iv) Design of multilayer coils
(v) Effect of aconcentric screen
3. TOROIDAL COILS
(i) Toroidal coail of circular section with single layer winding
(ii) Toroidal coil of rectangular section with single layer winding
(iii) Toroidal coil of rectangular section with multilayer winding
4. FLAT SPIRALS
(i) Accurate formulae
(ii) Approximate formulae
5. MUTUAL INDUCTANCE
(i) Accurate methods
(ii) Approximate methods
6. LIST OF SYMBOLS
7. REFERENCES

(xviii)

PAGE

407
408
409
410
412
412
412
413
414
415
416
416
416
417
418
418
418
420
421
421
423
427

429



CONTENTS

SECTION

1.

2.

CHAPTER 11. DESIGN OF RADIO FREQUENCY INDUCTORS
INTRODUCTION

SELF-CAPACITANCE OF COILS
(i) Effectsof self-capacitance
(if) Calculation of self-capacitance of single-layer solenoids
(iii) Measurement of self-capacitance

INTERMEDIATE-FREQUENCY WINDINGS
(i) Air-cored coils
(ii) lron-cored coils
(iii) Expanding selectivity i-f transformers
(iv) Calculation of gear ratios for universal coils
(v) Miscellaneous considerations

MEDIUM WAVE-BAND COILS
(i) Air-cored coils
(ii)  lron-cored coils
(iii) Permeability tuning
(iv) Matching

SHORT-WAVE COILS
(i) Design
(ii) Miscellaneous features

RADIO-FREQUENCY CHOKES
(i) Pie-wound chokes
(ii) Other types
TROPIC PROOFING
(i) General considerations
(i) Baking
(iii) Impregnation
(iv) Flashdipping
(v) Materias

REFERENCES

PART 3: AUDIO FREQUENCIES
CHAPTER 12. AUDIO FREQUENCY VOLTAGE AMPLIFIERS
INTRODUCTION
(i) Voltage amplifiers

RESISTANCE-CAPACITANCE COUPLED TRIODES

(i)  Choice of operating conditions

(ii) Coupling condenser

(iii) Cathode bias

(iv) Fixed bias

(v) Gridleak bias

(vi) Platevoltage and current

(vii) Gain and distortion at the mid-frequency

(viii) Dynamic characteristics

(ix) Maximum voltage output and distortion

(x) Conversion factorswithr.c.c. triodes

(xi) Input impedance and Miller effect

(xii) Equivalent circuit of r.c.c. triode

(xiii) Voltage gain and phase shift

(xiv) Comments on tabulated characteristics of resistance-
coupled triodes

(xix)

PAGE

450

451
451
451
453

453
453
454
455
456
458

459
459
460
461
462

463
463
468

474
474
475
476
476
476
477
477
477

478

481
481

482
482
483
484
487
489
489
490
491
491
493
493
494
494

495



CONTENTS

SECTION PAGE
3. RESISTANCE-CAPACITANCE COUPLED PENTODES 496
0] Choice of operating conditions 496
(ii)  Coupling condenser 496
(iii)  Screen by-pass 496
(iv) Cathode bias 499
(v)  Fixedbias 501
(vi) Dynamic characteristics of pentodes 504
(vii) Gain at the mid-frequency 506
(viii) Dynamic characteristics of pentodes and comparison with
triodes 508
(ix) Maximum voltage output and distortion 510
(x)  Conversion factors with r.c.c. pentodes 511
(xi)  Equivalent circuit of r.c.c. pentode 512
(xii) Voltage gain and phase shift 512
(xiii) Screen loadlines 513
(xiv) Combined screen and cathode loadlines and the effect of toler-
ances 515
(xv) Remote cut-off pentodes asr.c.c. amplifiers 516
(xvi) Multigrid valvesasr.c.c. amplifiers 516
(xvii) Special applications 516
(xviii) Comments on tabulated characteristics of resistance-
coupled pentodes 517
4. TRANSFORMER-COUPLED VOLTAGE AMPLIFIERS 517
(i) Introduction 517
(ii) Gain at the mid-frequency 517
(iii) Gain at low frequencies 517
(iv) Desirablevalve characteristics 517
(v) Equivalent circuits 518
(vi) Gain and phase shift at all frequencies 518
(vii) Transformer characteristics 518
(viii) Fidelity 518
(ix) Valveloadlines 518
(x) Maximum peak output voltage 518
(xi) Transformer loading 518
(xii) Parallel feed 518
(xiii) Auto-transformer coupling 520
(xiv) Applications 520
(xv) Special applications 520
5. CHOKE-COUPLED AMPLIFIERS 521
(i) Performance 521
(ii) Application 521
6. METHODS OF EXCITING PUSH-PULL AMPLIFIERS 521
(i) Methodsinvolving iron-cored inductors 521
(if) Phase splitter 522
(iii) Phaseinverter 524
(iv) Self-balancing phase inverter 524
(v) Self-balancing paraphase inverter 524
(vi) Common cathode impedance self-balancing inverters 526
(vii) Balanced output amplifiers with highly accurate balance 527
(viii) Cross coupled phase inverter 527
7. PUSH-PULL VOLTAGE AMPLIFIERS 527
(i) Introduction 527
(ii) Cathoderesistors 527
(iii) Output circuit 527
(iv) Push-pull impedance-coupled amplifiers—mathematical treat-
ment 528
(v) Phase compressor 528

()



CONTENTS

SECTION

8.

9.

10.

11.

12.

13.

IN-PHASE AMPLIFIERS
(i) Cathode-coupled amplifiers
(ii) Grounded-grid amplifiers
(iii) Inverted input amplifiers
(iv) Other forms of in-phase amplifiers

DIRECT-COUPLED AMPLIFIERS
(i) Elementary d-c amplifiers
(ii) Bridgecircuit
(iii) Cathode-coupled
(iv) Cathode follower
(v) Phaseinverter
(vi) Screen coupled
(vii) Gastube coupled
(viii) Modulation systems
(ix) Compensated d.c. amplifiers
(x) Bridge-balanced direct current amplifiers
(xi) Cascode amplifiers

STABILITY, DECOUPLING AND HUM
(i) Effect of common impedance in power supply
(ii) Plate supply by-passing
(iii) Plate circuit decoupling
(iv) Screen circuit decoupling
(v) Gridcircuit decoupling
(vi) Huminvoltage amplifiers

TRANSIENTS AND PULSESIN AUDIO FREQUENCY AMPLIFIERS
(i) Transient distortion
(i) Rectangular pulses

MULTISTAGE VOLTAGE AMPLIFIERS
(i) Single-channel amplifiers
(ii) Multi-channel amplifiers

REFERENCES

CHAPTER 13. AUDIO FREQUENCY POWER AMPLIFIERS

INTRODUCTION
(i) Typesof af power amplifiers
(ii) Classof operation
(iii) Some characteristics of power amplifiers
(iv) Effect of power supply on power amplifiers

CLASSA SINGLE TRIODES
(i) Simplified graphical conditions, power output and distortion
(ii) Genera graphical case, power output and distortion
(iii) Optimum operating conditions
(iv) Loudspeaker load
(v) Platecircuit efficiency and power dissipation
(vi) Power sensitivity
(vii) Choke-coupled amplifier
(viii) Effect of a.c. filament supply
(ix) Overloading
(x) Regulation and by-passing of power supply

(xxi)

PAGE
529
529
529
529
529

529
529
530
531
531
532
532
532
532
533
533
533

535
535
535
535
537
538
538

540
540
540

541
541
541

542

544

545
545
547

548
548
550
555
558
559
559
559
560
560
560



CONTENTS

SECTION PAGE
3. CLASSA MULTI-GRID VALVES 560
(i) Introduction 560
(ii) ldeal pentodes 561
(iii) Practical pentodes-operating conditions- 561
(iv) Graphical analysis-power output and distortion- 563
(v) Rectification effects 565
(vi) Cathode bias 565
(vii) Resistance and inductance of transformer primary 566
(viii) Loudspeaker load 566
(ix) Effectsof plate and screen regulation 568
(x) Beam power valves 569
(xi) Space charge tetrodes 569
(xii) Partial triode (" ultra-linear") operation of pentodes 570
4. PARALLEL CLASSA AMPLIFIERS 570
5. PUSH-PULL TRIODESCLASSA, AB; 571
(i) Introduction 571
(ii) Theory of push-pull amplification 573
(iii) Power output and distortion 577
(iv) Average plate current 579
(v) Matching and the effects of mismatching 580
(vi) Cathode bias 582
(vii) Parasitics 582
6 PUSH-PULL PENTODES AND BEAM POWER AMPLIFIERS, CLASS A, AB; 583
(i) Introduction 583
(if)  Power output and distortion 583
(iii) The effect of power supply regulation 584
(iv) Matching and the effects of mismatching 584
(v) Average plate and screen currents 584
(vi) Cathode bias 585
(vii) Parasitics 585
(viii) Phase inversion in the power stage 585
(ix) Extended ClassA 587
(x) Partial triode (" ultra-linear ") operation 587
7. CLASSB AMPLIFIERSAND DRIVERS 587
(i) Introduction 587
(if) Power output and distortion—ideal conditions—Class B, 588
(iii) Power output and distortion—practical conditions—Class B, 588
(iv) Grid driving conditions 590
(v) Design procedure for Class B, amplifiers 592
(vi) Earthed-grid cathode coupled amplifiers 592
(vii) Class B; amplifiers—quiescent push-pull 592
8. CLASSAB,AMPLIFIERS 593
(i) Introduction 593
(ii) Biasand screen stabilized Class AB, amplifier 593
(iii) Mclntosh amplifier 594
9. CATHODE-FOLLOWER POWER AMPLIFIERS 596
10. SPECIAL FEATURES 596
(i) Gridcircuit resistance 596
(ii) Grid bias sources 597
(iii) Miller Effect 598
(iv) 26 volt operation 598
(v) Hum from plate and screen supplies 599
11. COMPLETE AMPLIFIERS 599
(i) Introduction 599
(ii) Design procedure and examples 599
(iii) Loudspeaker load 600
12. REFERENCES 601

(xxii)



CONTENTS

SECTION PAGE
CHAPTER 14. FIDELITY AND DISTORTION
1. INTRODUCTION 603
(i) Fidelity 603
(ii) Typesof distortion 604
(iii) Imagery for describing reproduced sound 604
2. NON-LINEAR DISTORTION AND HARMONICS 605
(i) Non-linearity 605
(i) Harmonics 606
(iii) Permissible harmonic distortion 607
(iv) Tota harmonic distortion 609
(v) Weighted distortion factor 610
(vi) The search for atrue criterion of non-linearity 610
3. INTERMODULATION DISTORTION 611
(i) Introduction 611
(ii) Modulation method of measurement—r.m.s. sum 612
(iii) Difference frequency intermodulation method 613
(iv) Individual side-band method 613
(v) Modulation method of measurement—peak sum 614
(vi) LeBé'soscillographic method 614
(vii) Comparison between different methods 616
(viii) Synthetic bass 616
4. FREQUENCY DISTORTION 617
(i) Frequency range 617
(ii) Tonal balance 617
(iii) Minimum audible change in frequency range 617
(iv) Sharp peaks 618
5. PHASE DISTORTION 618
6. TRANSIENT DISTORTION 619
(i) Genera survey 619
(ii) Testing for transient response 619
7. DYNAMIC RANGE AND ITSLIMITATIONS 620
(i) Volumerange and hearing 620
(ii) Effect of volumelevel on frequency range 621
(iii) Acoustical power and preferred listening levels 623
(iv) Volumerangein musical reproduction 623
(v) Theeffect of noise 624
8. SCALE DISTORTION 625
9. OTHER FORMS OF DISTORTION 626
(i)  Frequency-modulation distortion 626
(if) Variation of frequency response with output level 626
(iii) Listener fatigue 626
10. FREQUENCY RANGE PREFERENCES 627
(i) Testsby Chinn and Eisenberg 627
(ii) Testsby Olson 627
(iii) Single channel versus dual-channel tests 627
(iv) Summing up 628
11. SPEECH REPRODUCTION 628
(i) Thecharacteristics of speech 628
(ii) Articulation 628
(iii) Masking of speech by noise 629
(iv) Distortion in speech reproduction 629
(v) Frequency rangesfor speech 630

(xxiii)



CONTENTS

SECTION PAGE
12. HIGH FIDELITY REPRODUCTION 630
(i) Thetarget of high fidelity 630
(ii) Practicable high fidelity 630
(iii) Theear asajudge of fidelity 632
13. REFERENCES 632

CHAPTER 15. TONE COMPENSATION AND TONE CONTROL

1. INTRODUCTION 635
(i)  The purpose of tone compensation 635
(ii) Tonecontrol 636
(iii) General considerations 636
(iv) Distortion due to tone control 636
(v) Calculationsinvolving decibels per octave 637
(vi) Attenuation expressed as atime constant 638
(vii) The elements of tone control filters 639
(viii) Fundamental circuit incorporating R and C 639
(ix) Damping of tuned circuits 639
(x) Tolerances of elements 639
2. BASSBOOSTING 640
(i) Genera remarks 640
(if)  Circuits not involving resonance or negative feedback 640
(iii) Methods incorporating resonant circuits 644
(iv) Circuitsinvolving feedback 645
(v) Regeneration due to negative resistance characteristic 648
3. BASSATTENUATION 649
(i) Genera remarks 649
(ii) Bassattenuation by grid coupling condensers 649
(iii) Bass attenuation by cathode resistor by-passing 649
(iv) Bass attenuation by screen by-passing 650
(v) Bassattenuation by reactance shunting 650
(vi) Bass attenuation by negative feedback 651
(vii) Bass attenuation by Parallel-T network 651
(viii) Bass attenuation using Constant k filters 652
(ix) Bass attenuation using M-derived filters 652
4. COMBINED BASS TONE CONTROLS 653
(i) Stepped controls 653
(ii) Continuously variable controls 653
5. TREBLE BOOSTING 653
(i) Genera remarks 653
(if)  Circuits not involving resonance or negative feedback 653
(iii) Methods incorporating resonant circuits 654
(iv) Circuitsinvolving feedback 655
6. TREBLEATTENUATION 655
(i) Genera remarks 655
(ii) Attenuation by shunt capacitance 655
(iii) Treble attenuation by filter networks 657
(iv) Treble attenuation in negative feedback amplifiers 657
7. COMBINED TREBLE TONE CONTROLS 658
8. COMBINED BASSAND TREBLE TONE CONTROLS 658
(i) Stepped controls-general— 658
(i) Quality switch 659
(iii) Universal step-type tone control not using inductors 660
(iv) Universal step-type tone control using inductors 661
(v) Fixed bass and treble boosting 662

(xxiv)



CONTENTS

SECTION PAGE
(vi) Step-type tone control using negative feedback 662
(vii) Continuously-variable controls—general 662
(viii) Single control continuously-variable tone controls 662
(ix) Ganged continuously-variable tone controls 664
(x) Dua control continuously-variable tone controls 664
9. FEEDBACK TO PROVIDE TONE CONTROL 669
(i) Introduction 669
(i) Amplifierswith feedback providing tone control 669
(iii) Whistlefilters using feedback 672
10. AUTOMATIC FREQUENCY-COMPENSATED VOLUME CONTROL 672
(i) Introduction 672
(i) Methods incorporating a tapped potentiometer 672
(iii) Methods incorporating step-type controls 673
(iv) Method incorporating inverse volume expansion with
multi-channel amplifier 673
11. WHISTLE FILTERS 673
(i) Resonant circuit filters 673
(ii) Narrow band rejection filter 675
(iii) Crysta filters 675
(iv) Paralel-T network 675
(v) Filtersincorporating L and C 676
12. OTHER METHODS OF TONE CONTROL 676
(i) Multiple-channel amplifiers 676
(ii) Synthetic bass 676
13. THE LISTENER AND TONE CONTROL 677
14. EQUALIZER NETWORKS 677
15. REFERENCES 677

CHAPTER 16. VOLUME EXPANSION, COMPRESSION AND

LIMITING
1. GENERAL PRINCIPLES 679
(i) Introduction 679
(ii) Anidea system 680
(iii) Practical problemsin volume expansion 680
(iv) Distortion 681
(v) General comments 681
2. VOLUME COMPRESSION 681
(i) Introduction 681
(i) Peak limiters 682
(iii) Volumelimiters 683
(iv) Distortion caused by peak limiters or volume limiters 683
(v) Volume compression 683
(vi) Volume compression plus limiting 684
(vii) Compression of commercia speech 684
3. GAIN CONTROL DEVICES 684
(i) Remote cut-off pentodes 684
(ii) Pentagrids and triode-hexodes 685
(iii) Plate resistance control 685
(iv) Negative feedback 685
(v) Lamps 685
(vi) Suppressor-grid control 686

(xxv)



CONTENTS
SECTION
4. VOLUME EXPANSION
(i) Introduction
(ii) Expandersincorporating lamps
(iii) Expanders utilizing feedback
(iv) Expandersincorporating remote cut-off pentodes
(v) Expandersincorporating remote cut-off triodes
(vi) Expandersincorporating suppressor-grid controlled pentodes
(vii) Expandersincorporating valves with five grids
(viii) Expanders incorporating plate resistance control
PUBLIC ADDRESSA.V.C.
SPEECH CLIPPERS
NOISE PEAK AND OUTPUT LIMITERS
(i) Introduction
(ii) Instantaneous noise peak limiters
(iii) Output limiters
(iv) Genera remarks
8. REFERENCES

No o

CHAPTER 17. REPRODUCTION FROM RECORDS
1. INTRODUCTION TO DISC RECORDING
(i) Methods used in sound recording
(if) Principles of lateral recording
(iii) Frequency range
(iv) Surface noise and dynamic range
(v) Processing
(vi) Turntables and driving mechanism
(vii) Automatic record changers
2. DISCSAND STYLI
(i) Genera information on discs
(i) Dimensions of records and grooves
(iii) Styli
(iv) Pinch effect
(v) Radius compensation
(vi) Record and stylus wear
3. PICKUPS
(i) Genera survey
(ii) Electro-magnetic (moving iron) pickups
(iii) Dynamic (moving coil) pickups
(iv) Piezo-electric (crystal) pickups
(v) Magnetostriction pickups
(vi) Strain-sensitive pickups
(vii) Ribbon pickups
(viii) Capacitance pickups
(ix) Eddy-current pickups
4. TRACKING
(i) Genera survey of the problem
(ii) How to design for minimum distortion
(iii) Theinfluence of stylusfriction
5. RECORDING CHARACTERISTICS, EQUALIZERS AND AMPLIFIERS
(i) Recording characteristics
(ii) Pre-amplifiersfor use with pickups
(iii) Introduction to equalizers
(iv) High-frequency attenuation (scratch filter)
(v) Equalizersfor electro-magnetic pickups

(xxvi)

PAGE
686
686
687
688
688
689
689
691
692
693
693
694
694
694
698
699
699

701
701
702
704
704
705
705
705
706
706
706
709
711
711
712
714
714
717
719
720
721
721
722
722
723
723
723
725
726
727
727
732
732
737
738



CONTENTS

SECTION PAGE
(vi) Equalizersfor crystal pickups 741
(vii) Equalizers applying negative feedback to the pickup 743
(viii) Miscellaneous details regarding equalizing amplifiers 743
(ix) Complete amplifiers 744
(x) Pickupsfor connection to radio receivers 751
(xi) Frequency test records 752
6. DISTORTION AND UNDESIRABLE EFFECTS 757
(i) Tracing distortion and pinch effect 757
(ii) Playback loss 760
(iii) Wow, and the effects of record warping 760
(iv) Distortion due to styluswear 761
(v) Noise modulation 761
(vi) Pickup distortion 762
(vii) Acoustical radiation 762
(viii) Distortion in recording 762
7. NOISE REDUCTION 763
(i) Anaysisof noise 763
(ii) High-frequency attenuation 763
(iii) High-frequency pre-emphasis and de-emphasis 763
(iv) Volume expansion 763
(v) Olson noise suppressor 763
(vi) Scott dynamic noise suppressor 764
(vii) Price balanced clipper noise suppressor 765
8. LACQUER DISC HOME RECORDING (DIRECT PLAYBACK) 766
(i) Genera description 766
(ii) Recording characteristic 766
(iii) Cutting stylus 767
(iv) Cutter head 767
(v) Equalization of cutter 767
(vi) Motor and turntable 767
(vii) Amplifier 767
(viii) Pickups for use on lacquer discs 768
(ix) Recording with embossed groove 768
9. REPRODUCTION FROM TRANSCRIPTION DISCS 769
(i) Introduction 769
(if) Characteristics of record material, wear and noise 769
(iii) Sound track 770
(iv) Recording characteristics and equalization 770
(v) Translation loss and radius compensation 770
10. REFERENCES TO LATERAL DISC RECORDING 771

CHAPTER 18. MICROPHONES, PRE-AMPLIFIERS,
ATTENUATORSAND MIXERS

1. MICROPHONES 775
(i) Genera survey 775
(ii) Carbon microphones 777
(iii) Condenser microphones 778
(iv) Crystal and ceramic microphones 778
(v) Moving coil (dynamic)microphones 779
(vi) Pressure ribbon microphones 779
(vii) Velocity ribbon microphones 779
(viii) Throat microphones 780
(ix) Lapel microphones 780
(x) Lip microphones 780

(xxvii)



CONTENTS

SECTION PAGE
(xi) Thedirectional characteristics of microphones 780
(xii) The equalization of microphones 781
(xiii) Microphone transformers 781
(xiv) Standards for microphones 781
2. PRE-AMPLIFIERS 782
(i) Introduction 782
(ii) Noise 782
(iii) Hum 784
(iv) Microphony 786
(v) Valvesfor usein pre-amplifiers 786
(vi) Microphone pre-amplifiers 788
(vii) Pickup pre-amplifiers 793
(viii) Gain-controlled pre-amplifiers 793
(ix) Standard pre-amplifiers for broadcasting 793
(x) Standard pre-amplifiers for sound equipment 793
3. ATTENUATORSAND MIXERS 794
(i) Potentiometer type attenuators (volume controls) 794
(if) Single section attenuators-constant impedance— 795
(iii) Single section attenuators-constant impedance in one direction—
only 795
(iv) Multiple section attenuators 796
(v) Electronic attenuators 797
(vi) Mixersand faders—general 798
(vii) Non-constant impedance mixers and faders 798
(viii) Constant impedance mixers and faders 801
4. REFERENCES 804

CHAPTER 19. UNITSFOR THE MEASUREMENT OF GAIN

AND NOISE
1. BELSAND DECIBELS 806
(i)  Power relationships expressed in bels and decibels 806
(ii) Voltage and current relationships expressed in decibels 807
(iii) Absolute power and voltage expressed in decibels 807
(iv) Microphone output expressed in decibels 808
(v) Pickup output expressed in decibels 810
(vi) Amplifier gain expressed in decibels 810
(vii) Combined microphone and amplifier gain expressed in decibles 811
(viii) Loudspeaker output expressed in decibels 812
(ix) Sound system rating 812
(x) Tablesand charts of decibel relationships 813
(xi) Nomogram for adding decibel-expressed quantities 821
(xii) Decibels, slide rules and mental arithmetic 822
2. VOLUME INDICATORSAND VOLUME UNITS 823
(i) Volumeindicators 823
(ii) Volume units 824
3. INDICATING INSTRUMENTS 825
(i) Decibel meters 825
(ii) Power output meters 825
(iii) Volumeindicators 825
(iv) Acoustical instruments 825
4. NEPERSAND TRANSMISSION UNITS 825
(i) Nepers 825
(ii) Transmission units 826

(xxviii)



CONTENTS
SECTION
5. LOUDNESS

(i)  Introduction to loudness
(ii) Thephon
(iii) Loudness units

. THE MEASUREMENT OF SOUND LEVEL AND NOISE

(i) Introduction

(ii) Thesound level meter

(iii) The measurement of noise in amplifiers
(iv) The measurement of radio noise

. REFERENCES

CHAPTER 20. LOUDSPEAKERS
. INTRODUCTION

(i) Typesof loudspeakers

(ii) Direct radiator loudspeakers
(iii) Horn loudspeakers

(iv) Headphones

(v) Loudspeaker characteristics
(vi) Amplitude of cone movement
(vii) Good qualities of loudspeakers
(viii) Loudspeaker grilles

. CHARACTERISTICS OF MOVING-COIL CONE LOUDSPEAKERS

(i) Rigid (piston) conein aninfinite flat baffle

(if) Practical cones

(iii) Special constructions for wide frequency range
(iv) Impedance and phase angle

(v) Frequency response

(vi) Efficiency

(vii) Directional characteristics

(viii) Field magnet

(ix) Hum bucking coil

(x) Damping

3. BAFFLES AND ENCLOSURES FOR DIRECT-RADIATOR LOUDSPEAKERS

(i) Flat baffles

(ii) Open back cabinets

(iii) Enclosed cabinet loudspeakers

(iv) Acoustical phaseinverter (" vented baffle")
(v) Acoustical labyrinth loudspeakers

(vi) The R-Jloudspeaker

(vii) Design of exterior of cabinet

4. HORN LOUDSPEAKERS

(1) Introduction

(ii) Conical horns

(iii) Exponentia horns

(iv) Hyperbolic exponential horns

(v) Horn loudspeakers-general—

(vi) Folded horn loudspeakers

(vii) High-frequency horns

(viii) Combination horn and phase inverter loudspeakers for personal
radio receivers

(ix) Material for making horns

5. DUAL AND TRIPLE SYSTEM LOUDSPEAKERS

(i) Introduction
(ii) Choice of the cross-over frequency

(xxix)

PAGE

826
826
826
827
827
827
828
829
829
830

831
831
831
832
832
833
834
834
835
835
835
835
836
837
838
839
839
840
840
840
842
842
842
843
845
850
850
850
851
851
851
851
853
854
856
858

859
859
860
860
860



CONTENTS

SECTION

6.

10.

(iii) Theoverlap region
(iv) Compromise arrangements
LOUDSPEAKERS IN OPERATION
(i) Loudness
(ii) Power required
(iii) Acoustics of rooms
(iv) Loudspeaker placement
(v) Stereophonic reproduction
(vi) Sound reinforcing systems
(vii) Open air Public Address
(viii) Inter-communicating systems
(ix) Background music in factories
DISTORTION IN LOUDSPEAKERS
(i) Non-linearity
(ii)  Frequency-modulation distortion in loudspeakers
(iii) Transient distortion
(iv) Sub-harmonics and sub-frequencies
(v) Intermodulation distortion
SUMMARY OF ACOUSTICAL DATA
(i) Definitionsin acoustics
(ii) Electrical, mechanical and acoustical equivalents
(iii) Velocity and wavelength of sound
(iv) Musical scales
STANDARDS FOR LOUDSPEAKERS
(i) Voice coil impedance for radio receivers
(ii) Loudspeaker standard ratings for sound equipment
REFERENCES TO LOUDSPEAKERS

CHAPTER 21. THE NETWORK BETWEEN THE POWER VALVE

AND THE LOUDSPEAKER

LOUDSPEAKER "MATCHING"

(i) Loudspeaker characteristics and matching

(ii) Optimum plate resistance

(iii) Procedure for " matching " loudspeakers to various types of

amplifiers

MULTIPLE AND EXTENSION LOUDSPEAKERS

(i) Multiple loudspeakers—general

(ii) Sound systems

(iii) Extension loudspeakers

(iv) Operation of loudspeakers at long distances from amplifier
LOUDSPEAKER DIVIDER NETWORKS
REFERENCES

PART 4: RADIO FREQUENCIES
CHAPTER 22. AERIALSAND TRANSMISSION LINES
INTRODUCTION
THE TRANSMISSION LINE
(i) Introduction
(ii) Thecorrect termination for atransmission line
(iii) Impedance-transforming action of atransmission line

(xxx)

PAGE
861
861
861
861
861
864
865
865
866
867
867
867
868
868
869
869
871
871
871
871
872
872
873
874
874
874
876

880
880
880

881
882
882
883
883
886
887
889

890
890
890
890
891



CONTENTS
SECTION
3. AERIALSAND POWER TRANSFER
(i) Introduction
(ii) Power transfer
4. CHARACTERISTICSOF AERIALS
(i) Effectiveareaof areceiving aerial
(ii) The power gain of an aerial
(iii) The beam-width of an aerial
5. EFFECTS OF THE EARTH ON THE PERFORMANCE OF AN AERIAL
(i) Introduction
(ii) A perfectly-conducting earth
(iii) Animperfectly conducting earth
(iv) Theattenuation of radio waves in the presence of an imper-
fectly-reflecting earth
6. THE EFFECT OF THE IONOSPHERE ON THE RECEPTION OF RADIO SIGNALS
7. THEIMPEDANCE OF AN AERIAL
(i) Introduction
(i) Resistive component of impedance
(iii) Reactive component of impedance
(iv) Characteristic impedance of aerial
(v) Examplesof calculations
(vi) Dipoles
(vii) Loop aerias
8. DUMMY AERIALS906
9. TYPESOF AERIAL USED FOR BROADCAST RECEPTION
(i) Introduction
(i) Medium-frequency receiving aerials
(iii) Short-wave receiving aerials
(iv) V-H-F aerias
10. REFERENCES

CHAPTER 23. RADIO FREQUENCY AMPLIFIERS
1. INTRODUCTION
(i) Aerid coupling
(ii)  Tuning methods
(iii) R-Famplifiers
(iv) Design considerations
2. AERIAL STAGES
(i) Difficultiesinvolved
(ii) Generalized coupling networks
(iii) Mutual inductance coupling
(iv) Tapped inductance
(v) Capacitance coupling
(vi) General summary
3. R-FAMPLIFIERS
(i) Reasonsfor using r-f stage
(ii) Mutual-inductance-coupled stage
(iii) Parallel tuned circuit
(iv) Choke-capacitance coupling
(v) Untuned and pre-tuned stages
(vi) Grounded grid stages
4. IMAGE REJECTION
(i) Meaning of image rejection
(ii) Imagerejection dueto aerial stage
(iii) Other considerations

(xxxi)

PAGE
892
892
892
893
893
894
894
894
894
894
896

896
901
901
901
902
903
903
903
904
905

907
907
907
908
909
911

912
912
913
913
914
915
915
915
916
920
921
921
922
922
922
923
924
924
925
925
925
926
926



CONTENTS
SECTION
5. EFFECTSOF VALVE INPUT ADMITTANCE
(i) Important general considerations
(ii) Input loading of receiving valves at radio frequencies
(A)  Input conductance
(B) Coldinput conductance
(C)  Hotinput conductance
(D) Changeininput capacitance
(E)  Reduction of detuning effect
6. VALVE AND CIRCUIT NOISE
(i) Thermal agitation noise
(ii)  Shot noise
(iii) Induced grid noise
(iv) Total noise calculations
(v) Samplecircuit calculations
(vi) Conclusions
7. INSTABILITY IN R-FAMPLIFIERS
(i) Causesof instability
(ii) Inter-electrode capacitance coupling
(iii) Summary
8. DISTORTION
(i) Modulation envelope distortion
(ii) Cross modulation distortion
9. BIBLIOGRAPHY

CHAPTER 24. OSCILLATORS
1. INTRODUCTION
2. TYPESOF OSCILLATOR CIRCUITS
(i) Tuned plate oscillator
(ii) Tuned grid oscillator
(iii) Hartley oscillator
(iv) Colpitts oscillator
(v) Electron-coupled oscillator
(vi) Negative transconductance oscillators
3. CLASSA;BAND COSCILLATORS
4. CAUSESOF OSCILLATOR FREQUENCY VARIATION
(i) Genera
(ii) Changes dueto supply voltage
(iii) Temperature and humidity changes
(iv) Oscillator harmonics
METHODS OF FREQUENCY STABILIZATION
UNSTABLE OSCILLATION
PARASITIC OSCILLATION
METHODS USED IN PRACTICAL DESIGN
BEAT FREQUENCY OSCILLATORS
. BIBLIOGRAPHY

=
coLVX®~NO U

CHAPTER 25. FREQUENCY CONVERSION AND TRACKING

1. THE OPERATION OF FREQUENCY CONVERTERS AND MIXERS
(i) Introduction
(ii) General analysis of operation common to all types
(iii) The oscillator section of converter tubes
(iv) Thedetailed operation of the modulator or mixer section of the
converter stage

(xxxii)

947
949
949
950
951
952
953
953
954
955
955
955
955
956
957
958
959
959
960
961

962
962
964
968

968



CONTENTS
SECTION
(v) Conclusion
(vi) Appendix
2. CONVERTER APPLICATIONS
(i) Broadcast frequencies
(ii) Short waves
(iii) Typesof converters
3. SUPERHETERODYNE TRACKING
(i) Genera
(i) (A) Formulae and charts for superheterodyne oscillator
design
(B) Worked examples
(iii) (A) Padded signal circuits
(B) Worked example
4. REFERENCES

CHAPTER 26. INTERMEDIATE FREQUENCY AMPLIFIERS
1. CHOICE OF FREQUENCY
(i) Reasonsfor selection of different frequencies
(i) Commonly accepted intermediate frequencies
2. NUMBER OF STAGES
3. COMMONLY USED CIRCUITS
(i) Mutual inductance coupling
(if)  Shunt capacitance coupling
(iii) Compositei-f transformers
4. DESIGN METHODS
(i) Genera
(if) Critically-coupled transformers
(A) Design equations and table
(B) Example
(C) Design extension
(D) Conclusions
(E)  k measurement
(iii) Over-coupled transformers
(A) Design equations and table
(B) Example
(C)  k measurement (when k is high)
(iv) Under-coupled transformers and single tuned circuits
(A) Singletuned circuit equations

(B) Example
(C)  Under-coupled transformer equations
(D) Example

(v) F-Mi-f transformers

(vi) I-Ftransformer construction

(vii) Appendix: Calculation of coupling co-efficients
5. VARIABLE SELECTIVITY

(i) General considerations

(ii) Automatic variable selectivity
6. VARIABLE BANDWIDTH CRYSTAL FILTERS

(i) Behaviour of eguivalent circuit

(ii) Variable bandwidth crystal filters

(iii) Design of variable bandwidth i-f crystal filter circuits

(A)  Simplifying assumptions

(B) Gan
(C)  Gain variation with bandwidth change
(D)  Selectivity

(xxxiii)

PAGE
984
985
987
987
990
996

1002

1002

1005
1011
1013
1015
1017

1020
1020
1021
1021
1022
1023
1023
1024
1025
1025
1026
1026
1028
1029
1030
1030
1031
1031
1033
1033
1034
1034
1035
1035
1036
1037
1041
1043
1048
1048
1049
1050
1050
1052
1053
1053
1053
1054
1055



SECTION
(E) Crysta constants
(F)  Position of filter in circuit
(G) Other types of crystal filters
(iv) Design example
7. DETUNINGDUETOA.V.C.
(i) Causesof detuning
(i) Reduction of detuning effects
8. STABILITY
(i) Designdata
(ii) Neutralizing circuits
9. DISTORTION
(i) Amplitude modulation i-f stages
(ii) Frequency modulation i-f stages
10. REFERENCES

CHAPTER 27. DETECTION AND AUTOMATIC VOLUME

1. A-M DETECTORS
(i) Diodes
(A) Genera
(B) Diodecurves
(C) Quantitative design data
(D) Miscellaneous data
(ii) Other forms of detectors
(A)  Grid detection
(B)  Power grid detection
(C) Platedetection
(D) Reflex detection
(E)  Regenerative detectors
Superregenerative detectors
2. F-M DETECTORS
(i) Typesof detectorsin general use
(ii) Genera principles
(iii) Phase discriminators
(A) Genera
(B) Designdata
(C) Design example
(iv) Ratio detectors
(A) Genera
(B) Operation
(C) Typesof circuit
(D) Design considerations
(E) Practica circuits
Measurement on ratio detectors
3. AUTOMATIC VOLUME CONTROL
(i) Introduction
(i) Simpleav.c.
(iii) Delayedav.c.
(iv) Methods of feed
(v) Typical circuits
(vi) A.V.C. application
(vii) Amplified av.c.
(viii) Audio av.c.
(ix) Modulation rise

CONTENTS

CONTROL

(xxxiv)

PAGE
1056
1057
1057
1057
1061
1061
1062
1065
1065
1065
1067
1067
1068
1069

1072
1072
1072
1075
1075
1081
1082
1082
1084
1084
1085
1086
1087
1088
1088
1088
1088
1088
1090
1091
1095
1095
1097
1098
1099
1101
1102
1105
1105
1105
1106
1109
1111
1111
1112
1113
1114



CONTENTS
SECTION
(x) A.V.C. with battery valves
(xi) Special casewith simpleav.c.
(xii) Theauv.c. filter and itstime constants
(xiii) A.V.C. characteristics
(xiv) Animproved form of a.v.c. characteristic
(xv) Design methods
4. MUTING (Q.A.V.C)
(i) General operation
(ii) Typical circuits
(iii) Circuits used with F-M receivers
5. NOISELIMITING
6. TUNING INDICATORS
(i) Miscellaneous
(ii) Electron Ray tuning indicators
(iii) Null point indicator using Electron Ray tube
(iv) Indicatorsfor F-M receivers
7. CRYSTAL DETECTORS
(i) Old type crystal detectors
(ii) Fixed germanium crystal detectors
(iii) Fixed silicon crystal detectors
(iv) Theory of crystal rectification
(v) Transistors1138
8. REFERENCES

CHAPTER 28. REFLEX AMPLIFIERS
1. GENERAL DESCRIPTION
(i) Description
(if) Advantages and disadvantages of reflex receivers
2. SOME CHARACTERISTICS OF REFLEX SUPERHET. RECEIVERS
(i) Playthrough (residual volume effect)
(ii) Over-loading
(iii) Automatic volume control
(iv) Reduction in percentage modulation
(v) Negative feedback
(vi) Operating conditions of reflex stage
3. DESIGN OF PLATE REFLEX SUPERHET. RECEIVERS
(i) Genera considerations
(ii) Full av.c. applied to both stages
(iii) Fractional a.v.c. applied to both stages
(iv) Full av.c. on converter, fractional a.v.c. on reflex stage
4. DESIGN OF SCREEN REFLEX SUPERHET. RECEIVERS
(i)  Screen reflex receivers
(ii) Comparison between plate and screen reflexing
5. DESIGN OF T.R.F. REFLEX RECEIVERS
6. REFERENCES TO REFLEX AMPLIFIERSAND REFLEX RECEIVERS

CHAPTER 29. LIMITERSAND AUTOMATIC FREQUENCY
CONTROL
1. LIMITERS
(i) Genera
(ii) Typical circuitsfor F-M receivers
2. AUTOMATIC FREQUENCY CONTROL
(i) Genera principles
(ii) Discriminatorsfor af.c.
(iii) Electronic reactances
3. REFERENCES

(xxxv)

PAGE
1114
1115
1115
1117
1118
1120
1125
1125
1125
1128
1130
1132
1132
1133
1134
1135
1136
1136
1136
1137
1138

1138

1140
1140
1140
1142
1142
1142
1142
1143
1143
1143
1143
1143
1143
1143
1144
1145
1145
1146
1146
1146

1147
1147
1149
1150
1150
1152
1156
1160



SECTION

1.

CONTENTS

PART 5: RECTIFICATION, REGULATION, FILTERING AND

HUM

CHAPTER 30. RECTIFICATION

INTRODUCTION TO RECTIFICATION

(i)
(if)
(iii)

(iv)

Principles of rectification

Rectifier valves and types of service
The use of published curves
Selenium and copper oxide rectifiers

2. RECTIFICATION WITH CONDENSER INPUT FILTER

Eal Sl N

o o

0)

(if)
(iii)
(iv)

Symbols and definitions

Rectification with condenser input filter

To determine peak and average diode currents
To determine ripple percentage

(v) Todetermine the transformer secondary r.m.s. current
(vi) Procedure when complete published data are not available
(vii) Approximations when the capacitanceislarge

(viii) Peak hot-switching transient plate current

(ix)

The effect of ripple

RECTIFICATION WITH CHOKE INPUT FILTER

0)
(iD)

Rectification with choke input filter
Initial transient current

TRANSFORMER HEATING
VOLTAGE MULTIPLYING RECTIFIERS

(i)

(if)
(iii)
(iv)

General

Voltage doublers
Voltage triplers
Voltage quadruplers

SHUNT DIODE BIAS SUPPLIES

CHAPTER 31. FILTERING AND HUM

INDUCTANCE-CAPACITANCE FILTERS
RESISTANCE-CAPACITANCE FILTERS
PARALLEL-T FILTER NETWORKS
HUM—GENERAL

(i)
(if)
(iii)

Hum due to conditions within the valves
Hum due to circuit design and layout
Hum levelsin receivers and amplifiers

HUM NEUTRALIZING
REFERENCES

CHAPTER 32. VIBRATOR POWER SUPPLIES

VIBRATORS—GENERAL PRINCIPLES

0)

(i)
(iii)
(iv)
v)
(vi)

Operation

Vibrator types

Choice of vibrator

Coil energizing

Waveform and time efficiency
Standards for vibrators for auto-radio

(xxxvi)

PAGE

1161
1161
1164
1165
1169
1170
1170
1170
1174
1177
1177
1177
1180
1180
1181
1182
1182
1185
1185
1186
1186
1186
1187
1187
1188

1192
1194
1194
1196
1196
1198
1199
1200
1201

1202
1202
1202
1203
1204
1205
1205



SECTION
2. VIBRATOR TRANSFORMER DESIGN

S

AW

S

4.

(i) General considerations
(ii) Transformer calculations

CONTENTS

(iii) Standardsfor vibrator power transformers

TIMING CAPACITANCE

(i) Theuse of the timing capacitance
(ii) Calculation of timing capacitance value

(iii) Percentage closure

(iv) Effect of flux density on timing capacitance value
ELIMINATION OF VIBRATOR INTERFERENCE
12,24 AND 32 VOLT VIBRATOR SUPPLIES

CURRENT REGULATORS
(i) Barretters

CHAPTER 33. CURRENT AND VOLTAGE REGULATORS

(ii) Negative temperature coefficient resistors (Thermistors)

VOLTAGE REGULATORS

(i) Gaseoustube voltage regulators

(ii) Valvevoltage regulators

REFERENCES

PART 6: COMPLETE RECEIVERS
CHAPTER 34. TYPES OF A-M RECEIVERS

INTRODUCTION AND SIMPLE RECEIVERS

(i) Typesof receivers
(ii) Crystd sets

(iii) Regenerative receivers

(iv) Superheterodyne receivers
(v) Tuned radio-frequency receivers

THE SUPERHETERODY NE
THE SYNCHRODYNE
REFERENCES

INTRODUCTION

CHAPTER 35. DESIGN OF SUPERHETERODYNE A-M
RECEIVERS

SPECIFICATIONS AND REQUIREMENTS

GENERAL DESIGN
(i) A.V.C.andnoise

(ii) Audio-frequency response

(iii) Hum

(iv) Microphony

(v) [Instability

(vi) Thelocal oscillator

(vii) Cabinet design

(viii) Ratings

(ix) Fieldtesting
FREQUENCY RANGES

(i) Medium frequency receivers

(ii) Dua wavereceivers
(iii) Multiband receivers

(iv) Bandspread receivers

(xxxvii)

PAGE
1205
1205
1206
1207
1207
1207
1207
1208
1208
1210
1211

1213
1213
1214
1214
1214
1215
1222

1223
1223
1223
1223
1224
1224
1225
1226
1227

1228
1229
1229
1229
1234
1239
1241
1243
1244
1248
1249
1250
1250
1250
1251
1252
1253



SECTION

5.

10.

A.C. OPERATED RECEIVERS

(i) Four valvereceivers

(ii) Fivevalvereceivers

(iii) Larger receivers

(iv) Communication receivers
A.C./D.C. RECEIVERS

(i) Series-resistor operation

(ii) Barretter operation

(iii) Dia lamps

(iv) Miscellaneous features
BATTERY OPERATED RECEIVERS

(i) Genera features

(ii) Vibrator-operated receivers

(iii) Characteristics of dry batteries
CARRADIO

(i) Interference suppression

(if) Circuit considerations

(iii) Valve operating conditions
MISCELLANEOUS FEATURES

(i)  Spurious responses

(i) Reduction of interference

(iii) Contact potential biasing

(iv) Fuses

(v) Tropic proofing

(vi) Parasitic oscillations

(vii) Printed circuits

(viii) Other miscellaneous features
REFERENCES

F-M RECEIVERS
(i) Comparison with A-M
(ii) Aeria and r-f design
(iii) Local oscillator design
(iv) I-Famplifier

(v) F-M detection and A-M rejection

F-M/A-M RECEIVERS

(i) R-Fsection

(i) 1-Famplifier

(iii) General considerations
REFERENCES

CONTENTS

CHAPTER 36. DESIGN OF F-M RECEIVERS

CHAPTER 37. RECEIVER AND AMPLIFIER TESTSAND

A-M RECEIVERS
(i) Introduction
(ii) Definitions
(iii) Equipment required

MEASUREMENTS

(iv) Measurements and operating conditions

(v) Measurements
(vi) Tests
F-M RECEIVERS
(i) Definitions
(ii) Testing apparatus

(xxxviii)

PAGE
1256
1256
1259
1260
1260
1264
1264
1266
1266
1267
1268
1268
1270
1272
1275
1275
1276
1277
1278
1278
1279
1280
1281
1282
1283
1283
1285
1285

1287
1287
1287
1289
1290
1292
1294
1294
1294
1295
1296

1297
1297
1297
1298
1300
1301
1302
1314
1314
1315



CONTENTS

SECTION PAGE
(iii) Test procedures and operating conditions 1315
(iv) Receiver adjustments 1316
(v) Performance tests 1317
3. AUDIO FREQUENCY AMPLIFIERS 1321
(i) Equipment and measurements 1321
(i) Tests 1321
4. MEASUREMENTSON COILS 1325
(i) Measurement of coefficient of coupling 1325
(i) Measurement of primary resonant frequencies of aerial and r-f
coils 1325
(iii) Measurement of distributed capacitance across coils 1325
5. REFERENCES 1327

PART 7: SUNDRY DATA
CHAPTER 38. TABLES, CHARTSAND SUNDRY DATA

1. UNITS 1329
(i) Genera physical units 1329
(ii) Electrical and magnetic units 1331
(iii) Photometric units 1334
(iv) Temperature 1334
2. COLOUR CODES 1335
(i) Colour code for fixed composition resistors 1335
(ii) Colour code for fixed wire wound resistors 1336
(iii) Table of R.M.A. colour code markings for resistors 1337
(iv) Colour code for moulded mica capacitors 1340
(v) Colour code for ceramic dielectric capacitors 1341
(vi) Colour codefor i-f transformers 1342
(vii) Colour code for a-f transformers and output transformers 1342
(viii) Colour code for power transformers 1342
(ix) Colour code for loudspeakers 1343
(x) Colour code for chassiswiring 1343
(xi) Colour code for battery cables 1344
(xii) Colour code for metallized paper capacitors 1344
3. STANDARD RESISTORS AND CAPACITORS 1344
(i) Standard fixed composition resistors 1344
(ii) Standard fixed wire wound resistors 1346
(iii) Fixed paper dielectric capacitorsin tubular non-metallic cases 1347
(iv) Metal encased fixed paper dielectric capacitors for d.c. appli-
cation 1349
(v) Standard fixed micadielectric capacitors 1351
(vi) Standard ceramic dielectric capacitors 1352
(vii) Standard variable capacitors 1354
(viii) Standard variable composition resistors 1356
(ix) Standard metallized paper dielectric capacitors 1357
(x) Standard electrolytic capacitors 1357
(xi) Referencesto standard resistors and capacitors 1358
4. STANDARD FREQUENCIES 1361
(i) Standard frequency ranges 1361
(ii) Frequency bands for broadcasting 1361
(iii) Standard intermediate frequencies 1361
5. WAVELENGTHS AND FREQUENCIES 1362
(i) Wavelength-frequency conversion tables 1362
(i) Wavelengths of electromagnetic radiations 1363
6. STANDARD SYMBOLSAND ABBREVIATIONS 1363
(i) Introduction 1363

(i) Multipliers1363

(xxxix)



CONTENTS

SECTION

10.

11.
. FUSES
13.

(iii) Some units and multipliers
(iv) Magnitude letter symbols
(v) Subscripts for magnitude letter symbols
(vi) Magnitude letter symbols with subscripts
(vii) Mathematical signs
(viii) Abbreviations
(ix) Abbreviations of titles of periodicals
(x) Referencesto periodicals
(xi) Referencesto standard symbols and abbreviations
STANDARD GRAPHICAL SYMBOLS
PROPERTIES OF MATERIALS AND CHEMICAL AND PHYSICAL CONSTANTS
(i) Properties of insulating materials
(ii) Properties of conducting materials
(iii) Composition of some common plastics
(iv) Weights of common materials
(v) Resistance of aconductor at any temperature
(vi) Referencesto properties of materials
(vii) Chemical and physical constants
REACTANCE, IMPEDANCE AND RESONANCE
(i)  Inductive reactances
(ii) Capacitive reactances
(iii) Impedance of reactance and resistance in parallel
(iv) Impedance of reactance and resistance in series
(v) Resonance
(vi) Approximationsin the calculation of impedance for reactance
and resistance in series and parallel
(vii) Reactance chart
SCREW THREADS, TWIST DRILLSAND SHEET GAUGES
(i) Standard American screws used in radio manufacture
(ii) B.A. screw threads
(iii) Whitworth screw threads
(iv) Unified screw threads
(v) Drill sizesfor self-tapping screws
(vi) Wood screws
(vii) Twist drill sizes
(viii) Sheet steel gauges
TEMPERATURE RISE AND RATINGS

CHARACTERISTICS OF LIGHT; PANEL LAMPS
(i) Visihility curves of the human eye and relative spectral energy
curves of sunlight and tungsten lamp
(ii) Velocity of light
(iii) American panel lamp characteristics

. GREEK ALPHABET

. DEFINITIONS

. DECIMAL EQUIVALENTS OF FRACTIONS
. MULTIPLESAND SUB-MULTIPLES

(i) Numerical values
(ii) Factorials

. WIRE TABLES
. LOGARITHM TABLES
. TRIGONOMETRICAL TABLES

Hyperbolic sines, cosines and tangents

. LOG SCALESAND LOG SCALE INTERPOLATOR

1)

PAGE
1363
1364
1364
1365
1366
1366
1367
1369
1369
1370
1372
1372
1374
1375
1375
1376
1376
1376
1377
1377
1378
1380
1382
1386

1386
1387
1388
1388
1389
1389
1390
1391
1391
1392
1393
1394
1395
1396

1396
1396
1397
1397
1398
1404
1405
1406
1407
1408
1418
1420
1421
1422



CHAPTER 1l

INTRODUCTION TO THE RADIO VALVE -
by F. LANGFoRD-SMITH, B.Sc., B.E.
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SECTION 1 : ELECTRICITY AND EMISSION

The proper understanding of the radio valve in its various applicatiéns requires
some knowledge of the characteristics of the electron and its companion bodies which
make up the complete structure of atoms and molecules.

All matter is composed of molecules which are the smallest particles preserving
the individual characteristics of the substance. For example, water is made up of
molecules that are bound together by the forces operating between them. Molecules
are composed of atoms that are themselves made up of still smaller particles. Ac-
cording to the usual simplified theory, which is sufficient for this purpose, atoms
may be pictured as having a central nucleus around which rotate one or more clectrons
in much the same manner as the planets move around the sun. In the case of the
atom, however, there are frequently several electrons in each orbit. The innermost
orbit may have up to 2, the second orbit up. to 8, the third orbit up to 18, the fourth
orbit up to 32, with decreasing numbers in the outermost orbits (which on'y occur
with elements of high *“ atomic numbers®’). We do not know the precise shape
and positions of the orbits and modern theory speaks of them as * energy levels ”
or “shells.”” The electrons forming the innermost shell are closely bound to the
nucleus but the forces become progressively less in the outer shells. Moreover,
the number of electrons in the outermost shell may be less than the maximum number
that this shell is capable of accommodating. In this case, the substance would be
chemically active ; examples of such are sodium and potassium.

In a metal the various atoms are situated in close proximity to one another, so
that the electrons in the outermost shells have forces acting upon them both from
their “ parent ”” nucleus and their near neighbour. Some electrons are free to move
about throughout the substance and are, therefore, called  free electrons.” If an
electric potential is applied between two points in the metal, the number of electrons
moving from the negative to the positive point will be greater than those moving in
the opposite direction. This constitutes an electric current, since each electron
carries an electric charge. The charge on the electron is defined as unit negative
charge and the accepted direction of current flow is oppasite to the net electron
movement.

1
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It is interesting to note that the total current flow, equivalent to the total move-
ments of all the free electrons, irrespective of their directions, is very much greater
than that which occurs under any normal conditions of electric current flow. The
directions of movement are such that the external effects of one are generally cancelled
by those of another. Thus, in a metal, the oft-quoted picture of a flow of electrons
from the negative to the positive terminal is only a partial truth and apt to be mis-
leading. The velocity of the free electrons is very much less than that of the electric
current being of the order of only a few centimetres per second. The electron
current may be pictured as the successive impacts between one electron and another
in the direction of the current. In an insulator the number of free electrons is
practically zero, so that electric conduction does not take place. In a partial insulator
the number of free electrons is quite small.

The nucleus is a very complex body, including one or more protons which may
be combined with a number of neutrons*. The proton has a positive charge equal
and opposite to the charge on an electron but its mass is very much greater than that
of an electron. The simplest possible atom consists of one proton forming the nucleus
with one electron in an orbit around it—this is the hydrogen atom. Helium consists
of two protons and two neutrons in the nucleus, with two electrons rotating in orbits.
The neutron has a mass slightly greater than thar of a proton, but the neutron has
no electric charge. An example of a more complicated atom is that of potassium

" which has 19 protons and 20 neutrons in the nucleus, thus having a positive charge
of 19 units. ' The number of electrons in the orbits is 19, thus giving zero charge
for the atom as a whole, this being the normal condition of any atom. The common
form of uranium has 92 protons and 146 neutrons in the nucleus, with 92 electrons
rotating in orbits.

Under normal circumstances no electrons leave the surface or a substance since
“ the forces of attraction towards the centre of the body are too great. As the tem-
perature of the substance is raised, the velocity of the free electrons increases and
eventually, at a temperature which varies from one substance to another, some of the
free electrons leave the surface and may be attracted to a positive electrode in a vacuum,
This phenomenon is known as thermionic emission since its emission takes place
under the influence of heating. There are other types of emission such as photo
emission that occur when the surface of the substance is influenced by light, or
secondary emission when the surface is bombarded by electrons.

The radio valve makes use of thermionic emission in conjunction with associated
circuits for the purpose of producing amplification or oscillation. The most common
types of radio valves have hot cathodes, either in the form of a filament or an indirectly-
heated cathode. Many transmitting valves have filaments such as tungsten or
thoriated-~tungsten, but nearly all receiving valves have what is known as an oxide
coated filament or cathode. The filament, or cathode sleeve, is usually made of
nickel or an alloy containing a large percentage of nickel and this is coated with a
mixture of barium and strontium carbonates that, during the manufacture of the
valve, are turned into oxides. A valve having an oxide-coated cathode has-a very
high degree of emission as compared with other forms of emitters but requires very
great care during manufacture since it is readily poisoned by certain impurities which
may be present in the cathode itself or which may be driven out in the form of gas
from the bulb or the other electrodes.

Oxide-coated cathodes are generally operated at an average temperature of about
1050° Kelvin (777° C) which looks a dull red. Temperatures much above 1100°K
generally cause a short life, while those below 960°K are very susceptible to poisoning
of the emission, and require careful attention to maintain a very high vacuum.

The thermionic valve is normally operated with its anodet current considerably
less than the maximum emission produced by its cathode. In the case of one having
a pure tungsten filament no damage is done to the filament if all the electrons emitted

*This is in accordance with the theory generally held at the time of writing ; it is, however, subject
to later modification,

1The anode (also called the plate) is the positive clectrode ; the cathode is the negative electrode.
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are drawn away immediately to the anode. This is not so, however, with oxide coated
cathodes and these, for a long life and satisfactory service, require a total emission
very much greater than that drawn under operating conditions. In such a case a
cloud of electrons accumulates a short distance from the surface of the cathode and
supplies the electrons that go to the anode, This space charge as it is called, is
like a reservoir of water that supplies varying requirements but is itself replenished
atan average rate. 'The space charge forms a protection to the cathode coating against
bombardment and high electrostatic fields, while it also limits the current which would
otherwise be drawn by a positive voltage on the anode. If the electron emission
from the cathode is insufficient to build up this ‘‘ space charge,” the cathode coating
is called upon to supply high peak currents that may do permanent injury to the coat~
ing and in extreme cases may even cause sputtering or arcing.

In multi-grid valves, if one grid has a positive potential and the next succeeding
grid (proceeding from cathode to plate) has a negative potential, there tends to be
formed an additional space charge. This outer space charge behaves as a source of
electrons for the outer electrodes, and is known as a virtual cathode.

An oxide-coated cathode, operated under proper conditions, is self-rejuvenating
and may have an extremely long working life. Thelife is, therefore, largely governed
by the excess emission over the peak current required in normal operation.

A valve having a large cathode area and small cathode current may have, under
ideal conditions, a life of the order of 50000 hours, whereas one having extremely
limited surface area, such as a tiny battery valve, may have a working life of less than
1000 hours.

Under normal conditions a valve should be operated with its filament or heater
at the recommended voltage ; in the case of an oxide coated valve it is possible to
have fluctuations of the order of 109 up or down without seriously affecting the
life or characteristics of the valve [see Chapter 3 Sect. 1(iv)D]. The average voltage
should, however, be maintained at the correct value. If the filament or cathode is
operated continuously with a higher voltage than that recommended, some of the
coating material is evaporated and permanently lost, thus reducing the life of the valve.
Moreover, some of this vapour tends to deposit on the grid and give rise to what is
known as grid emission when the grid itself emits electrons and draws current
commonly known as negative grid current [for measurement see Chapter 3 Sect. 3
(iv)Al.

If the filament or heater is operated for long periods at reduced voltages, the effect
is a reduction in emission, but no damage is generally done to the valve unless the
cathode currents are sufficient to exhaust the ¢ space charge.,” Low cathode tem-
perature is, therefore, permissible provided that the anode current is reduced in the
proper proportion,

During the working lifc of the valve, its emission usually increases over the early
period, reaches 2 maximum at an age which varies from valve to valve and from one
manufacturer to another, and then begins to fall. The user does not generally suffer
any detriment until the emission is insufficient to provide peak currents without
distortion.

Tests for the measurement of the emission of an oxide-coated cathode are described
in Chapter 3 Sect. 3(ii)f.

If a slight amount of gas is present some of the electrons will collide with atoms
of the gas and may knock off one or more electrons, which will serve to increase the
anode current, leaving atoms deficient in electrons, Thege are known as pesitive
ions since they carry a positive charge (brought about by the loss of electrons), and
the process is known as ionization. The positive jons are attracted by the negative
cathode, and being comparatively massive, they tend to bombard the cathode coating
in spite of the protection formed by the space charge. .

Some types of rectifiers (¢.g. OZ4) have no heaters, and the oxide-coated cathode
is initially heated by ion bombardment ; this flow of current is sufficient to raise the
cathode temperature so as to enable it to emit electrons in the usual manner. The
gas is an inert variety at reduced pressure. Although some types of gaseous thermionic
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rectifiers will operate (once they have been thoroughly heated) without any filament
or heater voltage, this is likely to cause early failure through loss of emission.

Most thermionic valves are vacuum types and operate under a very high degree
‘of vacuum. This is produced during manufacture by a combination of vacuum
pumps and is made permanent by the flashing of a small amount of *“ getter  which
‘remains in the bulb ready to combine with any impurities which may be driven off
during life. Valves coming through on the production line are all tested for gas by
measuring the negative grid current under operating conditions ; methods of testing
are described in Chapter 3 Sect. 3(iv)A, where some values of maximum negative
“grid ‘current are also given. If a valve has been on the shelf for a long time, it fre-
quently shows d higher gas current, but this may usually be reduced to normal by
operating the valve under normal conditions, with a low resistance connection between
grid and cathode, for a short period. When a valve is slightly gassy, it usually shows
a blue glow (ionization) between cathode and anode. In extreme cases this may
extend outside the ends of the electrodes, but a valve in such condition should be
regarded with suspicion‘dand tested before being used in any equipment, as it might
. do serious damage. A slight crack may permit 2 very small amount of air to enter
the bulb, giving rise to & pink/violet glow which may readily be identified by any one
familiar with it ; this is a sign of immediate end of life.:

‘The anode current of a thermionic valve is not perfectly steady, since it is brought
about by a flow of electrons from the .cathode. When a valve is followed by very
high gain amplifiers, the rushing noise heard in the loudspeaker is partly caused by
the electrons in the valve, and partly by a somewhat similar effect (referred to as the
“ thermal agitation.”” or * Johnson noise **) principally in the resistance in the grid
circuit of the first valve—see Chapter 4 Sect. 9(i)l, and Chapter 18 Sect. 2(ii). This
question of valve noise is dealt with in Chapter 18 Sect. 2(ii)c and Chapter 23 Sect. 6.

Some valves show a fluorescence on the inside of the bulb, which may fluctuate
when. the valve is operating. This is perfectly harmless and may be distinguished
from blue glow by its position in the valve. In occasional cases fluorescence may also
be.observed on the surfaces of the mica supports inside the valve.

SECTION 2: THE COMPONENT PARTS OF RADIO VALVES

@) Filaments, cathodes and heaters (#) Grids (i) Plates (iv) Bulbs (o) Volr-
ages with valve operation.

(1) Fllaments, Cathodes and Heaters

Cathodes are of two main types—directly heated and mdu'ectly heated. -Directly-
heated cathodes are in the form of filaments which consists of a core of wire through
which the filament current is passed, the wire being coated with .the usual emissive
coating.  Filaments are the most economical form of cathodes so far as concerns
the power necessary to heat the cathode... They are, therefore, used in most applica-
tions for operation from batteries, particularly dry batteries, and for special applica-
tions in which very quick heating is required. ' Filaments are also. used in many
types of power rectifiers and power triodes, where the special properties of the filament
make it more suitable.

Valves having filaments should: preferably be: mounted with the filament vertical,
but if it is necessary to mount them horizontally, they should be arranged so that the
plane of the filament of V or W shaped filaments is vertical ; this reduces the chance
of the filament touching the grid. . - .

All filament-type valves: having close spacmg between filament and grid have a
filament tension spring, usually mounted at the top ‘of the valve. .Some typical
filament arrangements are indicated in Fig. 1.1 where A shows a single “ V * shape
filament suspended by means of a top-hook at the apex, B shows a * W » shape with

two top hooks and C a single strand filament with tension spring as used in 1-4 volt
valves. )
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Indirectly-heated cathodes cousist of a cathode sleeve surrounding a heater. ' The
cathode sleeve may have a variety of shapes, including round (D), elliptical (E) and
rectangular (F) cross section. - They are usually fitted with a light ribbon tag for
connection to the lead going to the base pin.

FILAMENTS I-H CATHODES . HEATERS
A 8 c b € F G H
FIG. 1.1

Fig. 1.1, A, B, Ctypes of filaments ; D, E, F types of cathodes ; G, H types of
keaters.

In an indirectly-heated valve, the function of the heater is solely to heat the cathode,
No emission should take place from the heater and the insulation between heater
and cathode should be good. The heater is generally made of tungstén or a tungsten
alloy wire coated wita a substance capable of providing the necessary insulation at
high temperature, such as alundum. In all applications where hum is likely to be
troublesome, the heater is preferably of the double helical type, as G in Fig. 1.1.
Power valves and other types having elliptical or rectangular cathode sleeves, often
employ a folded heater as in H. These are not generally suitable for use in very low
level amplifiers whether for radio or audio frequencies:

(ii) Grids :

Grids are constructed of very fine wire wound around one, two or four side rods—
two being by far the most common. Some valves have two, three, four or five grids
inside one another, but all of these are similar in general form although different in
dimensions. ,

In the case of some grids it is necessary to take precautions to limit the grid tem-
perature either to avoid grid emission, in the case of control grids, or to limit the grid
temperature to prevent the formation of gas, in the case of screen grids. These may,
for better heat radiation, be fitted with copper side rods and blackened radiators either
above or below the other electrodes. Grids are numbered in order from the cathode
outwards, so that No. 1 grid will be the one closest to the cathode, No. 2 grid the one
adjacent to it, and No. 3 the one further out again.

(iif) Plates :

The plate of a receiving valve is the anode or positive electrode. It may be in one
of a great number of shapes, dependent on the particular application of the valve.
The plates of power valves and rectifiers are frequently blackened to increase their
heat radiation and thereby reduce their temperature.

(iv) Bulbs

The inside surfaces of glass bulbs are frequently blackened. This has the effects
of making them more or less conductive, thereby reducing the tendency to: develop
static charges, and reducing the tendency towards: secondary emission from the bulb.

(v) Voltages with valve operation
All voltages in radio valves are taken with respect to the cathode, in the case of
indirectly-heated valves, and the negative end of the filament with directly-heated
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valves. The cathode is usually earthed or is approximately at earth potential, so
that this convention is easy to follow under normal conditions. In some cases, as
for example phase splitters or cathode followers, the cathode is at a potential con-
siderably above earth and care should be taken to avoid errors.

Some directly-heated valves may be operated with their filaments on a.c. supply,
usually with the centre tap of the filament circuit treated as a cathode, In all such
cases the valve data emphasize the fact that the filament is intended for operation
on a.c. The plate characteristics are usually drawn with d.c. on the filament and
these curves may be applied to a.c. operation by increasing the bias voltage by half
the filament voltage.

In cases where resistors or other impedances are connected between the positive
electrodes and the supply voltages, the electrode voltages (e.g. Ey, E,) are the voltages
existing between those electrodes and cathode under operating conditions. The
supply voltages are distinguished by the symbols By, E .5 ctc. See the list of symbols
in Chapter 38 Sect. 6.

For further information on valve operation see Chapter 3 Sect. 1.

SECTION 3 : TYPES OF RADIO VALVES

(i) Diodes (i) Triodes (i#) Tetrodes (iv) Pentodes (v) Pentode power amplifiers
(vi) Combined wvalves (vii) Pentagrid converters.

(i) Diodes

A diode is the simplest type of radio valve consisting of two electrodes only, the
cathode and anode (or plate). The cathode may be either directly or indirectly
heated and the valve may be either very small, as for a signal detector, large as for a
power rectifier, or any intermediate size. One or two diodes are frequently used in
combination with a triode or pentode a-f amplifier as the second detector in receivers ;
in most of these cases, a common cathode is used. For some purposes it is necessary
to have two diode units with separate cathodes, as in type 6H6. Amplifier types with
three diodes, some with 2 common cathode and others with separate cathodes, have

ANODE. (/
Aoy PLATE CURRENTO) . L.
LOAD Fig, 1.2, Fundamental circuit
CATHODE RESISTOR including diode, A and B bat-
teries and load resistor,
-—_—illll ad

B
e T T T o FIG. 1.2

also been manufactured for special purposes. Fig. 1,2 shows the circuit of a diode
valve in which battery A is used to heat the filament or heater, and battery B to apply
a positive potential to the anode through the load resistor. The plate current is
measured by a milliammeter connected as shown, and the direction of current flow
is from the positive end of battery B towards the anode, this being the opposite of the
electron current flow. It should be noted that the negative end of battery B is re-
turned to the negative end of battery A in accordance with the usual convention., It
would be quite permissible to connect the negative end of the battery B to the positive
end of battery A so as to get the benefit of the voltage A applied to the anode, but
in this case, the total voltage applied to the anode would be A + B. If voltage of
battery B is reversed, it will be noted that the plate current is zero, thus indicating
the rectification that takes place in a diode. If an alternating voltage is applied,
current will only flow during the half-cycles when the anode is positive. This is
called a half-wave rectifier since it is only capable of rectifying one half of the cycle.
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Full wave* rectifiers are manufactured with two anodes and a common cathode and
these are arranged in the circuit so that one diode conducts during one half-cycle
and the other during the other half-cycle.

(i) Triodes

A triode is a three electrode valve, the electrodes being the cathode, grid and anode
(or plate). The grid serves to control the plate current flow, and if the grid is made
sufficiently negative the plate current is reduced to zero. The voltage on the grid is
controlled by battery C in Fig. 1.3, the other part of the circuit being as for the diode
in Fig. 1.2. When the grid is negative with respect to the cathode, it does not draw
appreciable current ; this is the normal condition as a class A, amplifier. Although
an indirectly heated cathode has been shown in this instance, a directly heated valve
could equally well have been used. The heater in Fig. 1.3 may be supplied either
from an a.c. or d.c. source, which should preferably be connected to the cathode or
as close as possible to cathode potential.

As the grid is made more negative, so the plate current is decreased and when the
grid is made more positive the plate current is increased. A triode is, therefore,
capable of converting a voltage change at the grid into a change of power in the load
resistor. It may also be used as a voltage amplifier or oscillator.

LoaD Fig. 1.3. Fundamental circuit

resistor  including indirectly-heated triode,
B and C batteries, and load
resistor in plate circuit.

FIG. 1.3

(iit) Tetrodes

The capacitance between the grid and plate can be reduced by mounting an addi-
tional electrode, generally called the screen or screen grid, between the grid and plate.
The valve thus has four electrodes, hence the name tetrode. The function of the
screen is to act as an electrostatic shield between grid and plate, thus reducing the
grid-to-plate capacitance. The screen is connected to a positive potential (although
less than that of the plate) in order to counteract the blocking effect which it would
otherwise have on the plate current—see Fig. 1.4. Owing to the comparatively
large spaces between the wires in the screen, most of the electrons from the cathode
pass through the screen to the plate. So long as the plate voltage is higher than the
screen voltage, the plate current depends primarily on the screen voltage and only
to a slight extent on the plate voltage. This construction makes possible a much
higher amplification than with a triode, and the lower grid-to-plate capacitance makes
the high gain practicable at radio frequencies without instability.

Fig. 1.4. Fundamental circust

including indirectly-heated tet- ..
rode;, B and C batteries, and (nrPUT
load resistor in plate circuit, OO

CURRENT FLOY

FIG. 1.4

(iv) Pentodes
Electrons striking the plate with sufficient velocities may dislodge other electrons
and so cause what is known as ¢ secondary emission.”” In the case of tetrodes, when

*These are sometimes called biphase half-wave rectifiers.
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the plate voltage swings down to a low value under working conditions, the screen
may be instantaneously at a higher -positiveé potential than the plate, and hence the
secondary electrons are attracted to the screen. This has the effect of lowering ‘the
plate current over the region of low plate voltage and thus limits the permissible
plate voltage swing. This effect is avoided when a suppressor is inserted between
screen and plate, The suppressor is normally connected 1o the cathode as in Fig. 1.5.
Owing to its negative potential with respect to the plate, the suppressor retards the
movements of secondary electrons and diverts them back to the plate.

A valve with three grids is known as a pentode because it ‘has five electrodes. Pen-
todes are commonly used as radio frequency amplifiers and as power amplifiers.
Pentode r-f amplifiers are of two main varieties, those having a sharp cut-off* charac-
teristic and those having ‘a remote cut-off*. Valves having sharp cut-off charac-
teristics are generally used as audio frequency voltage amplifiers and anode bend
detectors, while remote cut-off wvalves are used as r-f and i-f amplifiers. . The
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RESISTOR g load resistor in plare circuiz,

c 8
=iz hihbhihils

remote cut-off characteristic permits the application of automatic volume control
with a minimum of distortion ; this subject is treated in detail in Chapter 27 Sect. 3.

FIG. .S

(v) Pentcde power amplifiers _

Pentode power amplifiers are commonly used in receiving sets to produce a-f power
outputs from about 1 wutt up to about 5 warts. They differ from r-f amplifiers in
that no particular precautions are made to provide screening, and they are designed
for handling higher plate currents and screen voltages. In principle, however, both
types are identical and any r-f pentode may be used as a low-power a-f amplifier,
" Beam power valves with ‘“aligned” grids' do not require a third grid to give
characteristics resembling those of a power pentode ; a typical structure is shown in
Fig. 1.6. Some * kinkless  tetrodes are also used as r-f and i-f amplifiers. All of
these may be treated as being, in most respects, equivalent to pentodes.

(vi) Combined valves

Many combinations of valves have been made. Two triodes are frequently mounted
in one envelope to form a ‘“ twin triode.” One or more diodes are frequently com-
bined with triodes and pentodes to form second detectors. A combination of triode
and pentode in one envelope is also fairly common, one application being as a fre-
quency changer. Other combinations are triode-hexodes and triode-heptodes, all
of which are primarily intended for use as frequency changers or *‘ converters.” In
these, the triode grid is generally connected internally to No. 3 grid in the hexode or
heptode to provide the necessary mixing of the oscillator and signal voltages. A
hexode has four grids while the heptode has five, the outermost of which is a sup-
pressor functioning in the same manner as in a pentode. i

In addition to this wide range of combinations, entirely different valves may be
combined in one envelope to save space in very small receivers. This is a practice -
which appears 1o be dying out, particularly as the envelope size becomes smaller.

(vii) Pentagrid converters
Pentagrids are valves having 5 grids, so that they are really heptodes, but the name
pentagrid appears to make a convenient distinction between valves in this group

*Sharp cut-off indicates that the plate~current characteristic is as straight as it can be made. A re-
mote cut-off characteristic indicates that the plate current does not become zero until the grid voltage
is made very much negative (usually over 30 volts).
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BEAM -~
CONF INING

ELECTRODE
CATHODE

ELECTRON BEAM SHEEYTS FORMED BY GRID WIRES

Fig. 1.6, Internal structure of type 6L6 or 807 aligned grid beam power valve (diagram
by courtesy of R.C.A.).

(which do not normally require external oscillators) and those of the hexode or heptode
““ mixer ” type which are used with separate oscillators. Pentagrid converters are
of two main groups, the first of these being the 6A8 type of construction which in-
corporates an oscillator grid and oscillator anode (““ anode grid ™) as part of the main
cathode stream. The other group comprises the 6SA7, 6BE6 and 1R5 type of con-
struction which has no separate oscillator anode, the screen grid serving a dual pur-
pose. The various types of pentagrid converters are described in detailin Chapter 25.

SECTION 4 : MAXIMUM RATINGS AND TOLERANCES
(#) Maximum ratings and their inrerpretdtion (i) Tolerances.

(i) Magimum ratings and their interpretation
Magximum ratings are of two types—the Absolute Maximum system and the Design
Centre system. These are described in detail in Chapter 3 Sect. 1(iv).

(ii) Tolerances

All valves are tested in the factory for a number of characteristics, these usually
including plate current, screen current, negative grid current, mutual conductance,
noise and microphony, as well as having to pass visual inspection (csts [Or appedrance.
For methods of testing see Chapter 3. As with any other components such as re-
sistors or capacitors, the characteristics can only be maintained within certain toler-
ances. For example, a resistor may be bought with a tolerance of plus or minus
109, or 20% ; closer tolerances may be purchased at a higher price,

The subject of tolerances in valve characteristics is covered in detail in Chapter 3
Sect. 2(iii).

Special care should be taken in the screen circuits of beam powsr amplifiers since
in these the screen currents may vary from zero to twice the average figure. Any



10 MAXIMUM RATINGS AND TOLERANCES 14

screen voltage dropping resistor is undesirable with such valves and if the screen is
required to be operated at a lower voltage than the plate, it should be supplied from
a voltage divider having a bleed current of preferably 5 times the nominal screen
current. Alternatively, the screen voltage should be determined for the extreme cases
of zero and twice nominal screen current.

$ 4
/|
//

" 4
3
& soj— . .
3 Fig. 1.7. Filament current versus
3 / Jilament woltage for a wvalve
3 49 4 . arys
5 / having a 1.4 volt 50 milliampere
R 4 Sfilament.
3
IR
RV,
< /

42

)4
0 il 2 iR} (2 B 6 7

FILAMENT VOLTS
FIG. 1.7

The heater voltage should be maintained at an average voltage equal to the recom-
mended voltage, thus leaving a margin of plus or minus 109, for line fluctuations
under normal conditions—see Chapter 3 Sect. 1(iv)D. If any wider variation is
required, this will involve decreased maximum grid circuit resistance for a higher
heater voltage and decreased plate current for lower heater voltage.

‘SECTION 5 : FILAMENT ANIX HEATER VOLTAGE/CURRENT
CHARACTERISTICS

A valve filament or heater operates at such a temperature that its resistance when
hot is much greater than its resistance when cold. The current/voltage characteristic
is curved and does not follow Ohm’s Law. Two typical examples are Fig. 1.7 for
a battery valve and Fig. 35.14 for an indirectly-heated valve. Approximate curves
for general usc, on a percentage basis, arc given in Fig. 1.8 including also dissipation
in watts and temperature (Ref. 7). Filament and heater ratings are covered in Chapter
3 Sect. 1.

SECTION 6 : VALVE NUMBERING SYSTEMS

Receiving valves having the American numbering follow two main systems. The
first of these is the numerical system, which is the older, and the second the R.M.A.
system. Originally various manufacturers produced the same valve under different
type numbers such as 135, 235, 335, 435 etc. 'This was improved upon by dropping
the first figure and using only the two latter figures, e.g. 35.

All the more recent American releases follow the R.M.A. system (Ref. 8) of which
a typical example is 6A8-GT. In this system the first figure indicates the approxi-
mate filament or heater voltage—6 indicates a voltage between 56 and 66 volts,
while 5 indicates a voltage between 4-6 and 5:6 volts ; 1 indicates a voltage in excess
of 0 and including 16 volts, while 0 indicates a cold cathode. Lock-in types in the
6'3 volt range are given the first figure 7 (this being the ““nominal ” voltage), but
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the normal operating voltages remain at 6-3 volts, In the case of tapped filaments
or heaters the first figure indicates the total voltage with both sections in series.

The second symbol is a letter which is allotted in sequence commencing with A,
except that I and O are not used ; rectifiérs follow the sequence backwards com-
mencing at Z, When all the single letters of a group are exhausted, the system then
proceeds with two lettters commencing with AB ; combinations of identical letters
are not normally used. The single-ended a.c. range has a first letter S while the second
letter may be that of the nearest equivalent in the double-ended range—e.g. type
6SK7 is the nearest single-ended equivalent to type 6K7. Another special case is the
first letter L which is used for lock-in types in the battery range.
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Fig. 1.8. Filament or heater current, dissipation and temperature plotted against
filament or heater voltage, per cent (Ref. 7).
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The final figure denotes the number of “ useful elements’’ brought out to an
external connection.

The envelope of a metal valve, the metal base of a lock-in valve, and internal shxeld-
ing having its separate and exclusive terminal(s) are counted as useful elements.
A filament or heater counts as one useful element, except that a tapped filament or
heater of two or more sections of unequal rated section voltages or currents counts
as two useful elements. . An octal-based glass valve having n useful elements exclusive
of those connected to Pin No. 1 is counted as having n + 1 useful elements. Elements
connected to terminals identified as  internal connection, do not use > do not count
as useful elements. Combinations of one or more elements connected to the same
terminal or terminals are counted as one useful element. For example a directly
heated triode with a non-octal base is denoted by 3 ; an indirectly-heated triode,
with a non-octal base is designated by 4 ; a directly-heated tetrode with a non-octal
base is designated by 4. A pentode with the suppressor internally connected to
filament or cathode is numbered as a tetrode. A metal envelope or octal-based glass
triode with an indirectly-heated cathode is designated by 5, a tetrode (or pentode with
the suppressor internally connected) by 6, and a triode-hexode converter usually by 8.

The suffix after the hyphen denotes the type of construction used. In general,
metal valves, lock-in types and miniature types have no suffixes, but octal-based glass
valves types are given the suffix G for the larger glass bulb or GT for the smaller
parallel-sided. T9 bulb. The letter M indicates a metal-coated glass envelope and
octal base. X indicates a “ low loss * base composed of material having a loss factor
of 0:035 maximum (determination of loss factor to be in accordance with ASTM
Designation D-150-41T). The letter Y indicates an intermediate-loss base com-
posed of material having a loss factor of 0-1 maximum. The letter W indicates
a military type. The letters, A,B,C,D,E and F assigned in that order indicate a
later and modified version which can be substituted for any previous version but not
vice versa.
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SECTION 1 : VALVE COEFFICIENTS

(Otherwise known as Constants, Parameters or Factors)

The triode or multigrid radio valve is a device which allows, under certain operating
conditions, an amplified replica of a volrage applied between grid and cathode to
appear across an impedance placed between plate and cathode.

A valve, in itself, does not provide amplification of the applied grid-to-cathode
voltage. The amplified voltage across the load impedance is due to the action of
the valve in controlling the power available from the power supply. The amount
of power which can be so controlled is determined by the operating conditions and
the characteristics of the valve and of its associated circuits.

The maximum voltage amplification which a valve is capable of giving under ideal
conditions is called the amplification factor, generally designated by the Greek symbol
x (mu). This is not truly constant under all conditions (except for an imaginary
< jdeal valve ) and varies slightly with grid bias and plate voltage in the case of a
triode, and is very far from being constant with most multi-electrode valves.

The amplification factor () is the ratio of the incremental* change in plate
voltage to the incremental change in control grid voltage in the opposite direction,
under the conditions that the plate current remains unchanged, and all other electrode
voltages are maintained constant.

There are two other principal Valve Coefficients, known as the mutual conductance
and the plate resistance (or anode resistance), the values of these also being somewhat
dependent upon the applied voltages.

*An incremental change of voltage applied to an electrode may be taken as indicating a change zo
small that the curvawre of the characteristics miay be neglected,” For the mathematical treatment of
rate of change, see Chapter 6 Sect. 7(i) and (ii). For treatment of valve coefficients as partial differentials
see Chapter 2 Sect. 9(ix).

13



14 VALVE COEFFICIENTS 2.1

The mutual conductance (or grid-plate transconductance) is the incremental
change in plate current divided by the incremental change in the control-grid voltage
producing it, under the condition that all other voltages remain unchanged.

The plate resistanceT is the incremental change in plate voltage divided by the
incremental change in plate current which it produces, the otier voltages remaining
constant.

There is a relationship between these three principal valve coefficients, which is
exact provided that all have been measured at the same operating point,

B =8m-Tw
“
Orgm == ~——
Ty
u
orry, = —,

Em
The calculation of these ¢ valve coefficients ”” from the characteristic curves is
given in Section 2 of this Chapter, while their direct measurement is described in
Chapter 3 Sect. 3. The mathematical derivation of these coeffieients and their
relationship to one another are given in Section 9 of this Chapter, as is also the repre-
sentation of valve coefficients in the form of partial differentials.
The reciprocals of two of these coefficients are occasionally used—

1
’: = D where D is called the Durchgriff (or Penetration Factor) and which

may be expressed as a percentage.
1

=8 where g, is called the Plate Conductance (see also below).
9

Other valve coefficients are described below :—

The Mu-Factor, of which the amplification factor is a special case, is the ratio
of the incremental change in any one electrode voltage to the incremental change in
any other electrode voltage, under the conditions that a specified current remains
unchanged and that all other electrode voltages are maintained constant. Examples
are

Poleg2y Mg2i.

The Conductance (g) is the incremental change in current to any electrode divided
by the incremental change in voltage to the same electrode, all other voltages remain-
ing unchanged.

Examples are grid conductance (g,), plate conductance (g,).

Transconductance is the incremental change in current to any electrode divided
by the incremental change in voltage to another electrode, under the condition that
all other voltages remain unchanged. A special case is the grid-plate transconductance
which is known as the mutual conductance. Another example is the plate-grid
transconductance (g,). i

Conversion transconductance (S ) is associated with mixer (frequency changing )
valves, and is the incremental change in intermediate-frequency plate current divided
by the incremental change in radio-frequency signal-grid voltage producing it.

The Resistance (r) of any electrode is the reciprocal of the conductance ; for
example plate resistance is the reciprocal of plate conductance,

7, = 1/g,.

Perveance (G) is the relation between the space-charge-limited cathode current
and the three-halves power of the anode voltage. It is independent of the electrode
voltages and currents, so long as the three-halves law holds :

g
2,812
The measurement of perveance is covered in Chapter 3 Sect. 3(vi)E.

+This is strictly the * variational plate resistance > and must be distinguished from the d.c. plate
resistance,
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SECTION 2 : CHARACTERISTIC CURVES

() Plate characteristics (i) Mutual characteristics (i1i) Grid current characteristics
(3v) Suppressor characteristics (v) Constant current curves (vi) “G” curves (vii)
Drift of characteristics during life (viti) Effect of heater-voltage wvariation.

It is convenient to set down the measured characteristics of a valve in the form of
curves. These are thus a record of the actual currents which flow in a given valve
when the specified voltages are applied.

The curves published by the valve manufacturers are those of an * average * valve,
and any one valve may differ from them within the limits of the manufacturing toler-
ances.

Fig. 2.1. Method of measuring the
plate and grid currents of a triode
valve.

The method of measuring the plate and grid currents of a triode valve is shown in
Fig, 2.1 in which a tapping on the grid bias battery is returned to the cathode so as
to permit either positive or negative voltages to be connected to the grid. The grid
microammeter and vcltmeter should be of the centre-zero type, or provision made
for reversal of polarity. For more elaborate testing sce Chapter 3 Sect. 3.

(i) Plate characteristics

The Plate Characteristic may be drawn by maintaining the grid at some constant
voltage, varying the plate voltage step-by-step from zero up to the maximum available,
and noting the plate current for each step of plate voltage. These readings may then
be plotted on graph paper with the plate voltage horizontal and plate current vertical.
This procedure may be repeated for other values of grid voltage to complete the Plate
Characteristic Family.

The Plate Characteristic Family for a typical triode is shown in Fig. 2.2. It
is assumed that the plate voltage has been selected as 180 volts, and the grid bias
—4 volts. By drawing a vertical line from 180 volts on the E, axis (point K), the
quiescent operating point Q will be determined by its intersection with the
“E.,= —4” curve. By referring Q to the vertical scale (,) the plate current is
found to be 6mA. The plate resistance at the point Q is found by drawing a tangent
(EF) to the curve for E, = —4 so that it touches the curve at Q.

The plate resistance (r,) at the point Q is then EK in volts (65) divided by QK
in amperes (6 mA = 0.006 A) or 10 800 ohms,

The amplification factor ( ») is the change of plate voltage divided by the change
of grid voltage for constant plate current. Line CD is drawn horizontally through Q,
and represents a line of constant plate current. Points C and D represent grid volt-
ages of —2 and —6, and correspond to plate voltages of 142 and 218 regpectively.
The value of u* is therefore (218 — 142) plate volts divided by a change of 4 grid
volts, this being 76/4 or 19. )

The mutual conductance (g,,) is the change of plate current divided by the change
of grid voltage for constant plate voltage. Line AB, which is drawn vertically through
Q, represents constant plate voltage. Point A corresponds to 9.6 mA, while point B
corresponds to 2.6 mA, giving a difference of 7 mA. Since points A and B also
differ by 4 volts grid bias, the mutual conductance* is 7 mA divided by 4 volts, which
is 1.75 mA/volt or 1750 micromhos.

*The value 30 determined 18 not exactly the value which would be obtained with a very small swing,
but is sufficiently accurate for most practical purposes.
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In these calculations it is important to work with points equidistant on each side
of Q to reduce to a minimum errors due to curvature.
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The plate characteristics of a pentode for one fixed screen voltage are shown
in Fig. 2.3. Owing to the high plate resistance of a pentode ‘the slope of the portion
of the curves above the “ knee > is frequently so flut that it is necessary to draw ex-
tended tangents to the curves as at A, B and Q. A horizontal line may be drawn
rhrough Q to intersect the tangenrs at A and B at points C and D. As witha tnode,
points A and B are vertically above and below Q. The mutual conductance is AB
(4.1 mA) divided by 4 volts change of grid bias, that is 1.025 mA/V or 1025 micromhos.
The amplification factor is the change ‘of plate voltage (CD = 447 volts) divided by
the change of grid voltage (4 volts) or 111.7. The plate resistance is. EK/QK, i.e.
180,0.001 65 or 109 000 ohms.

The plate characteristics of a beam tetrode are somewhat similar to those
of a pentode except that the ““ knee ” tends to be more pronounced at high values
of plate current.

The plate characteristics.of a screen—grid or tetrode are in the upper portion
similar to a pentode, but the “ knee > occurs at a plate voltage slightly greater than
the screen voltage and operation below the * knee *’ is normally inadvisable due to
instability.

The plate and screen charactemst:cs of a pentode are shown in Fig. 2. 4
from which it will be séen that the total cathode (plate - screen) current for any
fixed grid bias is nearly constant, except at low plate voltages, and that the plate
current increases at the expense of the screen, and vice versa. A pentede is frequently
described as a  constant-current device,” but the-plate current is not so nearly con-
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stant as the combination of plate and screen currents, with fixed grid bias and screen
voltage.

(ii) Mutual characteristicst

The Mutual Characteristics may be drawn by maintaining the plate voltage con-
stant, and varying the grid from the extreme negative to the extreme positive voltage
desired. For any particular plate voltage, there is a negative grid voltage at which
the plate current becomes zero ; this is called the point of plate current cut-off, and
any increase of grid voltage in the negative direction has no effect on the plate current,
which remains zero. If the mutual characteristic were perfectly straight, the point
of plate current cut-off would be at a grid voltage of E,/p; in reality, it occurs at
a point slightly more negative, owing to the curved foot of the characteristic.

150
CATHODE CURREN

Eemov.  Eczr 2oV
a:l= nv
PLATE CURRENT

Fig. 2.4. Plate and screen char-
acteristics for @& pentode, wiih
fixed screen and grid woliages,
showing also the cathode current
curve which is the sum of the

2 CURRENT

E plate and screen curremts at all
g SCREEN CURRENT
B £om0 plate voltages.
° oo 200 300 400 500
FIG. 24 PLATE VOLTS (Ep)
Y

Fig. 2.5. Mutual characteristics

of @ triode, with one curve for

each of five fixed plate voltages.

-2

FIG. 2-5

The Mutual Characteristics of a triode are shown in Fig. 2.5. Each curve
corresponds to a constant plate voltage. Let P be a point on the &, = 250 curve,
and let us endeavour to find out what information is available from the curves. The
bias corresponding to P is given by R (~6 volts) and the plate current ig giveq by
S (6 mA). Let now a triangle ABC be constructed so that AP = PC, AB is vertical,
CB is horizontal and point B comes on the E, = 200 curve. o

The mutual conductance is given by AB/BC or 2-32 mA/4 vok§, vyhlch is 0-580
mA/volt or 580 micromhos. Thus the slope of the characteristic is the mutual
conductance.** o

Also known as Transfer Characteristics, . X i o
1*‘Thie; simnple construction assumes that A P C is a straight line. In practice it is slightly curved but
the construction gives a very close approximatinn to the siope at point P because the slope of the rangent
at P is approximately the slope of the chord joining A and C.
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The amplification ractor is given by the change of plate voltage divided by the
change of grid voltage for constant plate current, that is
Eyw — Eys  Ey — By 250 — 200
o= - - =125,
The plate resistance is given by the change of plate voltage divided by the change
of plate current for constant grid voltage; that is
Ey — Evs _ Eyy —~ Epy 250 — 200

"*= TTAB AL, 232 x 10

These curves hold only if there is no series resistance in the plate circuit. They

could therefore be used for a transformer-coupled amplifier provided that the primary

of the transformer had negligible resistance. In the present form they could not be

used to predict the operation under dynamic conditions. The static operation point
P may, however, be located by their use.

= 21 600 ohms.

The mutual characteristics of a pentode, for a fixed screen voltage, are very
similar to those of a triode except that each curve applies to a different value of screen
(instead of plate) voltage. The plate voltage of pentodes having high plate resistance
has only a very minor effect on the plate current, provided that it does not come
below the screen voltage-

12
Epm83VOLTS
PLATE VOLTS= 300
SUPPRESSOR: VOLT3m0
10
4
= £pm83 VOLTS PLATE VOLT $=300
o3 SUPPAESSOR VOLTS=0
& <
w \z/
) 4
z e
3 &
Ecp=(25V. v &
3 " 2
~ 4k 3
<
g “
. 4
2 2
o
-lo -8 -8 -4 -2 o -8 -6 =t = °
F1G.2:7  CONTROL GRID vouTs (Ec) FIG. 28 CONTROL GRID VOLTS Cch

Fig. 2.7. Mutual characteristics of a pentode, with constant plate wvoltage, and five
fixed screen wvoltages.
Fig. 2.8. Screen current mutual characteristics of a pentode (same as for Fig. 2.7).

The Mutual Characteristic Family for a typical pentede is shown in Fig.
2.7, and the corresponding screen current characteristics in Fig. 2.8, ’

The resemblance between the shapes of the plate and screen characteristics is
very close, and there is an almost constant ratio between the plate and screen currents
along each curve.

(iii) Grid current characteristics

Positive grid current in a perfectly hard indirectly-heated valve usually commences
to flow when the grid is slightly negative (point Y in Fig. 2.9) and increases rapidly
as the grid is made more positive (Curve A). The position of point Y is affected
both by the contact potential between grid and cathode and also by the initial electron
velocity of emission ; the latter is a function of the plate and grid voltages and the
amplification factor of the valve, and will therefore vary slightly as the electrode
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voltages are changed., The grid current commencement point in perfectly hard
battery valves is usually slightly positive, so that they may be operated at zero bias
with negligible positive grid current (Curve B).

A typical valve at its normal negative bias will have negative (or reverse) grid current
which is the sum of gas (ionization) current, leakage current and grid primary emission
current. If the two latter are negligibly small, negative grid current (i.e. gas current)
will be roughly proportional to the plate current, and will increase with the pressure
of gas in the valve. If the plate current is maintained constant, the gas current varies
approximately as the square of the plate voltage ; reduced cathode temperature has
little effect on this relationship (Ref, A12). See Chapter 1 Sect. 1 for general in-
formation regarding gas current and Chapter 3 Sect. 3(iv)A for the measurement of
reverse grid current.

References to grid current characteristics-——A12, H1, H2.

+1g
e
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Fig. 2.9. Grid current characteristics of a triode or pentode.

Curve C shows the gas (ionization) current alone, and the solid line D is the com-
bination of curves A and C, this being the grid current characteristic of a typical
indirectly heated valve with a slight amount of gas. The maximum negative grid
current occurs at a value of grid bias approximately equal to that of the grid current
commencement point of the same valve if it could be made perfectly hard (point Y).
The point of zero grid current (X) differs from the point of grid current commence-
ment in a perfectly hard valve (Y).

The grid current cross-over point (X) in 2 new indirectly heated valve is usually
between zero and —1-0 volt, and some slight variations in the value are to be expected
during life. Change of contact potential between grid and cathode results in a corres-
ponding shift of the murual characteristics ; a change of contact potential in the
direction which makes the grid current cross-over point move in the positive direction
during the life of the valve will result in decreased plate current, which may be quite
serious in a high-mu triode operating on a low plate supply voltage. This is one
reason why grid leak bias (with a grid resistor of about 5 or 10 megohms) is often used
with such valves, so that the operating point is maintained in the same relation to
the mutual characteristic.

In battery type valves the grid current cross-over ;?oint may be either positive or
negative and designers should allow for some valves with negative values, _pamcularly
in cases of low screen voltage operation.
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Contact potential is only one of several effects acting on the grid to change the
cross-over point (X)—the cthers include gas current, grid (primary) emission, leakage, -
and the internal electron velocity of emission, i

The grid variational conductance is equal to the slope of the grid characteristic
at the operating point. . The conductance increases rapidly as the grid voltage is made
less than that corresponding to point Y, irrespective of the value of ionization current,
so that input circuit damping due to the flow of electrons from cathode to grid (i.e.
the positive component of the grid current) occurs in a typical valve even when the
grid current is zero or negative (grid voltages between X and Y in Fig. 2.9). It is
possible for the damping on the positive peaks of applied input voltage to be
quite serious even when the microammeter reads zero. This point is applied
in connection with r.c. triodes in Chapter 12 Sect. 2(iv). :

If the valve has a leakage path between grid and cathode, the leakage current
is given by the line OF, which must be added to the gas current to give the grid current
characteristic G. If it has leakage between grid and plate (or screen) the leakage
current is given by the line HJ, which intersects the herizontal axis at a positive voltage
equal to the plate (or screen) voltage ; this also must be added to the other components
to provide the grid current characteristic. The combined leakage currents may be
measured by biasing the grid beyond the point of plate current cut-off provided that
the grid emission is negligibly small—octherwise see below.

Grid emission with a negative grid is the primary emission
of electrons due to grid heating from both cathode and plate oy iy
(or screen); it gradually increases as the valve becomes fet
warmer during operation. It increases the total negative grid
current ard is included with leakage currents in the
total negative grid current indicated by a valve tester.

For methods of testing to discriminate between the
various components of negative grid current, see o
Chapter 3 Sect. 3(iv)A.

When a valve is operated with a fixed
negative grid bias, but has a total grid a
circuit resistance R,, the
actual voltage on the grid
may differ from the applied Iy
bias due to grid current. If ) o g
negative grid current is pre- -
sent the condition will be as
shown in Fig. 2.10 in which P
OA represents the applied = N8a b

: ~Ect Vi
bias. The plate current \ e
operating point with no grid /
current will obviously be Q e 8
but - if the grid current
characteristic is as shown, FIG. 2:10
the grid operating point
will 'be B and the plate
operating point Q’.  Point
B is determined by the intersection of the grid current characteristic and a load line
having a slope of —1/R,. The shift in grid bias due to voltage drop across R, will
bg AEy or Ryl,y. The operating point can obviously never be swung beycnd the
grid-current cross-over point C, so that the static plate current can never go beyond D
(Fig. 2.10) due to negative grid cusrent.

I
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Fig. 210. Grid current characteristics with
grid loadlines.
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If valve is operated with its grid completely open-circuited, the operating point
will be at D, since this is the only point corresponding to zero grid current, unless
the grid characteristic has a second point of zero grid cutrent at a positive grid voltage
(see under grid blocking).

If the valve is operated with zero bias, that is with the grid resistor returned to
cathode, the grid static operating point will be at E, the intersection of the grid current
characteristic and the grid loadline through O. If the valve is one with positive
cross-over point, operating at zero bias, the grid static operating point will occur at F.

In all cases considered above, the operating points are for static conditions, and
any large signal vcliages applied to the grid may have an effect in shifting the operating
point. If the signal voltage swings the grid sufficiently to draw positive grid current,
the operating point will shift as the result of rectified current flowing through R,.

The cllect of negative grid current on the mavimum grid circuit resistance and the
operation of a-f amplifiers is described in Chaprer 12 Sect. 2(jii) and (iv) 3 Sect. 3(iv)C
and (v)3 also Chapter 13 Sect. 103).

Fig. 2,11, Grid current characteristics

indicating the possibility of  “ grid

blocking” with a wvalve operating at
Zero bias.
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Positive grid voltages and grid blocking

When the grid is made positive, it is bombarded by electrons which cause it to
increase in temperature, and it may have both primary and secondary electron
emission. This current is in a direction opposite to that of positive grid current
flow, and may result in a slight kink in the grid characteristic, or may be severe enough
to cause the grid current in this region to become negative. A typical case of the
severe type is shown in Fig. 2.11, in which the greatest negative grid current occurs
at a positive grid voltage of 70 or 80 volts. Such a valve is capable of * gnd blogkmg ’
if the grid is swung sufficiently positive, and if the grid circuit resistance is high
enough. Grid blocking can only occur if the grid loadline cuts the negative loop of
grid current. In Fig. 2.11 the 0-1 megohm loadline cuts it at poir_lts A and B_, but
point A is unstable and the grid will jump on to point B and remain there until the
valve ie switched off, or the grid circuit resistance decreased until the grid loadline
no longer cuts the curve (e.g. 0.04 megohm in Fig. 2.11):

(iv) Suppressor characteristics _

. In some pentodes, the suppressor is brought out to a separate pin. a_nd may be used
for some special purposes. Fig. 2.12 shows the mutual characieristics of a pentode
suitable for suppressor modulation, although typical of any pentode. The curves
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are in the shape of a fan pivoted at the
cut-off point, with the slope controlled
by the suppressor voltage. The curves
of electrode currents versus suppressor
voltage are given in Fig. 2.13, and in-
dicate that the plate current curve rises
fairly steadily from the point of cut-off
at a high negative voltage but flattens
out while still at a negative suppressor
voltage, The screen current falls as
the plate current rises, as would be
expected, and the suppressor current
commences at a slight positive voltage,
although in this case it becomes negative
at high voltages due to secondary
emission,

The suppressor is occasionally used
as a detector in receivers, instead of a
diode, but its rectification efficiency is
low, since the internal resistance is of
the order of 20000 ohms.

In remote cut-off r-f pentodes the
suppressor is sometimes used to provide
a more rapid cut-off characteristic. A
family of mutual conductance and
plate resistance curves for a typical
remote cut-off pentode are given in
Fig. 2.14.

It will be seen the mutual conduct-
ance for any fixed control grid voltage
(say E, = —3) may be reduced by
making the suppressor voltage nega-
tive. This has the additional effect,
however of decreasing the plate resist-
ance from 0.8 megohm (at E.; = 0)
to 35000 ohms at K3 = —37, for
E, = —3 volts, The initial rate
of reduction is very steep, and occurs
with all values of control grid voltage.
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Fig. 2.13. Suppressor characteristics of

a pentode (6S]7) for fixed control grid,
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(iv) SUPPRESSOR CHARACTERISTICS
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Fig, 2.12. Mutual characteristics of
a pentode (6S]7) for various suppressor
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If the suppressor grid has the same
bias control voltage as the control grid,
the control characteristic will be as
shown by the curve marked “ E, =
E 3, but in this case the plate resist-
ance, although initially slightly lower
for E,3 = —3 than for E, = 0, rises
rapidly as E, = E, is made more
negative,

(v) Constant current curves

The third principal type of valve
characteristic is known as the ‘“ Con-
stant Current”  Characteristic. A
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typical family of Constant Current Curves is shown in Fig. 2.15, these being
for a typical triode (type 801). The slope of the curves indicates the ampli-
fication factor, and the slope of the loadline indicates the stage voltage gain.
The operating point is fixed definitely by a knowledge of plate and grid supply volt-
ages, but the loadline is only straight when both plate and grid voltages follow the
same law (e.g., both sine wave). Distortion results in curved characteristics, so that
this form of representation is not very useful except for tuned-grid tuned-plate or
““ tank-circuit > coupled r-f amplifiers. Constant Current Curves may be drawn
by transferring points from the other published characteristics. For a full treatment
the reader is referred to FIG, 2,14

(1) Mouromtseff, I. E., and H. N.
Kozanowski ¢ Analysis of the
operation of vacuum tubes as Class
C Amplifiers ” Proc. I.R.E. 23.7
(July, 1935) 752 : also 24.4 (April,
1936) 654.

(2) Everest, F. A., “ Making life more
simple * Radio 221 (July, 1937) 26.

(3) “ Reference Data for Radio En-
gineers ” (2nd edition, Federal
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(vii) Drift of characteristics -

_d ing hf € . Fig. 2.14. Suppressor characteristics of a
During the life of a valve there is o6 cut-off pentode (6U7-G) for fixed
always a slow drift which is particularly sereen and plate voltages.
apparent in the plate and screen
currents, mutual conductance, negative grid current and the contact potential point.
The direction of drift sometimes reverses one or more times during life. It is as-
sumed here that the valve is operated at constant applied voltages throughout its life.

In general, the grid current crossover point (Fig. 2.9) tends to drift in the positive
direction during life. The movement of the contact potential point results in a
shift of the mutual characteristics which in turn has the effect of reducing the plate
current which flows at a fixed grid bias.

Life tests have been carried our (Ref. A12) for a period of 3200 hours on type 6SL7
high-mu twin triodes. The recorded characteristic was the grid voltage to give a
plate current of 0-1 mA with a plate voltage of 75 volts, The maximum drift was
0-6 volt (from —1:65 to —1-05 volts), but the majority of the valves did not go out-
side the limits —1-5 to —1-1 volt (0-4 volt drift), In most cases the drift was gener-
ally in a positive direction, but there were two exceptions (out of a total of twelve
units) which showed & general tendency to drift in the negative direction for the first
hundred hours or so and then to drift in the positive direction, ending up at approxi-
mately the same values where they began. However, even those having a positive

iy
= ~20 -
SUPPRESSOR VOLTS
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general direction showed rapid-changes in the rate of change, and usually at least
one temporary reversal of direction.

Tt was found that minimum drift occurred for plate currents between 0-1 and 1-0 mA
for indirectly-beated types, or between 10 and 100 wA for small filament types.

This drift occurs in diodes and all types of amplifying valves, being particularly
noticeablé in its effects on high-mu triodes (on account of the short grid base) and on
power amplifiers (on account of the decrease in maximum power output). In direct-
coupled amplifiers this drift becomes serious, the first stage being the one most affected.

Most of the drift usually occurs during the first hundred hours of operation. If
stability is required it is advisable to age the valves for at least 2 days, bur in some
cases this does not cure the rapid drift. Reference Al2, pp. 730-733.
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Fig. 2.15. Constant curvent characteristics for a typical small transmitting triode (801).
Fig. 2.16.  Triode plate characteristics with loadlines for five values of load resistance.

(viii) Effect of heater-voltage variation - :

When a valve is being operated 3o that the plate current is small compared with
the total cathode emission, an increase in heater voltage normally causes an increase
in plate current, which may be brought back to its original value by an increased
negative bias. With indirectly-heated cathodes the increase in negative bias is approxi-
mately 0-2 volt for a 20%, increase in heater voltage, whether the valve is a diode,
triode or multi~grid valve (Ref. A12, p. 421). )

This effect is serious in d-c amplifiers ; there are methods for cancelling the effect
(Ref. Al2, p. 458).

SECTION 3 : RESISTANCE-LOADED AMPLIFIERS
(f) Triodes (it) Pentodes.

(i) Triodes
When there is a resistance load in the plate circuit, the voltage actually on the plate
is less than that of the supply voltage by the drop in the load resistor,
’ ED=EM,—'RL1».
‘This equation may be represented by what is known as a Load Line on the plate
characteristics. Since the load is a pure resistance it will obey Ohm’s Law, and the

relationship between current and voltage will be a straight line; the loadline will
therefore be a straight line.
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The static operating point is the intersection of the loadline and the appropriate
characteristic curve. Fig. 2.16 shows several loadlines, corresponding to different
load resistors, drawn on a plate characteristic family. Zero load resistance is indicated
by a vertical loadline, while a horizontal line indicates infinite resistance.

A loadline may be drawn quite independently of the plate characteristics, as in Fig.
2.17, The point B is the plate supply voltage E,, (in this case 300 V); the slope* of
the Joadline AB = —1/R; and therefore AO = E,,/R, (in this case 300,50 000 ==
0-006 A = 6 mA). The voltage actually on the plate can only be equal to E;, when
the current is zero (point B). At point A the voltage across the valve is zero and the
whole supply voltage is across R, ; this is what happens when the valve is short-
circuited from plate to cathode. The plate current (E,,/R ;) which flows under these
conditions is used as a reference basis for the correct operation of a resistance coupled
amplifier (Chapter 12). As the plate voltage, under high level dynamic conditions,
must swing about the operating point, the latter must be somewhere in the region of
the middle of AB ; the plate current would then be in the region of 05 E,/R ; and
the plate voltage 0-5 E,,—in other words, the supply voltage is roughly divided equally
between the valve and the load resistance. Actually, the operating point may be
anywhere within the limits 0-4 and 0-85 times E,,/R ;—see Chapter 12 Sect. 2(vi)
and Sect. 3(vi).

In most resistance-loaded amplifiers, the plate is coupled by a capacitor to the grid
of the following valve, which has a grid resistor R, to earth. This resistor acts as a
load on the previous valve, but only under dynamic conditions. In Fig. 2.18 the
loadline AB is drawn, as in Fig. 2.17, and the operating point Q is fixed by selecting
the grid bias (here —6 volts). Through Q is then drawn another line CD having a
slope of —(1/R; + 1/R,); this is the dynamic loadline, and is used for determining
the voltage gain, maximum output voltage and distortion (Chapter 12).
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Fig. 2.17. Loadline is independent of walve curves.

Fig. 2.18. Loadlines of resistance loaded triode ; AQB is without any following grid
resistor, CQD allows for the grid resistor.

The dynamic characteristic is the effective mutual characteristic when the valve
has a resistive load in the plate circuitf. While the slope of the murual characteristic
i8 gm OT p/r,, the slope of the dynamic characteristic is u/@p, + Rj). Owing to
(r, + R,) being more nearly constant than r,, the dynamic characteristic is more
nearly straight than the mutual characteristic.

*The slope of AB is negarive since the plate volrage is the difference between the supply voltage and
the voltage drop in R £, and the inverted form (1/R 1) is due to the way in which the valve characteristics
~7e drawn with current vertically und voltage horizontally. The slope of AB is often loosely spoken

£ as being the resistance of R ,the negsiive sign and inverted form being undersrood.

+It does not make allowance for the following grid resistor, and does not therefore c_on'espond to
the dynamic loadline. It is, of course, possible to derive from the dynamic loadline a modifiea dynamic
characteristic which does make allowance for the grid resistor.
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A typical dynamic characteristic is shown in Fig. 2.19 applying to a supply voltage
of 250 volts and load resistance 0-1 megohm ; the mutual characteristics are shown
with dashed lines.

The dynamic characteristic may be drawn by transferring points from along the
loadline in the plate characteristic to the mutual characteristic. An alternative
method making use of the mutual characteristic is as follows—

When the plate current is zero, the voltage drop in the load resistance is zero, and
the plate voltage is equal to the supply voltage (250). For the plate voltage to be
200 volts, there must be a drop of 50 volts in the load resistor (100 000 ohms) and the
plate current must therefore be 50/100 000 or 0-5 mA, and so on. A table may be
prepared for ease of calculation :

Plate Voltage Drop in Plate Current
Voltage Load Resistor (= volts drop/R ;)
250 0 0
200 50 0-5 mA.
150 100 1-0 mA.
100 150 1-5 mA.
50 200 2:0 mA.,

It will be seen that this table is not affected by the shape of the valve characteristics.
The dynamic characteristic may then be plotted by taking the intersections of the
various plate voltage curves with the plate current values given in the table.

The dynamic characteristic of a triode is very nearly straight along the central
portion, with curves at both ends, the ‘ upper bend > being always in the positive
grid current region.
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DYNAMIC CHARACTERISTIC
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Fig. 2.19. Triode dynamic characteristic (solid line) for resistance loading.
Fig. 2.20. Illustrating power dissipation in a resistance-loaded triode.

Refer to Chapter 12 for further information on resistance coupled amplifiers.

When a resistance-loaded triode is operated under steady conditions, the power
dissipation is indicated by Fig. 2.20. The area of the rectangle OCDB represents
the total power (E,, I,,) drawn from the plate supply. The area of the rectangle
OCQK represents the plate dissipation of the valve (E015,) and the area of the rect-
angle KQDB represents the dissipation in the load resistor (E3» — Ebo) Ino = T0s*R .
Under dynamic conditions the plate dissipation decreases by the amount of power
output, and the load resistor dissipation increases by the same amount, provided that
there is no a.c. shunt load and that there is no distortion. The case of transformer-
coupled loads is treated in Chapter 13.

(ii) Pentodes
Pentodes with resistive loads are treated in the same manner as triodqs, the only
complication being the screen voltage which must be selected at some suitable value
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and maintained constant (Fig. 2.21). The operating point as an amplifier will norm-
ally, as with a triode, be in the region of the middle of the loadline so that the voltage
across the valve and that across R, will be approximately the same. The only
special case is with very low values of R . (e.g. 20000 ohms) where grid current
occurs at approximately E,, = 0, thereby limiting the useful part of the loadline,
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Fig. 2.21. Loadlines of resistance-loaded pentode.
Frig. 222, Triode plate characteristics and loadline with transformer-coupled load.

With any value of screen voltage, and any value of load resistance, it is possible
to select a grid bias voltage which will give normal operation as an amplifier. With
load resistance of 0-1 megohm and above, pentodes give dynamic characteristics
which closely resemble the shape of triode dynamic characteristics with slightly
greater curvature at the lower end ; at the upper end, provided that the screen voltage
is not too low, the pentode has a curved portion where the triode runs into grid current.
The top bend of the pentode dynamic characteristic is often used in preference to
the bottom bend for plate detection—see Chapter 27 Sect. 1(ii)C.

For further information on resistance coupled pentode amplifiers, reference should
be made to Chapter 12 Sect. 3.

SECTION 4 : TRANSFORMER-COUPLED AMPLIFIERS

(i) With resistive load. (i) Effect of primary resistance (i1t) With i-f voltage amplifiers
(iv) R-F amplifiers with sliding screen (v) Cathode loadlines (vi) With reactive loads.

(i) With resistive load

When the load resistance is coupled to the valve by an ideal transformer, there is
no direct voltage drop between the supply voltage and the plate. The slope cf the
loadline, as before, is —1/R ; but the loadline must be lifted so that it passes through
the operating point. Fig. 2.22 shows a typical triode with E, = 250 volts, and
E, = —10 volts, thus determining the static operating point Q. The loadline AQB
is then drawn through Q with a slope cortesponding to a resistance of 30 000 ohms,
It is not taken beyond point A (E, = 0) because in this case it is intended to be a
Class A amplifier, operating without grid current. It is not taken beyond B because
this is the limit of swing in the downward direction corresponding to A in the upward
direction and having twice the bias of point Q (i.e. —20 volts). ©Of course, AB could
be projected upwards and downwards if it were desired to increase the grid swing
without regard to grid current or distortion.
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(ii) Effect of primary resistance

If the primary circuit includes resistance, the point Q must be determined by draw-
ing through E, a straight line with a slop= of —1/R’, where R’ includes all resistances
in the primary circuit other than the plate resistance of the valve. R’ will include
the d.c. resistance of the transformer primary winding and any equivalent internal
resistance of the plate supply source. Fig. 2.23 is a typical example, with R’ = 1500
ohms, from which point Q can be determined as previously. The total a.c. load on
the valve is then (R, + R"), in this case 31 500 ohms, which will give the slope of
AQB. In these examples it is assumed that fixed bias is used, and that the negative
side of the supply voltage is applied directly to the cathode of the valve.

(iif) With i-f voltage amplifiers

I-F amplifiers, when correctly tuned, operate with the valve working into practically
a resistive load. I-F and r-f amplifier valves are in two principal groups—sharp
cut-cff and remote cut-off.

Sharp cut-off r-f pentodes operate in much the same manner as a-f pentodes, and
the tuned transformer in the plate circuit reduces any distortion which might occur
through non-linearity of the characteristics. The d.c. resistance of the transformer
is usually so small that it may be neglected and the loadline drawn through Q with a
slope corresponding to the dynamic load resistance of the transformer (including
its secondary load, if any, referred to the primary).
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Fig. 2.23. Triode plate characteristics and loadlines with transformer-coupled load,
allowing for the resistance of the primary winding.
Fig. 2.24. Plate characteristics of typical remote cut-off pentode with fixed screen and
suppressor voltages.

Remote cut-off r-f pentodes are similar, except that the mutual characteristics are
curved, and the distortion is greater. Fig. 2.24 shows the plate characteristics of a
typical remote cut-off pentode, with E, = 250 volts. Two loadlines (AQB, A’ Q' B")
have been drawn for grid bias voltages of —3 and —12 volts respectively, with a slope
corresponding to a load resistance of 200 000 ohms, as for an i-f amplifier, This
application of the loadline is not encirely valid, although it gives some useful informa-
tion, since the tuned plate circuit acts as a “‘ flywheel * to improve the linearity and
reduce the distortion. This is a case in which constant current curves could be
used with advantage. However, the ordinary plate characteristics at least indicate
the importance of a high Q (high dynamic resistance) second i-f transformer if it
is desired to obtain high output voltages at even moderately high negative bias volt-
ages ; a steeper loadline would reach plate current cut-off at the high voltage peak.

(iv) R-F Amplifiers with sliding screen
Remote cut-off pentodes may have their cut-off points made even more remote
by supplying the screen from a higher voltage (generally the plate supply) through a
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Fig. 2.25. Plare current characteristic of remote cut-off pentode with ** sliding screen.”
The straight lines indicate the mutual conductances at several points.

resistor designed to provide the correct screen voltage for the normal (minimum bias)
operating condition. The screen requires to be by-passed to the cathode.

The same method may be used with a sharp cut-off pentode to provide a longer
grid base. This does not make it possible to obtain the same results as with a pro-
perly designed remote cut-off pentode, although it does increase the maximum input
voltage which can be handled with a limited distortion. It is important to remember
that the extended plate current characteristic curve obtained by this method cannot
be used to determine the dynamic slope, since the larter is higher than would be cal-
culated from the characteristic. This is demonstrated in Fig. 2.25 which shows the
““ gliding screen > plate current characteristic, with straight lines drawn to indicate
the mutual conductance at several points.

The procedure for deriving the “ sliding screen » plate current characteris-
tic from the fixed voltage data is as follows—

Let plate and screen current curves be available for screen voltages of 50, 75, 100
and 125 volts (Fig. 2.26) and take the case with a series screen resistor (R,) of 250 000
ohms from a supply voltage of 300.

*k

Ea Eyrop* I Point Eaf Point It
50V 250V 10mA A —01 E 37 mA
75 225 0.9 B ~17 F 3-15

100 200 0-8 C —33 G 26

125 175 07 D —52 H 211

*The voltage drop in the screen resistance = 300 —E 2.

**Iea = Edrop/Rs. - o
Derived from the screen characteristics and transferred to the plate characteristics.
Derived from the plate characteristics.

(v) Cathode loadlines .
The static operating point with cathode self bias may be determined graphically
by the use of the mutual characteristic. The mutual characteristic of a triode shown
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in Fig. 2.27 applies to the voltage between plate and cathode—the total supply voltage
will be greater by the drop in the cathode resistor R ;.

Through O should be drawn a straight line OD, having a slope of —1/R,, ohms.
The point P where OD intersects the curve corresponding to the plate-to-cathode
voltage (here 250 V) will be the static operating point, with a bias —E, and plate
current I,

In the case of pentodes, with equal plate and screen voltages, the * triode > mutual
characteristic should be used, if available, With the plate voltage higher than the
screen voltage, the triode mutual characteristic may be used as a faitly close approxi-
mation, provided that the triode curve selected is for a voltage the same as the screen
voltage.

Altgernatively, pentodes may be treated as for triodes, except that the slope of OD
should be

1 . I b

R k 1 b + 1 e2
where I, and 1., may be taken to a sufficient degree of accuracy as being the values
under published conditions. The plate current (7,") may then be read from the curve,
and the screen current calculated from the ratio of screen to plate currents.

For the use of cathode loadlines with resistance coupled triodes and pentodes,
refer to Chapter 12,
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Fig, 2.26. Plate and screen current characteristics of pentode illustrating procedure
Sor deriving “ sliding screen” characteristics.

Fig. 2.27. Triode mutual characteristics with cathode bias loadline OD.

(vi) With reactive loads

When the load on the secondary of the transformer is not purely resistive, the load-
line is normally in the form of an ellipse instead of a straight line. Fig. 2.28 shows
three different examples of elliptical loadlines for purely feactive loads. A purely
capacitive load has exactly the same shape of loadline as a purely inductive one, but
the direction of rotation of the point is opposite, as indicated by the arrows. Curve A
is for a high reactance, curve B for an intermediate value of reactance, and curve C
for a low reactance. In each case the maximum current is E,/X, where E, is the
peak voltage across the reactance and X, = L for the inductive case, and X, = 1/ wC
for the capacitive case. The voltage F, is shown as negative to the right of O, so
as to be suitable for applying directly to the plate characteristics of the valve.
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For convenience in application, the horizontal and vertical scales should be the
same as in the valve characteristics to which the loadline is to be applied. For example,
if on the plate characteristics one square represents 1 mA in the vertical direction and
25V in the horizontal direction, the same proportion should be maintained for the
elliptical loadline. Having drawn the ellipse for any convenient value of E,, it may
be expanded or contracted in size, without changing its shape (that is the ratio of the
major to the minor axis when both are measured in inches).

‘-I
(a) Resistance and inductance in series “y

‘The load is more commonly a combina-
tion of resistance and reactance. When
the load is a resistance R, in series with
an inductive reactance wl, the maximum
current through both will be I, and the
procedure is to draw both the straight re-
sistive loadline for R; (AB in Fig. 2.29)
and the elliptical loadline for wL, and then
to combine them in series. It will be seen
that in Fig, 2.29 the peak current of the
ellipse and of the resistive loadline are
identical (Z,).

To combine these in series, it is neces-
sary to consider the phase relations. When =]
the current is a maximum (OE), the voltage
drop across R, is a maximum (AE) and
that across L is zero, because there is 90° F1G.2:28
Ph“:n:’iﬁt‘;fmtcia ‘ict“;f:"eﬂé: voltage algd Fig. 2.28. Three examples of elliptical
current : the total voltag Op across : :
and L in series is therefore AE and point[l( loadlines for purely reactive loads.
is on the desired loadline. When the current is zero, the voltage drop across R,
is zero, and that across L is OC ; the total voltage drop is therefore OC, and point C
is on the desired loadline. At any intermediate point (OF) with current increasing
the voltage drop across R, is FG, and that across L is FH, so that the total drop is

+Ep

F1G. 229

Fig. 2.29. Resistive loadline (R ); inductive loadline (wL); and elliptical resultant
for R, in series with wL (dashed curve).

F] = FG + FH. With similar procedure in the other three quadrants, the com-
bined loadline is shown to be an ellipse CJADB which is tilted, or rotated in the
clockwise direction as compared with the original ellipse. The maximum voltage
drop is greater than that across either R ; or L alone, as would be expected.
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If an elliptical loadline is known, as for example the dashed ellipse of Fig. 2.29,
its series components may readily be determined. Mark points A and B where the
ellipse reaches its maximum and minimum current values, then draw the line AB;
the slope of AB gives R,. Mark O as the centre of the line AB ; draw COD hori-
zontally to cut the ellipse at points C and D.

Then wL = E,/I, ohms,

where E, = voltage corresponding to length OD

and I, current (in amperes) corresponding to max. vertical height of
ellipse above line COD. :
Alternatively
oL = Length of horizontal chord of ellipse through O, in volts .

Magimum vertical extent of ellipse, in amperes

(b) Resistance and inductance in parallel

When the load is a resistance R ; in parallel with an inductive reactance wL, the
maximum voltage across both will be E,, and the resistive loadline and reactive ellipse
may be drawn as for the series connection. In this case, however, the currents have
to be added. In Fig 2.30 the maximum current through R, is CK (corresponding
to +E,), while the magimum current through L is OE. When the voltage is zero
and increasing, the current through R; is zero, and that through L is the
minimum value OP ; point P is therefore on the desired loadline. When
the voltage is its positive maximum (OC), the current through R; is CK and
that through L is zero; point K is therefore on the desired loadline. Simil-
arly with points E and M. At an intermediate value, when the voltage is negative
and approaching zero (OR), the current through R; is RS, and that through L is
RT; the total current is therefore RT + RS = RW, and W is on the desired loadline.
The loadline is therefore the ellipse PKEMW.

—_———

Fig. 2.30. Resistive loadline
(R ); inductive loadline (solid
ellipse) s and elliptical re-
sultant for R in parallel
with «, (dashed curve).

FIG. 2-3¢0 w

If an elliptical loadline is known, as for example the dashed ellipse of Fig. 2.30,
its parallel components may readily be determined. Mark points K and M where
the ellipse reaches its maximum and minimum voltage values, then draw the line KM ;
the slope of KM gives R,. Mark O as the centre of the line KM ; draw EOP vertic-
ally to cut the ellipse at points E and P.

Then wl = E,/I, ohms,

where E, = voltage difference between points O and K,
and I, = current corresponding to length OE, in amperes.
Alternatively

Mazximum horizontal length of ellipse, in volts
Length of vertical chord of ellipse through O, in amperes

wl =

(c) Resistance and capacitance
A similar shape of loadline is obtained when the inductance is replaced by a capacit-
ance of equal reactance, except that the direction of rotation is opposite.
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(@ Appl)"ing elliptical loadlines to characteristics

The elliptical loadlines derived by the methods described above may be applied
t0 the p{ate chax:acteristics of a valve, but it is first necessary to enlarge or reduce their
size until they just fit between grid voltage curves corresponding to extreme swing

Mo
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Fig.2.31. Triode plate characteristics with elliptical loadlines corresponding to resistance
25 000 ohms in series with reactance of 18 000 ohms.

in each direction. The examples taken have all been based on an arbitrary current
(I,) or voltage (E,), which may be made larger or smaller as desired. In Fig. 2.31
there is shown the elliptical loadline corresponding to a resistance of 25 000 ohms in
series with a reactance of 18 000 ohms, on triode plate characteristics with E, == 250
volts, E, = —10 volts and peak grid amplitude E,,, = 8 volts.

TYPE 6V6-GT 5 €cy=0
£ 250 VOLTS CONTROL GRID VOLTS *cy —

-5

\\ ~20

° 100 200 £y 300
fl6.2:32 PLATE vOLTS

o

400 500

Fig. 2.32. Beam power amplifier plate characteristics with elliptical loadline corres-
ponding to a resistance of 47150 ohms in parallel with a reactance of 23 000 ohms.

Fig. 2.32 shows a typical beam power amplifier with an elliptical loadline with a
resistive load of 4750 chms shunted by a reactance of 23 000 chms. The plate volt-
age is 250 volts, grid bias —12-5 volts, and grid swing from 0 to ~25 volts.,
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In all applications of elliptical loadlines to characteristics, the shape of the ellipse
(i.e. the ratio of its major to its minor axis) and the slope of the major axis are deter-
mined solely by the nature of the load. The ellipse can be imagined as being stowly
blown up, like a balloon, until it just touches without cutting the two curves of extreme
voltage swing. If there is no distortion, the centre of the ellipse will coincide with

the quiescent working point, but in the general case the centre of the ellipse will be
slightly displaced.

SECTION 5 : TRIODE OPERATION OF PENTODES

(&) Triode operation of pentodes (i) Examples of transconductance calculation (i)
Triode amplification factor (#v) Plate resistance (v) Connection of suppressor grid.

(i) Triode operation of pentodes

Any pentode may be operated as a triode, provided that none of the maximum
ratings is exceeded, and the characteristics may readily be calculated if not otherwise
available.

When the cathode current of a valve is shared by two collecting electrodes (e.g.
plate and screen) the mutual conductance of the whole cathode stream (i.e. the ¢ triode
&m ") is shared in the same proportion as is the current.

Let. I, = cathode current
I, = screen current
I, = plate current
£, = pentode transconductance (to the plate)
g, = triode transconductance (with screen and plate tied together)
and gs = screen transconductance (with pentode operation).
Thenl, = I,-+1, 1)
& = gum + &, (by definition) )
and  gm/gy = Ly/I; 3

If it is desired to find the screen transconductance, this can be derived from the
expression

gl/gm = Icz/Ib (4>

or &:/8e = laa/Iy o)

(ii) Examples of transconductance calculation
Example 1: Type 6]7-G as a pentode with 100 volts on both screen and plate,
and with a grid bias of —3 volts, has the following characteristics :—

Transconductance 1185 micromhos
Plate Current 20 mA
Screen Current 0-5 mA

It is readily seen that the cathode current (see equation 1 above) is given by
= 05 + 2:0 = 2-5 mA.
The tricde transconductance is calculated by inverting equation (3) above,

g/gm = Io/Ty .
Therefore g,/1185 = 2-5/2-0
and g, == 1482 micromhos.

The example selected was purposely chosen so as to have equal plate and screen
voltages. Under these conditions the method is exact, and the calculated triode
mutual conductance applies to the same conditions of plate and grid voltages as for
the pentode operation (in this example 100 volts and —3 volts respectively).

Example 2: Type 6]7-G as a pentode with 250 volts on the plate, 100 volts on
the screen, and —3 volts grid bias.

In this case a similar method may be used, but it is necessary to make an assumption
which is only approximately correct. Its accuracy is generally good enough for most
purposes, the error being within about 59, for most conditions.
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The assumption (or approximation) which must be made is—That the plate current
of a pentode valve does not change as the plate voltage is increased from the same wvoltage
as that of the screen up to the voltage for pentode operarion.

This assumption means, in essence, that the plate resistance is considered to be
infinite—a reasonable approximation for most r-f pentodes, and not setiously in
error for power pentodes and beam power valves.

In this typical example we can take the published characteristics, and. assume that
the plate current and transconductance are the same for 100 as for 250 volts on the
plate. From then on the procedure is exactly as in the previous example. It is
important to note that the calculated triode characteristics only apply for a triode
plate voltage of 100 volts and a grid bias of —3 volts.

Example 3: To find the screen transconductance under the conditions of Example 1.

From eqn. (2) we may derive the expression—

s =8t — &m = 1482 — 1185
= 297 micromhos.

This could equally well have been derived from eqn. (4) or (5).
iii) Triode amplification factor

The triode amplification factor (if not available from any other source) may be
calculated by the following approximate method.

Let g, = triode amplification factor

E., = negative grid voltage at which the plate current just cuts off
and E.» = screen voltage.
Then p, = E./E., approx. 6)

For example, with type 6]J7-G having a screen voltage of 100 volts, the grid bias
for cut-off is indicated on the data sheet as being —7 volts approx. This js the normal
grid bias for complete plate current cut-off, but it is not very suitable for our purpose
since equation (6) is based on the assumption that the characteristic is straight, whereas
it is severely curved as it approaches cut-off. The preferable procedure is to refer
to the plate current-grid voltage characteristic, and to draw a straight line making a
tangent to the curve at the working point—in this case with a screen voltage of 100
volts and grid bias —3 volts, When this is done, it will be seen that the tangent
cuts the zero plate current line at about —5 volts grid bias. If this figure is used,
as being much more accurate than the previous value of —7 volts, the triode amplifica-
tion factor will be

e = 100/5 = 20.

Alternatively, if only the plate characteristics are available, much the same result
may be obtained by observing the grid bias for the lowest curve, which is generally
very close to plate current cut-off.

In the case of remote cut-off characteristics it is essential to adopt the tangent
method, and the result will only apply to the particular point of operation, since the
triode amplification factor varies along the curve.

The amplification factor of the screen grid in a pentode valve with respect to the
control grid is almost exactly the same as the triode amplification factor.

The amplification factor of the plate of a pentode valve with respect to its screen
grid may be calculated from the expression—

Horrp = HoirezMorp M
where .., = pentode amplification factor
and tge.p = SCreen grid-plaie mu factor.

This expression can only be used when the pentode amplification factor is lfnown.
If this is not published, it may be determined from a knowledge of the plgte resistance
and mutual conductance. If the former is not published, it may be derived graphic-
ally ; this derivation is only very approximate.in the case of sharp cut-off r-f pentodes,
since the characteristics are nearly horizontal straight lines.
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For example type 6AU6 has the following published values—
r, = 15 megohms _ _ _
and g:x — 4450 umhos } at E, =250,E,, =125, E, = —1V
from which u = 6675.
But  pg..e = 36 approx.
Therefore w,., = 6673/36 == 185 approx.

(iv) Plate resistance

The “* plate resistance ”” of each electrode (plate or screen) in the case of pentode
operation, and the * triode plate resistance > when plate and screen are tied together,
may be calculated from the corresponding values of ¢ and g,,.

(v) Connection of suppressor grid

The suppressor may be connected either to cathode or to the screen and plate,
with negligible effect on the usual static characteristics. Some valves have the sup-
pressor internally connected to the cathode, so that there is no alternative. In other
cases, connection to cathode slightly increases the output capacitance. In low level
amplifiers, connection of the suppressor to cathode may give lower noise in certain
cases if there is a high resistance leakage path from suppressor to cathode ; similarly
its connection to screen and plate will give lower noise if there is leakage to the latter
electrodes.

SECTION 6 : CONVERSION FACTORS, AND THE CALCULATION
OF CHARACTERISTICS OTHER THAN THOSE PUBLISHED

(1) The basis of valve conversion factors (it) The use of valve conversion factors (iif)
The calculation of valve characteristics other than those published (iv) The effect of
changes in operatring conditions.

Conversion Factors provide a simple approximate means of calculating the prin-
cipal valve characteristics when all the voltages are changed by the same factor. It is
possible to make certain additional calculations so as to allow for the voltage of one
electrode differing from this strict proportionality.

{i) The basis of valve conversion factors
Valve Conversion Factors are based on the well-known mathematical expression
of valve characteristics
I, = A(E, — pEp* (1

where I, = plate current
E, = plate voltage
E, = grid voltage
A = a constant depending upon the type of valve
# = amplification factor
and x = an exponent, with a value of approximately 1-5 over the nearly straight

portion of the characteristics.
If we are concerned merely with changes in the voltages and currents, then we can
reduce the expression to the form
I,oc (Ey — pEo> 2
Now if we agree to change the grid voltage in the same proportion as the plate
voltage, we obtain the very simple form

. I, oc E,=. 3
Finally, if we take x as 1:5 or 3/2, we have the approximation
I, oc E312, @

Put into words, this means that the plate current of a valve varies approximately
as the three-halves power of the plate voltage, provided that the grid voltage is varied
in the same proportion as the plate voltage.
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The same result may be obtained with pentodes, provided that both the grid and
screen voltages are varied in the same proportion as the plate voltage., This result
is th; basis of Valve Conversion Factors, so that we must always remember that their
use is restricted to cases in which all the electrode voltages are changed in the same
proportion.

Let F, be the factor by which all the voltages are changed (i.e. grid, screen, and
plate), and let I,” be the new plate current.

Then I," oC (F.Ey)°'. )]

B\lt Ib’ = F{.In
where F, is the factor by which the plate current is changed.

Thercfore Fil, o¢ (F .E,)3/4% (6)
From the combination of (4) and (6) it will be seen that
F;, = F 31 )

Now the power output is proportional to the product of plate voltage and plate
current so that

P,oc E,.D, ®

and P, oc (F.E,) (Fily) C)
so that P,y o F,F;(Eyly) (10)
oc F.F;(P,). (1

We may therefore say that the power conversion factor F, is given by the expression
F, = F,F. (12)

Therefore F, == F 5% (13)

The mutual conductance is given by
 change of plate current

" change of grid voltage
Therefore Fom = F/F, = F32/F, = F} a4
The Plate Resistance is given by
__ change of plate voltage
? 7 change of plate current
Therefore F, = F,/F; = F,/F 2% <& F % (15)
This also applies similarly to the load resistance and cathode bias resistance.
We may therefore summarize our results so far:—

F; = Fp2n» 0.
F, = Fpn~ (13}
Fom = Fei (14
F, =F,} (15)

These are shown in graphical form on the Conversion Factor Chart (Fig. 2.32A).

(ii) The use of valve conversion factors

It is important to remember that the conversion factors may only be used when all
the voltages (grid, screen and plate) are changed simultaneously by the same factor.
If it is required to make any other adjustments, these may be carried out before or
after using conversion factors, by following the method given under (iii) below.

Conversion factors may be used on any type of valve whether riode, pentode or
beam tetrode, and in any class of operation whether class A, class AB1, class AB2 or
class C.

The use of conversion factors is riccessarily an approximation, so that errors will
occur which become progressively greater as the voltage factor becomes greater.
In general it may be taken that voltage conversion factors down to aboutr 0-7 and up
to about 1-5 times will be approximately correct. When the voltage factors are
extended beyond these limits down to 0-5 and up to 2-0, the accuracy becomes con-
siderably less, and any further extension becomes only 2 rough indication.
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Fig. 2.32A.  Conversion factor chart (by courtesy of R.C.A.).

The example given below is a straightforward case of a pentode valve whose charac-
teristics are given for certain voltages and which it is desired to operate at a lower
plate voltage.

Plate and screen voltage .50 volts
Control grid voltage —15 volts
Plate current 30 mA
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Screen current 6 mA
Mutual conductance 2,000 pmhos
Power Output 25 watts.

It is required to determine the optimum operating conditions for a plate voltage
of 200 volts.

The Voltage Conversion Factor (F,) == 200,250 = 0-8.

The new screen voltage will be 08 x 250 = 200 volts.

The new control grid voltage will be —(0-8 X 15) = —12 volts.
Reference to the chart then gives the following :

Current Conversion Facror (F)) 0-72
Mutual Conductance Conversion Factor (F,.,) 0-89
Power Output Conversion Factor (F,) 0-57

The new plate current will be 0-72 X 30 = 21-6 mA.

The new screen current will be 0-72 X 6 = 4-3 mA.,

The new mutual conductance will be 0-89 X 2000 = 1780 pmhos.

The new power output will be 0-57 X 25 == 1-42 watts.

There are two effects not taken into account by conversion factors. The first
is contact potential, but its effects only become serious for small grid bias voltages.
The second is secondary emission, which occurs with the old type of tetrode at low
plate voltages ; in such a case the use of conversion factors should be limited to regions
of the plate characteristic in which the plate voltage is greater than the screen voltage.
With beam power amplifiers .the region of both low plate currents and low plate
voltages should also be avoided for similar reasons.

The application of conversion factors to resistance-capacitance-coupled triodes
and pentodes is covered in Chapter 12 Sect. 2(x) and Sect. 3(x) respectively.
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Fig. 2.33, Zero bias plate characteristics for type 807 beam power amplifier with six
values of screen voltage (Ref. E2).

Greater accuracy in the use of conversion factors over a wide range of screen voltages
may be obtained, if curves are available for zero bias at a number of different screen
voltages as in Fig. 2.33 (Ref. E2).

When the plate, screen, and grid volrages of a pentode or beam power amplifier
are multiplied by the same voltage conversion factor, the ratio of the plate current
at a given grid bias to that at zero bias does not change. In order to convert a given
family of plate characteristics to a new screen voltage condition, it is therefore only
necessary to have a zero-bias plate characteristic for the screen voltage of interest.
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Example

Suppose that the family of plate characteristics shown in Fig. 2.34, which obtains
for a screen voltage of 250 volts, is to be converted for a screen voltage of 300 volts.
The zero-bias plate characteristic for E .. = 300 volts, which is shown in Fig. 2.33,
is replotted as the upper curve in Fig. 2.35.

Since all bias values shown in Fig. 2.34 must be multiplied by 300/250 = 1-2,
corresponding plate characteristics for the new family ottain for bias values that are
20 per cent. higher than those shown in Fig. 2.34. Consider the conversion of
—10-volt characteristic of Fig. 2.34. At a plate voltage ( E, of 250 volts in Fig. 2.34,

“AB/AC = 100/187 = 0-535. On the new characteristic in Fig. 2.35 which corres-
ponds to a bias of —12 volts, A’'B’/A’C’ must also equal 0-535 at E, = 300 volts.
Therefore, A’'B’ = 0-535 x A’C’. From the given zero-bias characteristic of Fig.
2.35,A’C’ = 244 at E, = 300 volts ; hence A’B’ = 131 milliamperes. At E, = 200
volts in Fig. 2.34 DE/DF = 98/183 == 0-535. Therefore, at E, = 200 X 1-2 =
240 volts in Fig. 2.35, D’E’ = 0-535 x 238 = 127 milliamperes. This process
is repeated for a number of plate voltages and a smooth curve is drawn through the
points on the new characteristic.
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Fig. 2.34. Plate characteristics for type 807 with fixed screen voltage and eight values
of grid wvoltage (Ref. E2).

The factor 0535 can be used for the —10-volt characteristic at plate voltages
greater than that at which the knee on the zero-bias characteristic of Fig. 2.34 occurs ;
for plate voltages in the immediate region of the knee, a new factor should be deter-
mined for each point. The plate characteristics of Fig, 2.34 should not be converted
to the left of the dashed line of Fig. 2.34 because of space-charge effects. This
limitation is not a serious one, however, because the region over which the valve
usually operates can be converted with sufficient accuracy for most applications. The
converted plate characteristic of Fig. 2.35 for E, = —30 volts was obtained in a
similar manner to that for E,, = —12 volts.

The curves of Fig. 2.35 were checked under dynamic conditions by means of a
cathode-ray tube and the dotted portions show regions where measured results de-
parted from calculated results.

(iii) The calculation of valve characteristics other than those pub-
lished

It is frequently desired to make minor modifications in the operating conditions

of a valve, such as by a slight increase or decrease of the plate voltage, change in grid
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bias or load resistance. It is proposed to describe the effects which these changes
will have on the other characteristics of the valve.

The procedure to be adopted is summarized below :—
FIG. 2.35
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Fig. 2.35. Dertved plate characteristics for tvpe 807 with different screen wvoltage,
making use of Figs. 2.33 and 2.34 with conversion factors (Ref. E2).

(a) In the absence of valve curves

Triode—Use conversion factors to adjust the plate voltage to its new value, and
apply the correct conversion factors to all other characteristics ; then adjust the grid
bias to its desired new value by the method given below, and finally adjust the load
resistance.

Pentode or beam power amplifier—Use conversion factors to adjust the screen
voltage 10 its new value, and apply the correct conversion factors to all other charac-
teristics ; then adjust the plate voltage to the desired new value by the method given
below ; then adjust the grid bias to its desired new value, and finally adjust the load
resistance.

(b) When valve curves are available

Triode with no d.c. load resistance in the plate circuit : Refer to the pub-
lished characteristics to find the maximum plate dissiparion ; calculate the maximum
plate current which can be permitted at the desired new plate voltage ; select a suit-
able plate current for the particular application (which must not exceed the maxi-
mum) ; and refer to the curves to find the grid bias to give the desired plate current.

If the valve is a power amplifier, the load resistance may be determined by one of
the methods described in Chapter 13 {e.g. triodes Sect. 2(iii} ; pentodes Sect. 3(iii)A).

Triode with resistor in plate circuit : Use conversion factors, with adjustments
as required in accordance with the method given in (iv) below.

Pentode or beam power amplifier : If curves are available for the published
value of screen voltage, use the method in (iv) below to obtain the characteristics
for a plate voltage such that, when conversion factors are applied, the plate voltage
is the desired value. For example, if curves and characteristics are available for
plate and screen voltages of 250 volts, and it is desired to determine the characteristics
for a plate voltage of 360 volts and screen voltage of 300 volts : firstly determine the
characteristics for a plate voltage of 300 and screen voltage of 250 ; then apply voltage
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conversion factors of 1:2 to the plate, screen and grid voltages so as to provide the
desired conditions.

If curves are available for the new value of screen voltage, use conversion factors
10 bring the screen voltage to the desired value, then apply the method below to adjust
the plate voltage, load resistance and grid bias.

(iv) The effect of changes in operating conditions

(A) Effect of Change of Plate Voltages of Pentodes and Beam Power
Amplifiers
(a) On plate current
The plate current of a pentode or beam power valve is approximately constant over
a wide range of plate voltages, provided that the plate voltage is maintained above the
“knee ” of the curve. The increase of plate current caused by an increase in plate
voltage from E,, to E,, is given by the expression
AIbZAEb=Eb2_Eb‘ . (16)
Ty s
In many cases the plate characteristic curves are available, and the change in plate
current may be read from the curves.

(b) On screen current

In the case of both pentodes and beam power valves the total cathode current
(i.e., plate plus screen currents) js approximately constant over a wide range of plate
voltages (see Fig. 2.4). The increase in plate current from E,, to E,, is approxi-
mately equal to the decrease in screen current over the same range.
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Fig. 2.36. Plate characteristics of power pentode illustrating effect of change of plate
voltage.

(¢) On load resistance and power output

The plate characteristics of a typical power pentode are shown in Fig. 2.36 in which
I,, is the “ published ** plate current at plate voltage E,, and grid bias —E .. The
loadline MPJ swings up 10 Iz at E, = 0 and down to .4, at 2E;, the assumption
being made that the 2E ., curve is straight and horizontal over the range of plate
voliages in which we are interested.

If the plate voltage is increased to E,,, the new loadline will be MP’H, the point M
being common to both, since it is at the knee of the characteristic. The quiescent
operating point P’ is at a higher plate current than P, the difference being A7,.
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Since the power output is proportional to the area of the triangle under the loadline,
it is also proportional to the value of the load resistance, all triangles having ML as a
common side. It may readily be shown that

RL =Ebl — Emin
Imaa: - Ibl

and RL’ZM.
I'maac - Ibz

Therefore
__ISL, — Ebz - Emi‘n B Ima.'c - Ibl (17)
RL Ebl_EmA‘n Imax—Ioz
which is also the ratio of the output powers. If I,, = I,, or the rise of plate current
is neglected as an approximation, then

RLI — Ebz.-‘ Enn‘n .

= 18
R A E .2 Emin ( )
As an example, apply this to type 6V6-GT under the following conditions—-
Published Desired
Condition Condition
Plate voltage 250 300 V
Screen voltage 250 250 V
Grid voltage —12-5 —125V
Load resistance 5000 (see below) ohms
Plate current ({,,) 47 48* mA
Peak plate current (I ,,.) 90* 90* mA
Min. plate current (1,,:,) 8* 8* mA
Min. plate voltage (E ;) 35 KLY
Power output 45 (see below) W

*From curve.

Using equation (17)—-

R, 300 —35 90 —47 265 43
R, 250—35 9048 215 42
whence R,” = 126 X 5000 = 6300 ohms.

The increase of power output is in proportion to the increase in load resistance.
ie. P, = 45 X 1:26 = 5:66 watts.

This method is remarkably accurate when there is very small rectification in the
plate circuit, as is usully rhe case with power pentodes. With beam power amplifiers
of the 6L6 and 807 class, in which the rectification is considerable (strong second
harmonic component), the *“ corrected ”” loadline should be used as a basis, and the
values. of I uaws 15 and E,,;, should be those corresponding to the corrected loadline.

If the rise in plate current (AI,) is considerable, the point P’ will be above the
centre point of the loadline MH, and there will be an appreciable amount of second
harmonic distortion ; this may be reduced to zero (if desired) by increasing the load
resistance slightly.

1-26

(B) Effect of change of load resistance

In a r.c.c. triode the effect of a change in R, on stage gain is very slight, provided
that R; > 5r,. In any case where the change cannot be neglected, eqn. (7) of
Chapter 12 Sect. 2 may be used to calculate stage gain.

In a r.c.c. pentode the effect of a change in R, on stage gain is given by eqn. (7)
of Chapter 12 Sect. 3, bearing in mind that the mutual conductance at the operating
plate current is increased when R, is decreased. As a rough approximation, the
voltage gain is proportional to the load resistance. If optimum operating conditions
are to be obtained, conversion factors should be applied to the whole amplifier—
see Chapter 12 Sect. 3(x)C.
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(C) Effect of change of grid bias

In any valve which is being operated with fixed voltages on all electrodes and without
any resistance in any of the electrode circuits, a change of grid bias will result in a
change of plate current as given by the expression

Ay =AE, X g 19)

where AI, = increase of plate current,
AE, = change of grid bias in the positive direction,
and g, = mutual conductance of valve at the operating plate current.

In most practical cases, however, the valve is being operated with an impedance
in the plate circuit and in some cases also it the screen circuit. The effect of a change
in grid bias is therefore treated separately for each practical case,

(a) On resistance-coupled triodes

- In this case a plate load resistor is used, resulting in a considerable voltage drop
and a decrease in the effective slope of the valve,

The change in plate current brought about by a change in grid bias is given by the
expression
A1b=A‘Ec X I‘/(rv+RL) (20)
where p = amplirication factor of valve at the operating point,
r, = plate resistance of valve at the operating point,
and R, = resistance of plate load resistor.

(b) On resistance-coupled pentodes
The change of plate current with grid bias is given by the expression.
AIb:AEy ng (21)
dynamic transconductance at the operating point,
slope of dynamic characteristic at the operating point.

where g4

bt

The change of screen current (with fairly low screen voltages) is approximately
proportional to the plate current up to plate currents of 06 E;,/R; and the change
in screen current is given by the expression

Al = ALy (I /1) approx. (22)
where I., = screen current
and E,, = plate supply voltage.

For further information on resistance coupled valves, see Chapter 12, Sects. 2 and 3.

(c) On i-f or r-f amplifier

In this case there is no d.c. load resistor and the full supply voltage reaches the
plate of the valve, ‘The change of plate current is given by eqn. (19) while the change
in screen current may be calculated from the ratio of screen and plate currents, which
remains approximately constant, The voltage gain is proportional to the mutual
conductance* of the valve, and is therefore a maximum for the highest plate current
at the minimum bias. A decrease in bias will therefore normally result in increased
gain, while increased bias will result in decreased gain. The limit to increased gain
is set by the plate or screen dissipation of the valve, by positive grid current, and, in
some circuits, by instability. In most cases the mutual conductance curves are pub-
lished so as 1o enable the change of gain to be calculated.

(d) On power valves
This subject is covered in detail in Chapter 13,

*The voltage gain is also affected by the plate resistance, but this is quite a secondary effect unless
the plate resistance is less than 0.5 megohm.  In most remote cut-off pentodes the plate resistance falls
rapidly as the bias is decreased towards the minimum bias, but this is more than counterbalanced by the
rise in mutual conductance.
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SECTION 7 : VALVE EQUIVALENT CIRCUITS AND VECTORS

(t) Constant woltage equivalent circuir (i) Constant curremt equivalent circuir (3ii)
Valve vectors.

Much qsefu.l information can be derived from an equivalent circuit of a valve, even
though this may only be valid under limited conditions. The equivalent circuit is
fmly a gonvenient fiction, and it must be remembered that it is the plate supply which,
in reality, supplies the power—the valve merely controls the current by its varying
d.c. plate resistance. The equivalent circuit is merely a device to produce in the
Ioac.l the same a.c. currents and voltages which are produced by the valve when alter-
nating voltages are applied to its grid.

® .

Fig. 2.37. (A) Egquivalent
circuit of valve using constant
voltage generator (B) Egquiva-~

»5 lent circuit of valve and load.

—0

FiG, 2:37

(i) Constant voltage equivalent circuit

The simplest equivalent circuit treats the valve as an a.c. generator of constant
r.m.s. voltage wE,, which is applied through an internal generaror resistance 7,
(Fig. 2.37A). This is valid for small alternating voltages (under which conditions
the characteristics are practically uniform) but is of no assistance in determining
direct currents or voltages, phase angles or operating conditions. It is also limited
to frequencies at which the effects of capacitances are negligible.

This may be elaborated, as in Fig. 2.37B, with the inclusion of the input circuit
GK and the load Z ;. The input voltage E, is shown by the + signs to be such that
the grid is instantaneously positive, and the plate negative (with respect to the cathode)
at the same instant. It is assumed that the grid is biased sufficiently to prevent grid
current flow,

The current I, flowing through the load Z ; produces across the Joad a voltage E
which is of opposite sign to E,. It will be noted that the * fictitious >’ voltage nE,
is opposite in sign to E, although w is positive ; this apparent inversion is a conse-
quence of treating the valve as an a.c. generator.

In the simplest case, Z; is a resistance R . We can then derive the following
relationships—

and

pE, = (r¢+RL)I, R 1)

= — = B L 2
EL IWRL l"bv‘r” > RL 2)
E, _ voltage gain = - Ry (3)

E, - r, + Rp
If the load is made up of a resistor R ; and an inductor X / in series—
Complex Values Scalar Values

Z, =R, +jX, VR + X, @
pE, = (r, + RL +ijXp 1, V(r, + Rp? +_XL2-1» 5
E, _ WRy + X)) _rVR T X )
E,  r, +R,+iX, v, + R+ X,°

1
and similarly for any other type of load.
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The interelectrode capacitances are shown in the equivalent circuit of Fig. 2.38,
and may be taken as including the stray circuit capacitances. 'This circui* may be
applied at frequencies up o nearly 10 Mc/s, beyond which the inductances of the
leads and electrodes become appreciable. It may also be applied t a screen grid
(tetrode) or pentode, provided that the screen is completely by-passed to the cathode ;
in this case C,; becomes the input capacitance (C,;., + C,,.,,) and C,; becomes
the output capacitance (C,, to all other electrodes).

(if) Constant current equivalent circuit

An alternative form of representation is the constant current generator equivalent
circuit (Fig. 2.39), this being more generally convenient for pentodes, in which the
plate resistance is very high. Either circuit is equally valid for both triodes and
pentodes.

e E@ ET
T ] LA
1
1 i . . . .
sl I T Fig. 2.38. Egquivalent circuit of
-9} mCe Yoeg CoklTpll 2L valve on load, with interelectrode
1 H ,[ + capacitances.
]
(S 3
FIG. 2:38
T Fig. 2.39. Eguivalenr circuit of
teg € t 2 t“’ e valve on load, using constant
l:, current generator.
FIG, 239, T
S E® § Fig. 2.40. Egquivalen: circuit of
! I valve on load,” using constamt
5 current generator, with tnter-
k ' c .
‘I c’ J‘ f g ]\ i electrode capacitances.
_ o

K
FiG.2.40

In the constant voltage generator equivalent circuit, the current varies with load
impedance and plate resistance ; in the constant current equivalent circuit, the voltage
across the load and plate resistance varies with load impedance and plate resistance.

A constant current generator equivalent circuit, in which account is taken of
capacitances, is shown in Fig. 2.40. This circuit may be applied at frequencies
up to nearly 10 Mc/s, beyond which the inductances of the leads become appreciable.
It will be seen that C,; (which may be taken to include all capacitances from plate
to cathode, and the output capacitance of a pentode) is shunted across both r, and Z ;.
In the case of a resistance-capacitance coupled stage, Z 1 would be the resultant of
R, and R, (following grid resistor) in parallel.

Maximum power output is obtained when the valve works into a load resistance
equal to its plate resistance provided that the valve is linear and completely distortion-
less over the whole range of its working, and also that it is unlimited by maximum
electrode dissipations or grid current. In practice, of course, these conditions do
not hold and the load resistance is made greater than the plate resistance.

At frequencies of 10 Mc/s and above, the effects of the inductance of connecting
leads (both internal and external to the valve) become appreciable. Although it
is possible to draw an equivalent circuit for frequencies up to 100 Mc/s, in which
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each capacitance is split into an electrode part and a circuit part (Ref. B21 Fig. 38)
the circuit is teo complicated for analysis, and the new circuit elements that have
been introduced cannot be measured directly from the external terminals alone.

At frequencies above about 50 Mc/s, transit time effects also become appreciable.
The circuit which is commonly used for frequencies above 50 Mc/s is Fig. 2.47 in
which the valve is treated as a four terminal network with two input and two output
terminals. This is described in Sect. 8(iii)e.
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(iif) Valve vectors

Vectors [see Chapter 6 Sect. 5(iv)] may be used to illustrate the voltage and current
relationships in a valve, but great care must be taken on account of the special con-
ditions. Vectors are normally restricted to the representation of the a.c. voltages and
currents when the grid is excited with 3 sine~-wave voltage limited to such a value that
the operation is linear. The grid and output voltages (with respect to the cathode)
are normally of opposite polarity when the load is resistive ; under the conditions
noted above this is almost the same as being 180° out of phase except there is no half~
cycle time lag between them.

The voltage and current relationships for a resistance loaded valve are shown in
Fig. 2.41 ; peak total plate current occurs with peak positive grid voltage and results
in maximum voltage across the load (¢ ;) and minimum voltage from plate to cathode
(e). It will be seen that ¢, + e, == Ej, (the supply voltage) under all conditions,
and that e, is naturally measured in the downward direction from E,,. If only
alternating components are considered, a negative peak ¢, corresponds to a positive
peak ¢, and a negative peak ¢,;. If the supply voltage E; is omitted from the equival-
ent circuit, we are left with ¢, = —¢,.

Each case must be considered individually and the vectors drawn to accord with
the conditions. The only general rule is that E, and pE, are always either in phase
or of opposite phase.

Fig. 2.42 shows the vector diagram (drawn with respect to the cathode) of an
amplifying valve with a resistance load and a.c. grid excitation. Commencing with
the grid-to-cathode voltage E,, the vector uE, is drawn in the same direction but is
x times as large. The output voltage E, is also in the same direction as pE,, but
smaller by the value I,r,. All of these voltages are with respect to the cathode and
the centre-point of the vector diagram has accordingly been marked K. The a.c.
component of the plate current () is in phase with E , since E, is the voltage drop
which it produces in R,. The grid-to-plate voltage E, is the sum of E; and E,
owing to the phase reversal between grid and plate.



48 (iii) VALVE VECTORS . 2.7

Fig. 2.42. Equivalent circuit and vector diagram of resistance-loaded valve.
Fig. 2.43. Vector diagram of valve with resistance load and capacitance from grid to
plate.
Fig. 2.44. Vector diagram of valve with partially inductive load and capacitance from
grid to plate.

When the equivalent circuit includes more than one mesh, it is usual to proceed
around each mesh in Turn, using some impedance, common to both, as the link
between each pair of meshes. For example Fig. 2.43 shows a valve with a capacitor
C,, from grid to plate, and a resistive load. Firstly, set down E © in any convenient
direction (here taken horizontally to the right) and 7 1 in the same direction ; then
draw I, leading by approximately 90° (actually I, leads F ¢ by 90°) and complete the
parellelogram to find the resulant current I, ; then draw I, in the same direction
as I, and complete the parallelogram to find the resultant pE ,—this completes the
first mesh. Finally take E, along pF, and complete the parallelogram to find the
resultant of E, and E ;, which will be E.. .
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If the load is partially inductive (Fig. 2.44) the plate current and I,r, lag behind
E, and the resultant wE, is determined by the parallelogram ; E, and E; combine
to give the resultant E.; I, leads F. by 90°, and I, is determined by completing
the parallelogram of which I, is one side and I, the resultant.

FI1G.2:45

Fig. 2.45. Vector diagram of valve with partially capacitive load and capacitance
from grid to plate.

With a partially capacitive load (Fig, 2.45) the plate current and I,r; lead E, and
the resultant wE, is determined by the parallelogram ; E, and E; combine to give
the resultant E, ; I, leads E, by 90°,and I, is determined by completing the parallelo-
gram of which I, is one side and I, the resultant,

SECTION 8 : VALVE ADMITTANCES

(?) Grid input impedance and admittance (11) Admittance coefficients (11} The com-
ponents of grid admittance-—Input resistance—Input capacitance—Grid input admittance
(a) with plate-grid capacitance coupling; (b) with both plate-grid and grid-cathode
capacitance coupling ; (c) with grid-screen capacitance coupling 5 (d) with electron transit
time ; () equivalent circuit baved on admittances (iv) Typical values of short-circuit
input conductance (v) Change of skort-civcuit-input capacitance with transconductance
(v1) Grid-cathode capacitance (vi) Input capacitances of pentodes (published values)
(viti) Grid-plate capacitance.

(i) Grid input impedance and admittance

When a valve is used at low audio frequencies, it is sometimes assumed that the
grid input impedance is infinite. In most cases, however, this assumption leads to
serious error, and careful attention is desirable to both its static and dynamic im-
pedances.

As with any other impedance (sce Chapter 4 Sect. 6) it may be divided into its
various components :—-

Component Normal Reciprocal

Resistive Grid input resistance (r,) conductance (g,)
Reactive Grid input reactance (X,) susceptance (B,)
Resultant Grid input impedance (Z,) admittance (Y,)

Normal values are measured in ohms, while reciprocal values are measured in
reciprocal ohms (mhos). It is interesting to note that

a resistance of a conductance of
a reactance of is equivalent to a susceptance of
an impedance of an admittance of
1 megohm 1 micromho
0'1 megohm 10 micromhos
10 000 ohms 100 micromhos
1000 micromhos
1000 ohms {: 1 mA/volt
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The following relationships hold :

Ty 8a
- Te , =l 1
8a " X,z’ r 2+ B,? (1)
X B
B =__"9 X =77 \
! r92 + Xﬂg) ! gﬂa + Bﬂz (2’
Y, = ve2 + 8, =1/|Z,, Y, =g, +jB, =1/Z, 3

Similar relationships hold for other electrodes.

It is usual to carry out calculations with admittances, even though the resultant
may then have to be changed to the form of an impedance. With a number of con-
ductances (or susceptances) in parallel, the total conductance (or susceptance) is found
by adding all together, with due regard to positive and negative guantities :—

€g gy =& T & +T& +...+ 2 4)
BV=BI+B2+B3+"~+'B!( 5)
Inductive reactance is regarded as positive.
Capacitive reactance is regarded as negative.
Inductive susceptance is regarded as positive.
Capacitive susceptance is regarded as negative,
With Complex Notation (see Chapter 6 Sect. 6) we have
Z, = R; +jX, Y, =g, —jB, 6
(The “j* merely indicates a vector at 90° which must be added vectorially.)

(ii) Admittance coefficients
The operation of a valve may be expressed by the two equations
i,=Ae, + Be, @
i,=Ce;+ De, (8
where A, B, C and D are complex values determined by the valve characteristics,
being in the form of admittances and known as the Admittance Coefficients. The
effect of these Admittance Coefficients may be understood more easily by considering
two special cases, one with a short-circuited output (i.e. short-circuited from plate
to cathode) and the other with a short-circuited input (i.e. short-circuited from grid
to cathode).
Case 1: Short-circuited output (¢, = 0).
From equation (7), i, =Aeg
From equation (8), i, =Ce,
where A is defined as the short-circuit forward admittance,
and C is defined as the short-circuit input admittance.
Case 2: Short-circuited input (e, = 0).
From equation (7); iy = Bey
From equation (8), i, = De,
where B is defined as the short-circuit output admittance,
and D is defined as the short-circuit feedback admittance.

At frequencies up to about 10 Mc/s, the Admittance Coefficients are given approxi-

mately by :
Short~circuit forward admittance (A) = gm — jwC,p N gm 9
Short-circuit ourput admittance (B) = 1/7, + jw(C,x + C,p) (10)
Short-circuit input admittance (C)=1/ry + jo(Cyr + C,p) (¢3))
Short-circuit feedback admittance (D) = jwC,, (12)

If the grid is negatively biased to prevent the flow of positive grid current, the grid
resistance r, becomes very high, and 1/r, may be negligible in the expression for C.

At frequencies above 10 Mc/s the Admittance Coefficients are somewhat modified,
the capacitances and admitrances containing a term which is proportional to the square
of the frequency.

The short-circuit forward admittance (A) is affected by the transit time of electrons
and the inductance of the cathode lead, thus causing a phase shift between anode
current and grid voltage. This is treated in detail in Chapter 23 Sect. 5.
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The short-circuit output admittance (B) is affected by the reduction in r, which
occurs with increasing frequency due to the capacitances and inductances of the
clectrodes. The capacitance term is practically constant,

The short-circuit input admittance (C) is affected by the transit time of electrons,
the inductances of the electrodes (particularly the cathode) and the capacitance be-
tween grid and cathode. The capacitance term is practically constant.

Thes hort-circuit feedback admittance (D) remains purely reactive even at very high
frequencies, although it changes from capacitive at low frequencies, through zero,
to inductive at high frequencies. This can cause instability in certain circumstances.

(iii) The components of grid admittance
Input resistance may be due to -several causes:

. Leakage between the grid and other electrodes.

. Negative grid current (caused by gas or grid emission).

. Positive grid current (may be avoided by negative grid bias).

. Coupling between the grid and any other electrode presenting an impedance
to the input frequency (e.g. C,,).

5. Transit time of the electrons between cathode and grid (at very high trequencies
only).

Input capacitance (C,,) is dependent on several factors ;

1. The static (cold) capacitance (C,) from the grid to all other electrodes, except
the plate.

DO

For a pentode, Cy, = Cypox + Curepe (13)
For a triode, C, = G,p. {14)

2. The very slight increase in capacitance caused by thermal expansion of the
cathode (01 to 0-6 uuF for the majority of r-f pentodes).

3. The increase in capacitance caused by the space charge and by conduction
(05 to 2:4 uuF for r-f pentodes).

4. Coupling between the grid and any other electrode presenting an impedance
to the input frequency ; this holds both with capacitive and inductive reactance
(Miller Effect—see below).

5. Transit time of the electrons between cathode and grid (at very high frequencies
only).

References to change of input capacitance ;: B13, B15, B16, B17, C1, C4, C5.

The measurement of interelectrode capacitances is covered in Chapter 3 Sect. 3(ii)g,

together with some general comments and a list of references to their significance
and measurement.

Grid Input Admittance
(2) With plate-grid capacitance coupling
In the circuit of Fig. 2.46A, in which C ;. and C,4.,. are not considered, it may
be shown* that
1 (g, + G)? + By + Bgyp)?

r, =— = (15)
’ & Bn[gm-BL’*‘Bny(gn‘l‘GL + gml
and
e —Bo_Colgs + Gy +8w) & + G + By (By + Byl a6
" (g, + G + B + B,p)*
where g, = 1/r,, Y, =G, +jB; = 1/Z;, Byy = 1/X¢gp = 1/27fC .
As an approximation, if g, <€ G, and B,, < By,
1 .. . .
= .= —~——__ when the load is inductive a7;
e o gmw?L,Cyy
= Cr when the load is capacitive (18)
gmCay

*Sturley, K. R. “ Radio Receiver Design, Part 1” (Chapman & Hall, London, 1943) p. 37 et seg
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_En G (19
Cy = Cyp [1 + G,? + BLJ 19)

When B is infinite, i.e. when Z; = 0, R, is infinite and C, = C,,. )

When the load is inductive, the input resistance is usually negative, thus tending
to become regenerative, although for values of B; between 0 and

_"va (gﬂ" + GL + gm)/gm:

the input resistance is positive.

When the load is capacitive, the input resistance is always positive, thus causing
degeneration. .

As an approximation, if B, <€ gnand B, <€ (8, + G 1), the positive and negative
minimum values of r, are given by

2(g, +Gp) (20)
gm Byyp

r (min) & +

and these occur at B; = 4 (g, + G ).

FIG. 2-46 A. FIG.2-468B.

Fig. 2.46. Conditions for deriving inpur admittance (A) with plate-grid capacitance
coupling (B) general case including cathode circuit impedance.

Similarly, the maximum value of the input capacitance is given by
C, (max) = C,, [1 +f_:%§f ] ~Cy, {1 n ZE%L] (1)
which occurs at B, == — B,,. Thisis the well known ** Miller Effect ”” [see Chapter
12 Sect. 2(xi) for a-f amplifiers]. The effect on the tuning of r-f amplifiers is treated
in Chapter 23 Sect. 5, and on i-f amplifiers in Chapter 26 Sect. 7.
In the circuit of Fig. 2.46B, which includes an impedance Z, in the cathode circuit,
with the screen decoupled to the cathode, the input resistance is given approximately by
_ !——N G,? + B,? I:] +gm(gm =+ zik):]
Lo gmBarBL G;® + B,?
where B,, and g, are neglected in comparison with the other components, and
(B[ Gy — B3G)) is very small. Thus the reflected resistance is increased, and the
damping decreased, as the result of the insertion of Z,.
The input capacitance under these conditions is given by

c,=c., (G +8mGy + B, gulgn’G, +£n(G:Gy — BkBL)]:l @23

*, 22)

G,*+ B;? (G2 + B )Gy + gw)? + Bl
which is less than with Z, = O.
If the screen is by-passed to the cathode,
_1 _Gp2+Bps [1 RACES ZGk):,

'_E; _gvazJBL G2+ Byt

(29

, (Gy+&m Gy +B.> 2ulg G, +2:.(G:G, — B,B)))
C, =C L L L L t(GGy d3
’ [ G, + B, G,  +BO(Gx T2t 1 B | &



2.8 (iii) THE COMPONENTS OF GRID ADMITTANCE 53

where g, = triode g,, (whole cathode current)
=fm (ID + Iaﬂ)/ID-
(b) With both plate-grid and grid-cathode capacitance coupling
The circuit is as Fig. 2.46B with the addition of a capacitance C,, between grid
and cathode. The input resistance is given by
— [(Gi + gm)? + B2lIG,2 + B,*
' &alB,,B(Gi* + By — B,BiG,* + B;%]
This becomes infinite when B,,B  (G.* + B,*) = B,B«(G ;% + B %, which
is the condition for input resistance neutralization (see Chapter 26 Sect. 8 for i-f
amplifiers). This condition may be put into the form
B a9 CU L L k
= =k 27
B vk Cvk Lr ( )
Thus, by including an inductance L, = L; C,:/C,, between the load and the
plate, the input resistance may be increased to a very high value, The same effect
may also be achieved by means of an inductance in the screen circuit,

The input capacitance under the conditions of Fig. 2.46B is given approximately by

~ Ca‘n GL — Cak(Gk +gm)
Cym Cyy + Cyy + g1"|iGL2+BL2 Gy + g% + Bk2:| (28)
If g» <€ G, it is possible to prevent change of input capacitance when g, is varied
(for example with a.v.c.), by making
Cw _ Rk

C.. R,

(c) With grid-screen capacitance coupling
Conditions as in Fig, 2.46B, but with screen by-pass capacitor.
(goz + G)* + (B, + B,..0)*

(26)

r, = 29

’ Byieoolgo1ig2B B g1 02{€ 62 + G5 + g1009)] @9
(g +G +g . )(g +G)+Ba<Bo+Blz)

— C . O U2 8 g1 92 72 $ A vl g 30

Co = Govon [ (82 + G)?* + (By + Boreoa)? ¢

where g,, = screen conductance,
£o1-92 = grid-screen transconductance,
and  B,,.,; = susceptance due to capacitance from gl to g2.
In an r-f amplifier, B,,.,, and (g,. + G,) may usually be neglected in comparison
with B,, and thus

Ty RS

1
801-020°LCorogn
G,

&o-02 Core . . .
The input resistance may be made infinite by making
Coi0e/Cor = La/L, (33

(d) With electron transit time
This subject is treated fully in Chapter 23 Sect. 5.

when B, is inductive (31)

ry A when B, is capacitive (32)

(e) Equivalent circuit based on admittances

In determining valve admirtances at frequencies higher than approximately 10 Mc/s,
it is not practicable to introduce voltages or measure them directly at the electrodes
of a valve. The lead inductances and interelectrode capacitances form a network
too complex for exact analysis. The most practical method of avoiding such diffi-
culties is to consider the valve, the socket, and the associated by-pass or filter circuits
as a unit, and to select a pair of accessible input terminals and a pair of accessible
output terminals as points of reference for measurements. When such a unit is
considered as a linear amplifier, it is possible to calculate performance in terms of
four admittance coefficients. These are:
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Y:,. == short-circuit input admittance
= admittance measured between input terminals when the ourput ter-
minals are short-circuited for the signal frequency.
Y,,, = short-circuit forward admittance
= value of current at output terminals divided by the voltage between
the input terminals, when the output terminals are short-circuited
for the signal frequency.
Y,4: = short-circuit output admittance
admistance measured between output terminals when the input ter-
minals are short-circuited for the signal frequency.
short-circuit feedback admittance
value of curren: at the input terminals divided by the voltage between
the output terminals, when the input terminals are short-circuited
for the signal frequency.

Each of these admittances can be considered as the sum of a real conductance
component and an imaginary susceptance componenf. In the cases of the input and
output admittances, the susceptance components are nearly always positive (unless
the valve is used above its resonant frequency) and it is, therefore, common practice
to present the susceptance data in terms of equivalent capacitance values, The
short-circuit input capacitance is the value of the short-circuit input susceptance
divided by 2x times the frequency. The capacitance values are more convenient
to work with than the susceptance values because they vary less rapidly with frequency
and because they are directly additive to the capacitances used in the circuits ordinarily
connected to the input and output terminals. However, when frequencies higher
than 200 Mc/s and resonant lines used as tuning elements are involved, the use of
susceptance values may be preferable.

i
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FIG.2:47
Fig. 2.41. Alternative form of equivalent circuit for deriving input admittance.

In Fig. 2.47 the short-circuit input admittance is represented by a resistor #, and
& capacitor G, in parallel across the input terminals. The value of r, is equal 1o the
reciprocal of the short-circuit input conductance and the value of C, is equal to the
short-circuit input capacitance. The short-circuit output admittance is represented
by a similar combination of r, and C, across the output terminals.

Since the input and output circuits are separated, allowance may be made for their
interaction by an additional constant current generator in each. A constant current
generator is shown at the output terminals producing a current equal to the product
of the short-circuit forward admittance and the input voltage. A similar generator
is shown at the input terminals producing a current equal to the product of the short-
circuit feedback admittance and the output voltage.

The principal differences in the performance of receiving valves at high and low
frequencies can be attributed to the variations of the short-circuit input conductance
with frequency. The other short-circuit admittance coefficients, however, contribute
to the input admittance actually observed in an operating circuit as follows :

Y/ar ~ Em
Ve + ¥, Vo ¥ ¥y, @9
Added current at input terminals due to presence of load = ¢,4Y,. (35

Voltage gain (4) =
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Phase angle of added component = phase angle of voltage gain 4 phase angle

of feedback admittance. (36)
Grid input admittance (V) = V;, + A4Y,,
_ Y]or Ytb
- Y(n + m (37)

See also Ref. B21.
The measurement of the four short-circuit admittances is covered in Chapter 3
Sect. 3(vi) A, B, C and D and also Refs. B17, B21.

(iv) Typical values of short-circuit input conductance
Pentodes tested under typical operating conditions (Ref. B17),

Type Input conductance approx. (micromhos) Mutual
f=50 60 80 100 120 150 Mc/s Conductance
wpmhos
6AB7 200 310 600 980 5000
6AC7 380 600 1200 1970 9000
6AG5 100 145 280 326 480 5000
6AKS5 40 57 92 134 185 5100
6AU6 180 280 490 759 1100 5200
6BA6 150 230 410 603 950 4400
6CB6 125 170 300 460 (Ref. B20) 6200
6BJ6 275 (Ref. B19) 3800
6SG7 190 270 430 604 670 4700
6SH7 200 300 470 632 880 4900
6SJ7 260 380 528 1650
6SK7 138 190 320 503 660 2000
9001 44 60 96 14] 1400
9003 48 66 100 145 1800
z17 110 at 45 Mc/s (Data from M.O.V.) 7500

(v) Change of short-circuit input capacitance with transconductance
(f = 100 Mc/s). Ref. B17 unless otherwise indicated.

Increase in capacitance (uuF) from cut-off

Type 10 g, = 1000 2000 4000 Typical operation
nuF pmhos
6AB7 0-55 1-0 17 18 5000
6AC7 0-65 12 1-8 24 9000
6AGS5 05 0-8 1-25 1-4 5000
6AKS5 03 0-6 1-0 11 5100
6AU6 0-6 1-1 20 25 5200
6BA6 075 1-4 22 22 4400
6BH6 (Ref. B18) 1-8 4600
6CB6 (Ref. B20) 1-54 6200
6BJ6 (Ref. B19) 1-6 3800
6SG7 0.8 15 2:2 23 4700
6SH7 075 1-3 205 23 4900
6S]J7 0-8 —_— — 1-0 1650
6SK7 0-65 118 — 1-2 2000
9001 035 — — 05 1400
9003 0-39 — — 0-5 1800
Z77 (M.O.V.) 22 7500

Limits 0-3-0-8 0-6-1-5 1-0-2:2 043-2:38
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Value of unbypassed cathode resistor needed for complete compensation
of input capacitance change with bias change (Ref. B18)

Unbypassed
Valve Interelectrode capacitances cathode  Gain factor*
type Cin Cous Cyy resistor
6BA6 55 uuF 50 ppF 00035 puF 100 ohms 062
6AU6 55 50 0-0035 85 061
6AG5 65 1-8 0-025 50 075
6AK5 40 2-8 0-02 50 0-75
6BJ6 4-5 55 0-0035 135 0-59
6BHG6 54 4-4 0-0035 110 059
z77 7-4 31 0-009 60 0-64
*degeneration due to unbypassed cathode resistor (see below).
i gain with cathode unbypassed
Gain factor = gain with cathode by-passed 8
1
I ¥ Rygn Ly + L/l ©9)
where R, = cathode resistor for complete compensation of input capacitance
change with bias
AC

2

Cgkgm(lb + 102)/117

AC = change in input capacitance in farads from normal operating con-
dition to cut-off,
C,, = grid-to-cathode capacitance in farads measured with valve cold,
&m = mutual conductance in mhos at normal operating condition,
I, = direct plate current in amperes
and J,; = direct screen current in amperes.

(vi) Grid-cathode capacitance

The mathematical treatment of the effects of grid-cathode capacitance has been
given above. Methods of neutralization are described in Chapter 26 Sect. 8.

The published grid-plate capacitances are usually in the form of a maximum value,
without any indication of the minimum or average value. In some cases the average
is fairly close to the maximum, while in others it may be considerably less. The
average value is likely to vary from one batch to another, and from one manufacturer
to another. Equipment should be designed to avoid instability with the maximum
value, although fixed neutralization should be adjusted on an average value, determined
by a test on a representative quantity of valves.

Effect of electrode voltages on grid-cathode capacitance—see Ref. B23.

(vii) Input capacitances of pentodes (published values)

1. Indirectly heated wuF
High slope r-f (metal) 8 to 11
Ordinary metal r-f
All glass and miniature r-f 43 t07
Small power amplifiers 5t06
Ordinary power amplifiers 65 to 10
Large power amplifiers 10 10 15
Pentode section of diode-pentodes :

Metal 55 to 65
Glass 3 to 55

2. Directly heated
2 volt r-f pentodes ) 5to 6
1-4 volt r-f pentodes 22 to 36
2 volt power pentodes 8

1-4 volt power pentodes 45 to 55
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(viii) Grid-plate capacitance

The grid-plate capacitance decreases with increasiug plate current. Eventually
the rate of change becomes very small and even tends to become positive. The
total change in triodes does not usually exceed 0-06 uuF for high-mu types, or 0-13
wuF for low-mu voltage amplifiers, although it may exceed 2 wuF in the case of
triode power amplifiers (Ref. B13).

SECTION 9 : MATHEMATICAL RELATIONSHIPS

(i) General (it) Resistance load (i) Power and efficiency (iv) Series expansion ;
ressstance load (V) Series expansion ; general rase (vi) The equivalent plate circuit
theorem (vit) Dynamic load line—generai case (viti) Valve networks—general case
(#x) Valve coefficients as parrial differentials (x) Valve characteristics at low plate
currents.

(i) General

Valve characteristics may be represented mathematically as well as graphically
(see Chapter 6 for mathematical theory).

The plate (or space) current is a function (F) of the plate and grid voltages and may

be expressed exactly as
iy = F(ey + pe. + &) ¢Y)]

where ¢, is the equivalent voltage which would produce the same effect on the plate
current as the combined effects of the initial electron velocity of emission together
with the contact potentials. The amplification factor u is not necessarily constant.
There will be a small current flow due to ¢; when ¢, and ¢, are both zero.

As an approximation, when ¢, and pe, are large, ¢; may be neglected. The func-
tion in eqn. (1) may also be expressed approximately in the form

i» & K(ep + ped” 2
in which K is a constant. The value of # varies from about 15 to 2-5 over the usual
operating range of electrode voltages, but is often assumed to be 1'5 (e.g. Conversion
Factors) over the region of nearly-straight characteristics, and 2-0 in the region of
the bottom bend (e.g. detection). We may take the total differential* of eqn. (2),

. Oy 01y

di, = a;-bde» + aecder 3
which expresses the change in 7, which occurs when ¢, and ¢, change simultaneously.
Now-—see (ix) below—provided that the valve is being operated entirely in the region
in which g, g, and r, are constant,

Bib l alb
2 = d — =
Oey 71y an Oe, Em>
so that di, = 1— de, + gmde.. (4
r

»
If 7, is held constant,

"1— deb + gnde. == 0,

»
deb

T de,
whence g7, = p [see (ix) below]. (6)

The treatment so far has been on the basis of the total instantaneous voltages and
currents, € ¢, ¢p 3 it is now necessary to distinguish more precisely between the
steady (d.c.) and varying (signal) voltages and currents.

and thus Enlp = (7, constant) )

*For total differentiation see Chapter 6 Sect. 7(ii).
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Instantaneous total ‘values ey 2. 1

Steady (d.c.) values Eso Ece 1o
Instantaneous varying values ¢p €9 iy

Varying (a.c.) values (r.m.s.) E, E, I,
Supply voltages Ew E .

For definitions of symbols refer to the list in Chapter 38 Sect. 6.

In normal operation each of the voltages and currents is made up of a steady and
a varying component :

ib = Ibo+in
€y = Eoo+3p (7
es = Ee¢p t ey A

Eqn. (4) may therefore l}e‘extended in the form
dlro + i) = - dEBos + e) + gud(Ees + €0).
' ?

Burt the differentials of constants are zero, and the relation between the varying com-
ponents may be expressed in the form

. e
t, = =4 Emly (8)
L)
or i, = m"l . 9
Ty

This only holds under the condition that p, g, and r,, are constant over the operating
region.

(ii) Resistance load

If there is a resistance load (R,) in the plate circuit,
ey +e;’ = Eyy (10)
where e, is the instantaneous total voltage across R ;.
Breaking down into steady and varying components,
(Eb+ep)+(EL+eL)=Ebb an
where ¢, is the instantaneous varying voltage across R,
and E, is the steady (d.c.) voltage across R ;.

Under steady conditions ¢, = ¢; = 0, and therefore

En + EL = Enu.
Now, by Ohm’s Law, E; = I, R}
Therefore I, = M (12)
R,

Eqn. (12) represents a straight line on the plate characteristics, passing through the
points

Ey=Eup I =0and E, = 0,1, = Eys/R,
in other words, the loadline.

The quiescent operating point must satisfy both the equation for the valve charac-
teristics (1) and that for the loadline (12), therefore

Fley + e + &) = 220 =20,
L

Under varying conditions, neglecting steady components, we may derive from
equation (11) the relation

(13)

e, +e; =0
ie. e, = —ey. (149

Also ¢; =7, R; by Ohm’s Law,
Therefore e, = —i,R . (15)
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Substituting this value of ¢, in equation (9) we obtain
-1, R, + pe,
Ty
o b
r»+ R,
which is a fundamentally important relation but which holds only in the region where
u, £x and r, are constant.

Substituting — ¢, (eqn. 14) in place of e, in equation (9) we obtain, for the valve
alone,

ip =

ie. (16)

23

—ey + uey
r’l’
i.e. e, = pe, — iyTy a7
which is the basis of the constant voltage generator equivalent circuit as in
Sect. 7(3).
Eqn. (17) may be put into the form

e =1,(8me, — 1p). (18)
This voltage ¢ across the valve and the load can be developed by means of a current
£ m &g, passed through r, in the opposite directior to 7, 50 that the total cyrrent through
ry is (gm e, —1,). Eqn. (18) is the basis of the constant current equivalent
circuit as in Sect. 7(ii).

The voltage gain (4) of an amplifying stage with a load resistance R is

1, =

A = €y iDRL — P"RL | . (19)
ey eg || , + R L |
When the load is an impedance Z, the voltage gain may be shown to be
. p,Z L - nw (20)
T+ 2, 1+ /2,

where r, and Z are complex values (see Chapter 6).
It Z, == R; + jX,, the scalar value of A4 is given by

VR ,® + X,? . 21)
Vv, + Ry + X
The voltage gain may also be put into the alternative form

- _™Zr 22
A Zm P (22)
~olgmZy| i 1> Z ). (23)

(iii) Power and efficiency

When the operation of a valve as a Class A, amplifier is perfectly linear we may
derive* the following :—

Zero-Signal :

Plate current = Iy,
Power input from plate supply Py, = Eyp Iz
D.C. power absorbed in load Py, = IRy = Epc Lo
Quiescent plate dissipation P,o = Epolso.
But Eyww = Eyo + Epo
Therefore Poy = EpoIno + Epo Ioe
= P,, + Pa. 29

Signal Condition :
Average value of total input = P,y = Epp Ipo (25)
which is constant irrespective of the signal voltage.

*After book by MLLT. Staff * Applied Electronics” (John Wiley & Sons Inc. New York, 1943)
pp. 419-425,
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Power absorbed by load = P,

1 (27
Py =5—| i Ryden) (26)
o

1 2m

= (Tyo + 1) RLd(wt)

27
o

il

1 27 1 27 1 (2=
7 I,,’R Ld( o) + 2o 2I,.4,R Ld( wr) + E,_,. i,*R Ld( wt) (27)
"

o o o
= IbozRL + 0 +Par

ie. P, = Pg+ P, (28

1 (%7,
where P,, = 5 J 1,*°R ;d(wi) : (29)

0
1?7 .
Plate dissipation P, = Z_J €51 d( wt) (30)
o

From eqns. (28) and (29) it will be seen that the power absorbed by the load increases
when the signal voltage increases, but the power input remains steady ; the plate
dissipation therefore decreases as the power output increases,

ie. P, = Py — Py €2y
from (26), (28) = Euwsdve — Erolso — Pas (32)
= Ebulbo - Pat
== Pmo - Pac (33’
where P,, = Eudp,.

That is to say, the plate dissipation (P,) is equal to the apparent d.c. power input
to the valve (P,,) minus the a.c. power output.
power output
d.c. power input

= Pao |
E buI bo

The plate efficiency 7, =

(39

[For non-linear operation Np = Z“Ic ] (35)
¥y

With sinusoidal grid excitation, linear Class A; valve operation and resistive load,
P,.=E,J, =1I,R,.
Applying equation (16),
P = #*E Ry .
ac 2 M
(r, + R L)
Differentiating with respect to R ; and equating to zero in order to find the condition
for maximum power output,

dP,, — WE (r, + R — 2R;(r, + R)) -0
4R, (r, + Rp*
i.e. when (r,» + R)D? —2R,(r, + R =0

or when R; =r, (37
and the maximum power output is

(36)
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2 2 E 2
Pacn = 878 = L2 g, (38)
The factor pg,, is a figure of merit for power triodes.

If the load is an impedance (Z, = R, + jX ) the condition for maximum power
output is when

R, = v/r,* + X% 39
In the general case, with a resistive load, the power output is given by eqn. (36) which
may be put into the form

_ wiE,® 1

P ac
Ty Tp R, (40)
a + 2 4 -
IfR,/r, = 2, the loss of power below the maximum is only 119, whileif R, /r, = 4
the loss of power is 36%, so that “ matching >’ of the load is not at all critical.

The treatment above is correct for both triodes and pentodes provided that both
are operated completely within the linear region, that is with limited grid swing. A
pentode is normally operated with a load resistance much less than the plate resistance
on account of the flattening of the output voltage characteristic which would other-
wise occur at low plate voltages.

This subject is considered further in Chapter 13, under practical instead of under
ideal conditions.

(iv) Series expansion ; resistance load

Except in eqn. (1), which is petfectly general, certain assumptions have been made
regarding linearity and the constancy of p, g,, and r, which restrict the use of the
equations. If it is desired to consider the effects of non-linearity in causing distortion
in amplifiers and in producing detection or demodulation, it is necessary to adopt a
different approach.

The varying component of the plate current of a valve may be expressed in the
form of a series expansion :

i, = ae + ae* + aze® -+ apet + ... 41)
This form may be derived* from eqn. (1), and it may be shown that
as = (#:;ER—L")‘:T[(ZM —R,) (g%) 2— v, (rs + Rp) g%:} (44)

If u is assumed to be constant (this is only approximately true for triodes and not
for pentodes)

v
e =1¢, + 2

where v, = instantaneous value of plate excitation voltage. (Normally for an amplifier
v, = 0 and e = ¢,).

The value of 0r,/0¢, may be determined by plotting a curve of 7, versus ¢, for the
given operating bias, and drawing a tangent at the point of operating plate voltage.
The value of 0% ,/0¢,° may be determined by plotting a curve of 0r, versus 0e, and
treating in a similar manner.

The higher terms in the series expansion (41) diminish in value fairly rapidly,
so that a reasonably high accuracy is obtained with three terms if the valve is being
used as an amplifier under normal conditions with low distortion.

} *Reich, H. J. “Theory and Applications of Electron Tubes* (2nd edit.). McGraw-Hill, New
York and London, 1944), pp. 74~77.



62 (iv) SERIES EXPANSION—RESISTANCE LOAD 2.9

The first term a;e = pe/(r, + R ;) is similar to eqn. (16) above, which was re-
garded as approximately correct for small voltage inputs ; that is to say for negligible
distortion. .

The first and second terms
iy = ai¢ + age?
express the plate current of a ‘‘ squarc law detector ” which is closely approached
by a triode operating as a grid or plate (** anode-bend ) detector with limited ex-
citation voltage.

The second and higher terms are associated with the production of components
of alternating plate current having frequencies differing from that of the applied
signal—i.e. harmonics and (if more than one signal frequency is applied) intermodula-
tion frequencies.

For example, with a single frequency input,

e = E,, sin wt (45)
Therefore
¢? = E,%sin? ot = }E,% — 3E, % cos 2wt (46)
and
e? = $E,°%sin wr — }E % sin 3w, 47

The second term (e?) includes a d.c. component (3E,,?) and a second harmonic com-
ponent. The third term includes a fundamental frequency component (£E,? sin wt)
and 2 third harmonic component.

If the input voltage contains two frequencies (f; and f,) it may be shown that the

second term of eqn. (41) produces

a d.c., component

a fundamental f; component

a second harmonic of f,

a fundamental f, component

a second harmonic of f,

a difference frequency component (f; — f»)

a sum frequency component (f; + f3)

The third term of equation (41) produces
a fundamental f; component
a third harmonic of f;
a fundamental f, component
a third harmonic of f,
a difference frequency component (2f; — f2)
a difference frequency component (2f, — fy)
a sum frequency component (2f; + fa)
a sum frequency component (2f; + fi)

In the case of an A-M mixer valve, f; may be the signal frequency and f; the oscillator
frequency. The normal i-f output frequency is (fiy — f») while there are spurious
output frequencies of (fy + fa)» (2fy +12)s (2f2 + f1)s (2fy — f2) and (2f; — fy).
Even though no oscillator harmonics are injected into the mixer, components with
frequencies (2f, + f») and (2f, — f;) are present in the output, thus demonstrating
mixing at a harmonic of the oscillator frequency.

If the input voltage contains more than two frequencies, or if the terms higher
than the third are appreciable, there will be greater numbers of frequencies in the
output. The effect of this on distortion is treated in Chapter 14.

It may be shown that the effect of the load resistance, particularly when it is greater
than the plate resistance, is to decrease the ratio of the harmonics and of the inter-
modulation components to the fundamental. This confirms the graphical treatment
in Chapter 12.
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(v) Series expansion : general case

The more general case of a series egpansion for an impedance load and variable u
has been developed by Llewellyn* and the most important results are given in most
text books.t

(vi) The equivalent plate circuit theorem
It was shown above (eqn. 41) that the plate current may be expressed in the form

of a series expansion. If the distortion is very low, as may be achieved with low input
voltage and high load impedance, sufficient accuracy may be obtained by making
use of only the first term in the equation, i.e.

. pe

1p Y7, (48
where ¢ = ¢, (for amplifier use)
and Z, = impedance of the plate load at the frequency of the applied voltage.
For amplifier use this may be put into the form

E
1, = F=Ee 49
® ry +Z; (49)

This is the same as eqn. (16), except that R ; has been replaced by Z;.

This is the basis of the Equivalent Plate Circuit Theorem which states} “that
the a.c. components of the currents and voltages in the plate (load) circuit
of a valve may be determined from an equivalent plate circuit in one of two forms—

(1) a fictitious constant-voltage generator (pE,) in series with the plate resistance

of the valve, or

(2) a fictitious constant-current generator (I = g,F,) in parallel with the plate

resistance of the valve.

These are applied in Sect. 7 of this chapter.

If a distortionless Class A amplifier or its equivalent circuit is excited with an alter-
nating grid voltage, the a.c. power in the load resistor R, (i.e. the output power) is
I*R,.

Thé d.c. input from the plate supply to the valve and load (in the actual case) is
Py = Iy Eyp.  Under ideal Class A, conditions the d.c. current I;, remains con-
stant, since the a.c. current is symmetrical and has no d.c. component.

Now the a.c. power input from the generator is

P, = pE,I, (50)
E
But I, = — H2e
* (b +Rp
Therefore wEy = r,0l, + R,I,
and P, = pE,J, =r,1,* + R I,% (51)
In this equation
P, = a.c. power input from generator
ryI,2 = a.c. power heating plate

R,I,2 = ac. power output = P,..
The a.c. power P, can only come from the d.c. power P,, dissipated in the valve,
which decreases to the lower value P, when the grid is excited.
The: total plate dissipation (P,) is therefore
P,,=P,,,,—P,+1‘,I,,z (52)
where P,, = d.c. plate dissipation.
This may be put into the form
P, = Py, — (P, —r,0,%
Py, — Pg, (53)
R,1,? = (P, — r,I,% = a.c. power output.

I

where P,

*Lleweilyn, F, B. Bell System Technical Journal, 5 (1926) 433.
such as Reich, H. J. * Theory and Application of Electron Tubes,” p. 75. . .
for a completely general definition see Reich, H. J. (letter) *“ The equivalent plate circuit theorem,
Proc. LR.E. 33.2 (Feb., 1945) 136.
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The statement may therefore be made, that the plate dissipation is equal to the d.c.
plate dissipation minus the a.c. power output.

A more general statement covering all types of valve amplifiers and oscillators is
that the plate input power is equal to the plate dissipation plus the power output.

This analysis, based on the equivalent plete circuit, reaches a conclusion in eqn. (46)
which is identical with eqn. (33) derived from a direct mathematical approach. Itis,
however, helpful in clarifying the conditions of operation of a distortionless Class A,
amplifier.

The preceding treatment only applies to amplifiers (¢ = ¢, in eqn. 41), but it
may be extended to cover cases where the load impedance contains other e.m.f’s,
by using the principle of superposition—~see Chapter 4 Sect. 7(viii).

It is possible to adopt a somewhat similar procedure to develop the Eguivalent
Grid Circuit, or that for any other electrode in a2 multi-electrode valve,

(vii) Dynamic load line—general case
If the a.c. plate current is sinusoidal,

Iy = lom sin wt
and e, = — I,,1Z,]| sin (ot + 6)
where 0 = tan 1 X, /R,.
From this it is possible to derive*
e,? + 2e, 0, R 4,27 2 = [ 2X " (54)

which is the equation of an ellipse with its centre at the operating point, this being
the dynamic path of operation.

esse

viii) Valve networks ; general case

The ordinary treatment of a valve and its circuit—the Equivalent Plate Circuit
Theorem in particular—is a fairly satisfactory approximation for triodes or even
pentodes up to frequencies at which transit-time effects become appreciable, If it
is desired to calculate, to a higher degree of precision, the operation of a valve in a
circuit, particularly at high frequencies, a very satisfactory approach is the preparation
of an equivalent network which takes into account all the known characteristics.
This method has been describedf in considerable detail, and those who are interested
are referred to the original article.

(ix) Valve coefficients as partial differentials

Valve cocfficients, as well as other allied characteristics, may be expressed as partial
differential coefficients—see Chapter 6 Sect. 7(ii).

Partial differential coefficients, designated in the form g-}’_ are used in consider-

x
ing the relationship between two of the variables in systems of three variables, when
the third is held constant.
. . d .
“‘_;9’ ? is equivalent to ¢ ‘—12 (z constant) ” when there are three variables, x, y
x x

and z. Partial differentials are therefore particularly valuable in representing valve
coefficients.

Let e, = a.c. component of plate voltage,

e, = a.c. component of grid voltage,

and ¢, = a.c. component of plate current.

(These may also be used with screen-grid or pentode valves provided that the screen
voltage is maintained constant, and is completely by-passed for a.c.).

*Reich, H. J. “ Theory and application of electron tubes * (2nd edit.), p. 99. .
tLleweilyn, F. B. and L., C, Peterson * Vacuum tube networks,” Proc. I.R.E. 32.3 (March, 1944), 144.



29 (ix) VALVE COEFFICIENTS AS PARTIAL DIFFERENTIALS 65

Then p = — g:—” (1, = constant), (35)
q
or more completely -+ gz.,,jge,’
ty/ 0y
Em = + af_” (e, = constant), (56)
Oe,
r, = o a_e;” (e, = constant), 57
01,
or more correctly* - 647%‘
1,/0e,

In a corresponding manner the gain (4) and load resistance (R;) of a resistance-
loaded amplifier may be given in the form of total differentials—

de|t

Al = [222 58

’ % (58)
de

d R, = — =& (59)
an I @

Particular care should be taken with the signs in all cases, since otherwise serious
errors may be introduced in certain calculations.

(x) Valve characteristics at low plate currents

In the case of diodes and diode-connected triodes at very low plate currents (from
1 to about 100 microamperes) an increment of plate voltage of about 0-21 volt pro-
duces a 10-fold increase of plate current. If the log,;, of current is plotted against
plate voltage, the result should approximate to a straight line with a slope of 1/0-21.

In the case of triodes operating as triodes the relationship of plate current to grid-
cathode voltage is still approximately Jogarithmic, up to a value of plate current which
varies from type to type, but the slope of the curve is decreased by the plate-grid
voltage, The decrease in slope is approximately proportional to the grid bias and
therefore to 1/ times the plate voltage. The curve at a given plate voltage is, in
general, steeper for a high-mu than for a low-mu triode. Over the region in which
the logarithmic relationship holds, the mutual conductance is proportional to the
plate current, For a given plate voltage and plate current, the g.. in the low-current
region is greater for high-mu than for low-mu triodes, regardless of ratings. Also,
for a given triode at a given plate current, g,, is greater than at lower plate voltages.
Maximum voltage gain in a d-c amplifier is obtained if the valve is operated at as
low a plate voltage as possible, and at a plate current corresponding to the top of the
straight portion of the characteristic when log, , of current is plotted against the grid
voltage.,

With pentodes at low plate currents, the maximum gain is obtained when the screen
voltage is as low as is permissible without resulting in the flow of positive grid current.

Reference Al2 pp. 414-418,

*The simple inversion of partial differentials cannot always be justified.

+A is a complex quantity which represents not only the numerical value of the stage gain but also
the Aphnae angle between the input and output voitages. The vertical bars situated one on each side
of A and its equivalent indicate that the numerical value only is being considered.
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(i) Fundamental physical properties

The characteristics and operation of a high vacuum oxide-coated cathode- or
filament-type valve under normal conditions of operation, initially and throughout
life, are determined primarily by the following fundamental general physical proper-
ties —

(a) the vacuum within the envelope surrounding the cathode and electrode struc-
ture.

(b) the total available cathode emission and uniformity of activation of the
cathode surface.

(c) the geometrical configuration of the electrode system.

(d) the electrode contact potentials with respect to the cathode.

(e) primary and secondary emission from electrodes, other than the cathode.

(f) the interelectrode admittances.

(g) the stability of the electrical characteristics.

(h) the stability, robustness and durability of the mechanical construction.

(i) the external size and shape, and the system of electrode connections,

The maintenance of a satisfactory vacuum under maximum rating conditions and
continued operation, together with the availability of an adequate cathode emission
under all prescribed electrode conditions and normal variations of heater/filament
power, are essential to the fundamental operation of a valve, since an activated cathode
surface requires a certain degree of vacuum to be maintained for its emissive properties
to remain unimpaired, while the emission available from the cathode must always be
sufficient to supply the total peak and average space currents required.

At the same time, it is necessary that the cathode surface be uniformly activated
over the regions from which emission current is supplied, since the parameter trans-
conductance is directly proportional to the activated cathode area.

The electrode geometry determines the electrical static and dynamic character-
istics, within the limitations imposed by the available cathode emission, to the extent
1o which the emission is incompletely space charge limited and the capacity of the
gettering to maintain a satisfactory vacuum.

Electrode contast potentials and electrode primary and secondary emission
depend upon the clectro-chemical condition of the electrode surfaces. This is deter-
mined usually by the extent to which contamination of these surfaces has occurred
during manufacture or operation, due to the deposition of active material from the
cathode or getter. Contact potential is of importance in the case of a low- or zero-
voltage electrode since it may contribute a sufficiently large fraction of the total
electrode voltage to modify significantly the characteristics determined by the electrode
geometry and applied electrode voltages alone.

Primary and secondary electrode emission may occur if electrode temperatures
become sufficiently high and the deposited films of active material in combination
with the electrode material have a low work function. The effect on operation of
primary or secondary electrode emission depends on the value of resistance in series
with the emitting electrode.

The interelectrode short-circuit admittances are determined both by the
geometry of the electrode construction, the d.c. and r-f properties of the insulation
supporting the electrode system and electrode connections, and the frequency and
conditions of operation. The susceptive components are dependent mainly on the
interelectrode and lead capacitances and inductances. The conductive components
are due 1o transit-time effects and the interelectrode resistances which are determined
mainly by the d.c. resistance of the interelectrode insulation, but may also include a
frequency-dependent component. The d.c. insulation resistance is determined by
the surface condition of the electrode supports (mica, glass, ceramic), the extent to
which contamination of these surfaces has occurred, and also by leakage between
electrode leads within the base or between base pins due to leakage over or through
the base material. A high value of interelectrode resistance is required throughout
the life of a valve in order to avoid—
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(1) uncontrolied changes in electrode voltages supplied through series resistive
circuits from the electrode voltage source, due to,the flow of leakage conduction currents
through or across the intetelectrode insulation from higher to lower voltage electrodes
and thence through the externally connected circuits to the negative terminal of the
electrode voltage supply. This characteristic is particularly important, e.g., in the case
of negatively biased control grids which obtain their bias through a high value of grid
resistor, and power dissipating electrodes which obtain their voltages through high
resistance series dropping resistors.

(2) noisy operation due to intermittent conduction under the conditions described
in (1).

(3) lowering the resistive component of the interelectrode admittances and thus
increasing the damping by the valve on resonant circuits connected between electrodes,
either directly or as a result of increased “ Miller Effect .

The interelectrode r-f resistance must also be high throughout the life of the
valve up to all normal frequencies of operation, in order to avoid damping high
impedance resonant circuits connected between electrodes. In general, it is determined
by the r-f properties of—

(a) the interelectrode insulation,

(b) films of active material deposited on the interelectrode insularion,

(c) the base material.

The stability of the electrical characteristics depends on the goodness of the
vacuum and its maintenance, stable emission from a properly and uniformly activated
cathode surface, stable electro-chemical surface conditions, high interelectrode
resistance, and the mechanical stability of the elecirode structure, Variations of any
of these characteristics throughout life produce changes in the valve parameters and,
through them, changes in circuit performance.

Two types of instability of electrical characteristics occur ; initial instability which
is sometimes experienced early in life due to incomplete or unsatisfactory processing,
and the normal gradual deterioration of characteristics dependent on emission, which
continues until the valve is no longer serviceable. Generally, the ultimate electrical
life of a valve which has been properly exhausted, which has a properly activated
cathode and which has been operated within its maximum ratings, depends mainly on
the cathode current at which it has been operated and the ability of the getter to prevent
deterioration of the vacuum and consequent * poisoning ” of the cathode emission,
by absorbing the gases produced in the cathode coating during operation, and also
the gases released from the electrodes, the walls of the envelope and other parts of the
internal construction during storage, and throughout life.

The stability, robustness and durability of the mechanical construction in
general determine the uldmate reliability and effective life of a valve, also the extent to
which electrical performance is affected by conditions of vibration or mechanical shock
under which it may be transported or operated and the ability of the comstruction to
withstand such conditions without mechanical failure.

(ii) Basic functional characteristics

Space current—When the cathode surface is raised to its normal emitting tempera-
ture, by supplying the required power to the filament or heater, and suitable voltages
are applied to the other electrodes, an electron space current flows from the cathode
emitting surface to the electrode system, its value depending on the electrode geometry
and the combined effect of the electrode voltages acting in the plane(s) of the control
electrode(s).

For electrode systems consisting of an inner control electrode adjacent to the cathode
and one or more outer electrodes, providing that a virtual cathode is not formed berween
the control electrode and the outermost electrode, the total space current from the
cathode may be expressed, generally, to a good approximation by the following
equation——

€2 €3 €y o/
iy Gleg +e) + ——+ ——— + ...+ ] M
H1—2 Hi—s H1— b
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where ¢, = total cathode space current,
¢, = voltage of the first electrode,
€ = contact potential of the first electrode,
€ c9s € ¢3y
etc. = voltages of the successive outer electrodes,
¢, == voltage of the outer plate current collecting electrode,
t1— 2 = amplification factor of the first electrode with respect to the second
electrode,
#1- 3 = amplification factor of the first electrode with respect to the third electrode,
#i— » = amplification factor of the first electrode with respect to the outermost
electrode,
and G = perveance of the cathode-control-electrode region

- cathode area
A~ 233 X107% X (cathode-to-first-electrode spacing)?

In eqn. (1), the terms within the brackets represent the effect of the various electrode
voltages considered as acting in the plane of the first electrode, so that the sum of the
terms combined represents an ¢ equivalent electrode voltage . For purposes of space
current calculation, the factors depending on the geometry of the electrode system
and on the effect of the electrode voltages may thus be reduced to the perveance of the
cathode-to-first-electrode space and the equivalent electrode voltage acting in the plane
of the first electrode, so that the space current equation becomes—-

i, A& G [equivalent electrode voltage] *'? 2

The equations for the total cathode current in diodes, triodes, tetrodes and pentodes
follow directly from eqn. (1).

In the case of electrode systems having two control electrodes and which operate with
a virtual cathode before the second control electrode, as in converter and mixer
valves, the space current cannot be expressed in a simple form. Such systems may
be regarded as consisting of two separate but related systems, and reduced to equiva-
lent diodes, with the space current of the outer equivalent diode supplied from, and
controlled by, the space current of the equivalent diode adjacent to the cathode.

Generally, it can be stated that whatever the electrode system, the total space
current from the cathode depends primarily upon the total activated cathode surface
area, the total available emission, the cathode temperature, the extent of temperature
and space charge limiting of emission, the geometry of the electrode system and the
electrode voltages.

The distribution of the space current to the various electrodes depends only
upon electrode geometry, space charge effects and the electrode voltages and, in general,
cannot be expressed in a simple form,

In addition to the electron space current from the cathode, there are always some
positive ions present due initially to the presence of the infinitesimal traces of residual
gases remaining after the exhausting and gettering processes and, during life, to the
release of absorbed gases from the surfaces of the electrode structure and envelope
walls, and the gases produced as a result of physical-chemical changes occurring in the
cathode coating during the emission processes. The positive ions, so produced,
flow to the negative voltage electrodes and are prevented from bombarding the cathode
surface during operation, when space current is flowing, by collision effects and the
presence of the space charge surrounding the cathode.

A primary or secondary clectron emission current may also flow from the surface of an
electrode and represents a negative electrode current. Small positive or negative
leakage conduction currents, due to conducting or semi-conducting leakage paths
over or through the interelectrode insulation, may also contribute to the electrode
currents ; their values depend on the voltages of the electrodes concerned, and the
conducting properties of the contaminated surfaces or insulating material, and often
on their temperature. When the effects above are present, the total current of an
electrode is the algebraic sum of the positive and negative components.

Static Characteristics—The various electrical characteristics, which result from
the electrode geometry and the application of steady direct voltages only to the
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electrodes, with the cathode emitting, are termed ‘ static characteristics ”’. These
characteristics consist of—
(a) the voltage-current relationship for each electrode, when constant voltages are
applied to all remaining electrodes.
e.g., Diode, — I, — E,,
Triode, — I, — E,, E ,, constant
I — Eg,, E, constant
and similarly in the case of other types.
(b) the mutual voltage-current relationships between electrodes, when constant
voltages are applied to all electrodes except the voltage-varying electrode.

e.g., Triode, — I, — E E, constant
Pentode, — I, — E 4 E,, E, F ., constant
Iy — Eun E, E .5, E ., constant
I, —E, E,, E ., E ; constant

and similarly in the case of other types.

Derived Characteristic Parameters—By considering infinitesimal changes of
voltage and current of the static characteristics, described under (a) and (b) above, the
characteristic parameters—amplification factor, transconductance and variational plate
resistance are obtained, which are related as follows,

Amplification Factor

Plate Resistance

These characteristic parameters are derived by the following relations—

Transconductance =

31
transconductance = 3B 5 E, E ., E o constant 3
el
. 3E,
amplification factor = 5 E .3, E » constant C))
1
. SE, .
plate resistance :ﬁ 5 Ecy, E o, E ) constant (5)

b

The amplification factor is a function of the electrode geometry only, but becomes also
dependent on the control grid voltage as the cut-off condition is approached. The
transconductance, as defined by eqn. (3) may be derived from the general space current
eqn. (1), and is a function of the electrode geometry, the total cathode space current
and uniformity of activation of the cathode surface.

The characteristic parameters normally used to describe the electrode geometry,
and in terms of which performance is interpreted, are—the amplification factor,
transconductance of the control grid with respect to the plate and the (a.c.) plate to
cathode resistance.

Dynamic Characteristics—By superimposing alternating voltages on the direct
voltage(s) of the control electrode(s), with suitable impedances in series with the
output electrode(s), dynamic characteristics are obtained which depend directly on
the static characteristics and characteristic parameters. These dynamic characteristics
include rectification, frequency conversion, voltage and power gain, oscillation, and
impedance transformation characteristics.

The static characteristics, characteristic parameters and the fundamental properties
previously described comprise the basic mechanical and electrical characteristics,
which determine the serviceability and application of a valve and its performance under
given conditions.

In order to appreciate the significance and limitations of the various tests, which
normally are applied to determine the condition of a valve and the probability that it
will continue to operate satisfactorily, the performances and individual tests must be
properly interpreted in terms of all the relevant characteristics and corresponding
fundamental physical properties. The manner and extent of the dependence and inter-
dependence of the varicus characteristics and fundamental physical properties must also
be recognized and understood.
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The important basic functional characteristics, together with the funda-
mental physical properties on which they depend, are’shown in the following
tabulation :

GENERAL PHYSICAL RELATED FUNCTIONAL

PROPERTIES CHARACTERISTICS
1. Mechanical

Size, shape and material of external con- Physical dimensions

struction Type of envelope
Type of base
Type of top cap
System of electrode connections Base pin and top cap connections
Stability, robustness and durability of Ruggedness of envelope, basing and
mechanical construction internal electrode structure
Microphony
Noise
2. Electrical
Interelectrode resistance D.C. interelectrode insulation resistance
R-F interelectrode insulation resistance
Noise
Vacuum Gas pressure within the envelope*
Cathode emission Total available peak cathode current*
Total available average cathode current*
Uniformity of cathode activation Transconductance or dyramic perform-

ance characteristic at reduced heater/
filament voltage*
Electrode geometry Electrode currents*
Interelectrode transconductances*
Interelectrode mu factors*
Interelectrode variational resistances*
Interelectrode capacitances

Electrode contact potentials Modify characteristics dependent upon
Primary and secondary emission electrode geometry (see above)
Stability of electrical characteristics Affect all electrical characteristics.

(iii) Fundamental characteristic tests

The characteristic tests which are of fundamental importance in specifying the
performance and determining the condition, acceptability and usability of an oxide-
coated cathode- or filament-type valve, are as follows :

(a) Tests common to all valve types
Visual inspection of internal and external construction, and finish.
Maximum overall length.
Maximum diameter.
Interelectrode short-circuits.
Electrode continuity (open-circuits).
Interelectrode insulation resistance (d.c.).*
Heater/filament power.*
Heater/cathode leakage.*
Emission or emission-dependent dynamic test.*
Interelectrode capacitances.*

(b) Tests common to all types except diodes*
Reverse grid current (gas, leakage, grid emission).
Control grid current commencement potential, or
Positive control grid current.
Electrode currents (d.c.).
Electrode current (d.c.) cut-uff.

*Under specified operating conditions.
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Transconductance (see Ref. 47).
Amplification factor.

Plate resistance.

Noise (a-f and/or r-f).

Microphony.

(c) Tests common to diodes only*

Signal diodes Plate current commencement or zero
signal plate current.

Power diodes Back emission.

(d) Dynamic performance tests*

Signal diodes Rectificacion (operation)

Power diodes Rectification (operation)

A-F amplifiers A.C. amplification

R-F and I-F amplifiers Stage gain.

Converters Conversion stage gain or conversion
transconductance

and
Oscillator transconductance or oscillator

grid current,

Power output types Power output.

(e) Dynamic performance tests at reduced heater/filament voltage*

Dynamic performance tests are also performed at reduced filament/heater voltages
during manufacture, in order to control initial characteristics and performance, and
also to provide a manufacturing process control of the uniformity of activation of the
emitting surface. In some cases, with the reduction of filament/cathode temperature,
changes occur in contact potential and/or reverse grid current, which make the
normal-voltage tests ineffective or unsatisfactory as a control of activation, depending
on the conditions of operation. In such cases a transconductance test is normally used
instead,

Notwithstanding the control exercised by such tests over initial characteristics and
performance, it is a very difficult manufacturing problem to avoid the wide variations
and deterioration of characteristics which often occur under conditions of reduced
filament /heater operation throughout life although the characteristics at normal fila-
ment/heater voltage may be satisfactory. For this reason, and also as performance
may be critically dependent on circuit design and eléctrode supply voltages, particu-
larly the operation of the oscillator circuits of a converter valve and the power output
and distortion of a power output valve, it is not in general normal practice for valve
specifications to specify any minimum requirements for characteristics or performance
at reduced filament/heater voltage during life, Reasonable performance at reduced
filament/heater and electrode voltage conditions is achieved by most manufacturers,
however, as a result of the pressure of competition combined with the user’s demand
for acceptable performance under slump voltage conditions.

Under American practice the reduced heater/filament voltages at which specified
dynamic performance tests are normally performed during manufacture are as follows :

0.625 volt types 0.55 volt
1.25 volt types 1.1 volts
1.4 voit types 1.1 volts
2 volt types 1.6 or 1.7 volts
2.5 volt types 2.2 volts
6.3  volt types 5.5 wvolts
7.5 volt types 6.0 volts
12.6  volt types 11.0 volts
19 volt types 16.5 volts
25 volt types 22 volts
26.5 volt types 23.5 volts

*Under specified operating conditions.
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32 volt types 28.5 volts
35 volt types 31.0 volts
45 volt types 40  volts
50 volt types 44  volis
117 volt types 100  volts

(iv) Valve ratings and their limiting effect on operation
(A) Limiting ratings

In order to assist the designer to obtain the maximum service from a given valve
type, within the limits of safe operation, in the various applications in which it may be
used, the limiting conditions under which the type can be operated without impairing
its performance and normal life are usually specified by the valve manufacturer in the
form of maximum (or minimum) ratings for relevant basic characteristics which may
only be exceeded at the user’s risk. These ratings, unless otherwise stated, apply
to valves having bogie values of characteristics. It is therefore the responsibility of
the equipment designer to see that a bogie valve will not exceed any of its ratings.

Maximum ratings are established on the basis of life tests and operating performance.
It is a matter of experience that when one or more ratings are exceeded for any
appreciable time, depending on the period and the extent of the overload, the particular
rating exceeded and the capability of the type to withstand such overload, the service-
ability of the particular valve may be impaired, its life may be shortened or its per-
formance may be unsatisfactory.

Magximum ratings usually are specified only for those characteristics which normally
determine the limits of safe operation in the intended applications for which a particu-
lar type has been designed. Generally, the limits of safe operation for any application
may be prescribed completely by specifying the maximum ratings for the electrode
voltages, peak inverse voltage in the case of rectifiers, electrode dissipations and the
maximum peak and average total cathode current.

In the case of high transconductance and power output types it is necessary, in
addition, to limit the maximum value of resistance which may be used between the
negative control grid and cathode, in order to avoid either excessive variation of circuit
performance, excessive space current or excessive electrode dissipations due to reverse
grid current. Maximum ratings, in general, can only be determined satisfactorily by
extensive life tests.

(B) Characteristics usually rated
The characteristics of individual types for which ratings are required to specify
performance are as follows :

(a) General mechanical ratings (common to all types)
Magximum overall length.
Maximum seated height.
Maximum diameter.
Dimensions and locations of top caps, bases and base pins.
Materials and design of external construction.

(b) General electrical ratings common to all types
Nature of rating

Heater/filament voltage (a.c. or d.c.) nominal
Heater/filament current (a.c, or d.c.) nominal
Heater to cathode voltage (d.c.) maximum
Control grid circuit resistance maximum
Interelectrode capacitances—
control grid to plate capacitance maximum
all other capacitances (single unit) nominal
capacitances between electrodes of multiple units nominal or

maximum
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(c) Specific additional electrical ratings applied to particular types

Type Application Fundamental rating Nature of
rating

Diodes Detector Average (d.c.) plate current per Maximum
plate

Peak plate current per plate Maximum

Power Rectifier Peak inverse plate voltage Maximum

Average (d.c.) plate current per Maximum
plate

Peak plate current per plate Maximum

Triodes Voltage amplifier Plate Voltage Maximum

Plate dissipation Maximum

Grid voltage—negative Maximum

positive Maximum

Cathode current (d.c.) Maximum

Power amplifier Plate voltage Maximum

Plate dissipation Maximum

Grid voltage—negative Maximum

positive Maximum

Grid dissipation** Maximum

Cathode current (d.c.) Maximum

Cathode current (peak)* Maximum

Pentodes Voltage amplifier Plate voltage Maximum

Screen voltage Maximum

Screen supply voltage Maximum

Grid voltage—negative Maximum

positive Maximum

Plate dissipation Maximum

Screen dissipation Maximum

Cathode current (d.c.) Maximum

Power amplifier Plate voltage Maximum

Screen voltage Maximum

Grid voltage—negative Maximum

positive Maximum

Plare dissipation Maximum

Screen dissipation Maximum

Grid dissipation** Maximum

Cathode current (d.c.) Maximum

Cathode current (peak)* Maximum

Converters Frequency converter Mixer plate voltage Maximum

Mixer screen voltage Maximum

Mixer screen supply voltage Maximum

Oscillator plate voltage Maximum

Oscillator plate supply voltage Maximum
Mixer signal grid voltage—

positive Maximum

negative Maximum
Mixer plate dissipation Maximum
Mixer screen dissipation Maximum
Oscillator plate dissipation Maximum
Cathode current (d.c.)t—

mixer Maximum

oscillator Maximum

*Power amplifier types only, for other than Class A operation.
**For operation in the positive grid current region.

1In converters of the 6SA7, 6BEG6 class having no separate oscillator positive electrode, the total cathode
current is the fundamental rating.
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Notwithstanding the ratings shown against each type, the actual ratings of an indi-
vidual type depend entirely on its intended applications and may not include all those
listed. The absence of a rating for a particular characteristic may be taken to indicate
either that it has not previously been necessary to specify a rating for this characteristic,
or that the type in question was not intended originally for this application and has not
been processed accordingly. In the latter case, operation may not be satisfactory, and
reference should be made to the valve manufacturer for specific information,

(C) Rating systems

Valves are rated by either of two systems-—the ¢ absolute maximum ”’ system, or the
** design-centre maximum >’ system. The absolute maximum system originated in the
early days of valve development and was based on the voltage characteristics of battery
supplies. Battery voltages could fall below their nominal values but seldom appreciably
exceeded them, so that valve maximum ratings set on the basis of specified battery
voltages were absolute maximum ratings. This system is still widely used by British
and Europcan valve manufacturers and is the system of ratings used in the British
Services’ Electronic Valve Specification K1001 and the U.S.A. Services’ Specification
for Electron Tubes, JAN-1A (Ref. S2). With the introduction of power line and
car-radio operated receivers and the tendency of many designers to interpret abseclute
maximum ratings as nominal values, it became necessary to re-rate valves according to
a system in which allowance was made in the ratings for the variations which occur
under both conditions of operation. Accordingly, the design-centre system was
adopted in U.S.A. by the Radio Manufacturers Association in 1939 for the rating of
receiving valves and since then has become the standard system for rating most
receiver types of American design, manufactured both in U.S.A. and elsewhere.

With either system, each maximum rating for a given valve type must be considered
in relation to all other maximum ratings for that type, so that no one maximum rating
will be exceeded in utilizing any other maximum rating.

Thus it will often happen that one rating alone will determine the limiting operating
conditions while other characteristics are below their maximum ratings.

(D) Interpretation of maximum ratings

In the absolute maximum or * absolute *’ system (except for filament or heater
voltage) the maximum ratings are limiting values above which the serviceability of the
valve may be impaired from the viewpoint of life and satisfactory performance.
Therefore, in order not to exceed these absolute ratings, the equipment designer
has the responsibility of determining an average design value for each rating below
the absolute value of that rating by an amount such that the absolute values will
never be exceeded under any usual condition of supply-voltage variation, load varia-
tion, or manufacturing variation in the equipment itself.

The equipment should be designed to operate the filament or heater of each valve
type at rated normal value for full-load operating conditions under average voltage-
supply conditions. Variations from this normal value due to voltage-supply fluctuation
or other causes, should not exceed + 5 per cent. unless otherwise specified by the
valve manufacturer.

Under the * British Standard Code of Practice ”’ B.S.1106, 1943 (Ref. 49) and the
British Radio Valve Manufacturers’ Association’s publication *“ Radio Valve Practice,”
August, 1948 (Ref. 48), recommended British practice is that in general it is not
permissible that the heater voltage should vary more than 7 per cent. from the rated
value.

1t is a matter of experience, however, that the heaters and filaments of most modern
receiving valve oxide-coated cathode and filament types may be operated at voltages
whose maximum fluctuations do not exceed 4 10 per cent. from their rated values,
without serious effect on life or marked reduction in performance, provided that the
maximum ratings of the other electrodes are not exceeded. In cases where the
heater or filament voltage variations exceed, or are likely to exceed, 4 10 per cent., the
maximum ratings should be reduced and recommendations obtained from the valve
manufacturer as to the maximum ratings permissible under the particular conditions.

In the design-centre maximum or * design-centre ” system, the maximum
ratings are working design-centre maxima. The basic purpose underlying this system
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is to provide satisfactory average performance in the greatest number of equipments
on the assumption that they will not be adjusted to local power-supply conditions at
the time of installation. Under the design-centre system, ratings are based on the
normal voltage variations which are representative of those experienced with the three
important types of power supply commonly in use, namely a.c. and d.c. power lines,
storage battery with connected charger, and dry batteries, so that sauisfactory per-
formance from valves so rated will ordinarily be obtained in equipment which is so
designed that the design-centre maximum ratings are not exceeded at the supply
design-centre voltage.

The following interpretation of receiving valve design-centre ratings is based partly
onR.M.A. (U.8.A.) Standard M8-210 entitled * Tube Ratings ** (Ref. S11), and partly
on established design practice recommended by valve manufacturers.

1. Cathode

The heater or filament voltage is rated as a normal value, unless otherwise stated, so
that transformers or resistances in the heater or filament circuit should be designed to
operate the heater or filament at the rated value at the supply design-centre vohages,
indicated hereunder. Where the permissible heater or filament voltage variations are
exceeded, or are liable to be exceeded, maximum ratings should be reduced in accord-
ance with recommendations obtained from the valve manufacturer,

2. Indirectly-heated and a.c. filament types

(2.1) A.C. or d.c. power line operation—Maximum ratings have been chosen
s0 that valves will give satisfactory performance at these maximum ratings in equipment
operated from power line supplies, the normal voltage of which, including normal
variations, fall within } 10 per cent. of a specified value, Heaters or filaments as
well as positive and negative voltage electrodes, unless otherwise specified, may there-
fore be operated at voltages up to 4 10 per cent. from their rated values, provided that
at the specified line design-centre voltage the heater or filament is operated at its rated
voliage and the maximum ratings of plate voltages, screen-supply voltages, electrode
dissipations, total cathode current and rectifier output currents are not exceeded.

‘The prescribed power line voltage variation of 4 10 per cent. is based on surveys
made in the U.S.A., which have shown that the line voltages delivered fall within 10
per cent, of 117 volts, which is taken as the line design-centre voltage in that country.
In using design-centre ratings with other power line systems elséwhere, it is usually
satisfactory to regard £ 10 per cent. as being representative of the line voltage variation
likely to be experienced under normal conditions, so that it is then only necessary to
determine the line design-centre voltage. In extreme cases, where power line varia-
tions exceed 1 10 per cent., as for example when operation is in remote areas supplied
by long lines subject to variable and heavy peak loading, adjustment to the equipment
should be made locally.

(2.2) Storage battery operatiot,—When storage battery equipment is operated
without a charger, it should be designed so that the heaters or filaments are operated
at their normal rated values and published maximum values of plate voltages, screen-
supply voltages, electrode dissipations, total cathode currents and rectifier output
currents are never exceeded for a terminal voltage at the battery source of 2.0 volts per
cell. When storage battery equipment is operated with a charger or similar supplies,
the normal battery fluctuation may be as much as 35 per cent. or more, which imposes
severe operating conditions on valves. Under these conditions, the equipment should
be designed so that the effect of high heater or filament voltages on valve life and per-
formance (due mainly to excessive reverse grid current) is reduced to a minimum, and
so that 90 per cent. of the above maximum ratings is never exceeded for a terminal
voltage at the battery source of 2.2 volts. In both classes of operation, progressively
reduced and unreliable performance is to be expected as the heater or filament voltage
falls below 90 per cent. of its rated value and approaches the ““ slump * value specified
for the reduced performance tests of the valve test specification.

(2.3)_ “B ’»’. battery operation—The design-centre voltage for “ B ” batteries
supplying positive voltage electrodes is the normal voltage rating of the battery block,
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such as 45 volts, 90 volts, etc. Equipment should be designed so that under no
condition of battery voltage will the plate voltages, screen-supply voltages, electrode
dissipations, or total cathode currents ever exceed the recommended respective maxi-
mum values specified for each valve type by more than 10 per cent,

(3) 2.0 Volt battery filament types

(3.1) Filament—The 2.0 volt battery filament types are designed to be operated
with 2.0 volts across the filament. In all cases the operating voltage range should be
maintained within + 10 per cent. of the rated filament voltage, i.e., within the limits
of 1.8 to 2.2 volts.

(3.2) Positive and negative electrodes—The electrode voltage supplies may be
obtained from dry-cell batteries, storage batteries or from a power line and should be
chosen so that the maximum ratings of plate voltages, screen-supply voltages, electrode
dissipations and total cathode current are not exceeded at the supply design-centre
voltages specified under 2.3, 2.2 and 2.1,

(4) 1.4 volt battery valve types

(4.1) Filament—The filament power supply may be obtained from dry-cell
batteries, from storage batteries, or from a power line.

(4.11) Dry-cell battery supply—The filament may be connected either directly
across a battery rated at a terminal potential of 1.5 volts, or in series with the filamznts
of similar valves across a power supply consisting of dry cells in series. In either case,
the voltage across each 1.4 volt section of filament should not exceed 1.6 volts. Inorder
to meet the recommended conditions for operating filaments in series it may be neces-
sary to use shunting resistors across the individual 1.4 volt sections of filament.

(4.12) Storage battery supply—The filament may be operated either singly or in
series with the filaments of similar valves. For such operation in either case, design
adjustments should be made so that, with valves of rated characteristics, operating
with all electrode voltages applied on a normal storage-battery voltage of 2.0 volts per
cell (without a charger) or 2.2 volts per cell (with a charger), the voltage drop across
each 1.4 volt section of filament will be maintained within a range of 1.25 to 1.4 volts
with a nominal centre of 1.3 volts. In order to meet the recommended conditions for
operating filaments in series it may be necessary to use shunting resistors across the
individual 1.4 volt sections of filament.

(4.13) Power line supply—The filament may be operated either singly or in series
with the filaments of similar valves. For such operation, in either case, design adjust-
ments should be made so that, with valves having rated characteristics operating with
all electrode voltages applied and on a line voltage equal to the design-centre voltage,
the voltage drop across each 1.4 volt section of filament will be maintained within a
range of 1.25 to 1.4 volts with a nominal centre of 1.3 volts. In order to meet the
recommended conditions for operating filaments in series, it may be necessary to use
shunting resistors across the individual 1.4 volt sections of filament.

(4.2) Positive and negative voltage electrodes—The electrode voltage supplies
may be obtained from dry-cell batteries, storage batteries, or from a power line.
For such operation the electrode voltages should be chosen so that the maximum ratings
of plate voltages, screen-supply voltages, electrode dissipations and total cathode
currents are not exceeded at the supply design-voltages specified under 2.3, 2.2 and 2.1
respectively.

(5) General (all types)

(5.1) Screen voltage supply—When the screen voltage is supplied through a
screen-dropping resistor, the maximum screen voltage rating may be exceeded
provided :

(a) The screen supply voltage does not exceed the maximum plate voltage rating.

(b) At any signal condition, the average screen dissipation does not exceed the
maximum rating.

(c) At the signal condition which results in maximum screen current, the screen
voltage does not exceed the maximum rating.

(5.2) Grid voltage limits—Where a grid voltage is specified as * positive bias
value 0 maximum ” or “ never positive ”’, this indicates that grid dissipation is not

13
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permitted. In such cases it may be inferred that the grid has not been suitably treated
to permit dissipation.
(E) Operating conditions

Typical operation—In addition to maximum ratings, information is published
on typical operating conditions for most of the varjous types, when used in particular
applications. These typical operating conditions are intended to provide guiding infor-
mation for the use of each type. They must not be considered as ratings, because each
type can, in general, be used under any suitable conditions within its rating limitations.

Datum point for electrode potentials—In published data, it is standard practice
for the values of grid bias and positive-potential-electrode voltages to be given with
reference to a specified datum point, as follows :—For types having filaments heated
with direct current, the negative filament terminal is taken as the datum point to which
other electrode voltages are referred. For types having filaments heated with alter-
nating current, the mid-point (i.e., the centre tap on the filament transformer secondary,
or the mid-point on a resistor shunting the filament) is taken as the datum point. For
types having equi-potential cathodes (indirecily heated) the cathode is taken as the
datum point.

Grid bias for a.c. or d.c. filament excitation—If the filament of any type whose
data are given for a d.c. filament voltage is to be operated from an a.c. supply, the grid
bias given for d.c. filament operation should be increased by an amount approximately
equal to one half the rated filament voltage and be referred to the filament mid-point.
Conversely, if it is required to use d.c. filament excitation on any filament type whose
data are given for an a.c. filament voltage, the value of grid bias given should be de-
creased by an amount approximately equal to one-half the rated filament voltage, and be
referred to the negative filament terminal, instead of the mid-point as in a.c. operation.
This rule is only approximate and does not, in general, provide identical currents for
both types of filament excitation.

(v) Recommended practice and operation

The following additional limitations on valve practice and operation are based partly
on the recommendations of the British Standard Code of Practice (Ref. 49) also on the
B.V.A. Radio Valve Practice (Ref. 48), and on established design practice.

(2) Mounting—(1) Unless otherwise stated it is desirable that valves should be
mounted base down and in a vertical position. Where it is necessary to depart
from vertical mounting, the plane of the filament of directly heated valves should be
vertical. Similarly, the plane of the grid side rods (or major axis of the control grid)
of indirectly heated valves having a high transconductance and/or a long unsupported
cathode, should be vertical. This reduces the possibility of filament- and cathode-to-
grid short circuits and microphony in filament valves.

It is particularly undesirable that valves having high plate dissipation ratings should
be mounted base upwards without agreement from the valve manufacturer, as this
method of mounting seriously affects the flow of air around the bulb and may result
in the limiting temperature being exceeded.

Depending on the distribution of the bulb temperature, gas may be released from
the getter deposit under these conditions and the vacuum and emission affected.

(2) It is particularly important that the connections to floating contacts of sockets
for glass based valves should be as flexible as possible and that the contacts themselves
should float properly and not become rigidly locked in position. The use of a wiring
jig, having the nominal specified dimensions for the base type, inserted in the valve
socket during wiring, is desirable in order to locate the socket contacts correctly, so
that strain on the base pin seals is minimized when the valve is inserted. Prior to
insertion, the base pins of miniature valves should be straightened by means of a
pin-straightener, if misaligned. The pin-straightener may consist simply of a steel
block drilled with countersunk holes of the correct diameter and location, to slightly
larger tolerances than those specified for the pins of the base type. For specific
information and design, reference should be made to the valve manufacturer.

(3) Itis undesirable to use socket contacts as connecting tags in circuit wiring because
of circumstances which may arise if the valve is subsequently replaced by another
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having different or additional pin connections. In particular, contact No. 1 of octal
sockets should not be used in this connection, as frequently internal base shielding is
brought out to pin No. 1 of octal-based valves, which should be connected to chassis.
Furthermore, in glass-based valves the above-mentioned practice may adversely
affect the valve characteristics by the application of a voltage to pins which are not
connected to any valve element, but which project into the envelope.

(4) Valves with rigid pins in glass bases and valves without bases which have short
rigid lead-out wires are normally intended to be mounted in sockets, and it is recom~
mended that such valves should not be soldered directly into the wiring, as such con-
nections can impose sufficient strain to endanger the seals.

(5) If valves are to be subjected to continuous vibration, means should be employed
to damp out such vibration by the use of cushioned valve socket mountings.

(b) Ventilation :

(1) The layout and design of equiptnent should afford sufficient ventilation io ensure
a safe bulb temperature under all conditions. As a general guide, the maximum
temperature of the hottest part of the bulb under operating conditions in the equipment
should not exceed by more than 20°C. that temperature which would be attained if
the valve were operated at its maximum ratings under conditions of free air circulation
in an ambient temperature of 20°C. Where exceptional increases of temperature may
occur (e.g., when valves are used in screening cans or in equipment working in tropical
conditions) the valve manufacturer should be consulted on each type concerned.

"The present trend in valve design is to reduce dimensions with the object of saving
space and of improving efficiency at high frequencies, and the extent to which the
reduction can be made is usually limited by the amount of heat which can be dissipated
from the exterior surface of the bulb.

For valves of present day sizes operating at normal temperatures, about half the
heat is dissipated by convection and half by radiation. It is therefore necessary to allow
free convection of reasonably cool air past the bulb and free radiation from the surface
of the bulb to cooler surroundings.

The increase in the temperature of air in convective cooling is very small and it is
therefore more important that the flow of air should be copious and unimpeded than
that it should be particularly cold. No great risk is incurred if the air is slightly warmed
by passing near other components if this allows it to flow through a less obstructed path.

In order to improve radiation from a valve, surrounding surfaces should not be
polished but should be kept as cool as possible. The temperature of a valve surrounded
by a plated shield can, or by components at about its own temperature, may rise
seriously.

(2) When valves are mounted in other than upright vertical positions, greater care
should be taken to ensure that adequate ventilation is provided.

(3) Adequate ventilation is particularly important in the case of output valves and
rectifiers.

(c) Heater-cathode insulation

(1) It is generally desirable to avoid a large potential difference between heater and
cathode. This potential should not normally exceed 100 volts except in the case of
certain indirectly-heated rectifier valves and valves specially designed for a.c./d.c.
operation. Where a design necessitates higher heater-cathode potentials, 2 recommenda-
tion of the maximum permissible value should be obtained from the valve manufac-
turer. For convenience, the maximum heater-cathode voltage rating is usually given

as a d.c. value.
(2) The insulation resistance between the heater and the cathode should not be

included in r-f circuits where frequency stability is required or in a-f circuits followed
by a high gain amplifier.

The leakage currents make themselves apparent as noise or hum, which may assume
serious proportions if the valve in which they originate is followed by a large degree of
amplification. Moreover, if the heater-cathode insulation is included in a tuned circuit,
any alteration to the physical or electrical properties of the insulation will alter the
frequency to which the circuit is tuned, and if both r-f and mains frequency voltages
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exist across the insulation, there is a risk of modulation hum, particularly in cathode-
coupled oscillators and the like.

(d) Control grid circuit resistance

In all cases where published recommendations are available from the valve manu-
facturer, they should be followed. The maximum value of grid circuit resistance in the
case of a particular type of valve cannot be specified without knowledge of the valve
characteristics and conditions of operation. In no circumstances should valves be
operated without a d.c. connection between each electrode and cathode.

The maximum value of control grid circuit resistance which may be used under any
condition of operation depends initially upon the stability of performance required but
ultimately upon the transconductance under that condition, the increase in cathode
current and electrode dissipations which may occur due to the cumulative effects of
reverse grid current (gas, grid emission and leakage) permitted by the specificarion,
the maximum ratings for these characteristics, and the limiting effect of resistances in
series with the cathode and in the electrode circuits in series with the various electrode
supply voltages. The following formulae, expressing the relationships between the
various resistances, direct currents and electrode parameters in typical grid controlled
triodes, tetrodes and pentode circuits hold providing the control grid current is negli-
gible in comparison with the total cathode current.

For pentodes and tetrodes (Ref. 41)

Al |1 1 R
Ry = ‘A—Iil[ +Rk(l+_—" +P—‘£] ©6)

g/k torege Horep2
For triodes (Ref. 41)

ar,[ 1 1\ R,
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where 4I;=change in cathode current permitted by maximum ratings of plate dissipa-
tion and/or cathode current ; or change in performance which can be
tolerated.

AI,=change in plate current permitted by maximum ratings of plate dissipa-
tion and/or cathode current ; or change in performance which can be
tolerated.

41, =change in control grid (No. 1) current which is likely to occur or is
permitted by the valve specification.

R, =grid resistor (ohms).

R,;=series screen resistor (ohms).

R, =cathode resistor (ohms).
R ; =series plate load resistor (chms).
#o.g2=triode amplification factor of pentode or tetrode.
p=amplification factor of triode.
P=ratio of screen current ({.,) to cathode current
Irz
I 2 +I b
& »=grid-plate transconductance {(mhos).
gx=grid-cathode transconductance (mhos)

_, Ir
‘—ngb{

To determine the limiting value of grid resistor which may be used, 47, should be
taken as the maximum ‘value of reverse grid current permitted by the specification,
under maximum electroae dissipation and cathode current conditions; 41, and
41, are the changes in plate and cathode currents which result in maximum rated
plate and/or screen dissipations and/or maximum cathode current.

The maximum rating which is reached first determines the limiting value of the grid
resistor.

If the specified value of 41, is not available, the highest typical value of reverse
grid current given in Sect. 3(iv)A for each major group of valve types may be used with
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discretion. In cases where the valve is being operated below maximum rated condi-
tions and at a total cathode current less than that for the grid current test conditions,
the value of 47, may be taken as varying approximately as the cathode current.*

It should be clearly understood that equations (6} and (7) are fundamental, and, in
cases where no maximum grid circuit resistance values are published, may be used to
calculate maximum safc values. These cquations are based on the margin (41,)
between the operating plate current and that value of plate current which gives
maximum plate dissipation or maximum cathode current or which gives the maximum
tolerable change in performance, the limiting condition of operation being determined
by the rating which is reached first. It may happen that the published typical operating
conditions give maximum rated plate dissipation—in this case 41, or 41, is zero, and
the equations cannot therefore be applied to calculate R, directly. In such a case the
procedure is to assume reasonable values of R, and 47, and then to use the equations
to derive 471, or 41;. The operating plate or cathode current would then be made less
than the permissible maximum by the margin 47, or 41,. Alternatively a lower value
of R,; may be chosen and the conditions of operation recalculated.

If a maximum value of R, is published for fixed bias operation, then the value for
cathode bias may be determined from equations (8) to (13) :

For pentodes and tetrodes—general case

R, for cathode bias 1 PR,y ] g
R, for fixed bias =l+es [Rk(1+ #gl.,g) + Hot-o2 J ®

or approximatelya~1-+g.| R+ PRy ] 'C))
Hy1-93
(or when R,;=0) A&¢1+4-g,R, (10)
For triodes—general case
R,, for cathode bias 1 R,
R,; for fixed bias =l-gm Ril 1+ 3 + ® an
. R,
or approximatelyRy1+g,, RH——}; (12)
(or when R;=0) A&s1+gnR, (13)

In the case of resistance-loaded triodes and pentodes with series screen resistors, the
values of R, as derived from eqn. (6) or (7) respectively will be very high. In such
cases the limiting factor is the effect of the reverse grid current on the operating
bias. This effect is considered in detail in Chapter 12, Sect. 2(iv) for triodes with
fixed bias and Sect. 2(iii) with cathode bias also Sect. 3(v) for pentodes with fixed bias,
and Sect. 3(iv)C with cathode bias.

A high value of resistance between the control grid and the cathode should be avoided
wherever possible. In B.S.1106, 1943 (Ref. 49) it is recommended that, in general,
1 megohm with self-bias and 0.5 megohm with fixed bias are suitable maxima and that
with receiving valves having an anode dissipation exceeding 10 watts the grid-circuit
resistance should not exceed 0.5 megohm when self-bias is used and 0.1 megohm with
fixed bias. These values must be reduced when one resistor is common to more than
one control grid circuit.

The maximum values of grid circuit resistance with r-f pentodes controlled by
a.v.c. is covered in Chapter 27 Sect. 3(iv)b.

Some valve types have an inherent negative resistance region in the positive portion
of the grid characteristic, due 1o secondary emission from the grid as a result of the
deposition or evaporation of active material from the cathode or deposition from the
getter during manufacture. In such cases the resultant grid current may cha{xge s_ign
from positive to negative as the grid voltage increases from zero in a positive direction,
ultimately becoming positive again. The maximum value of grid circuit resistance

*This assumes that the grid leakage current is small compared with the ionization current, and that the
latter does not increase appreciably during operation.
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which may be used under these conditions without grid blocking occurring, is that
value of resistance represented by the line drawn from the operating bias point on the
abscissa, tangential to the cross-over loop of the grid current characteristic below the
abscissa as shown in Fig. 2.11.

If the grid circuit resistance is such that the line cuts the loop of the characteristic
below the abscissa, blocking will occur if the instantaneous values of grid voltage
exceed the voltage of the point at which the line crosses the grid characteristic nearer
to the origin. See also Chapter 2 Sect. 2(iii).

Because of the difficulty of controlling the grid current commencement point of
oxide-coated cathode and filament valves during manufacture, due mainly to contact
potential variations caused by variable control grid surface conditions, it is desirable
that operating conditions should be chosen, such that the control grid bias is always suffi-
ciently large in relation to the contact potential, so that variations of the latter produce
only minor effects on performance. In general, the grid current commencement
voltage of indirectly heated cathode types is negative and may have a value up to
—1.0 volt but as a rule varies during life. The grid current commencement voltage
of filament types is usually positive and seldom exceeds about +0.5 volt, but usually
becomes less positive during life and may even become negative. The plate current
commencement voltage of diodes due to contact potential behaves in a similar manner.

(e) Operation at low screen voltages

As the grid current commencement voltage may in certain cases be dependent on the
value of screen voltage and may become more negative as the screen voltage is reduced,
it is in general undesirable to operate valves having low or zero control grid-bias at low
screen voltages. In the case of zero-bias operated filament types, operation at low
screen voltages may result in the grid current commencement voltage becoming nega-
tive and in the flow of positive current, causing either a change in operating conditions
due to additional negative bias déveloped across the grid resistor or damping of tuned
grid circuits due to lowered input resistance. In either case undesirable and often
wide variations in performance may result.

(f) Microphony

Small variations of ¢lectrode spacing cause corresponding variations in the output of
the valve, and it is .desirable to ensure that little or no vibration reaches the valve.
Such vibration may reach the valve by way of the valve socket or acoustically, and it
should be noted that microphonic trouble may originate in the converter or i-f stages
through modulation of the signal or i-f carrier at audio frequencies. It is recommended
that, if possible, the position of the valve in relation to the source of vibration be so
chosen that microphony effects will be at a minimum. Methods which may be used to
minimize microphony effects are described in Chapter 35 Sect. 3(iv).

(g) Hum
Hum due to conditions within the valves is analysed in Chapter 31 Sect. 4(i). See
also Ref. 91 on heater-cathode leakage as a source of hum.

(h) Stand-by operation

Where it is necessary to maintain cathodes and filaments at normal operating
temperatures during stand-by periods, better life in general will be obtained
when the equipment is so designed that some, rather than no, cathode
current flows during such periods. It is also essential that the heater or filament
voltage be maintained as close to the rated value as possible. Continuous operation
of heaters or filaments at voltages exceeding their rated values by more than 10 per
cent., without cathode current flowing, will result, generally, in progressively short
life being obtained.

In equipments which are designed so that no cathode current flows during stand-by
periods for periods of less than 15 minutes, the filament voltage of quick-heating fila-
ment types should be reduced to 80 per cent. of normal, while the heater voltage of
indirectly heated cathode types should be maintained at normal rated value. For
longer periods, both filament and heater power should be turned off.
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SECTION 2: CONTROL OF CHARACTERISTICS DURING
MANUFACTURE

(i) Importance of control over characteristics (i) Basic manufacturing test specifica-
tion (3if) Systematic testing (iv) Tolerances on characteristics.

(i) Importance of control over characteristics

The successful design and continued satisfactory operation of electronic equipment
require that the valves used have certain prescribed characteristics, the initial values of
which do not vary from valve to valve sufficiently to affect operation seriously and
which, throughout life, remain within a prescribed range with only gradual change
until the end of useful life is reached Owing however to the highly complex nature of
the physical-chemical processes involved in manufacture and the difficulty of controlling
the variations of many of these processes under mass production conditions, the ulti-
mate degree of uniformity obtainable in the final product, both in initial characteristics
and their variation throughout life, must always be a compromise between the per-
formance required by the equipment designer and user and the manufacturing cost in
obtaining that performance. In any individual case, however, the degree to which
variation of one or more characteristics affects operation, either initially or during life,
depends entirely on the particular application and the critical features of the circuit
design. For good circuit performance, it therefore is essential to take into consideration
the range of variation of the various characteristics on which operation depends and to
ensure that operation, so far as is practicable, is independent of the variation of
characteristics, particularly of critical characteristics and characteristics over which
limited or no control is exercised in manufacture by the valve test specification.

(ii) Basic manufacturing test specification

Owing to the relatively limited range of variation of mechanical and electrical
characteristics for which usability and performance of the various types of valves in
their intended applications may be satisfactory, it is necessary to apply tolerances, or
 limits ” to control the range of characteristics obtained under mass production
conditions. For commercial applications these tolerances are chosen to be both satis-
factory to the equipment designer and sufficiently wide to be economical and thus
enable valves to be manufactured in large quantities at a reasonable cost. These
requirements are embodied in the complete manufacturing test specification,
which normally comprises—

(1) Maximum permissible conditions of operation or ratings, as determined by
emission capability, goodness of vacbum maintenance and interelectrode insulation.

(2) Nominal values for the principal physical dimensions and electrical characteris-
tics, relevant to intended applications under specified operating conditions.

(3) A schedule of mechanical and electrical tests (including tolerances and sequence)
sufficiently comprehensive to ensure that the prescribed dimensions, and electrical
characteristics are maintained in production, and sufficiently severe to indicate likely
failure, during life, when operated under maximum ratings.

(4) A life test schedule sufficiently severe in conditions of operation and permissible
deterioration of the main functional characteristics, to indicate reliability and per-
formance of the product on life, under both normal recommended and maximum
rating conditions.

As most valve types are designed to give a certain performance and life in a specific
application or limited range of applications, it is important o note that each type is
processed accordingly and that, in general, the test specification for & particular type
normally inciudes only those tests which are necessary for adequate and economic
control of the characteristics, and are required for satisfactory performance and life
in the intended applications. Unintended applications not covered by the maximum
ratings or test specification should be referred to the valve manufacturer, as perform-
ance and life in many cases can often be decided only by laboratory investigation and
special life tests.

Reference to quality control : Ref. 45. Reference to life testing : Ref. 97.
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(iit) Systematic testing

For the purpose of systematic testing, valve characteristics may be divided into the
following three categories.

(a) Primary characteristics, which are fundamental to the basic operation and
life of the valve as a thermionic device and its functional operation and usability.
These include the mechanical stability of the envelope and electrode structure, external
physical dimensions and construction, continuity of electrode connections, characteris-
tics indicating the goodness of the vacuum and emission and the principal functional
characteristics dependent on the electrode geometry.

(b) Secondary characteristics, which are not fundamental to the operation of the
valve, but are, in general, dependent on the primary functional characteristics and
essentially determine the degree of performance obtainable in intended applications of
the particular type.

(¢c) Tertiary characteristics, which are not fundamental to the operation of the
valve, but are dependent on, and are in general controlled by the primary and/or
secondary characteristics and either affect performance in a minor degree only, seldom
vary sufficiently to affect performance or are important only in certain applications or
for purposes of valve design.

In order to control the above-mentioned characteristics after manufacture in
accordance with their specification, the acceptance testing procedure is usually
organized into the following group of tests, the functions of which are described in
detail in the following subsections.

" (A) Production Tests.

(B) Design Tests.

(C) Recorded Readings.

(D) Life Tests.

(E) Warchouse Tests.

(A) Production Tests
(1) First Testing

All primary characteristics, except those which are subject only to minor variation
from valve to valve, are usually tested 100 per cent. inthe factory after manufacture
Tests performed on this basis are designated Production or Factory Tests and failure
of any valve to meet the prescribed test limits for any production test constitutes cause
for total rejection of that particular valve. When characteristics are uniform and
quality satisfactory, production tests are usually limited to primary characteristics only
and particular characteristics which cannot be otherwise controlled satisfactorily.
The normal production tests are performed in the sequence prescribed by the specifi-
cation and for all types the tests normally include interelectrode shorts and continuity,
reverse grid current (gas, grid emission, leakage), cathode current, series-resistance-
supplied electrode currents, transconductance, emission or equivalent dynamic
characteristic test, noise and microphony.

(2) Holding period

After the schedule of production tests has been completed, it is usual for all valves
to be held in storage for periods varying from 24 hours upwards to allow any deteriora-
tion of mechanical or electrical characteristics, due to unsatisfactory manufacture, to
develop.

(3) Second testing

Following the holding period, all, or the most important production tests are usually
repeated either on all valves 100 per cent. or on a representative sample using statistical
sampling procedures which have been established as reliable, economical methods of
determining either that the maximum percentage of defectives in a given quantity
shall not exceed a certain value, or that the average percentage of defectives in the
outgoing product shall not exceed a certain level.

When statistical sampling is used, if the product fails to meet the sampling acceptance
criteria in one or more tests, or totally, the batch in question is then re-tested 100 per
cent, for those tests in which failure occurred, and all defectives screened out. In
addition to repeating first-production tests, tests are often included at the second
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production-sampling test to control characteristics, 100 per cent. testing of which
may not be warranted or necessary.

Subject to the product having passed the design and life test criteria o bz described,
it is now usually transferred to the warehouse for shipping and distribution to manufac-
turers and wholesalers.

(B) Design tests

All important secondary characteristics are controlled by regularly testing and
recording the characteristics of a relatively small sample selected at random, either fror:
each production batch, or each day’s production in the case of continuous production,
after all the first-production tests have been performed and the defectives for these
tests screened out. The sample size is determined by the production batch size on the
daily production level, provided characteristics are reasonably uniform. Typical
sample sizes used are 1 per cent. (minimum 5 valves) of each batch, or a fixed sample
size of 5 to 10 valves per type per day for types in continuous production.

The tests performed on the characteristics included in this group, on the above basis,
are called Design Tests and the usual procedure is that failure of more than a stipulated
percentage of the valves in the sample to meet the prescribed test limits for a particular
characteristic, or failure of more than a stipulated percentage of all the characteristics
to meet their prescribed limits, constitute cause, initially for retesting a larger sample—
usually 100 valves—for the characteristic(s) failed, and in the event of the failure
being confirmed, for 100 per cent. testing of the complete batch for those characteristics
in which failure occurred. Failure of any valve of the batch to meet the specification
for the characteristic(s) in question is then cause for rejection.

In the case of continuous production, the usual practice is for the failed design tests
to be made production tests temporarily until satisfactory control of the characteristics
in question has been re-established and the design test criteria for these characteristics
can again be met consistently.

Typical design test acceptance criteria require that not more than 10 per cent. of the
valves of the sample fail for any one design test or that all the design tests failed do not
exceed 20 per cent.

In addition to essential secondary characteristics, other characteristics which are
often controlled on a design test basis include those characteristics which are not
independent parameters but have their values determined by characteristics which
are tested 100 per cent., also characteristics which require to be controlled for particular
applications.

Design tests are performed only on valves which meet the prescribed production
tests. To this end, the latter normally are repeated and recorded when design tests are
performed,

(C) Recorded readings

Tertiary characteristics are controlled, in general, on the basis of criticisziand correc-
tion from recorded readings of all important characteristics obtained from the design
test samples, taken either daily, weekly or monthly, depending on the importance of
the characteristic and its liability to variation.

Failure of characteristics tested on this basis to meet the requirements of the specifi-
cation (or, where not specified, to meet the average range of variation usually main-
tained) in respect of the design test criteria is cause for criticism only, and not rejection ;
individual valves having the characteristics indicated are not screened from the
product, unless the effect of their variation on performance is likely to be serious.

Where a recorded reading test indicates continuing unsatisfactory control of any
particular characteristic, it is usual for that recorded reading to be made a design test
temporarily, if considered warranted, until satisfactory control has been re-established.

(D) Life tests

Due to the varying extent to which the mechanical and electrical characteristics may
be affected by undetected and consequently uncontrolled variations of manufacturing
processes, it is not possible to predict reliably by any schedule of instantaneous tests,
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however comprehensive, the performance obtainable from any particular valve under
operating conditions, and it is necessary to rely on recorded observations of characteris-
tic variation during continuous or intermittent operation under controlled test condi-
tions, to determine ultimate performance. Such tests are known as Life Tests.

Provided maximum ratings have not been exceeded, the life of most oxide-coated
cathode high vacuum valves, assuming that the initial emission and electrode insulation
are satisfactory, is determined almost entirely by the extent to which the initial vacuum
is maintained during storage and during periods of operation and non-operation, as in
general the supply of emission-producing material available on the average filament or
cathode greatly exceeds that required for the lives normally obtained in practice.

The average rate and uniformity of deterioration of the vacuum- and emission-
dependent characteristics which normally occur slowly and uniformly in all valves
during operation, and which vary from valve to valve, and any excessive deterioration of
mechanical and electrical characteristics due to defective manufacture are controlled by
regular life tests of small samples of each type. These life tests are operated normally
under maximum rating conditions, for a specified period during which the performance
determining characteristic(s) may not deteriorate beyond prescribed values, or for the
period (which may not be less than a prescribed minimum) required for such deteriora-
tion 1o occur,

Owing to limitations of equipment and cost, regular control life tests are run usually
for periods of 500 to 1000 hours on small samples of the order of 5 valves per type per
week for types in continuous production. As variations in characteristics are most
liable to occur early in life, readings are usually spaced at increasing intervals to give
an indication of the complete life characteristic over the control periods.

A typical life test acceptance criterion of satisfactory life is that the average life
obtained per valve, considering all valves of the sample, must be not less than 80 per
cent. of the specified duration of the life test. The valves used must also be selected at
random and comply with the production and design test acceptance criteria.

In the event of the completed product failing to comply with the life test criteria,
delivery of the product is then withheld from *he warehouse, until satisfactory life has
been re-established.

(E) Warehouse tests

When quality is uniform, the controls normally imposed prior to packing are retests
of electrode mechanical stability and continuity, and maintenance of the vacuum, by
means of a suitable interelectrode hot ““ shorts and continuity > test during which each
valve is tapped lightly with a specified mallet. Each valve is also re-inspected for any
deterioration of the envelope in the case of glass valves, cementing of phenolic bases
and top caps, dry or badly soldered pin and top cap connections, type designation and
general mechanical finish. Pins of miniature valves are also straightened, if necessary.

(iv) Tolerances on characteristics
(a) Initial characteristics

The tolerances on types of American origin to-day are substantially those published
for these types in the American JAN-1A Specification which is based on common
valve manufacturing practice in that country and was compiled by a committee which
included the major valve manufacturers (Ref. S2 ; for tabulated characteristics see
Ref. 65).

(b) Life test end points

Apart from the information published in the relevant American and British Service
Specifications, no information is generally available concerning accepted life test end
points. In R.M.A. Standard Specification ET-107 (Ref. S7) there is published a list
of life test end points which may be regarded as typical of the practice followed by
American valve manufacturers. A valve is considered to have reached its life test end
point when, at rated filament or heater voltage and specified electrode voltages, the
following values have been reached :
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1. 659 of rated transconductance for r-f and i-f amplifiers.

2. 509, of rated conversion transconductance and 65% of rated oscillator grid
current for converter and mixer types.

3, 509, of rated transconductance for general purpose triode types,

4. 50% of rated power output for power output types.

5. 409, of minimum rated direct current for diode types.

6. 809, of rated current or voltage for rectifier types.

7. 70% of normal alternating output voltage for resistance-coupled amplifier
types.

Note.—Rated values are those referred to on R.M.A. Electron Tube Characteristic
Sheets under maximum typical operating conditions.

SECTION 3: METHODS OF TESTING CHARACTERISTICS*

(i) General conventions

(ii) General characteristics
(a) Physical dimensions
(b) Shorts and continuity
(c) Heater (or filament) current
(d) Heater-to-cathode leakage
(e) Inter-electrode insulation
(f) Emission
(g) Direct interelectrode capacitances

(itiy Specific diode characteristics
(a) Rectification test
(b) Sputter and arcing
(c¢) Back emission
(d) Zero signal or standing diode current

(iv) Specifio triode, pentode and beam tetrode characteristics
(A) Reverse grid current
(B) Grid current commencement voltage
(C) Positive grid current
(D) Positive voltage electrode currents
(B) Transconductance or mutual conductance
(F) Amplification factor
(G) Plate resistance
(H) A.C. amplification
(I) Power Output
() Distortion
(K) Microphony
(L) Audio frequency noise
(M) Radio frequency noise
(N) Blocking
(O) Stage gain testing
(P) Electrode dissipation

(v) Specific converter characteristics
(A) Methods of operation including oscillator excitation
(1) Oscillator self-excited
(2) Oscillator driven
(3) Static operation

sThe assistance of A. H. Wardale, Member I.R.E. (U.S.A.) and D. H. Connolly, A.S.T.C., ie ack~
nowledged.
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(B) Specific characteristics
(@) Reverse signal-grid current
(b) Signal-grid current commencement
(¢) Mizxer positive voltage electrode currents
(d) Mixer conversion transconductance
(e) Mixer plate resistance
(f) Mixer transconductance
(g) Oscillator grid current
(h) Oscillator plate current
(i) Oscillator transconductance
() Oscillator amplification factor
(k) Oscillator plate resistance
(1) Signal-grid blocking
(m) Microphony
(n) R-F noise
(vi) Tests for special characteristics
(A) Short-circuit input admittance
(B) Short-circuit feedback admittance
(C) Short-circuit output admittance
(D) Short-circuit forward admittance
(E) Perveance
(vii) Characteristics by pulse methods—point by point
(viii) Characteristics by curve tracer methods

(i) General conventions

The methods described in this section are typical of good practice and should only
be taken as a guide of good practice, They represent, in general, the main operational
tests which are used to control the performance of various types of receiving valves.

The valve under test should have its heater (or filament) operated at the specified
voltage for constant voltage types or at the specified current for constant current types.
Direct current is generally specified for all characteristic testing, although a.c. may be
used for indirectly heated types and directly-heated a.c. power types, but it is essential
that the filaments of all directly-heated battery types be operated from direct current.

The positive electrodes (e.g., plate, screen) should be supplied from suitable direct-
voltage sources the voltages of which can be adjusted to the values specified. Good
regulation (i.e., good voltage stability) is highly desirable for characteristic testing but
is expensive 1o attain with valves drawing high cathode currents. The recommended
source is an electronic voltage regulator such as that of Fig. 33.10, the output terminals
being shunted by a r-f by-pass capacitor (¢.g.,0.01 pFmica). A large capacitance should
not be used since this results in a tendency for the voltage regulator to “ hunt . In
other cases all supply voltages should be adequately by-passed for a.c. components.

In the case of emission testing, a special low voltage high current source of low
internal resistance is essential. Where operation is required from a.c. mains, a selenium
rectifier supply is usually the most suitable and inexpensive for high current emission
testing.

The negative electrodes (e.g., control grid, suppressor) do not normally draw much
current, and the voltage regulation of the current source is therefore not very important,
but the voltage applied to the terminals of voltage divider supplies, as normally used,
must be well stabilized. Either an electronic voltage regulator or a gas type voltage
regulator tube, or both, may be used. If the characteristics are to be tested with the grid
positive, the *“ screen * source may be used for triode grids ; otherwise an additional
electronic voltage regulator (of the same type as for the plate and screen) should be
used. All direct electrode voltages are to be measured with respect to the cathode. In
dynamic tests the voltages are to be measured under operating conditions.

In all methods of testing, depending upon the particular characteristic, well filtered
supplies both positive and negative should be used.

The basic circuit for testing electrode currents with variable applied voltages is
indicated in Fig. 3.1 for use with diode, triode or pentode valves and negative grid
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voltages. If instability is experienced with valves having high wransconductance, a8
screen stopper of 50 to 100 ohms with or without a control grid stopper of say 500
ohms should be connected directly to the electrodes concerned. It is very important
that thqse resistors be non-inductive and, in the case of the screen stopper, of sufficient
n.:tcd dissipation. The screen stopper should be by-passed directly from the supply
side to the cathode using a mica capacitor of, say, 0.01 uF capacitance.

@"-5 PLATE

v
PLATE SCREEN A SCREEN
ELECTRONIC  [ELECTRONIC o
VOLTAGE VOLTAGE
REGU X Y
EGULATOR _ |REGULATOR CATHODE
0
GRID v
STABILISED -
SUPPLY A(rhe GRID
HEATER —0
VOLTAGE
SOURCE HIATER
FIG, 3,1

Fig. 3.1. Basic circuit for testing electrode currents.

Pre-heating

Pre-heating with heater voltage applied to the heater only is generally adequate for
all ordinary purposes where it is necessary to conserve time, except where full electrode
dissipation pre-heating is required by particular valve specifications under acceptance
testing conditions, or when testing for reverse grid current (gas, grid emission and hot
leakage). When full electrode dissipation is applied, the time of pre-heating is normally
2 minutes (JAN-1A) to 5 minutes (R.M.A.), Maximum valve ratings should not be
exceeded during pre-heating.

See References S$2, $7.

(if) General characteristics

(a) Physical dimensions—Valves may be checked for overall length and maximum
diameter either by the use of “‘ go/not go ” gauges or by an adjustable length gauge
and outside calipers respectively.

Standard ring gauges for checking maximum and minimum base and sleeve dia-
meters, also pin alignment gauges, are specified by R.M.A. Standard ET-106 (Ref. S6).

(b) Shorts and continuity-——It is important to ensure that electrodes such as control
and signal grids and suppressors, which do not normally dissipate any power, should
not be subjected to any appreciable power dissipation during the shorts and continuity
test, otherwise the valve may be damaged as the degassing treatment of these grids
during manufacture is normally much lighter than that of electrodes which are required
to dissipate power, In addition, the cathode current drawn, particularly in filament
types, should not be excessive. It is also important that shorts be checked between the
various electrode pin connections and pins designated as no connection, also that the
continuity of internal jumper connections between base pins be checked.

The circuit arrangement accepted as the most generally satisfactory for both shorts
and continuity with regard to sensitivity and speed of testing is that known as the
hexaphase shorts and continuity test. This circuit is now widely used, particularly by
valve manufacturers (e.g., Ref. 1, Fig. 54). A modification is shown in Fig. 3.2 which
uses 6 110 volt } watt neon lamps and is entirely satisfactory for valves not requiring
more than 6 independent electrodes. The values shown for this circuit have been
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chosen to suit the majority of receiving type valves in that the dissipations of the normal~
Iy negative electrodes are kept low for reasons previously stated—see (b) above—and
may not be satisfactory for all valve types. In the case of a semi-universal tester it is
essential that the requirements above be observed, and also that all electrode dissipa-
tions and peak and average currents be kept within their maximum ratings, otherwise
valves may be damaged. Itis also essential as in any shorts tester that the cathede-
to-grid voltage, and battery-type filament-to-grid veoltage particularly, be
kept to a value not exceeding approximately 100 volts, owing to the small
spacing between these electrodes resulting in unreliable “ flick  indications of the
neon lamps in normally good valves. The test is carried out with the cathode hot, and
the resistor R, is for the purpose of limiting the peak cathode current to a safe value
(3 mA per 50 milliamp. filament strand for 1.4 volt battery valves). The tester uses
split anode neon lamps and continuity of each valve electrode is indicated by the
glowing of one half of the split-anode neon lamp connected to that electrode. In the
case of a short-circuit to cathode, one lamp will light on both electrodes, while in the
case of 2 short-circuit between two or more other electrodes, two or more lamps will
so light. There is an optimum arrangement of connections from the terminals
A, B, C, D and E to give fairly low voltages between cathode and control grid or other
low-dissipation electrodes and to give uniform illumination on all lamps. In some cases,
experimenting may be necessary in changing over connections to obtain fairly uniform
illumination on all lamps. It is necessary that the insulation of the sockets and
wiring be sufficiently good to avoid residual glows on the neon lamps when a valve is not
in the socket. This is particularly important in humid climates.

3 PHASE 6 PHASE QUTPUT
INPUT
O—e f
220/0
% f220

o ¢

3

FiG, 3.2

Fig. 3.2, Hexaphase shorts and continuity tester. Suitable values are R =5000 ohms,
Ry=R;=7500 ohms, R,= 1500 ohms, R,=5000 ohms, R,=50 000 ohms for battery
valves other than power output, 33 000 ohms for normal a.c. types, or 15 000 okms for
power output valves. Lamps (N) are 110 volt % watt split-anode’ neon.

If more than six lamps are required, additional lamps may be incorporated at suitable
points in the ““ ring ** network, but all such arrangements have the limitation that one
or more conditions exist where no shorts indication is possible on one or more pairs
of lamps.

In addition to the neon shorts and continuity test, filament type lamps may be used
to indicate continuity from shield to cathode or along a * jumper » linking two pins.

Continuity of heaters and filaments is indicated by means of a current meter of
suitable scale in series with the heater or filament, an open-circuir being indicated by
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zero current. In the absence of a current meter and where a rheostat is used to drop
the filament/heater source voltage, the voltmeter reading may be used to indicate

open-circuited filaments or heaters since the voltmeter reading will then be much higher
than normal.

SOCKETS VIEWED FROM BENEATH o0 CAP UNIVERSAL 7 PIN

A

110 VOLT 4
NEON LAMPS

»
No{ INDICATES FILAMENT -
CONTINUITY FOR MOST 15w, 240V 50~
VALVE - TYPES NSO

FIG, 3.3
Fig. 3.3. Older type of shorts and continuity tester.

The older type of shorts tester is shown in Fig. 3.3 and operates on single phase
and requires a total voltage of 880 volts for 8 lamps. This may be used as a hot or cold
cathode shorts tester, but has the disadvantages that it only indicates electrode continu-
ity of those electrodes which draw sufficient current to operate lamps to which they are
connected. It also has the severe disadvantage that the voltages cannot be arranged
conveniently with regard to the electrode configuration for semi-universal testing, as all
voltages are in phase, and quité high voltages may be developed between adjacent
electrodes in the absence of complicated switching.

When using this type of tester with either hot or cold filament (or cathode), it is
essential to connect grid No. 1 to the lowest voltage in the chain with respect to earth,
otherwise damage may be done to the valve, or else good valves may indicate as having
a short circuit. The other points in the chain should be connected in the same sequence
as the grids and plate.

A fairly satisfactory form of single lamp R
shorts and continuity tester commonly used
in service testers is shown in Fig. 3.4. The ,, tov

electrode switch & is rotated with the
cathode heated. If the neon lamp glows
on one side only the particular electrode is FIG.3.4
g:o_rme_cted ; if on both sides a shor_t-cgrcuit Fig. 3.4. Simpler type of shorts and
is mdxcgted.. If only one t'electrode indicates continuity tester, employing a single
short-circuit, the short is to heater (fila- lamp,

ment) ; if two or more electrodes indicate a
short-circuit, they are shorted together. The continuity test only works well for the
electrodes close to the cathode, the sensitivity decreasing towards the anode.

The same circuit Fig. 3.4 may also be used for a cold cathode shorts test.

(c) Heater (or filament) current—This is measured with a d.c. heater source,
using the heater circuit as in Fig. 3.1. The heater voltmeter current passes through
the ammeter A, so that it is necessary for greatest accuracy to subtract the voltmeter
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current from the current reading, However, with a 1000 ohms-per-volt meter, the
current is less than 1 mA and the error is quite small with beater currents of the order
of 0.3 A. When measuring filament currents of small battery valves (e.g., 50 mA),
the ammeter zero may be set to read zero when the voltmeter is at its nominal reading
(e.g., 1.4 volts). The current is normally measured with no connections to any other
electrodes. See also Ref. S12, Sect. 2.1,

(d) Heater-to-cathode leakage—This may be tested by applying the maximum
rated direct voltage between one heater terminal and cathode and measuring the
current with a microammeter (say 0-500 pA) with a safety resistance in series (not
greater than 100 000 ohms). The leakage current should be not greater than 20 pA
for ordinary 6.3 volt 0.3 ampere valves, or 50 to 100 pA for power valves, with 100
volts applied.

The heater may be operated with either a.c. or d.c. supply if below 35 volts ; at 35
volts and above it is usual to operate it on a.c. supply. The voltage between heater and
cathode should be applied with both polarities, except in the case of rectifiers where the
heater must be negative with respect to the cathode.

(e) Inter-electrode insulation——This is not normally a regular commercial test,
except to meet service specifications. The test voltage specified is normally 300 volts
for small valves or 500 volts for those which are able to stand the higher voltage.
The insulation resistance may be measured by any ordinary type of insulation tester,
but preferably by an e&ectronic megohm-meter. In this test, the cathode should always
be positive. The test/is carried out on a valve which has reached a stable temperature
under normal operating conditions. The minimum permissible insulation resistance
usually specified is 10 megohms (Ref. S2).

This test is not used between heater and cathode.

(f) Emission—The purpose of the emission test is to ensure that the cathode
emission is adequate to provide the peak and average space currents for the particular
application of the type by a margin which has been found to be satisfactory for good
life and performance.

Emission is normally tested by applying a suitable direct positive voltage to all grids
connected together with the plate, and measuring the total cathode current.

Because of the very high value of the emission current normally drawn from the
cathode, the resulting excessive dissipation of the inner grids and the gas produced as a
result of this dissipation and also as a result of ion bombardment of the cathode, the
emission test is a damaging test and should be performed as seldom as possible and then
always very carefully.

In order to avoid damage to the cathode by this test, the applied voltage must be
sufficiently large to approach current saturation without drawing sufficient current to
damage the valve due to excessive dissipation of the inner grids. At the same time the
test must be of sufficient duration to enable the stability of the emission to be indicated
without being so long as to give risk of poisoning the emission. A safe value generally
accepted for the duration of the emission test is 3 seconds. During this period the
emission should not fall below a value recommended by the valve manufacturer.
In general, emission is a minimum reading. As most of the cathode current goes to the
No. 1 grid, which is usually wound with very fine wire, and treated lightly during
manufacture, the applied voltage must be restricted to a value such that the emission
current drawn does not result in damage to the valve. The voltages normally used in
manufacture are listed below.

Emission testing with applied alternating voltage is also used, but in this case the
test becomes one intermediate between a peak emission test and a high current trans-
conductance test. In practice, there is no exact and simple correlation between a.c.
and d.c. emission tests due to the fact that the a.c. emission current depends in part on
the emission capability of the valve as well as on its geometry. Experience has shown
that mains frequency a.c. emission tests tend to be unreliable owing to the fact that the
emission ‘‘ gets a rest >’ between cycles and, in a practical case, the rating of peak to
average emission current drawn cannot be made sufficiently high to be effective.

Voltages given below are based on JAN-1A (Ref. S2) ; values of voltages and mini-
mum emission currents are given by Ref. 65.
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Signal diodes are normally tested for emission with an applied direct voltage of
10 volts, except that 20 volts are normally applied to type 6H6.

Power rectifiers are normally tested with applied voltages as listed below (suffixes
of valve types have been omitted) :
20 volts—1V, 12A7, 32L.7.
25 volts—84/6Z4, 70L.7.
30 volts—5V4, 6ZY5, 7Y4, 1223, 25A7, 2575, 2526, 3523, 35Z4, 35Z5, 45Z3,
4575, 50Y6, 83V, 117N7, 11724, 117Z6.
50 volts—5Z4, 6W5, 6X5, 724, 28Z5.
75 volts—5R4, 5T4, 5U4, 5W4, 5X3, 5X4, 5Y3, 5Y4, 5Z3.

Amplifier valves are normally tested for emission with an applied direct voltage of
30 volts. Some of the exceptions are listed below :
10 volts-——1ABS5, 6AC7, 6AGS5, 7TE5, TF8, 7G8, TV7, TW17, 26A7.
15 volts—6BES6.
20 volts—1D8, 1J6, 2A3, 3A8, 6AB7, 6AG7, 6SD7, 6SQ7, 6SH7, 1G7, TH17, 7)1,
7L7, 7Q7, 7R7, 787, 19, 28D7, 35L6, 70L7.
25 volts—117N7,
50 volts—6A6, 6B5, 61.6, 6N6, 6N7, 12A5, 24A, 53, 59, 79.
All the voltages listed above are subject to variation by different valve manufacturers.

() Direct interelectrode capacitances—The following information is based on
recognised engineering practice by the manufacturers of American-type valves, and is
in line with the I.R.E. Standard (Ref. S1, S12), the R.M.A.-NEMA Standard (Ref. S8)
and with JAN-1A (Ref. S2).

The capacitances which are measured are direct interelectrode capacitances, and not
the total (self) capacitances which are the sum of two or more direct capacitances.
The measured value of inter-electrode capacitance of a valve is dependent upon the
valve shield or, in the absence of a shield, upon the geometry of the external environ-
ment. It is therefore necessary for the test to be made under strictly specified conditions
of valve shielding and of electrode and internal valve screen connections.

Published values of interelectrode capacitances are stated either for the condition
where the valve is shielded with a specified standard valve shield (see below) or is
unshielded. Interelectrode capacitances are normally measured with the cathode cold
and with no direct voltage applied to the electrodes. The base pins and leads are
shielded from each other and from other elements of the valve so that they and their
connections do not form part of the capacitance being measured. All external metal
parts integral with the valve should be connected to the cathode ; such parts include
lock-in valve bases, metal base shells, and pins with no connection, When capacitance
measurements are made on indirectly-heated valves the heater should be connected
to the cathode unless in special cases the measurement is between the cathode only and
other elements, or the heater and other elements. For valves having elements other
than a control grid, a plate, and a cathode, the additional elements of the active section
including internal shields should be connected to the filament or cathode by the shortest
possible connections. For a multiple-unit valve structure, all elements of the other
section(s) should be earthed except when reading inter-section coupling capacirances.

The test sockers should be Standard Capacitance Sockets as specified by R M.A.-
NEMA (Fig. 3.4A). Valves with top caps should be tested with the R.M.A.-NEMA
Standard Cap Connectors (Fig. 3.4B).

‘The connections to be made to the electroces while testing for interelectrode
capacitances are given below :

Input capacitance is tested by measuring the capacitance between grid and cathode,
the latter being connected to heater, screen and shields ; the plate is earthed.

Output capacitance is tested by measuring the capacitance between plate and
cathode, the latter being connected to heater, screen and shields ; the grid is earthed.

Capacitance from grid to plate for all types of valves is measured with all other
electrodes earthed.
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In multiple unit valves, the capacitance between the grid of one section and the
plate of the other is measured with all other electrodes earthed ; similarly from one
plate to the other.

The input capacitance of a diode is measured between its plate and cathode,
the latter being connected to heater and shields ; other sections are earthed.

The capacitance between diode-plate and grid or plate of other sections is
measured with all other electrodes earthed.

In a converter, the r-f input capacitance is measured between the signal grid
and all other electrodes connected together.

The mixer output capacitance is measured between the mixer plate and all other
clectrodes connected fogether.

The capacitance from oscillator grid to escillator plate is measured with all
other electrodes earthed,

The oscillator input capacitance is measured between oscillator grid and cathode,
the latter being connected to heater and shields ; the oscillator plate and all electrodes
of the other section being earthed.

The oscillator output capacitance is measured between oscillator plate and
cathode, the latter being connected to heater and shields ; the oscillator grid and all
electrodes of the other section being earthed.

The capacitance between oscillator grid and signal grid, or oscillator plate
and signal grid, is measured with all other electrodes earthed.

In converters in which there is usually a r-f voltage between cathode and
earth (¢.g., 6BES), the oscillator output capacitance is measured between cathode
and heater, the latter being connected to screen and shields ; the oscillator grid being
earthed,

The oscillator input capacitance is measured between oscillator grid and all other
electrodes connected together. The capacitance between oscillator grid and cathode
is measured with all other electrodes earthed.

Standard sockets, cap connectors and shields for use in the measurement of
valve capacitances (R.M.A.-NEMA, Ref. S8),

(1) Sockets

The construction and shielding of capacitance sockets and leads shall be such that
when the holes for the insertion of the base pins are covered with a grounded, flat metal
plate, the capacitance between any one socket terminal and all other socket terminals
tied together does not exceed 0.000 10 puF for receiving valves.

{eie— B {

B

FEICE

Fig.3.44. RMA-NEMA Standard Capacitance Sockets (Ref. S8).

The hole for the accommodation of the locating lug of octal and lock-in bases shall
be less than 0.500 inch diameter.

The diameter of holes for the insertion of the base pins (see Fig. 3.4A) shall be
limited to the values shown in Table I. The socket face plate shall be flat and shall
have a minimaum diameter as shown in Table 1. Any structure above the face plate
shall have negligible effect on the capacitance being measured.

A thin insulating film may be permanently attached to the face plates of capacitance
sockets to provide insulation for ungrounded shielding members.
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The socket shall be so constructed that the base of the valve under test will seat
on the face plate.

Table 1.
Base Designation Max, diameter (A)* Max, diameter (B)*
Standard 4, 5, 6 or 7-pin 0.250 in. 3 in.
Octal 0.175 in. 3 in,
Lock-in 0.093 in. 3 in.
7-pin miniature 0.075 in. 2% in,
9-pin miniature 0.075 in. 2% in.

*sce Fig. 3.4A.
(2) Cap connectors.

Standard Cap Connectors shall be made as shown in Fig. 3.4B. A thin insulating
film may be placed on surface X in Fig. 3.4B. Dimensions in inches shall be as
tabulated below.

Designation A B C

Medium Bt d 0.556 0.850
Small Bt 0.352 0.750
Miniature & 0.242 0.750

Fig. 34B. RMA-NEMA Standard Cap Connectors for use in measurement of valve
capacitances (Ref. S8).

(3) Shiejds.
Standard shields are shown in Fig. 3.4C. It is recommended that these shields be
used ag indigated below, or as specified by the valve manufacturer.
Max, seated height

Shield with without
No. top cap top cap
308 GT glass types with T9 bulbs* 3 2% in.
309 G .glass types with T9 bulbs* 33 34 in.
311 G glass types with ST12 bulbs* 45 3% in
312 G glass types with ST14 bulbs* 48 44 in.
G glass types with ST16 bulbs* 5% 4} in.
315 Miniature types with T6} bulbs* — 2% in.
316 Miniature types with T53 bulbs* — 2% in.

(4) Methods of measuring inter-electrode capacitances are described in the
I.R.E. Standard (Ref. S12). The R.M.A.-NEMA Standard (Ref. S8) states that the
r-f bridge method (Refs. 77, S8, S12) and the transmission method (Refs. S8, S12)
shall be the standard methods of measuring interelectrode capacitances ; both methods
are described. These measurements are normally made only in valve laboratories.

*The maximum outsidé giiam:’i;rs of these bulbs are: T9 1-3/16 in.; ST12 1-9/16 in.; STI14
1-}3/16 in. 3 ST16 2-17/16in.; "T54 3/4in.; T6} 7/8 in.
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RMA-NEMA STANDARD SHIELDS FOR USE IN MEASUREMENT OF
VALVE CAPACITANCES (Ref, S8)
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The significance of interelectrode capacitances and their measurement are covered by
many text books and some articles including Refs. 3, 4, 5, 8, 9, 10, 11, 12, 13, 16, 18,
21, 23, 24, 25, 26, 21, 28, 29, 30, 31, 32, 74, 75, 76, 77.

The special low range capacitance bridge circuit used in the inter-electrode capaci-
tance meter of Ref. 3 is capable of measuring directly the capacitances, with a range from
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0.0001 to 2 uuF, between any two electrodes of a valve with all the other electrodes
carthed, at a frequency of 400 Kc/s.

Capacitances above 2 upF are usually measured on a simple capacitance bridge at
lOOQ ¢/s. Commercial bridges having a logarithmic scale are available for this purpose,
reading from 0 to 30 upF. However, audio-frequency bridges are out of the question
for very low capacitances, because the insulation resistance between electrodes may be
lower than the reactance of a 0.0001 puF capacitance. Even at 1000 Kc/s the re-
actance of this value of capacitance is 1500 megohms,

The capacitance measured with an audio-frequency capacitance bridge is frequently
higher than that measured with a capacitance bridge operating at radio frequency.
‘This effect is associated with the presence of resistive films on the insulators supporting
the valve electrodes. Such films may be caused by deposition of getter or by the evap-
oration of metal from the cathode either during the manufacture or during the life of
the valve. The value of the resistance may be as high as 1000 megohms or more, but is
capable of modifying the measured value of the capacitance and prevents the prediction
at{' tilrlezg)erformance of the valve at frequencies higher than that of the measurement

ef. 23).

The actual capacitance of a valve depends on its operating conditions and the im-
pedances in the electrode circuits. For purposes of specification testing the valve is
tested with the cathode cold and without any voltages applied to the electrodes. Inany
particular case under specified operating conditions the interelectrode capacitances
will differ from the static capacitances measured in this way. For further information
see Chapter 2 Sect. 8(iii) and the references there listed.

(iif) Specific diode characteristics

(a) Rectification test, Power diodes—The rectification test is an operation test
as a rectifier at the maximum ratings for applied r.m.s. voltage with condenser input
filter, and with the maximum rated values of average and peak currents. The basic
circuit is shown in Fig. 3.5 in which T is the plate transformer and T} is the filament
transformer. The average current is measured with the d.c. milliammeter, while the
voltage across R, may either be calculated from the resistance and current or may be
measured by the direct voltmeter ¥. The condenser C, should be an impregnated
paper type.

Fig. 3.5. Rectification test.

FIG. 3.5

The plate supply impedance is that of transformer T, which should be one having
good regulation and low winding resistance.
In a transformer the plate supply impedance per plate is given approximately by
RSNNRRBH"”'R.\: ee (l)
where N =voltage ratio of transformer at no load (primary to half secondary in the
case of full-wave rectification)
(half)) secondary voltage
~ primary voltage
R,,;=resistance of primary winding in ohms
and R, ,.=resistance of secondary winding in ohms (or half-secondary in the case of
full-wave rectification).
If the transformer plate supply impedance per plate is less than the required value,
two equal resistances should be added at points XX in Fig. 3.5 to make up the defi-
ciency. If the transformer plate supply impedance per plate is greater than the required

at no load
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value, the test will not be so severe since it will reduce the peak plate current and also
reduce the output voltage or current.,

In view of this limitation, a rectification test which may be used and which should
be satisfactory for all practical purposes is to make use of the maximum published
conditions with a condenser input filter. These conditons include the maximum
r.m.s. applied voltage, the maximum d.c, load current, the minimum plate supply
impedance per plate and the maximum filter capacitance for these conditions, if
published. In cases where the latter information is not available, it is usually safe to
test with the maximum value of filter capacitance used in the published curves or
typical operation data, provided that the plate supply impedance per plate is equal to
the minimum rated value or to the value used for the curves or typical operation data,
whichever is the greater. In all cases it is essential that the maximum peak plate
current rating per plate be not exceeded.

The rectification test may be used for the purpose of checking the output voltage
and so determining end of life. The circuit constants for the rectification test may te
obtained by the following procedure. The value of R; is given by E;/I, where E,
and I, are the direct voltage and current respectively across the load resistance under
maximum ratings. The value of E, is obtainable from the usual operational curves
published by valve manufacturers, and is the direct voltage for the maximum rim.s.
applied voltage at the maximum value of load current (J;). If curves are published
for more than one value of filter capacitance, the curve corresponding to the highest .
capacitance should be selected. The rectification test should be carried out with the
value of C, equal to that used for the derivation of E,, while the total effective plate
supply impedance per plate should be as specified above. Under these conditions
an average new valve should give a voltage E, and a current I, approximately equal to
the published values, and individual valves will have values either higher or lower than
the average as permitted by the manufacturing tolerances. The end-of-life point is
commonly taken as 80 per cent. of the value obtained with a valve having bogie charac-
teristics (R.M.A., Ref. S7).

The rectification test may be carried out either with full-wave rectification as in
Fig. 3.5 or with half-wave rectification, each unit being tested separately with half the
total average load current. The test is usually performed by inserting a cold valve and
waiting untl it has attained normal temperature.

In all cases, rectifier valves are required to operate satisfactorily in the rectification
test without arcing or sputtering.

Where valve failure has been due to arcing or sputtering, the conditions under
which this occurred may be reproduced for the purposes of testing either by

(1) allowing the valve to heat up to normal temperature from cold, the heater and
plate supply voltages being applied simultaneously, or

(2) operating the valve at normal temperatures with heater and plate voltages
applied, and then “ keying > the plate voltage.

(b) Sputter and arcing

Sputter and arcing are closely akin. When an indirectly-heated close-spaced
rectifier is warming up with plate voltage applied, there is no space charge and the
electrostatic field gradient at any sharp peaks on the cathode surface may be high
enough to vapourize the coating material and lead to the formation of an arc. Even
when there are no sharp points on either cathode or plate, a discharge of gas leading to
an arc may occur when there is no space charge, and the peak current required is
greater than the available emission. Sputter does not usually occur with directly-
heated rectifiers.

Signal diocdes may be tested in a rectification test as an alternative or addition
to the emission test. Diodes in diode-amplifier valves may be tested as half-wave
rectifiers with R;=0.25 megohm, C,=2uF and an applied voltage of 50 volts
r.m.s.

(c) Back emission—Back emission is emission from the plate to the cathode during
the half-cycle when the cathode is positive with respect to the plate. Any appreciable
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amount of back emission results in severe
bombardment of the cathode and ultimate 1, s, Yaive
plate-to-cathode arcing. Back emission under Test S
may be tested by the circuit of Fig. 3.6.
Switch S, is normally closed, and is only ™
opened momentarily while taking a reading.
The combined effect of contact potentials
and initial electron velocities in the 6X5
and 6H6 rectifiers is to cause a residual cur-
rent of perhaps 400 pA to pass through the
back emission meter while S, is closed.
The back emission current is then taken as

the increase in the meter reading when S, FIG. 3.¢ Back Emission Current
is opened. 0-ImA DC.
(d) Zero signal or standing diode cur- Fig. 3.6. Back emission test.

rent—This is usually read by measuring

the current through, say, 0.25 megohm connected between diode plate and cathode
with no signal applied ; the standing diode current is likely to vary during life. It
should be noted that the diode direct plate voltage required to make the plate current
just zero should never be positive if loss of detector sensitivity at very low signal levels
is to be avoided.

(iv) Specific triode, pentode and beam tetrode characteristics
(A) Reverse grid current

Reverse grid current is the sum of gas current, leakage current and grid (primary)
emission current. The test is normally carried out after pre-heating—see Sect. 3(i)
above—since this is the condition which obtains under normal operation in equip-
ment. Reverse grid current is measured by inserting a microammeter* in the grid
circuit in series with a resistor, with maximum plate and screen voltages and dissipa-
tions and maximum cathode current. The circuit used is shown in Fig. 3.1 in which
the microammeter is protected by a shorting key which is only opened when the reading
is to be taken. The maximum value of the grid circuit resistance during the test
as specified by JAN-1A should not exceed 100 000 ohms, although values up to
500 000 ohms are commonly used. The reading is normally taken after the reverse
grid current has reached a steady value.

Alternatively, a suitable value of grid resistor (R ) is connected in the grid circnit,
with a switch for short-circuiting the resistor when desired. With the switch closed,
the grid and plate voltages are adjusted to the desired values and the plate current is
read. The switch is then opened and the grid bias readjusted so that the plate current
returns to its former value The reverse grid current may be computed from

Ic = AEc/R < (2)
where 4E.=change in grid voltage to maintain constant plate current.
When the mutual conductance is known (or as an approximation using the nominal
value) the reverse grid current may be computed from

Grid current in microamperes =1000 47,/g,.R .
where 41,=change in plate current in milliamps.
£ »=mutual conductance in micromhos
and R, =resistance of grid resistor in megohms.

Typical values of maximum reverse grid current in new valves, based on
American JAN-1A Specifications (Ref. S2).

These values apply to types commonly used in radio receivers. They are only useful
as a general guide, since commercial valves may be tested to slightly different specifi-
cations

*Alternatively, an electronic microammeter may be used, incorporating a less sensitive indicating
instrument. One possible form uses a 6SN7-GT twin triode, cathode coupled ; the maximum resistance
in the grid circuit is 50 000 ohms for a 0-3 (A range. This arrangement has the advantage that the
instrument can be made self-protecting so that the indicating meter is not damaged by excessive gas
current.
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High-mu triode (2 465) 0.5 10 0.6 A
Medium-mu triode 1.0 t0 2.0 A
Twin triode—medium mu 1.0 to 1.5 wA each section
high mu (x> 65) 0.5 t0 1.0 A each section
R-F pentode
sharp cut-off (generally) 0.5 10 1.0 pA*
remote cut-off 1.0 t0 2.0 pA
Power output 2.0 10 4.0 nA
Converter 1.010 2.0 pA

*Exceptions are : 6AK5 & 713A 0.1 A, 6AS6 0.2 [A, 6AJ5 0.25 MA, 1231 & 7G7/1232 1.5 pA.

These reverse grid currents apply rigidly only when measured under the specified
electrode conditions (for values see Ref. 65, Sec. 14). These are, in general, identical
with the published typical operating condition or, if there is more than one, at the
typical operating condition having the greatest plate dissipation.

The maximum value of grid current which may be used in any particular application
without seriously affecting the performance, is dependent upon the actual value of
grid circuit resistance—see Sect. 1(v)d.

(a) Gas current (ionization current)—Gas current cannot be readily measured
directlyt. It may be determined approximately by measuring the total reverse grid
current under conditions of maximum dissipation (see above), and then subtracting
the bot leakage current and grid emission current under the same conditions.

(b) Cold and hot leakage—I eakage currents may be measured with a voltage
applied between the grid and each electrode in turn, with the other electrodes floating.
Measurements may be made either with the valve cold (¢ cold leakage **), or immedi-
ately after the filament (or heater) has been switched off after testing for reverse grid
current (* hot leakage ). The grid to cathode hot leakage current, with the grid biased
as for the negative grid current test, may be too small to measure on the microammeter ;
in this case it may be regarded as zero in deriving the gas current. If any grid emission
is present, the procedure will be as indicated in (¢) below.

{c) Grid (primary) emission—Grid primary emission current may be derived
by operating the valve under maximum rated voltages and dissipations for, say, 5
minutes, or until the characteristics have reached stable values, then by increasing
the grid bias to the point of plate current cut-off without any other change in electrode
voltages, and by measuring the negative grid current at this point. This negative grid
current is then the sum of hot leakage and grid emission currents. There is no simple
method of distinguishing between real grid emission current and those hot leakage
currents which fall during the first few seconds as the valve cools. However, it is
generally possible to distinguish hot leakage and grid emission by plotting the cooling
curve of the reverse grid current versus time characteristic (this test cannot be applied
to valves of the pentagrid type).

Grid current characteristics are described in Chapter 2 Sect. 2(iii).

(d) Grid secondary emission—The amount of secondary emission from the grid
of a valve cannot be measured directly. Valves of the same type, however, may be
compared as to the relative amount of secondary emission present by plotting, or tracing
ona CR.O., the positive grid characteristic. If the amount of secondary grid emission
is sufficient for the characteristic to cut the axis, blocking may occur—see Sect. 3(iv)N.
(B) Grid current commencement voltage

The circuit of Fig. 3.1 is used except that the polarity of the grid microammeter is
reversed. The grid voltage is then measured for which the grid current is positive
and of the smallest value discernible on the microammeter (e.g., 0.2 pA).

(C) Positive grid curren

This test applies usually to zero biased r-f pentodes, particularly filament types, to
ensure that conduction«does not occur during service when low screen voltages are
used. The test is normally performed under low screen voltage conditions, with other

tGas current may be measured by the method which converts the desired ion current to an alternating

current by modulation of the jonizing electron stream while leaving undesired stray currents (e.g., leak:
unmmodulated. See Ref. 40. € aving ired sty s (e.8- leakige
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NULL POINT INDICATOR

electrode conditions normal. It is a marter

of experience that the grid current com- DJ.(C’ 2 )
mencement voltage moves in a negative 9000, g:
direction in some filament type pentodes as c N
the screen voltage is reduced. T, s0s - bl
(D) Positive voltage electrode currents . PSSV =

The currents of the positive electrodes Peok & .y
may be measured at the electrode voltages 1000 ¢fs R e N
specified under typical (or any other) opera- a ' o}
ting conditions, by using the circuit of _L- + = ’ﬂ
Fig. 3.1. The valve may be damaged if it < |'|;"|'t§"|;"l'
is operated, even momentarily, at electrode FIG. 3.7 he T e

currents and dissipations in excess of the i . .

maximum ratings. Fig.3.1. Dynamic woltage-ratio method
The electrode currents may tend to drift, ¢f measuring mutual conductance (or

particularly when the valve is operated at transconductance).

other than the cathode current at which it has been stabilized. If a series of curves is

10 be plotted, it is desirable to check one of the earlier readings at intervals during the

test, to see whether the valve has drifted.

(E) Transconductance or mutual conductance*

Transconductance may be determined from the slope of a characteristic which has
been plotted carefully. An approximation to the grid-plate transconductance, which
generally errs on the high side, is to measurs the plate current at equal grid-voltage
increments on either side of the desired voltage, and to calculate the slope—see Chapter
2 Sect, 2(ii).

Grid-plate transconductance and mutual conductance may be measured by many
methods, but the most satisfactory and most generally used laboratory method is‘the
dynamic voltage ratio method developed by Tuttle (Ref. 2).

A simple adaptation which is satisfactory for all practical purposes is described
below. In Fig. 3.7 a 1000 c/s generator is connected to a voltage divider and voltages
E; and E, are applied to the plate (through R, and C,) and grid respectively of the
valve under test. Resistor R, is then adjusted to give 4 null point on the indicator.
Condenser C; is provided to balance out reactive currents arising from stray capaci-
tances ; the secondary of transformer T should be connected in the direction which
allows capacitive balancing.

At balance, the value of mutual conductance is given by

E 1,

. E 3
EnE R, 3

One convenient form is shown in Fig. 3.7 where E; and E, are adjustable in steps
of 10, while R, is variable from 5000 minimum to 100 000 ochms maximum.

Range Grid tap Plate tap E,/E, R, min. R, max.
ohms ohms
1-10 pmbhos C B 1/10 10 000 100 000
10-100 B B 1 10 000 100 000
100-1000 B C 10 10 000 100 000
1000-20 000 A C 100 5 000 100 000

Values of the other components may be :

C,=0.5 uF, Cy;=1 uF, both 400 V working

C;=one gang condenser section

T, =step up transformer, 1 : 2 turns ratio

T.=electrostatically shielded output transformer, with primary
resistance not greater than 50 ohms.

The reactances have been selected to give an error in mutual conductance not greater

than 1 per cent. in each case.

*For definitions, see Chapter 2 Sect. 1.
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Pentodes may be tested if a suitable screen supply is added to Fig. 3.7.

Further information on methods of measuring mutual or transconductance is given
by Refs. 2, 15, 16, 17, 18, 21, 22, 59, 78, 79, 80, 81, 82, 83, 84, S12.

(F) Amplification factor

The amplification factor is usually tested by some form of bridge circuit as in
Fig. 3.8. This is suitable for measurements of z up to 1000. Suggested values of
components are ©
R,=10 ohms, R,=90 ohms, R;=900 ohms, R,=10 000 chms max., L,~=5 henrys
min., L;=20 henrys min. at max. plate current. C,=0.5 uF, C;=0.5 uF, C; may be
two paralleled sections of a gang condenser.

Choke L, should be of very low resistance, so that the voltage drop caused by any
reverse or positive grid current does not affect the point of operation. Transformer
T, should be electrostatically shielded.

The amplification factor is given by

R,
R
where R=effective total grid resistance in grid arm of voltage divider (i.e., either
Ry or Ri+R; or Ry +Ry+Ry).

With R, adjustable from 1000 to 10 000 ohms, position 1 of S, will give a range of
p from 100 to 1000, position 2 from 10 to 100, and position 3 from 1 to 10. A satis-
factory value of signal voltage is about 10 volts peak. Too high a value will result in

- operation over a non-linear portion of the characteristic, while also introducing the

possibility of positive grid current with some types of valves operated at low grid bias.
Capacitance currents may be balanced out by adjusting the value of C, and by moving
switch S, to the position giving capacitance balance.

|
NULL
3 POINT
INDICATOR

L b
- A4
Glpoo:/: FIG. 3.8 FIG. 3.9
Fig. 3.8. Bridge test for measuring Fig. 3.0. Method of testing for plate
amplification factor. resistance.

The amplification factor test of Fig. 3.8 may be used for pentodes with the addition
of a suitable screen supply. For values of amplification factor over 1000 a higher ratio
of the plate and grid arms of the bridge is required, that is R,/R. This will result in
some loss in accuracy at the higher values of u due to capacitance effects.

References to measurement of mu factor and amplification factor : Refs. 2, 15,
16, 17, 18, 21, 22, 78, 79, 80, 81, 82, 84, S12.

(G) Plate resistance
Plate resistance may be measured conveniently by the dynamic voltage ratio method
developed by Tuttle (Ref. 2) and an adaptation is shown in Fig. 3.9. The value of
plate resistance is given by
RiR,
ry=—5— e
Ry
where R;, R; and R; may have any convenient values of resistance.
One possible combination of resistances is :
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Range of r, R, (fixed) R, (fixed) R, (variable)
ohms ohms ohms

1000 to 10 000 ohms 10 000 1000 10 000 to 1000

10 000 to 100 000 ohms 100 000 1000 10 000 o 1000

0.1 to 1.0 megohm 100 000 10 000 10 000 to 1000

1 to0 10 megohms* 100 000 100 000 10 000 o0 1000

*On this range the accuracy is poor.

This circuit may be used for pentodes with the addition of a screen supply. Under
these conditions C, should have a minimum capacitance of 1 ¢F and C, a minimum
capacitance of 0.1 pF (paper dielectric, 400 V working) for a maximum error of 1%
in each case, while choke L, should have an inductance of at least 12.5 henrys for a
maximum error of 1%, (except on the maximum range), for a frequency of 1000 c/s.

On the maximum range, the inductance of L, must be at least 125 henrys for a
maximum error of 1 per cent., but the plate current through L, will normally be only a
few milliamperes on this range. Thus two separate chokes will be required if the
maximum range is to be used. Transformer T should be electrostatically shielded,
and its primary should have a resistance less than 50 ohms. Condenser C, is merely
a blocking condenser of any convenient value, connected in series with the 1000 c/s
source ; it does not affect the readings.

Condenser C; is for the purpose of balancing out capacitance currents ; it may be a
single section of a gang condenser.

The combination of mutual conductance, amplification factor and plate resistance
into a single unit introduces serious design difficulties and necessitates difficult
compromises. A more elaborate combined bridge using Tuttle’s method has been
marketed by the General Radio Company and the theory is published in Ref. 2.

Plate resistance may also be measured by the well known bridge circuit (e.g., see
Refs. 8, 9, 18, 21, 22, S12). ‘The quadrature current may be balanced out by a small
capacitor in the arm of the bridge adjacent to the arm containing the unknown.

References to the measurement of plate resistance : Refs. 2, 15, 16, 17, 18, 21, 22,
33, 78, 79, 80, 81, 82, 84,

- SINUSOIDAL
SIGNAL RESMA SIGNAL
SOURCE “IpF outpytr  SOURCE POWER
VOLTAGE & ouTPUT
AC. METER
-~
“ Epp t FIG. 3.10 FIG. 3.11

Fig. 3.10. Method of testing for a.c. Fig. 3.11. Method for testing for power
amplification (after RMA). ourput.

(H) A.C. amplification

The standard R.M.A. test for a.c. amplification (Ref. S7) is shown in Fig. 3.10.
This is applied to audio frequency voltage amplifier pentodes, and to a-f voltage
‘amplifier high-mu triodes. This is a resistance-coupled amplifier test normally per-
formed at zero bias with a 10 megohm grid resistor. The internal impedance of the
signal source should not exceed 2500 ohms. The testis made at rated heater or filament
voltage and normally with a plate load resistor of 0.5 megohm, and an appropriately
by-passed screen resistor in the case of a pentode. In performing this test, it is
important to specify whether the output voltage is to be read across the plate load
resistor alone (as in the R.M.A. test of Fig. 3.10) or across a capacitively-coupled
following grid resistor of specified value. It is also important, if accurate results are
to be obtained, that the valve voltmeter used be true r.m.s. reading—-that is, one having
a square-law characteristic.

(I) Power ocutput
Power output from the plate may be measured under the conditions indicated in
Fig. 3.11. The peak value of the sinusoidal voltage E, applied to the grid is normally
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equal to the bias voltage E,., unless otherwise specified. The signal frequency is
preferably either 400 or 1000 ¢/s, in order to reduce the size of L and C. The impe-
dance of the choke L at the signal frequency should be at least, say, 7 times the im-
pedance of the load, while the reactance of C should be less than, say, one seventh of
the load impedance.

The power output meter for approximate and routine testing may be of the rectifier/
d.c. meter type. In this case the load resistance will be incorporated in the power
output meter as drawn in Fig. 3.11.

For accurate measurements, however, it is essential to measure either the true r.m.s.
voltage across, or the current through, a load resistor of specified value and unity
power factor. Generally the latter measurement is the more convenient as the current
through the load may be measured by means of a thermo-couple ammeter.

. The power output of a Class B amplifier may be measured either with push-pull
operation or on each section separately. In the latter case the load resistance is one
quarter that of the plate-to-plate value for push-pull operation, and the unit not
under test is tied to the cathode. The power output from one section, owing to shifting
of the loadline, is greater than half the power output with push-pull operation (Ref.
58), but the relationship must be established experimentally in each case. Alternatively,
a resistive load may be connected directly in the plate circuit to give a closer approach
to normal push-pull operation. The value of the resistance is arranged to be one
quarter of the plate-to-plate load resistance with push-pull operation, and the plate
supply voliage equal to the specified plate voltage for normal push-pull operation.
Under these conditions the power output is given by (Ref. 58) :
P,~2.47 (I,—0.251,, R ; (4a)
where P,=power output from one section, in watts
I,==direct plate current in amperes, as measured by a d.c. meter
I,,=plate current with no signal, in amperes,
R =load resistance per section, in ohms.

The value of I, may be taken, with sufficient accuracy for many purposes, as the
publ shed value.

In*all cases with Class B amplifiers the specified value of input voltage is applied
to the grid circuit in series with a specified value of resistance. The plate voltage
source should have good voltage stability, an electronic voltage regulator being satis-
factory. If a plate source impedance is specified, a serjes resistor of the appropriate
value must be inserted in the plate supply circuit.

The relevance of a particular output measured under specified conditions is signi-
ficant only in relation to the distortion present under those conditions.

(J) Distortion

Distortion in the power output test may be measured by one of several suitable
methods, provided that the signal source is truly sinusoidal. The effect of harmonics
from the signal source may be reduced by connecting a low-pass filter between the
signal source and the grid.

The distortion may be measured by a harmonic analyser, of which several types have
been described in the literature. When merely the value of the total harmonic dis-
tortion is desired, as in determining the undistorted output, those analysers which
measure the root-mean-square value of all harmonics present are preferable to those
which measure the separate harmonics.

The method of Suits (Ref. 85) is a particularly good example of the type of analyser
which measures the harmonics separately. The Suits method requires only the simp-
lest apparatus, and where laboratory facilities are limited this advantage may outweigh
the disadvantages involved in the computation of the total harmonic distortion.

The Belfils analyser (Refs. 86, 87) utilizes an alternating-current Wheatstone-bridge
balance for the suppression of the fundamental, and is particularly useful for dizect
measurement of the total harmonic distortion. For maximum convenience, the
frequency of the audio-frequency source should be very stable. This instrument can
be operated so that it is direct reading, by maintaining a constant input voltage.
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In the McCurdy-Blye analyser (Ref. 88), low- and high-pass filters are used to
separate the harmonics from the fundamental. This instrument is superior to the
Belfils type in that the frequency of the source may vary somewhat without necessi-
tating readjustment,

A differential analyser especially designed for power-output work has been described
by Ballantine and Cobb (Ref. 89).

If an iron-cored choke is employed for shunt feed in the plare circuit (Fig. 3.11),
care should be exercised in its selection or design to avoid the generation of harmonics
in it due to the non-linear and hysteretic behaviour of the iron.

For measurement of distortion see Chapter 14 Sects. 2, 3 ; Chapter 37 Sect, 3.
(K) Microphony

There is no published standard test for microphony outside of Service or manufac-
turers’ specifications. However an indication of the miicrophony of valves may be
obtained using the same conditions as the R.M.A. standard audio frequency noise
test (see below). It is reasonable to adjust the amplifier gain to be of the same order
as the gain of the subsequent portion of the amplifier in which the valve is to operate.
Nevertheless, valves unless specifically designed for low-level high-gain pre-amplifier
use, should not be expected to be non-microphonic and free from noise at low levels
when tested under such conditions.

In radio receiver factories the valves are usuaily tested in the chassis in which they
are 1o operate, the set being tuned to a signal generator with internal modulation, and
the volume control set at maximum. Any microphonic sounds which quickly die
away are not considered as cause for removal of the valve, but a sustained
howl is so considered. Such a valve may not be microphonic in another
position in the chassis or in another model of receiver. Actions to be
taken to reduce microphony have been described in Chapter 35 Sect. 3(iv). Not-
withstanding the considerations above, all valves cannot be expected to be non-
microphonic when placed directly in the acoustic field of, and close to, the loudspeaker
in a receiver, particularly in small cabinets.

Ref. S2.

(L) Audio frequency noise

The R.M.A. standard for audio frequency noise test is with normal voltages applied
to all electrodes, and the plate of the valve under test is coupled to the input of an
amplifier with a frequency range of 100 to 2000 c/s (45 db of response at 400 c/s).
A dynamic loudspeaker with a rating of at least 2.5 watts is connected to the output
of the amplifier. The minimum external grid resistance is 100 000 ohms. The gain of
the amplifier and the plate load resistance of the valve under test are to be as specified.
The valve under test may be tapped lightly with a felt or cork mallet weighing not over
} ounce. Any objectionable noise heard in the loudspeaker, is causc for rejection
(Ref, S7). Sec also Ref. S2.
(M) Radio frequency noise

The R.M.A. standard test for radio frequency noise is for normal voltages applied
to all electrodes of the valve under test ; the plate is coupled to the input of a r-f
amplifier (of a radio receiver) at a frequency within the range of 50 to 1600 Kc/s.
The minimum band-width is to be 5 Kc/s at 10 times signal. The audio frequency
response is to be within +5 db of the response at 400 c/s over the frequency range
from 100 to 2000 c/s. A suitable tuned transformer giving a rescnant impedance of
50 000 to 200 000 ohms is to be used to couple the valve under test to the amplifier.
The external grid circuit impedance of the valve under test is to be from 5000 to 25 000
ohms. Other conditions of test are as for the audio frequency noise test (Ref. S7).
See also Ref. S2.
(N) Blocking

Tests on grid blocking are normally applied only to certain types subject to this
characteristic. A valve may be tested for blocking by either of two methods. In the
first method a high positive grid voltage (say 100 volts) is applied instantaneously
with normal electrode voltages and the maximum value of grid resistance. The plate
current should return to its initial value on the removal of the applied voltage.
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The second method (** cross-over ) is to apply a gradually increasing positive grid
voltage with substantially zero grid circuit resistance, and to plot the grid current
characteristic for positive values of grid voltage up to the point at which the grid
current changes from positive to negative (‘‘cross-over ” point). See Chapter 2
Sect. 2(iii).

(O) Stage gain testing

A circuit such as that shown in Fig. 3 11A can be used to measure the gain of a r-f
pentode operating under typical i-f amplifier conditions. Stage gain testing has the
advantage of evaluating at the one time and under operating conditions at the appropri-
ate frequency the effects of all valve characteristics which influence gain, such as mutual
conductance, output impedance, input resistance, reverse grid current and even the
effect of high screen or plate currents in increasing control grid bias or decreasing
screen grid voltages

iM&
A VALVE
A 25M
74 n 4 Quoirueren
I 1€ A
= aMa L S
FIG. 3.11A ) - B+

Fig. 3.114. Method of testing for i-f stage gain,

In Fig. 3.11A the input and output circuits are typical high-impedance i-f trans-
formers with secondary tuning of the first and primary tuning of the second, adjustable
from the front panel of the tester to allow accurate alignment with varying capacitances
in the valves under test. The 1 megohm resistor represents the plate impedance of a
preceding converter stage and the 0.25 megohm resistor simulates the impedance of a
diode detector. Screen and bias resistors are designed to give the required voltages
with a valve of bogie characteristics, and the high impedance in the control grid
circuit allows the effect of reverse grid current to be evaluated.

The output meter is calibrated to show stage gain in db for a given input at 455 Kc/s
and limits are marked on the scale at a suitable number of db above and below the
stage gain of a bogie valve.

(P) Electrode dissipation

The dissipation of an electrode is determined by subtracting the power output
from that electrode —see Sect. 3(iv)I —from the d.c. power input to that electrode.
Where the power output from an electrode is zero, the electrode dissipation is then
equal to the d.c. power input.

(v) Specific converter characteristics
(A) Methods of operation including oscillator excitation

A converter valve essentially includes two sections, an oscillator and a mixer, which
may be either separate units supplied by independent cathode streams as in a triode-
hexode or combined to use a single cathode stream as in the pentagrid types. The
characteristics of a converter depend both on the electrode voltages of the mixer and
oscillator and on the excitation of the mixer by the oscillator.

For purposes of testing, the oscillator may be either self-excited or driven by an
external source of alternating voltage of suitable amplitude ; alternatively a limited
range of characteristics may be determined under purely static conditions with direct
voltages only applied to the electrodes. In general, the latter is not recommended for
routine testing outside of valve factories, owing to the practical difficulties of correlating
characteristics with published characteristics obtained under oscillating conditions.
(1) Oscillator self-excited

This is the normal method of operation in most radio receivers, and although it has
much to commend it as a simultaneous test of both mixer and oscillator sections, the
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oscillator circuit characteristics require to be specified exactly and closely controlled
in order to obtain consistent results. For general service testing, less critical methods
are therefore to be preferred. This method of testing, with a self-excited oscillator,
requires a completely specified oscillator coil, particularly as regards the resonant
impedances presented by the circuit to the valve which, together with the electrode
voltages, determine the peak and average plate currents of the various electrodes. In
practice, it is usually convenient to standardize the circuit by using a valve having
specified characteristics under particular conditions (transconductance, amplification
factor, plate current) and adjusting the resonant impedance of the tuned circuit by
means of the shunting resistor to give a prescribed grid current.

The oscillator frequency is usually either an audio frequency or 1 Mc/s, the latter
being more typical of normal operation
(2) Oscillator driven

This is a fairly commonly used test, because it has less dependence of the mixer on
the oscillator characteristics. It suffers from the disadvantage, however, that inasmuch
as the driving voltage is applied to the oscillator grid, it does not provide a satisfactory
test of oscillator characteristics. With this method of testing, if grid current is regarded
as a criterion of oscillator characteristics, the oscillator emission needs to be adequate
only to supply the rectified current resulting from the excitation but may be quite
inadequate to supply the high peak oscillator plate currents which may occur in normal
operation, the values of which depend upon the impedance in the oscillator plate
circuit.

For this reason, it is generally more satisfactory in service testing to use the driven
method with prescribed excitation to test the mixer characteristics and to test the
oscillator by means of either a transconductance ‘test at a high plate current or a
prescribed self-excited oscillator circuit test which calls for a reasonably high peak
plate current, with rectified grid current as the criterion. In the latter case provided
the oscillator circuit characteristics, that is the resonant impedances presented to the
valve, are precisely specified the test is not critical as regards grid current.

(3) Static operation ‘

With this method of testing, static voltages are applied to all electrodes and the
electrode currents are measured.
(B) Specific characteristics
(a) Reverse signal grid current

This test is performed under the same general conditions as for triodes and pentodes,
except that the method of operation may be with the oscillator self-excited, or with the
oscillator driven, or with static operation.

(b) Signal grid current commencement

In general this test may be performed as for triodes and pentodes, except that the
oscillator may be either self-excited or driven.

(¢) Mixer positive voltage electrode currents

These may be measured, in general, as for wiodes and pentodes, except that the
oscillator may be either self~excited or driven.
(d) Mixer conversion transconductance*

Mixer conversion transconductance is determined from measurements of the
magnitude of a beat-frequency component, (f;—f2) or (fi+fs), of the output current,
and the magnitude of the input voltage of frequency f, where f; is the oscillator fre-
quency. The method of measurement which has been standardized by JAN-1A (Ref.
82) and R M.A. (Ref. 87), and which uses a driven oscillator, is to apply voltages of
identical phase and frequency —usually mains frequency for convenience—to the
specified electrodes (that is the signal and oscillator grids) with provision for a phase
reversal of 180° of one with respect to the other. The change in direct plate current due
to the phase reversal represents the difference-frequency plate-current component.

*Also referred to as conversion conductance. Mixer conversion transconductance is defined as the
quotient of the magnitude of a single beat-frequency component (f1+f2) or (f1-f2) of the output
electrode current by the magnitude of the control-electrode voltage of frequency /1, under the conditions
that all direct electrode voltages and the magnitude of the electrode alternating voltage f remain constant
and that no impedances at the frequencies /1 or f2 are present in the output circuit, and that the magni-
tude of the signal voltage f1 is very small,
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This value divided by twice the peak value of the sinusoidal voltage applied to the
signal input electrode is taken as the mixer conversion trans'con_ductanc':q. Specified
voltages are applied to the valve electrodes under specified circuit conditions anq the
oscillator excitation voltage is adjusted to the specified value or to give the specified
oscillator grid current. Other methods of testing are acceptable if correlated with this
method.
The relationship may be expressed in the form
. I (20 1 b2 4

T (4b)
where g .=conversion conductance in mhos
) I,,=plate current for the in-phase condition of signal and oscillator voltages

E, and E, in amperes
Iy, =plate current for the out-of-phase condition of E, and E,, in amperes

and E, ,=peak value of the signal voltage,

It should be clearly understood that the value of conversion transconductance
measured by this method is dependent on the signal grid voltage and on the curvature
of the mixer characteristics and consequently only approaches a true  differential ”
wransconductance at the point of operation, as distinct from an average value, if the
signal grid voltage amplitude is sufficiently small. In most cases, if the signal grid
voltage does not exceed say 25 mV, exact correlation can be obtained for all types.
At higher values, up to 100 mV, the error may be acceptable, depending upon the type
and the condition of operation.

Fig. 3.12. Phase reversal
method of measuring con-
version  transconductance.

FIG. 3.12

The circuit is shown in Fig. 3.12 in which one double-wound transformer, T,
with two secondary windings provides the signal and oscillator voltages, which are
controlled by means of potentiometers R, and R,. A switch S permits phase reversal
of the signal voltage. The grid coupling capacitor G, and grid resistor R, are provided,
with a meter to mcasure oscillator grid current through R,. In the plate circuit of the
valve under test there is a by-pass capacitor C, and iron-cored choke L to pass the
direct current I, from the plate voltage source E,,. The increase in plate current is
measured by the low resistance microammeter M after the standing current I,
has been “ bucked out * by the bucking battery B and rheostat Ry which should have
a minimum resistance at least 100 times that of the microammeter.

In order to obtain exact results, as indicated previously, very small signal voltages
are required, which produce only small incremental readings of plate current and demand
stabilized electrode voltage sources. In any particular case, the signal voltage may be
increased until the error due to the large signal voltage becomes measurable, and tests
should then be carried out at a somewhat lower signal voltage.

If a signal voltage of 1/24/ 2 volt (0.5 volt peak) is used, the incremental plate current
in milliamps then reads conversion transconductance in milliamps per volt. It seems
that values of transconductance frequently quoted in published data are obtained
using the above-mentioned value of signal voltage, as in many cases the true conversion
transconductance under the conditions published differs from this value. As a result,
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it is frequently difficult to calculate the exact performance of converter stages from
published data of the converter used.

The shape of the curve of conversion transconductance plotted against oscillator
grid current is very much influenced by the signal voltage used in the tests. The actual
operating conversion transconductance in a practical case is a function of the input
signal level.

The phase-shift method of testing conversion transconductance is the only absolute
experimental method of measuring this characteristic, and accurate results can be
obtained provided all electrode voltages, including signal and oscillator excitation
voltages, are well stabilized, the electrode supply voltages free from hum, the excitation
voltages sinusoidal, of low frequency and correct phase and the signal grid voltage
sufficiently small.

Side-band method

The side-band method of measuring conversion transconductance is shown by the
circuit of Fig. 3.13. The oscillator may be either self-excited at any convenient
frequency, say 1 Mc/s as in Fig. 3.13, or may be driven. A signal voltage E; at audio
frequency (say 1000 ¢/s) is applied to the control grid. The oscillator is adjusted to give
the required grid current through the specified grid resistor R,. In the plate circuit there
is a resonant circuit L, Cy, tuned to the oscillator frequency and shunted by a resistance
R,, the value of which should be as low as possible and which should not exceed
10 000 ohms.

o o] oroot ol
R-F ! !
AMR | | l
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FIG, 3,13

The voltage across the resonant circuit comprising the oscillator frequency, the signal
frequency and the two resulting sidebands are applied to a radio frequency amplifier
followed by a diode detector across whose diode load is connected a valve voltmeter
to indicate the amplitude of the audio frequency components. If an r-f amplifieris not’
used, the region of non-linearity of the diode characteristic results in the calibration of
the system being dependent on the voltage developed across the tuned circuit and would
thus be unsatisfactory for valves of low conversion conductance. However, the r-f
amplifier may be omitted provided the signal applied to the diode is sufficiently high
to ensure linear rectification. Where this is not so, the simplified circuit may not be
suitable for measurements of low values of conversion conductance.

If the r-f amplifier is omitted, the signal voltage E; may be about 0.5 volt peak, and
R, may be 10 000 ohms.

The tester must be calibrated against the standard phase reversal method and the
circuit may be adjusted so that the meter is direct reading.

(e) Mixer plate resistance

This may be measured either with a sclf-excited or driven oscillator, the value of
plate resistance being not affected by the method used. Measureme_mt of plate resistance
is performed as for a pentode, except for the excitation of the oscillator.

(f) Mixer transconductance .

This may be measured as for a pentode valve, except that the oscillator should be
either self-excited or driven,
(g) Oscillator grid current

The oscillator performance of a converter valve depends upon several valve and
circuit parameters that are not simply defined.
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The oscillator grid current may be used as the criterion of oscillator performance
in a self-excited oscillator, operating under specified conditions, The circuit should
be designed to draw typical peak and average total space currents. The Boonton
Converter Oscillator test circuit is widely used to check oscillator performance, owing
to its simplicity of design and ease of adjustment and control and, while not giving an
exact criterion of oscillator performance, does provide a dynamic test of the usual
parameters under conditions that simulate average receiver operation.

RS La RS
L|

L,

FiG.3.14

Fig. 3.14. Self-excited oscillator, using
the Hartley circuit, for testing oscillator
performance.

The circuit (Fig. 3.14) is a series-fed Hartley having a fixed feedback ratio and having
the tank circuit impedance variable so that the magnitude of oscillation may be
adjusted. Normal voltages are applied to all electrodes.

It is necessary to specify the oscillator plate voltage, oscillator plate series
resistor (if used), oscillator grid resistor (R,) the inductance of each section of the coil
(L;5 Ly), the mutual inductance between the two sections (M), the capacitance shunted
across the whole coil (C), the grid coupling capacitance (G,), and the resonant imped-
ance of the tuned circuit (R;). Normally a coil having a higher reactance than the
specified value of resonant impedance is used and is shunted by a variable resistance
(R,) 1o give the specified resonant impedance. Bias is obtained by means of a capacitor
and a wire-wound gridleak, The wire-wound grid resistor is used because it has con-
siderably higher impedance to radio frequencies than to direct current. The high
radio-frequency impedance diminishes the shunting effect of the gridleak on the tuned
circuit. The rectified grid current is read on a microammeter (suitably by-passed) in
series with the grid resistor. Before the test oscillator is used, the relationship between
the tuned impedance of the tank circuit and the setting of the variable resistor must
be determined

The R.M.A. standard (Ref. §7) and JAN-1A (Ref. S2, sheet dated 19 July, 1944)
specify the component and coil design values as being : C=100 puF (mica); C,=
200 puF (mica) ; R;=50 000 ohms potentiometer ; R,=50 000 ochms wire-wound
resistor ; L, =83 pH ; L,=48 uH : M=23.3 uH ; coil diameter=1.25 in. ; ‘winding
length=59/64 in. ; wire No, 30 a,w.g. enamelled copper ; turns=83; tap at 83
turns from anode end. See also Ref. S12.

The constants quoted above have been selected to simulate average circuit conditions
in broadcast receivers for composite converters having transconductances less than
1500 umhos at zero bias. For valves having higher transconductances or for circuits
above broadcast frequencies, the circuit with the constants given may not be satis-
factory, as spurious oscillations may make it impossible to obtain correlation between
test readings and receiver performance.

The ability of a valve to oscillate when the shunt impedance of a tank circuit is low
is ane criterion of the value of a valve as an oscillator, The oscillation test is made by
applying the desired electrode potentials to the valve under test and reading the rectified
grid current at some known setting of tank-circuit impedance. A valve that will got
oscillate with the tank-circuit impedance below about 9000 ohms is considered to be a
weak oscillator. A valve that will oscillate with a tank-circuit impedance as low as
3000 ohms is considered to be a strong oscillator. The minimum tuned impedance at
which oscillation will start or cease as indicated by the rectified grid current will
depend on the oscillator characteristics of the particular type and will vary from type
o type.
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(h) Oscillator plate current

The oscillator plate current may be read while the valve is being tested for grid current
as a self-excited oscillator, or alternatively at zero grid voltage and specified plate
voltage (usually 100 volts).
(i) Oscillator transconductance

The oscillator transconiductance is usually measured at zero grid voltage and specified
plate voltage (usually 100 volts).
(3 Oscillator amplification factor

The oscillator amplification factor is measured as for any triode, usnally with 2 plate
voltage of 100 volts and zero grid voltage.
(k) Oscillator plate resistance

The oscillator plate resistance is measured as for any triode, usually with a plate
voltage of 100 volts and zero grid voltage
() Signal grid blocking

" Signal grid blocking may be treated as for the general case of grid blocking in Sect.
3(@v)N.
(m) Microphony

The general remarks in Sect. 3(iv)K regarding microphony apply also to converters.
‘(n) R-F noise

Converters may be tested for r-f noise under published electrode voltage and typical
receiver circuit conditions, following the relevant recommendations of the R.M.A.
r-f noise test—see Sect. 3(iv)M.
(vi) Tests for special characteristics

The following tests are not normally applied to receiving type valves and the
undermentioned information is provided to assist designers in obtaining data of these
characteristics for particular purposes.
(A) Short-circuit input admittance (yi)

At frequencies up to 10 Mc/s it is possible to use conventional bridge methods for the
measurement of the four admittances, but at higher frequencies some version of the
susceptance-variation or resistance-substitution method is necessary.

-0
SIGNAL
GENERATOR

Fig. 3.15. Semi-schematic diagram of equipment for measuring admittances by the
susceprance-variation method (Ref. S12).

T is the 4 terminal transducer to be measured, Y, and Y, are cahbrated variable-admittance
elements which may be of various forms, such as coils or capacitors. V, and V., are signal-
Sfrequency voltage-measuring devices ; these may be simply crystal or diode voltmeters or
heterodyne recetyers. Variable admittances Y ., and Y o, are used for coupling the input
or output circuits to the signal oscillators.

FiG.3.15

(1) Susceptance-variation method of measurement (Refs. 51, S12)

In this method, the circuit is detuned with either the capacitor or the inductor
adjustment to a point giving half the power output observed at resonance. The incre-
ment in susceptance, determined from the capacitance calibration curves, is then equal
to the circuit conductance. In practice, the mean value obtained by using the half-
power points on each side of resonance is used.

Using the circuit of Fig. 3.15 (Ref, S12)—

(a) Short-circuit the output terminals 2-2. This may be done either by detuning
Y, sufficiently or by placing a suitable by-pass capacitor directly across terminals 2-2.

(b) Excite the input circuit by coupling the signal oscillator loosely through ¥
1 Yl.



114 (vi) TESTS FOR SPECIAL CHARACTERISTICS 3.3

(c) Adjust Y, for resonance as indicated by a maxzimum rcading of V,. In order to
insure that the-coupling to the oscillator is sufficiently small, reduce the coupling until
further reduction does not change the setting of Y, for resonance. Record the cali-
brated values of G, and B, for this setting.

(d) Vary Y, on either side of resonance until the voltage V, is reduced by a factor
1/ +/2. Record the calibrated values of this total variation of Y, between half-power
poitits as AG; and 4B,. In order to insure that the oscillator and detector are not
loading the circuit, reduce the coupling until further reduction does not change the
susceptance variation 48,. The short-circuit input susceptance is then given by the
relation

By=—B, 5
and the short~circuit input conductance by the relation
yu=34B[(14+29D)1 + 9] -G, 6)
or yu~A3AB[14- 7471 -G, )
or even further by the relation
yu~14B,—G, (8)
if 4 s negligtble.
F1G. 3.16
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Fig. 3.16. Circuit diagram of equipment used for measurement of short-circust input
admittance (Ref. 51).

A practical form (Ref, 51) for the frequency range 50 to 150 Mc/s is shown in Figs
3.16and 3.17. The valve under testis used as a part of 'a resonant circuit which includes
a continuously-variable inductor and a small concentric-cylinder capacitor built on a
micrometer head. The high-potential end of the inductor is connected to the high-
potential electrode of the micrometer capacitor inside a cylindrical cavity open at the
top. Fig. 3.17 also shows the positions of some of the by-pass capacitors used with the
octal socket. These are button-type, silver-mica capacitors of approximately 500 upF
capacitance. The socket is of the moulded phenolic type. Terminals 1, 3, 5 and 7 are
connected directly to the mounting plate at a point directly below the terminal in each
instance. Terminals 2 (heater) and 6 (screen grid) are by-passed to ground, and a lead
is brought from each of these terminals through the mounting plate to a small r-f
choke and a second by-pass capacitor. Terminal 8 (plate) is by-passed and fitted
with a spring contacting the terminal for one of the circuits, Terminal 4 (grid) has
ofily the contact spring. A similar arrangement is used with miniature valves. In
thfs cise, the socket is of the wafer type with mica-filled rubber insulation. Terminals
2, 3 and 7 are grounded and terminals 4, 5 and 6 are by-passed to ground. Terminals
1 (grid) and 5 (plate) have contact springs. The by-pass capacitors are closer to the
mounting plate than in the case of the octal socket ; the capacitors at terminals 4 and
6 gverlap the eapacitor to terminal 5. A 10 ohm resistor, mounted inside a cylindrical
shicld to minimize lead induetance, is connected between socket terminal 5 (plate)
and the by-pass capacitor. This component was added to suppress a parasitic oscilla-
tion ebserved with certain type 6AKS5 valves. The resistor was found to have no
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FIG. 3.17

CAPACITANCE PROBE
FAOM RECEIVER

BLOCKING CAPACITOR
AT TERAMINAL OF
VARIABLE INDUCTOR

CALIBRATINC CAPACITOR
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BYPAS,
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COMTALY
U /8 cuse

PHOSPHOR BRONZE SPRING

Fig. 3.17. Physical arrangement of circuit elements of Fig. 3.16 (Ref. 51).

measurable effect on input admittance readings obtained with valves, either of the
6AKS type or of other types, not subject to the parasitic oscillation.

In order to obtain susceptance values, the circuit must first be calibrated for the
capacitance required for resonance at each test frequency. The circuit is calibrated
by determining the inductor settings for resonance with each of a number of small,
disc-shaped, calibrating capacitors substituted for the valve. The inser: in the lower
left corner of Fig. 3.17 shows a cutaway view of the cavity with one of the.calibrating
capacitors in place. The length of the phosphor-bronze contact spring used with the
calibrating capacitors is approximately the same as that used with the valve. Thus,
the inductance of this lead is accounted for in the calibrating procedure. The reference
terminals for the valve are the socket plate and the grid terminal of the sacket or,
possibly, a point on the grid terminal a little inside the body of the socket. The
calculated inductance of the contact spring is 4.5 milli-microhenries per centimeter of
length within about 25 per cent., but the difference in effective lengths of the springs
for the socket connection and the calibrating connection is not mere than 2 or 3
millimeters.

The range of the micrometer capacitor is sufficient for measurernents of the cireuit
with the calibrating capacitors, with most cold valves, and with some valves under
operating conditions. For other cases, adjustment of the inductor is required.

If the conductance being measured is small enough to be measured by the available
range of the micrometer capacitor, the susceptance and conductance variations between

1/+/2 voltage points are given by
4B=wdC
and 4G =0
where w is the angular frequency of measurement and 4C is the micrometer capaci~
tance variation between the half-power points.
The calibration curves used at each test frequency are :
(1) Capacitance for resonance
(2) Slope of the capacitance curve
(3) Conductance at resonance of the circuit with the calibrating capacitors.
These three quantities are plotted against the inductor adjustment readings. m
the conductance values for the calibrating capacitors themselves are too small to
the calibration appreciably, the conductance curve corresponds, essentially, to the

equipment.
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(2) Resistance-substitution method of measurement

The resistance-substitution method applies only to the measurement of the conduc-
tive component of the admittance. The susceptive component must be measured by
means of a calibrated susceptance clement, as for the susceptrance-variation method of
measurement. Ideally, the resistance-substitution method involves, in the case of a
two-terminal admittance, the removal of the electron-tube transducer from the
calibrated admittance element and its replacement by a standard pure resistance of
such a value that the voltage reading between the two terminals is the same as that
obtained with the transducer in place. The calibrated susceptance element must be
adjusted to resonance both before and after substitution of the resistance. If the
measurement is of y,;, the following relations are obtained :

By, =—B, )]
as in (1) above, and

Gu=1/R (10)
where R is the standard resistance of a value that satisfies (10).

There are practical difficulties in obtaining standard resistors having negligible
reactance at frequencies of the order of 100 Mc/s or higher. Wire-wound resistors are
not usable at such frequencies. The most satisfactory types available are the metallized~
glass or ceramic-rod resistors of relatively small physical size, having low-inductance
terminals and very little distributed capacitance. A further difficulty arises from the
fact that such resistors are obtainable only in discrete values of resistance, It would
not be practicable to obtain the very large number of resistors needed to match the
resistance of any electron-tube transducer. Hence, it is necessary to utilize a trans-
formation property of the admittance-measuring equipment in order to match any
arbitrary admittance with some one of a reasonably small set of standard resistors.
A suitable resistance-substitution set consists of a transmission line of length 7 short-
circuited at one end, having a characteristic admittance Y, and a propagation constant
y. If a known admittance Y is placed across the line at a distance x from the short-
circuited end, the admittance Y, at the open end of the line is given by the relation

1
Y, =Y|sinh yx)* Y sinh yx 11
[sinh v | |1 ook ¥ (=) an

Conversely, the admittance Y, is the admittance that would have to be placed at the
open end of the line to produce the same effect there as the known admittance Y at the
position x. Equation (11) then represents the property of the transmission line of
converting admittance ¥ at position x into admittance Y, at position /. This expression
can be simplified for a low-loss line having a characteristic admittance Y, large com-
pared with the bridging admittance Y. Thusif ¥,>Y,

Y sinhyx ,

70 Sinhylsmhy(l— x) 4 <1, (12)

and the real part of the propagation constant y of the line is small,
sinh yx|® [sinh gx]* 13
sinh ! | | sinh gl s
where f=2n/A Equation (11) then simplifies to
| sin Bx |*
Y=Y Al (149)
If Y is a pure conductance of value 1/R, then Y, is the pure conductance
_1[sin gx1?
Gr= B [;Fﬁl ] (15)
In the measurement of the short-circuit input admittance Y, a low-loss transmission
line of large characteristic admittance is coupled loosely to an oscillator near the short~
circuited end. At the open end are a voltage-detecting device and a calibrated

capagcitor, by means of which B, is obtained from (9). With the unknown transducer
across the open end and the capacitor adjusted to obtain resonance, a voltage reading
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is taken. The transducer is removed and one of the standard resistors placed across the
line bridging the two conductors. The position of this resistor along the line is then
adjusted and the system is readjusted for resonance with the calibrated capacitor until
the voltage, as measured at the end of the line, is the same as before. By (15) we have

Gu—G,— L[ Bx ]’ (16)
R sin Bl
where R is the resistance of the standard placed x centimeters from the short-circuited
end of the line. Tt is evident that a resistor must be selected having a resistance value
near to but not larger than the reciprocal of Gy,.
Since the transmission line should have low loss and low characteristic impedance,
a coaxial line is desirable. The line will require a longitudinal opening or slot in order
to permit one of the standard resistors to bridge the line at an adjustable position to
satisfy the required voltage condition. A valve voltmeter is capacitively coupled
to the open end of the line across which the electron-tube transducer may be attached.
Socket and filter arrangements for wire-lead valves can be attached to this lne.
Radiation difficulties arising from the longitudinal opening in the line, together with
the increasing difficulty in obtaining resistance standards at frequencies much above
300 Mc/s, appear to make this type of measuring equipment impracticable for measure-
ments at higher frequencies on surface-lead valves. Ref. S12,

(B) Short-circuit feedback admittance (y,,)
Susceptance-variation method of measurement

See (A)] above for general description.

(a) With the input termination still set at the value for resonance obtained in step (c)
in (A) above, excite the output circuit through Y .,. In the event that oscillation diffi-
culties are encountered, detune the output circuit ¥ or load it until oscillation stops.

(b) Record the voltmeter readings V; and V.

The magnitude of the feedback admittance is then given by the relation

V,|4B 1
[y1e] = 7; —2—1[(1+2’)2)‘."—¥- nJ Qa7
. v,)4B,}
or RE 17; 3 ILI R ’72] (18)
NE‘EI!K!J 19
or |yiel R 2 ’Vz (19)

where 4G, and 4B, are the values obtained in the preceding measurement of yy;.
Ref. S12.

(C) Short-circuit output admittance (y,.)

The short-circuit output admittance may be measured by following the procedure
outlined for the short-circuit input admittance, the signal being coupled through Y ...
If the subscripts 1 and 2 are interchanged, all of the above formulae concerning y,
may be used to relate s, to the measured data.

Ref. S12.

(D) Short-circuit forward admittance (y,)

The magnitude of the forward admittance may be measured by following the
procedure outlined previously for the measurement of the magnitude of y,;. If the
subscripts 1 and 2 are interchanged, all of the formulae concerning y,, may be used to
relate y,, to the measured data.

Ref S12.

(E) Perveance
(1) Perveance of a diode
The perveance of a diode may be derived by plotting the current against the three-

halves power of the voltage, when the slope of the curve will give the value of G.
Voltages should be chosen sufficiently high so that such effects as those produced by
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contact potential and initial electron velocity are unimportant. If this is not possible,
a cofrection voltage « should be added to the diode voltage, where
e=(3/2)I 1y —ey
where r,==anode resistance of diode,
Ref, 812,

{2) Perveance of a triode

‘The perveanice of a triode may be derived as for a diode where the diode anode

voltage is taketi as the composite controlling voltage
, et/ )
i Eey @0

Multi-grid valves may be considered, with sufficient accuracy for most purposes, as
triodes with the screen grid as the anode and the screen grid voltage as the anode
voltage.

Low voltage correction—The effects of initial electron velocity and contact
potential may be represented by an internal correction voltage e that is added to the
composite controlling voltage, where

31, u pe e,

C2a(ptD)  ptl @n

The value of g,, to be used is that obtained with all the electrodes except the cathode

and control grid tied together to form an anode which is held at the voltage ordinarily
used for the screen grid.

Ref, S12,

(vii) Characteristics by pulse methods—peint by point

The characteristics of valves in the region where electrode dissipations or currents
exceed safe values may be obtained by pulse methods, in which the valve is allowed to
pass current only for short intervals of such duration and recurrence frequency that
it is not damaged.

——OPLATE
PLATE 7 SCREEN Sscreen
VOLTAGE ~ & | vourace | A
REGULATOR REGULATOR D> CATHODE
@)-
A\
PULSE GRID
i} STABILISED
GENERATOR SUPPLY Y RiD
HEATER 5
VOLTAGE V)  HEATER
FIG. 3.18 SOURCE N

Fig. 3.18. Circuit for measuring electrode currents using single pulse generator method
(I=peak-reading current indicator, E=peak-reading voltage indicator, V=moving coil
voltmeter). If high accuracy is required, correction should be made for the voltage drop
across the current indicators. The regulation of the electrode supplies is not important
for point by point testing, provided that the shunt capacitors are sufficiently large.

(a) Single generator method

The valve is operated with the desired screen and plate voltages, but with the grid
biased beyond cut-off, in the absence of pulses (Fig. 3.18). Ifsecondary emission effects
produce a negative impedance, the pulse generator must be shuated by a non-inductive
load resistor of such value as to maintain an overall positive impedance at its terminals.
Refs, 38, S12.
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(b) Multiple generator method

With this method, no direct voltages are applied but each electrode has its own pulse
generator, all generators having their pulses synchronized. This method is not
commonly employed with receiving type valves. Refs. 68, 72, S12.

References to characteristics by pulse methods : Refs. 38, 68, 72, 93, S12.

(c) Pulse generators

Pulse generators are of several types. In the capacitor dischatge type a condenser
is switched from charge to discharge through the valve under test. If there is no series
impedance, the peak voltage applied to the valve is equal to the charging voltage.
However, because of the very short duration of the pulse, an accurate current indicator
is difficult to design.

Refs. 68, 69, S12.

A rectangular pulse shape is obtainable from a direct supply source in series with a
high-vacuum triode (or several in parallel) whose grid is normally biased beyond cut-off.
A rectangular control pulse, obtainable from a conventional source, is applied in the
grid circuit to permit the triode to conduct only during the duration of the pulse.
(Ref. S12). Alternatively an ignitron may be used (Ref. 38).

A half sine-wave, or portion of a half sine-wave, pulse is obtainable from an alter-
nating source with gas triode or other control to provide the desired gap between
pulses. Alternatively a d.c. source may be used with a gas triode and LC network.
Ref. S12.

(d) Peak-reading voltage and current indicators

The input circuit must have a time constant that is large with respect to the time
interval between successive pulses. The greatest accuracy is obtained with a rectan-
gular waveform, good accuracy may be obtained from a half sine-wave, while the
sharply peaked capacitor discharge method is the least accurate.

A peak-reading voltage indicator may be employed to indicate peak current by using
it to measure the peak voltage drop across a non-inductive resistor of known resistance.

One form of indicator is a diode type valve voltmeter with a high resistance load
shunted by a large capacitance. The use of this indicator for current-measuring
purposes may result in serious errors if the electrode characteristic of the valve under
test exhibits any negative slope.

A cathode ray oscillograph may be used directly to measure peak voltage, or peak
voltage drop across a non-inductive resistor of known resistance, provided that there is
no negative slope in the electrode characteristics. If negative slope is likely to occur,
a linear horizontal sweep voltage, synchronised to the pulse generator frequency,
may be used to spread out the current trace. In this manner the detection of possible
errors is simplified. The vertical deflection corresponding to the maximum horizontal
deflection is the one required ; for characteristics having only positive slopes, this
vertical deflection will also be the maximum,

Amplifiers may be used provided that they are designed with sufficient bandwidth
and sufficiently linear phase-frequency response for the high-frequency components
of the pulse. The attenuator should be capacitively balanced, making the ratio of
capacitance to resistance of all sections alike.

Reference to peak-reading indicators : Ref. S12.

(viii) Characteristics by curve tracer methods

A characteristic curve may be traced on the screen of a C.R. tube, using a suitable
type of pulse generator for one electrode and fixed voltages for the other electrodes.
The simplest characteristic for this purpose is the grid voltage versus plate current
characteristic, either with zero plate load resistance or with a specified load resistor
(* dynamic > characteristic).

A triangular or half sine-wave pulse generator characteristic is satisfactory. The
grid is normally biased beyond cut-off, but is swung over the useful range of voltages
by the pulse.
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The plate voltage versus plate current characteristic may be traced by maintaining
the grid (and screen, if any) at constant voltage and by applying the pulse voltags to
the plate. This requires a peak voltage of several hundred volts for receiving valves,
together with high peak currents. The grid voltage must be maintained constant, the
regulation requirements being severe. The regulation requirements of the other
electrodes are not important, if large capacitors are used.

A method of showing the two axes for any single characteristic is described in Ref. 73
which makes use of a standard vibrator.

References to curve tracer methods : 37, 39, 69, 70, 71, 72.

Display of valve characteristics

If it is desired to view a family of curves, the voltage of one electrode must be
changed in steps for successive pulses. This may be accomplished by means of
synchronous contactors (Refs. 34, 35, 36) or by electronic means (Ref. 39). Good
regulation (high stability) for the electrode voltage supplies is very important.

See also Refs. 37, 90, 94, 96, S12.

SECTION 4: ACCEPTANCE TESTING
(3) Relevant characteristics (i) Valve specifications (iif) Testing procedure.

(i) Relevant characteristics

The relevant characteristics for acceptance testing are those characteristics that are
subject to deterioration subsequent to manufacture, it being assumed that the valves
have satisfactorily passed the valve manufacturing test specification, These relevant
characteristics for acceptance testing may be divided into mechanical and electrical
characteristics. )

Mechanical characteristics that require checking for faults include loose bases and
top caps, dry joints in connections, cracks in envelopes caused by glass strain, damage
resulting from inherent strain or careless handling, damage to internal structure
resulting in misalignment of electrodes, shorts and open circuits, loss of vacuum,
noise and microphony from excessive handling causing damage to the mount and micas.

Electrical characteristics that require checking for. faults include gas, a relevant
dynamic test, emission and noise.

(ii) Valve specifications
The most widely known of the official specifications are those of the British (K1001)
and American (JAN-1A) authorities covering types used in their respective areas.

(iif) Testing procedure

The testing procedure in each case is as laid down in the prescribed specifications.
Where, however, valves do not require to be accepted to a prescribed specification,
it is satisfactory to adopt the following procedure :

(a) Visually inspect all valves 100 per cent. for mechanical defects.

(b) Test all valves 100 per cent. for shorts and open circuits.

(¢) Select at random from all the valves a representative sample (or samples) and
test for a suitable dynamic characteristic using established statistical acceptance pro-
cedure.” The test selected should give a satisfactory indication of the overall per-
formance of the type in its normal application.

References to sampling inspection : Refs. 42, 43, 44.
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SECTION 5: SERVICE TESTING AND SERVICE TESTER
PRACTICE*

(i) Purpose and scope of service testing and discussion of associated problems.
(ii) Fundamental characteristics which should be tested.
(iii) Types of commercial testers.

(iv) Methods of testing characteristics in commercial service testers
(a) Shorts testing
(b) Continuity testing
(c) Heater to cathode ieakage
(d) Emission testing
(e) Mutual conductance testing
(f) Plate conductance testing
(g8) Reverse grid current testing
(h) Power output testing
(i) Conversion conductance testing
() Oscillator mutual conductance testing
(k) Noise testing
() A.C. amplification testing.
(v) A.C. versus d.c. electrode voltages in testers.
(vi) Pre-heating.
(vii) Testing procedure,

(i) Purpose and scope of service testing and discussion of associated
problems

Service testing is only carried out on valves which have previously been factory
tested and which have also operated satisfactorily in a new receiver. The faults to be
expected are those which may occur after manufacture.

Service testing is for the purpose of determining either

(1) whether or not a valve in working condition has reached the point in life when it
should be replaced, or (2) whether a valve with unknown history is faulty or not.

The determination of the point of life when a valve should be replaced is a very
complex problem. This is a function of the application of the valve and of the standard
of performance expected by the user. For example, a valve which still operates
reasonably well as a resistance-coupled amplifier may yet give low gain as an r-f
amplifier, and a valve which will still operate as an amplifier may fail to oscillate when
used in the oscillator position. A receiver with old valves in the r-f and i-f stages
may have very much less gain that it would have with new valves, but the effect may
not be noticed by the user unless the set is used for the reception of weak signals.

A list of the generally accepted life test end-points is given in Sect. 2(iv)b.

The radio service-man is usually called upon to test a number of valves, frequently
the whole valve complement of a receiver, to determine which (if any) is faulty. If
one is obviously faulty, for example due to a short-circuit, open-circuit, gas, or extreme-
ly low emission, the problem is simple, In other cases it is helpful to test the valves
in the original receiver, with a second complement of new valves for comparison, to
magke certain that the receiver itself is not faulty If the original receiver is not acces-
sible, the valves may be plugged into another receiver (preferably of the same model}
for test.

Microphony should be checked in the original receiver. Motor-boating may be
due to gas or grid emission, but it may also be caused by a faulty component in the
receiver. Distortion is generally due to the power valve, but may also be caused by a
defective filter by-pass capacitance in the receiver and in some cases by the signal
diode or a defective resistor. Hum is usually caused by heater-to-cathode leakage or
breakdown in the valve or a faulty filter capacitor in the circuit.

#The assistance of A. H Wardale, Member LR.E. (U.5.A.) and D. H; Connolly, A.S:T'C. is ack-
nowledged.



122 (i) FUNDAMENTAL CHARACTERISTICS 3.5

(ti) Fundamental characteristics which should be tested

The fundamental characteristics which should be capable of being rested in a service
fester are

(2) Shorts and continuity,
Testing for short circuits is essential.
Testing for continuity of the electrodes is highly desirable.
(b) Dynamic tests,
The dynamic tests which should be carried out in a service tester are :

Class of valve Preferred test Less desirable
alternative
Rectifier (power diode) Emission Rectification test
Signal diode Emission —
Triode, low mu Mutual conductance ~
Triode, high mu A.C. amplification —
Pentode, r-f Mutual conductance —
Pentode, battery a-f A.C. amplification —
Pentode, power Power output —
Converter Conversion conductance Mixer gm
Oscillator grid current Oscillator g,

See Sect. 3 for methods of testing these characteristics.
The dynamic test should be one in which the peaks and average plate currents
approximate to the maximum current in normal operation.

(c) Other tests
Other tests which should be carried out in a service tester are :
Gas (amplifier types only).
Noise (amplifier types only).
Heater to cathode leakage (indirectly-heated types only).

(iif) Types of commercial testers

Conunercial service testers are necessarily a compromise. They must be fairly
simple to use, flexible with regard to future valve developments, as free as possible
from damage to indicating instruments through faulty valves or misuse, speedy in
eoperation and true in their indications.

The possible combinations of characteristics tested are :

Type of valve Essential tests Desirable tests
Al Shorts . Continuity
Heater to cathode
leakage
Vacuum types Atleast one dynamic test Emission

Mutual conductance
A.C. amplification
Power output
or for converters Conversion
{ conductance
or Mixer g,
and Oscillator g,,
together with Noise
Gas

Out of a representative group of 22 modern service testers examined, 17 incorporated
some form of mutual conductance test, 7 incorporated an emission test other than for
diodes and all 22 incorporated a diode emission test. One provided a plate conductance
test. With regard to the remaining tests, 8 incorporated a heater to cathode leakage
test, with 7 having a gas test and 7 having a noise test.

Itseems to be generally admitted that an emission test alone is not a very satisfactory
dynamic test for all amplifying valves. The better types of testers have both mutual
conductance and diode emission ; they are deficient in that they do not provide a power
output test for power valves, or a.c. amplification for high-mu triodes and a-f
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pentodes. The method of testing for mutual conductance with a high grid swing is
not the equivalent of a power output test. Neither mutual conductance nor emission
testing is a satisfactory substitute for a.c. amplification testing of high-mu triodes or
a-f pentodes.

It is obvious, therefore, that any ordinary commercial service tester does not give a
true indication of the condition of all types of valves, and its readings should be used:
with discretion.

(iv) Methods of testing characteristics in commercial service testers
(a) Shorts testing

Testing for shorts should be carried out at mains frequency or on d.c., and the
voltage applied to the neon lamp circuit should not exceed 110 volts r.m.s. The use
of higher voltages results in some good valves being classed as filament-to-grid short
circuits.

With a.c. supply, it is usual to design the circuit so that resistances over 0.5 megohm
do not indicate as shorts ; this is to avoid capacitance effects, With d.c. supplies thete
is no similar limitation, but different models vary considerably in their shorts testing
sensitivity.

The most satisfactory switching arrangement is one which tests for shorts from amy
pin to all other pins tied together. The circuit of Fig. 3.4 may be used, except that the
cathode need not be heated.

(b) Continuity testing"

Continuity testing may bé carried out in a manner closely resembling shorts testing,
but with the cathode hot. Positive or alternating voltage is applied through the neon
lamp to each electrode in turn ; a glow indicates continuity.

The circuit of Fig. 3.4 may be used in a simple service tester, but a more elaborate
tester such as the hexaphase (Fig. 3.2) is much more satisfactory for general use.

For further information on continuity testing see Sect. 3(ii)b.

(c) Heater to cathode leakage

The maximum leakage resistance from heater to cathode in new valves varies from
1 or 2 megohms for power valves to 5 megohms for ordinary 6.3 volt 0.3 ampere
voltage amplifier valves and even higher for rectifier types having separate heaters
and cathodes. A neon lamp will normally glow slightly when used in a shorts tester
and applied between heater and cathode. A neon lamp may be de-sensitized either
by shunting by a resistor (of the order of 0.1 to 0.5 megohm) or by a mica condenser
(a value of 0.01 uF gives a sensitivity of about 5 megohms—this is only useful with
a.c. supply).

(d) Emission testing

Of the 7 commercial testers which included emission testing of amplifying valves,
5 used a.c. testing, 1 used half-wave rectified a.c. testing, and 1 used d.c. testing. Owing
to the poor regulation obtainable from most service valve testers with d.c. supplies,
other than batteries, it is doubtful whether this has any practical advantages over a.c.
testing. With a.c. supply, the voltage in most service testers is 30 volts r.m.s. ; thisis
only a compromise which is far from the optimum for all cases. For laboratory
testing of emission see Sect. 3(ii)f.

(e) Mutual conductance testing

Of the 17 commercial testers having a mutual conductance test, 7 used some form of
a.c. signal voltage applied to the control grid, and 6 used some grid shift method, the
methods used by the other 4 being unknown.

All the American mutual conductance testers examined apply an a.c. signal to the
grid, and measure the signal current in the plate circuit ; all but one of these use a
mains frequency signal, the exception being one with a 5 Kc/s signal and a tuned signal
plate current meter.

In most cases this is not an accurate g,, test for all types of valves because the signal
voltage on the grid is fairly high—between 4 and 5 volts r.m.s. in some cases—sufficient
to run beyond grid cut-off in one direction and well on to the * flat top * in the other,
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with short grid-base valves. Even those testers with reduced signal voltages have
quite appreciable errors with some types of valves.

On the other hand, all but one of the examined English mutual conductance testers
use a grid shift method. This introduces some errors due to platc supply regulation
and curvature of the characteristics, but these can be allowed for in the calibration.

(f) Plate conductance testing

This is used by one American tester only as a reasonably close equivalent of the
mutual conductance test, the amplification factor being assumed to be constant.
Pentodes are triode-connected. A moderately high signal voltage is applied, this being
possible with less error than with direct g, measurement owing to the slight compensa-
ting change of p with plate current.

(2) Reverse grid current testing

Of the post-war testers examined, all those of English design incorporate reverse
grid current testing (often referred to as ‘“ gas testing »’) but this test was incorporated
in only two of American design. The usual methods of testing are either by grid current
meter or by a shorted grid resistor. For further details see Sect. 3(iv)A.

A valve which passes the reverse grid current test on a service tester may not operate
satisfactorily in a receiver. The usable maximum value of negative grid current depends
upon the application, the mutual conductance of the valve, the resistance in the grid
circuit, the type of bias, the bias voltages, the total dissipation of the valve and its
ventilation. The valve may be checked in the actual receiver after running for a
period sufficiently long for the valve to reach its stable operating temperature ; it
may be tested by variation in the plate current of the valve under test when its grid
resistor is shorted.

(h) Power output testing

This is not incorporated into any of the commercial service testers examined, but
is the most satisfactory test for all power valves. Triode testing of pentode and beam
power valves is quite satisfactory. Methods of testing are described in Sect. 3(iv)L.

(i) Conversion conductance

Only one of the testers examined provided a test for conversion conductance, the
method being by phase reversal. For further details see Sect. 3(v)Bd.

A satisfactory alternative is to measure the transconductance of the mixer, this
being the method commonly employed.

(i) Osciliator mutual conductance

None of the testers provided a test for oscillator grid current under self-oscillating
conditions, although this is the most satisfactory form of test. For details see Sect.
3(v)Bg.

The method commonly employed is to measure the oscillator mutual conductance.

The measurement of oscillator grid current in a suitable receiver is a simple way of
checking the oscillator section of a converter.
(k) Noise .

The usual form of noise test is to connect the two neon lamp terminals to the aerial
and earth terminals of a receiver, during the shorts test. For other forms of noise test
see Sect. 3(iv)L and M.

) A.C. amplification
This test should be carried out with zero bias and a high value of grid resistor, as

described in Sect. 3(iv)H. No test with fixed or self-bias is able to determine how a
valve will operate with grid resistor bias.

(v) A.C. versus d.c. electrode voltages in testers

All but four of the commercial testers examined, which made provision for some form
of g, test, used d.c. electrode supplies. The general trend seems to be in the direction
of using d.c. supply to all electrodes, and the additional circuit complications appear
1o be justified.

For comparison bétween laboratory testing of emission by a.c. or d.c. methods,
see Sect. 3(ii)f. )
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(vi) Pre-heating

When more than one valve is to be tested, a pre-heating socket should be provided
to save time. If notincorporated into the tester itself, the pre-heater may be a separate
unit with one of each type of socket and a filament voltage switch and transformer.
No voltages need normally be applied to the other electrodes except in cases when the
valve is initially satisfactory but becomes defective during operation.

(vii) Testing procedure

Always test for shorts before carrying out any other test. When testing for emission,
allow ample time for the valve to heat thoroughly before pressing the emission switch ;
then press only long enough to give a reading. Do not leave the valve for more than
three seconds on the emission test as otherwise the valve may be permanently damaged.
The reading may be regarded as satisfactory provided that it is not below the limit
and that it does not fall rapidly to the limit in the three second period.

When testing for mutual conductance, the switch may be pressed for any desired
length of time, as no damage will be done to the valve provided that the valve is
operated within its maximum ratings.

If a valve is gassy, the readings of emission and mutual conductance will be affected
(usually increased for a slight amount of gas and decreased by excessive gas). If a
valve is both gassy and of low emission, the true fault is “ gas ™.

If a valve indicates “ no emission ”” while the heater is continuous, the fault may
be excessive gas, air in the bulb, cathode coating * poisoned > by gas, or open-~circuited
cathode. Air in the bulb is indicated by a continuous heater, a cathode not visibly
red, and a bulb which gradually becomes warm.

References to service testing : Refs. 55, 56, 57, 60, 61, 62, 63, 64.
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SECTION 1: CURRENT AND VOLTAGE

(?) Direct current (i) Alternating current  (iii) Indications of polarity and current
Slow.

(i) Direct current

+
We speak of the flow of an electric current in sarreay O

more or less the same way that we speak of the CURRENT

flow of water, but we should remember that the FlLow Lonp | [EvRRENT

conventional direction of current is opposite to Frow

the actual flow of electrons. In most electrical
circuit theory however, it is sufficient to consider
only the conventional direction of current flow. Flo. an =
In Fig. 4.1 there is a battery connected to 4 load ;

the current flows from the positive (4-) terminal, Fia. 4.1
through the load, to the negative (—) terminal, en Ty
and then through the battery to the positive

terminal,

Flow of current with
battery and load.

128
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Batteries (or cells) may be connected in series as in Fig. 4.2 and the total voltage
is then equal to the sum of the voltages of the individual batteries (or cells). When
calculating the voltage of any intermediate point with respect to (say) the negative
terminal, count the number of cells passed through from the negative terminal to the
tapping point, and multiply by the voltage per cell. When batteries are connected
in series, each has to supply the full load current.

ORY CELLS ACCUMULATORS ] .
J o+ Batteries (or cells) are occasionally

connected in parallel as in Fig. 4.3.
(?zv (D1—9* In this case the terminal voltage is
the same as the voltage per battery

CURRENT

{or cell). The current does not
2y necessarily divide uniformly be-
o tween the cells, unless these all have
é identical voltages and internal re-
—}av

sistances.

Direct current may also be ob-
CURRENT ‘ tained from a d.c. generator, or

FLow from rectified and filtered a.c.
supply. In all such cases there is a
certain degree of ripple or hum
which prevents it from being pure
d.c. ; when the a.c. component is appreciable, the supply may be spoken of as * d.c.
with superimposed ripple (or hum) ” and must be treated as having the characteristics
of both d.c. and a.c. When we speak of d.c. in a theoretical treatise, it is intended to
imply pure, steady d.c.

(ii) Alternating current popeve— - +
The ordinary form of d.c. generator actu- l FLOW
ally generates a.c., which is converted to T
d.c, by the commutator. If a loop of wire rov
! : - —

- U Y

Fig. 4.2, CQells in series.

is rotated about its axis in a uniform
magnetic field, an alternating voltage is
generated across its terminals. Thus a.c.

is just as fundamental as d.c. The usual 5
power-house generates 3 phase a.c., but ) )
in radio receivers we are only concerned Fig, 4.3, Cells in parallel.
with one of these phases. A “ sine wave

alternating current is illustrated in Fig. 4.4, where the vertical scale may represeat
voltage or current, and the horizontal scale represents time.* A cycle is the alterna-
tion from A to E, or from B to F, or from C to G.

B F
o—f /]\c C/]_\G . .
\_l_/ Fig. 44. Farm of sine-

o wave alternating ecurrent.

P TIME

FIG. 4-4

Most power supplies have frequencies of either 50 or 60 cycles per secon_d (c/s}.
The period is the time taken by one cycle, which is 1/50 or 1/60 second, in these
two cases.

*For mathematical treatment of periodic ph see Chapter 6 Sect. 4.
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The precise shape of the wave is very important, and the sine wave has been adopted
as the standard a.c. waveform, since this is the only one which always has the current
waveform of the same shape as the voltage, when applied to a resistance, inductance
or capacitance.t In practice we have to deal with various waveforms, some of which
may be considered as imperfect (*° distorted *) sine waves, while others are of special
shapes such as square waves, saw-tooth, or pulse types, or rectified sine waves. How-
ever, when we speak of a.c, in any theoretical treatise, it is intended to imply a dis-
tortionless sine wave. Other waveforms may be resolved by Fourier Analysis into a
fundamental sine wave and a number of harmonic frequency sine waves, the latter
having frequencies which are multiples of the fundamental frequency. This subject
is treated mathematically in Chapter 6 Sect. 8.

When deriving the characteristics of any circuit, amplifier or network, it is usual
to assume the application of a pure sine-wave voltage to the input terminals, then to
calculate the currents and voltages in the circuit. In the case of a valve amplifier
(or any other non-linear component) the distortion may be either calculated, or
measured at the output terminals. If the device is to operate with a special input
waveform (e.g. square wave), it is usual to resolve this into its fundamental and har-
monic frequencies, and then to calculate the performance with the lowest (funda-
mental) frequency, an approximate middle** frequency, and the highest harmonic
frequency—all these being sine waves,

(iii) Indications of polarity and current flow

In circuit diagrams the polarity of any battery or other d.c. voltage source is usually
indicated by + and — signs ; alternatively it may be indicated by an arrow, the head
of the arrow indicating positive potential (e.g. Fig. 4.2). A similar convention may
be used for the voltage between any points in the circuit (e.g. Fig. 4.14A). The
direction of d.c. current flow is indicated by an arrow.

In the case of a.c. circuits a similar convention may be used, except that an arbitrary
instantanecus condition is represented (Fig. 4.18A).

SECTION 2 : RESISTANCE

(#) Ohm’s Law for d.c. (1) Ohm’s Law for a.c. (#t) Resistances in series (iv)
Resistances in parallel (v) Conductance in resistive circuits.

(i) Ohm’s Law for direct current

All substances offer some obstruction to the flow of electric current. Ohm’s Law
states that the current which flows is proportional to the applied voltage, in accordance
with the equation

I =E/R )

where R is the total resistance of the circuit. For example in Fig. 4.5 an ideal battery,
having zero internal resistance, and giving a constant voltage E under all conditions,
is connected across a resistance R. The current which flows is given by eqn. (1)
above, provided that

I is expressed in amperes,
; E is expressed in volts, ' ]
and R is expressed in ohms.* 23 e
Ohm’s Law may also be arranged, for convenience, in
the alternative forms

tat

FIG 45
E = IR @ Fig. 45. Circuit illus-
and R = E/I (3)  trating Ohm’s Law for d.c.

TA sinewave has its derivative and integral of the same form as itself.

**Preferably the geometrical mean fi ichis gi
and hioicrably the egn -ome m requency which is given by V. f1f2 where fy and f2 are the lowest

*It is assumed that the resistance remains constant under the conditions of operati
cases see Sect. 7(i). peration. For other
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In a circuit containing more than one battery (or other source of direct voltage),
the effective voltage is determined by adding together those voltages which are in the
same direction as the current, and subtracting any opposing voltages.

Ohm’s Law also holds for any single resistor or combination of resistances. The
voltage drop across any resistance R,, no matter what the external circuit may be,
is given by

Voltage drop = IR, @
where [ is the current flowing through R,.

(ii) Ohm’s Law for alternating current

Ohm’s Law holds also for alternating voltages and currents, except that in this
case the voltage (E) and the current (I) must be expressed in their effective or root-
mean-square values of volts and amperes.

(iif) Resistances in series
When two or more resistors are connected so that the current through one is com-~
pelled to flow through the others, they are said to be in series, and the total resistance
i the sum of their individual resistances. For example, in Fig. 4.6 the total resistance
of the circuit is given by
R=R,+R; +R; 5
and the current is given by
I = E/R = E/(R; + R, + Ry).
It is interesting to note that R;, R; and R, form a voltage divider, across the
battery E. Using eqn. (4):
voltage drop across R,
voltage drop across R,
voltage drop across R,
total voltage drop

IR, = [Ry/(R; + Ry + Ry)] X E
IR, = [Ry/(R; + Ry + R3)] X E
IR, = [Ra/(Rl + R: + Ra)] x E
IR, + IR, + IR,
I(R, + R, + Ry) = E.
For example, if E = 6 volts, R, = 10 ohms, R, = 10 ochms and R; = 10 chms, then
I=E/R, + R, + Rp) = 6/(10 + 10 + 10)
= 6/30 = 0.2 ampere.

Voltage between points C and D = 10 x 0.2 = 2 volts

Band D = 20 X 0.2 = 4 volts

Aand D = 30 x 0.2 = 6 volts,

The voltage across any section of the voltage divider is proportional to its
resistance (it is assumed that no current is drawn from the tapping points B or C).

I T

[}
F1G.46 FiG.4-7

Fig. 4.6. Reststances in series.
Fig. 4.7, Resistances in series, allowing for internal resistance of battery.

If the battery has any appreciable internal resistance the circuit must be modified
to the form of Fig. 4.7 where R, is the equivalent internal resistance. Here we have
four resistances effectively in series and I = E/(R; + Ry + Ry + Ry). The
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voltages between any of the points 4, B, C or D will be less than in the corresponding
" case for zero internal resistance, the actual values being
R, + R; + R,
R + R, + R + R, X voltage for R; = 0.
If R, is less than 19, of (R, + R, + R;), then its effect on voltages is less than 19%,.

(iv) Resistances in parallel
‘When two resistances are in parallel (Fig. 4.8) the effective total resistance is given by

1 2
R= R, + Rz ©
When R, = R,, R = R,/2 = R,/2.
When any number of resistances are in parallel (Fig, 4.9) the effective total resistance
is given by
1 1 1 1
—= - _— “ s v . 7
R R TR TR T @
When two or more resistors are in parallel, the total effective resistance may be de-
termined by the graphical method of Fig. 4,10. This method* only requires a piece
of ordinary graph paper (or alternatively a scale and set square). As an example,
to find the total resistance of two resistors, 50 000 and 30 000 ohms, in parallel take
any convenient base 4B with verticals AC and BD at the two ends. Take 50 000
ohms on BD and draw the straight line AD ; take 30 000 ohms on AC and draw
CB ; draw the line XY from their junction perpendicular to AB. The height of
XY gives the required result, on the same scale.

Py

FIG. 4.8 Fi1G.4-9

Fig, 48. Two resistances in parallel. Fig. 4.9. Several resistors tn parallel.

If it is required to determine the resistance of three resistors in parallel, the third
being say 20 000 ohms, proceed further to join points E and Y, and the desired result
is given by the height PQ. This may be continued indefinitely.

50000 0150000
4Q000 40000

. Fig. 4.10. Graphical method
3000 3 for the determination of the

effective resistance of two or
26000 X 520900 smore resistors in parallel (after
Wireless World).

10000 G, 10000

5 X Q ‘O
FIG.4°10

The same method may be used to determine suitable values of two resistors to be
connected in parallel to give a specified total resistance. In this case, select one
value (C) arbitrarily, mark X at the correct height and then find D ; if not a suitable
velue, move C to the next available value and repeat the process until satisfactory.

** Resistances in Parallel~—Capucitances in Series,” W.W. 48.9 (Sept 1942) 205.
“ Diallist ** *“ Series C and Plullel R,” W.W. 514 (April 1945) 126.
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When a network includes a number of resistors, some in series and some in parallel,
firstly convert all groups in parallel to their effective rotal resistances, then proceed
with the series chain.

{v) Conductance in resistive circuits
The conductance (G) of any resistor is its ability to conduct current, and this is
obviously the reciprocal of the resistance—

G =1/R 8)
Applying Ohm’s Law, we derive
I = EG ®

The unit of conductance is the mho (i.e. the reciprocal ohm).
When resistances are in parallel, their effective total conductance is the sum-of their
individual conductances—
G =G +G,+G3+.... (10)
When a number of resistors are in parallel, the current through each is proportional
to its conductance. Also,
1, G,

Itoml Gtotal

an

SECTION 3: POWER
(&) Power in d.c. circuits (it) Power in resistive a.c. circuits.

(i) Power in d.c. circuits
The power converted into heat in a resistance is directly proportional to the product
of the voltage and the current—

P=EXI @)
where P is expressed in watts, E in voits and [ in amperes. This equation may be
rearranged, by using Ohm’s Law, into the alternative forms—

P = I*R = E*/R )
where R is expressed in ohms.

The total energy developed is the product of the power and the time. Units of
energy are

(1) the watt-second or joule

(2) the kilowatt-hour (i.e. 1000 watts for 1 hour).

>

INSTANTANEOUS
POWER

Fig. 411, One cycle of

sine-wave woltage (¢) and

current (i) with zero phase

angle. The instantaneous

power (P) 1s always positive ;

the average power fis half °
the peak power.

AVERAGE POWER

¥ TIME

INSTANTANEQUS
VOLTAGE
INSTANTANEOUS
CURRENT

FiG. a1

(ii) Power in resistive a.c. circuits

The same general principles hold as for d.c., except that the voltage,. current and
power are varying. Fig. 4.11 shows one cycle of a sinewave voltage and current.
The instantaneous power is equal to the product of the instantaneous voltage and
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instantaneous current at any point in the cycle, The curve of instantaneous power
(P) may be plotted point by point, and is always positive.
The heating of a resistor is obviously the result of the average or effective power,
which is exactly half the peak power.
Pﬂeuk = Emaa: Imaz (3)
Ema:c Imaz Emﬂﬂ I"lﬂl’
Py = ——F— = ——= X —=
2 V2 V2
Emar/v'2 is called the effective or r.m.s. voltage
Imae/V'2 is called the effective or r.ms. current.

The effective values of voltage and current are the values which have the same heating
effect as with d.c. The initials r.m.s. stand for root mean square, indicating that it
is the square root of the average of the squares over the cycle.

In a.c. practice, any reference to voltages or currents without specifying which
value is intended, should always be interpreted as being r.m s. {or effective) values.
Measuring instruments are usually calibrated in r.m.s. values of currents and voltages.

The form factor is the ratio of the r.m.s. to the average value of the positive half-
cycle. The following table summarizes the principal characteristics of several wave-
forms, over the positive half-cycle in each case (see Chapter 30 for rectified

O

waveforms) : Triangular
Sine wave  Square wave wave

) (i.?sceles)
Form factor (= r.m.s./average) 7/2v/2 = 1.11 1.00 2/\/?1 = 1.15
Peak/r.m.s. V2 = 1414 1.00 V3 =173
R.M.S./peak 1/4/2 = 0.707 1.00 1/4/3 = 0.58
Peak/average m/2 = 1.57 1.00 2.0
Average/Peak 2/7 = 0.64 1.00 0.5

SECTION 4 : CAPACITANCE

(&) Introduction to capacitance (ii) Condensers in parallel and sertes (iii) Calcula-
tion of capacitance (iv) Condensers in d.c. circuits (v) Condensers in a.c. circuits.

(i) Introduction to capacitance

A capacitor* (or condenser) in its simplest form, consists of two plates separated
by an insulator (dielectric).

Any such condenser has a characteristic known as capacitancet whereby it is able
to hold an electric charge. When a voltage difference (E) is applied between the
plates, current flows instantaneously through the leads connecting the battery to the
condenser (Fig. 4.12) until the latter has built up its charge, the current dropping
gradually to zero. If the battery is removed, the condenser will hold its charge
indefinitely (in practice there is a gradual loss of charge through leakage). If a con-
cucting path is connected across the condenser plates, a current will flow through
the conductor but will gradually fall to zero as the condenser loses its charge.

It is found that the charge (i.e. the amount of electricity) which a condenser will
hold is proportional to the applied voltage and to the capacitance.

This may be put into the form of an equation :
CE

8Y)

where Q = quantity of electricity (the charge) in coulombs,
C = capacitance in farads,
and E = applied voltage.

*The American standard term is “‘ Capacitor.” X
11t is assumed here that the condenser is ideal, without series resistance, leakage, or dielectric lag.
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The unit of capacitance—the Farad (F)—is too large for convenience, so it is usual
to specify capacitance as so many microfarads (uF) or micro-microfarads* (u uF).
Any capacitance must be converted into its equivalent value in farad§ before being
used in any fundamental equation such as (1) above—

IpF =1 X 107 farad
1puF =1 % 10712 farad

Note : The abbreviations mF or mmF should not be used under any circumstances
to indicate microfarads or micro-microfarads, because mF is the symbol for milli-farads
(1 x 1073 farad). - Some reasonable latitude is allowable ewith most symbols, but here
there ts danger of serious error and misunderstanding.

The energy stored in placing a charge on a condenser is

W = $(QF) = { (CE®) = Q*/2C )]

where W = energy, expressed in joules (watt-seconds)
Q = charge in coulombs
C = capacitance in farads
and E = applied voltage.
@
. o ol el L
o=t =
: = 1 T 7T !
e - I
_7
FI1G. 412 FIG. 413

Fig. 412, Gondenser connecred to a battery.
Fig. 413, (A) Condensers in parallel. (B) Condensers in series.

(ii) Condensers in parallel and series
When two or more condensers are connected in parallel (Fig. 4.13A) the total
capacitance is the sum of their individual capacitances :
C=CI+C2+CS+ .o (3)
When two or more condensers are connected in series (Fig. 4.13B) the total capaci-
tance is given by:

1 1 1 1
— ==t + 5 +.. @
c~ ¢ + G + X +
When only two condensers are connected in series :
C = _GC (5)
TG+ G

When two or more equal condensers (C;) are connected in series, the total capaci-

tance is
C = (/2 for 2 condensers
and C = GC,/n for n condensers. )

Note : The curved plate of the symbol used for a condenser indicates the wrth.ed
(outer) plate of an electrolytic or circular paper condenser ; when this is not applic-
able the curved plate is regarded as the one more nearly at carth potential.

iii) Calculation of capacitance
Parallel plate condenser ) . . .
When there are two plates, close together, the capacitance 18 approximately :

C =-1—1§% wuF when dimensions are in centimetres

*The name picofarad (pF) is also used as an alternative.
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AK
or C = 4454 1 uF when dimensions are in inches
where 4 = useful area of one plate in square centimetres (or inches). The useful

area is approximately equal to the area of the smaller plate when the square root of
the area is large compared with the gap.
K = dielectric constant (for values of common materials see Chapter 38
Sect, 8, For air, K = 1.
d = gap between plates in centimetres (or inches).

Capacitance with air dieleétric, plates 1 mm,. apart
C = 0.884 uuF per sq. cm. area of one plate.

Capacitance with air dielectric, plates 0.10 inch apart

C = 2.244 puF per sq. inch area of one plate.
When there are more than two plates, the “ useful area ” should be interpreted as
the total useful area,

Cylindrical condenser (concentric cable)
N 7.354K

Y = logoD/d ¥

where D = inside diameter of outside cylinder (inches)
d = outside diameter of inner cylinder (inches)

and K = dielectric constant of material in gap.

(iv) Condensers in d.c. circuits

An ideal condenser is one which has no resistance, no leakage, and no inductance.
In practice, every condenser has some resistance, leakage and inductance, although
these may be neglected under certain conditions of operation.

#F per foot length
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Fig. 4.14. Condenser charge and discharge (A) Circuit (B) Discharge current
characteristic (C) Charge voltage characteristic (D) Discharge voltage characteristic.

In Fig. 4.14A, C is an ideal condenser which may be charged by closing switch S ;
r represents the combined internal resistance of the battery E and the resistance of
the leads in the circuit. When S, is closed, current () will flow as indicated in dia-
gram B, the peak current being I = E/r at time 7 = 0. The time for C to become
fully charged is infinite—in other words the current never quite reaches zero, although
it comes very close to zero after a short period. The equation for the current is of
logarithmic form :

6
i=—fe“‘/’(" ©
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where ¢ = base of natural logarithms (&~ 2.718)
t = time in seconds after closing switch S,
E = battery voltage
r = resistance in ohms

and C capacitance in farads.

The voltage (¢) across the condenser is

e =E—~ri=EQ1 — et/0) (7Ta)
and the curve (diagram C) is of the same shape as the current curve except that it
is upside down. The voltage never quite reaches the value E, although it approaches
it very closely.

The charge on the condenser is given by

g = Q1 — ¢—t/"C) (70)
where ¢ = instantaneous charge on condenser
and Q = EC = final charge on condenser
which follows the same law as the voltage (egn. 7a).
If we now assume that the condenser C is fully charged, switch S, is opened, and
switch S, is closed, the discharge characteristic will be given by

i

_ _E __yre

i R € 8
which is of the same form as diagram B, except that the current is in the opposite
direction.

The curve of voltage (and also charge) against time for a discharging condenser ig
in diagram D, and is of the same shape as for current, since ¢ = Ri. These charge
and discharge characteristics are called transients.

In order to make a convenient measure of the time taken to discharge a condenser,
we adopt the time constant which is the time taken to discharge a condenser on the
assumption that the current remains constant throughout the process at its initial
value. In practice, as explained above, the discharge current steadily falls with
time, and under these conditions the time constant is the time taken to discharge the
condenser to the point where the voltage or charge drops to 1/ ¢ or 36.89%, of its initial
value. The same applies also to the time taken by a condenser in process of being
charged, to reach a voltage or charge of (1 — 1/¢) or 63.29 of its final value.

The time constant (7) is equal to

T = RC )
where T is the time constant in seconds,

R is the total resistance in the circuit, either for charge or discharge, in ohms,
and C is the capacitance in farads.

This also holds when R is in megohms and C in microfarads.

(v) Condensers in a.c. circuits

When 2 condenser is connected to an a.c. line, current flows in the circuit, as may
be checked by inserting an a.c. ammeter in serics with the condenser. This does
not mean that electrons flow through the condenser from one plate to the other ;
they are insulated from one another.

Suppose that a condenser of capacitance C farads is connected directly across an
a.c. line, the voltage of which is given by the equation ¢ = E,, sin wt, The con-
denser will take sufficient charge to make the potential difference of its plates at every
instant equal to the voltage of the line. As the impressed voltage continually varies
in magnitude and direction, electrons must be continually passing in and out of the
condenser to maintain its plates at the correct potential difference. This continual
charging and discharging of the condenser constitutes the current read by theammeter.

At any instant, ¢ = Ce, where ¢ is the instantaneous charge on the condenser.
The current (7) is the rate of change (or differential* with respect to time)of the charge,

*See Chapter 6, Section 7,
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dg/dt
Ce = CE,, sin wt

d
Therefore 1 = @ (CE,, sin wr)

Therefore i = wCE, cos wt . (10)
Eqn. (10) is the equation of the current flowing through the condenser, from which
we may derive the following facts :

1, It has a peak value of wCE,, ; the current is therefore proportional to the applied
voltage, also to the capacitance and to the frequency (since f = w/2w).

2. It has the same angular velocity (w) and hence the same frequency as the applied
voltage.

3, It follows a cosine waveform whereas the applied voltage has a sine waveform.
This is the same as a sinewave advanced 90° in phase—we say that the current
leads the voltage by 90° (Fig. 4.15).

Considering only the magnitude of the condenser charging current,
I, = wCE,, (peak values)

Therefore I,ns = wCE,me (effective values)

Where I and E occur in a.c. theory, they should be understood as being the same as

Iy and E,pps.

‘This should be compared with the equivaleni expression when the condenser is

replaced by a resistance (R) :

i.e., 1
But q

Efm‘
Ioms = R *

. " It will be seen that R in the pesistance ¢ase, and
(1/ «C) in the capacitance case, have a similar effect
a A in limiting the current. We call (— 1/«C) the
capacitive reactancet (X.) of the condenser, since
it has the additional effect of advancing the phase of
the current, We here adopt the convention of

2 < making the capacitive reactance negative, and the
e inductive reactance positive ; the two types of re-

FiGaTs > actance are vectorially 180° out of phase,
Fig. 4.15. Alternating cur- The relationships between the various voltages

rent through an ideal condenser.  and  currents are well illustrated by a vector
diagram*. = Fig. 4.16A shows a circuit with R and C in series across an
ac, line with a voltage e = E,, sin wt. The instantaneous** values of voltage (e)
and current (¢) are shown with arrows to indicate the convention of positive direction.
It is quite clear that the same current which passes through R must also pass through
C. This causes a voltage drop RI across R and (I/ wG) across C where I is the r.m.s.
value of the current. The relative phase relationships are given by the angular dis-
placements in the vector diagram. These are determined trigonometrically by the
peak values I,, RI, and I,./wC ; for convenience, the lengths of the vectors are
marked in Fig. 4.16B according to the effective values I, R and I/ wC. The current
vector is distinguished by a solid arrowhead ; it may be to any convenient scale since
there is no connection between the voltage and current scales. Since R is purely
resistive, RI must be in phase with 1, but the current through C must lead the voltage
drop across C by 90°. This is shown on the vector diagram 4.16B where the direc-~
tion of I is taken as the starting point ; R/ is drawn in phase with I and of length equal
to the voltage drop on any convenient scale ; I/ «wC is drawn so that I leads it by 90° ;
and the resultant (E) of RJ and I/ wC is determined by completing the parallelogram

The resultant E is the vector sum of the voltage drops across R and C, which must

1A table of capacitive reactances is given in Chapter 38 Sect, 9 Table 42.

*See Chapter 6 Section 5(iv).

**It is illogical to show directions or polarities on ihe r.m.s. values of current (I) or voltage (E) since
these are the effective values of alternating currents.
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therefore be the applied (line) voltage. It will be seen that the current I leads the
voltage E by an angle ¢ where
wng o L L L _Ixd o
“WwC RITWCR™ R ° (102)
It R = 0, then tan ¢ = w, and ¢ = 90°,
Since ¢ is the phase angle of the current with respect to the voltage, the angle ¢
in the circuit of Fig. 4.16A is positive.
.The li)nstantaneous current flowing through the circuit of Fig. 4.16A is therefore
given by

i = I,sin{wt + ¢) (10b)
where ¢ = tan"! (1/wCR).
The value of I, in eqn. (10b) is given by
I.=E./Z (10c)

where Z is called the impedance.
Similarly in terms of effective values,

I=E/Z (10d)
Obviously Z is a vector (or complex) quantity having phase relationship as well as
magnitude, and is printed in bold face to indicate this fact. This may be developed
further by the use of the ;j notation.

4\ e
: ® 9
L R
E=EmSINWt l 1 £-21
@C
L T
FIG. 4-18 TTTTTTTTT

Fig. 4.16. (A) Resistance and capacitance across a.c. line (B) Vector diagram of
voltage relationships (C) Vector diagram of impedance (Z) with its real component
(R) and reactive component —j (1/ wC).

Using the j Notation
The operator j* significs a positive vector rotation of 90°, while —; signifies a
negative rotation of 90°. Instead of working out a detailed vector diagram, it is
possible to treat a circuit problem very much more simply by using the j notation,
For example in Fig. 4.16, we may equate the applied voltage E to the sum of the
voltage drops across R and C:
1
E = RI —; -C [€3))
the —; indicating 90° vector rotation in a negative direction, whichis exactly what
we have in diagram B.
It is sometimes more convenient to put —jl/«C into the alternative form +1/joC
which may be derived by multiplying both numerator and denominator by j (since

j*= —1). Thus

E = RI + I/jwC : (12)
From (11) we can derive:

Z = E/I =R —j(1/uC) 13)

For example, in Fig. 4.16A let R = 100 ohms and C = 10 xF, both connected in
series, and let the frequency be 1000 c/s.
27 X 1000 = 6280

Then w =
1/wC = 1/(6280 x 10 x 107%) = 15.9 ohms.
and Z =R —j(1/wC)
= 100 — ; 15.9 (13a)

Eqn. (13a) indicates at a glance a resistance of 100 ohms in series with a negative
reactance (i.e. a capacitive reactance) of 15.9 ohms. Values of capacitive reactances

*See Chapter 6 Sect. 5(iv).
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for selected capacitances and frequencies are given in Chapter 38 Sect. 9 Table 42.
Even if R = 0, we still write the impedance in the same form,

Z=0-—159 (13b)
Thus Z is a complex* quantity, that is to say it has a *‘ real » part (R) and an “ imagin-
ary > part (1/wC) at 90° to R, as shown in Fig. 4.16C. The absolute magnitude
(modulus) of Z is:

12| = V/R* + {1/wC)* (14)
and its phase angle ¢ is given by
1

which is the same as we derived above from the vector diagram, except for the sign.
The negative sign in eqn. (15) is because ¢ is the phase shift of Z with respect to R.

In a practical condenser, we may regard R in Fig. 4.16A as the equivalent series
loss resistance of the condenser itself.

It is obvious from Fig. 4.16B that

cos ¢ = R/Z (16a)

where Z is given by equation (13) above.
Cos ¢ is called the “ Power factor.”

If ¢ is nearly 90°, X is nearly equal to Z, apart from sign, and so
cos ¢ ~v R/|X| (16b)
where |X| indicates that the value of the reactance is taken apart from sign. With
this approximation we obtain
Power factor = cos ¢ & wCR an
Note that the power factor of any resistive component is always positive. A negative
power factor indicates generation of power,
The total power dissipated in the circuit (Fig. 4.16A) will be
P=EJ cos ¢ = EI X power factor’ (17a)
2
— 2 — — e
= I'R = pT ¥ x.5R% (17b)
where P = power in watts
X, = 1/wC
and cos ¢ is defined by eqn. (16a) or the approximation (16b).

The Q factor of a condenser is the ratio of its reactance to its resistance—
Q = 1/wCR = tan ¢ &~ 1/(power factor) (18)

SECTION 5 : INDUCTANCE

(&) Imtroduction to inductance (ii) Inductances in d.c. circuits (#5) Inductances
in series qnd parallel (7v) Mutual inductance (v) Inductances in a.c. circuits (vi)
Power in inductive circusts.

(i) Introduction to inductance

An inductor, in its simplest form, consists of a coil of wire with an air core as com-
monly used in r-f tuning circuits. Any inductor has a characteristic known as in-
ductance whereby it sets up an electro-magnetic field when a current is passed through
it. When the current is varied, the strength of the field varies ; as a result, an electro-
motive force is induced in the coil. This may be expressed by the equation :

d
e = —N }7? X 1078 volts e))
where e = e.m.f. induced at any instant
N = number of turns in the coil
¢ = flux through the coil

*See Chapter 6, Sect. 6(i).
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d
and ;1? == rate of change (differential with respect to time) of the flux.

The direction of the induced e.m.f. is always such as to oppose the change of current
which is producing the induced voltage, In other words, the effect of the induced
e.m f. is to assist in maintaining constant both current and field.
We may also express the relationship in the form :
di .

e = —L 2} (2)
where all the values are expressed in practical units—

e = e.m.f. induced at any instant, in volts

L = inductance, in henrys
{ = current in amperes
di
and i rate of change of current, in amperes per second.

The inductance L varies approximately* with the square of the number of turns
in the coil, and may be increased considerably by using iron cores** (for low fre-
quencies) or powdered iron (for radio frequencies). With iron cores the value of L
is not constant, so that eqn. (2) cannot be used accurately in such cases.

The energy stored in a magnetic field is

energy = % LI? (2a)
where energy is measured in joules (or watt seconds)
L is measured in henrys
and [ is measured in amperes.

(ii) Inductances in d.c. circuits

When an inductance (L henrys) with a total circuit resistance (R ohms) is connected
to a d.c. source of voltage (E), the current rises gradually to the steady value I = E/R.
During the gradual rise, the current follows the logarithmic law

i= g (1 — e~ RU/L) €)

where 7 = current in amperes at time ¢,
¢ = base of natural logarithms Ay 2.718,
and ¢ = time in seconds after switch is closed.

The time constant (T) is the time in seconds from the time that the switch is
closed until the current has risen to (1 — 1/¢€) or 63.29% of its final value :
T = L/R @
where L = inductance in henrys
and R = resistance in ohms.
The decay of current follows the law

i = g€ )
The rise and decay of current are called transients.

(iii) Inductances in series and parallel
Inductances in series
The total inductance is equal to the sum of the individual inductances, provided
that there is no coupling between them:
L =L, +Ly+Lzg+... (6)

Inductances in paraliel ) )

The total inductance is given by eqn. (7), provided that there is no coupling between
them :

1 1 1

- — - . 7
Lttt ™
*See Chapter 10 for formulae for calculating the inductance of coils.
**See Chapter 5 for iron cored inductances.
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(iv) Mutual inductance

When two coils are placed near to one another, there tends to be coupling between
them, which reaches a maximum when they are placed co-axially and with their
centres as close together as possible.

If one such coil is supplied with varying current, it will set up a varying magnetic
field, which in turn will induce an e.m.f. in the second coil. This induced e.m.f.
in the secondary is proportional to the rate of current change in the first coil (primary)
and to the mutual inductance of the two coils :

dr
ey = —M 71;‘- (8)
where e, = voltage induced in the secondary,
di
d—;l = rate of change of current in the primary in amperes per second,

and M = mutal inductance cf the two coils, in henrys.
(Compare Equations 2 and 8.)

M may be either positive or negative, depending on the rotation of, or connections
to, the secondary. M is regarded as positive if the secondary voltage (¢,) has the same
polarity as the induced voltage in a single coil.

The maximum possible (theoretical) value of M is when M = +/L,L,, being the
condition of unity coupling, but in practice this cannot be achieved. The coefficient

of coupling (&) is given by
k= M/\LL, ®
so that k is always less than unity.
If the secondary is loaded by a resistance R, (Fig. 4.17), current will flow through
the secondary circuit.
@

T T </ g

L 1 L 14 f
TS 2 E2 z EaEmSINGL wir U«',‘

|

F1G.4417

R

) RL -1

o -

FIG. 417

Fig. 4.17.  Two inductances coupled by mutual inductance (M) with the secondary
) . loaded by a resistance,
Fig. 4.18. (A) Equvalent circuit diagram of practical inductance (B) Vector
diagram of woltage relationships.

(v) Inductance in a.c. circuits

If an ideal inductance (L henrys) is connected across an a.c. line, the voltage of
which is given by the equation ¢ = E,, sin wt, a current will flow having the same
waveform as the line voltage, but the current will lag 90° behind the voltage. The
in(liluctance is said to have an inductive reactance* (X ;) equal to wL, and the current
will be

Irmt = Ermx/ wl (10)
We may helpfully compare this with the case of a condenser :
Current Reactance Phase shiftt
Capacitance: I, = oCE,,, X, = =1/0C +90°
Inductance : I,,, = E, ../ oL X, = oL —990°

Every practical inductance has appreciable resistance, and we may draw the equiva-
lent circuit of any normal inductor as an ideal inductance in series with a resistance

*A table of inductive reactances is given in Chapter 38 Sect. 9 Table 41.
1+Of current with respect to voltage.
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(Fig. 4.18A). If there is any other resistance in the circuit, it may be added to the
resistance of the inductor to give the total resistance R.

If an alternating voltage is applied across L and R in series (Fig. 4.18A) the vector
diagram may be drawn as in (B). The current vector I is first drawn to any con-
venient scale § the vector of voltage drop across R is then drawn as RJ in phase with
I ; the vector of voltage drop across L is then drawn as LI so that I will lag behind
it by 90°—hence wL]I is drawn as shown ; the paralielogram is then completed to
give the resultant £ = ZI with a phase angle such that tan ¢ = wl/R.

Using the j notation we may write :
E=RI+jull (11)
where -+ indicates 90° vector rotation in a positive direction.
From (11) we can derive :
Z — E/I =R + joL (12)
For example, if R = 150 ohms, L = 20 henrys and f = 1000 ¢/s, then
w = 27 X 1000 = 6280
wl 6280 X 20 = 125 600 ohms
and z 150 + ;j 125 600 (12a)
Eqn. (12a) indicates at a glance a resistance of 150 ohms in series with a positive
reactance (i.e. an inductive reactance) of 125 600 ohms. Values of inductive re~
actances are given in Chapter 38 Sect. 9 Table 41.
The magnitude (modulus) of Z is:
|Z| = 4/R?* + (wL)? 13)
and its phase angle is given by
tan ¢ = wlL/R (14)
as also shown by the vector diagram.

[

(vi) Power in inductive circuits
The power drawn from the line in Fig, 4.18A is the integral over one cycle of the
instantaneous values of ¢ X ¢. As shown by Fig. 4.19, during parts of each cycle
energy is being taken by the circuit, while during other parts of the cycle energy is
being given back by the circuit. The latter may be regarded as negative power being
taken by the circuit, and is so drawn. The expression for the power is
P = E, sin ot X I, sin (ot — ¢)
= Ep Insin wt . sin (ot — ¢)
= Ep I sin ot (sin wt cos ¢ — cos w? sin $)
= Epn I, (sin? wt cos ¢ — sin wt cos wr sin ¢).
Now the average value of (sin wz cos wr) over one cycle is zero*,
Therefore P = E,, I, (sin? wr cos ¢)
= % E,, I, (1 — cos 2wt) (cos ¢)
= Ermu Irmr cos ?S (15)
27
(since the average value of cos 2wt = O*)
0

where P is expressed in watts, E and I in volts and amperes.

Fig. 4.19. Power in an inductive
circuit with applied sine-wave
voltage (e). -

BY CIRCUIT
360°

FIG. 4-19

#See Chapter 6 Sect. 7({ii) (Definite Integrals).
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From eqn. (15) the power is equal to the product of the effective voltage and current
maultiplied by cos 4, which is called the Power Factor, its value being given by
cos ¢ = R/4/R? 4 (wL)?,

When the load is purely resistive, L = 0 and the power factor = 1 ; the power is
therefore P = E,ps Irps. .

From (15) we may derive for the general case :

P = EIcos ¢ ~ EI. R/VR® + (wL)?
Therefore P = I.I4/R? + (wL)? X R/A/R*® + (wL)® = IR (16a)
E2 .

or P = BT ¥ (wl)*/R7] (166)
Therefore R = P/I? amn
where P = power in watts

wl = inductive reactance in ohms
R = resistance in ohms
and I =- current in amperes.

In other words, the total power taken from the line in the circuit of Fig. 4.18A is
the power dissipated by the effective total resistance R. There is no loss of power
in an ideal inductance with zero resistance, although it draws current from an a.c.
line, because the power factor is zero (¢ = 90°, therefore cos ¢ = 0). The product
of I x E in this case is called the wattless power or reactive power, or more cor-
rectly the reactive velt-amperes,

The power factor at any given frequency gives the ratio of the resistance of a coil
to its impedance and may be used as a figure of merit for the coil. A good coil should
have a very small power factor.

The power factor is almost identical with the inverse of the coil magnification factor
0O (Chapter 9), and the error is less than 19, for values of Q greater than 7 :
Q = owL/R = tan ¢
Power factor = cos ¢ = R/Z
tan ¢ A 1/cos ¢ (error < 19, for ¢ > 82°)
Therefore Power Factor &~ 1/Q for QO > 7.

SECTION 6 : IMPEDANCE AND ADMITTANCE

(&) Impedance a complex quantity (i) Series circuits with L, C and R (#%) Parallel
combinations of L, C and R (iv) Series-parallel combinations of L, C and R (o)
Conduciance, susceptance and admittance (vi) Conuversion from series to parallel
impedance.

(i) Impedance, a complex quantity

Impedance has already been introduced in Sections 4 and 5, in connection with
series circuits of Cand Ror Land R.  Impedance is a complex quantity, having both a
resistive and a reactive component. We are therefore concerned, not only with its
magnitude, but also with its phase angle.

(ii) Series circuits with L, C and R

When a resistance, an inductance and a capacitance are connected in series across
an a.c. line (Fig. 4.20A), the same current will flow through each.

In using the j notation, remember that j simply means 90° positive vector rotation
(the voltage drop for an inductance) and —; means 90° negative vector rotation (the
voltage drop for a capacitance).

In terms of the effective values
where E = applied voltage
and I = current through circuit, we have :
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Voltage drop through R = RI
N » 33 L = jwLl
3 3 C = (-] / wC)I

»

The total voltage drop is equal to the applied voltage,
therefore E = [R - j(wL — 1/wC)] 1
Hence Z = R + j(wL — 1/0C) m

Here R is the resistive component of Z, while (wL. — 1/ wC) is the reactive com-
ponent.

It may therefore be written as

"Z =R + jX where X = (wL — 1/wC).
For example, let R = 500 ohms, L = 20 henrys, and C = 1 uF, all connected in
series across an a.c. line with a frequency of 50 c/s.
Then w = 27 X 50 = 314
1/wC = 1/(314 X 107%) = 3180 ohms
X = oL — 1/wC = 6280 — 3180 = 3100 ohms
(the positive sign indicates that this is inductively reactive) and
Z = R + jX = 500 + j 3100.
If L had been 5 henrys, then X would have been
1570 — 3180 = — 1610 ohms

which is capacitively reactive.

The phase angle is given by tan ¢ = X/R. The magnitude of the impedance
is given by |Z| = VR® + (oL — 1/wC)? (1a)

Fig, 420, (A) Circuit of
R, L and C in series
across a.c. line (B) Vector
diagram of woltage re-
lationships.

€= Em SINWL

FiG. 4-20

This may be illustrated by means of a vector diagram (Fig. 4.20 B) where I is drawn
to any convenient scale. The voltage-drop vectors are then drawn, to the selected
voltage scale, RI in phase with I, jwLI at 90° in advance of I and —jI/«C lagging
90° behind I. The simplest method of combining the three vectors is to take either
wLI or I/ »wC, whichever is the greater, and then to subtract the other from it, since
these two are exactly in phase opposition. In diagram B, wlL[I is the greater, so that
I/ wC is subtracted from wLl to give (wL — 1/wC)I. The two remaining vectors,
RI and j(wL — 1/wC)I are then combined by completing the parallelogram, to give
the resultant ZI which, of course, must be equal to the applied voltage E.

A special case arises when ol = 1/wC in eqn. (1); the reactive component
becomes zero and Z = R, This is the phenomenon of series resonance which
is considered in greater detail in Chapter 9.

Special cases of equation (1)
R and L only: Put 1/«C
R and C only: Put oL
L and C only: Put R

R +jwl
R —j/wC =R + 1/joC
HKwL — 1/ wC)

0,
0,
(V)

E]

I}

1

NNNNNN

R only: R +j0
L only: 0+ jwL )
C only: 0 —j/wC = 1juC

Note that @ = |tan ¢| = |X|/R.

A table of inductive reactances is given in Chapter 38 Sect. 9(i) Table 41.

A table of capacitive reactances is given in Chapter 38 Sect. 9(ii) Table 42.

A table and two charts to find X, R or Z, when a reactance and resistance are con-
nected in series, any two values being known, is given in Chap. 38 Sect %(iv) Table 44,



Series Combinations of L, C and R

Series combination Impedance Magnitude of impedance Phase angle Admittance*
Z=R +;X 1Z] =R + X* $ = tan"! (X/R) Y = 1/Z
ohms ohms radians mhos
R R R 0 1/R
L +fwL wl +n/2 —j(1/ L)
C —7(1/ Q) 1/wC — /2 joC
Ry, + R, R, + R, R, + R, 0 1/(R; + Ry
L (ML, +wlly + Ly £ 2M) w(l, + Ly 4+ 2M) + /2 —j/ oLy + L. & 2M)
C, + C, ,.‘_1_ C, + Cz) L C, + Cz) = w( \Cs )
T\ ¢, @\ C,C, 2 I\C G,
R+1L R+ joL VR* + wL? ran-1 2L R —joL
R RE + w2L8
R-+C R 1 \/wzczm +1 L1 w?C*R + jwC
RS w'C? T W URC w?C?R? + 1
L+c ( ) L) T _JeC
REAS o (“’L T wC +32 TWlLC — 1
R+L+C \/ ( _(wL~l/wC) R — j(wL — 1/ C)
R+J(¢.)L—~E> R® & L———) tan-! s RV % (al — 17wl

*See Sect. 6(v) below.
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General case with a number of arms connected in series, each arm being
of the form R + X
Arm (1): Z, = R, + jX, (ie. R, in series with X,)
Arm (2): Z, = R; + jX,
Arm (3): Z, = Ry + jX, cte.
then the total impedance is given by
Z =R +R+R+..)+i&X+X+Xs+..0)

(iii) Parallel combinations of L, C and R

When a number of resistance and reactive elements are connected in paraliel across
an a.c. line, the same voltage is applied across each. For example in Fig. 4.20C there
are threc parallel paths across the a.c. line, and the current through each may be
determined separately.

Let E, = r.m.s. value of line voltage.

Then r.m.s. current through L = I, = E,/oL

3 2 33 3 C = In = Eowc
» » 2» 2 R = Is = Eo/R-

The phase relationships between these currents are shown in Fig. 4.20D. There
is 180° phase angle between the current through L and that through C, so that the
resultant of these two currents is (J; — I;). The vector resultant of (I; — I;) and I,
is given by I, in Fig. 4.20D. Thus the current through L and C may be considerably
greater than the total line current I,.

IRERR
i

° FIG. 4.20C

1, { ($=+907)

F—I:'In"‘

1,($20)

) L(‘D"W') FIG.4.200

Fig. 4.20.C Circuit of R, L and C in parallel across a.c. line.
Fig. 420.D Vector diagram of voltage relationships.

-

The impedance of the parallel combination may be derived by considering L and C
as being replaced by a single reactive element having a reactance of 1/(wC — 1/wL,.
Note that with parallel connection, the convention is that the phase of the capacitive
element is taken as positive. Thus

10 = 18 +j(12_11)
£ e (e )
=—R5_+J ANCY T L
1 ( 1
fore Z E, 1 X}i—’ wC — 77
Therefore =—=
AR SR P b W G
R TIN\eC—7p) ®RINC— L
1 ., 1
“*f(wc”;z 2

e
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The magnitude of the impedance of a reactance X in parallel with a resistance R is
given by
RX
VX?® + R?
wlR
I ————— when X = oL (3b)
\/ w?l? + R?
R
= oo when X = 1/wC (30)
41 + w2R2C?
- R when L and C
= i llel (3d)
v1 + R? (wC - l/wL)‘ are 1 paralie
B
A table and a chart to find X, R or Z when a reactance FIG. 4.20E
and resistance are connected in parallel, is given in
Chapter 38 Sect. 9(iii) Table 43.

A simple graphical method for determining the re-
sultant impedance of a reactance and a resistance in
parallel is given in Fig. 4.20E where OA and OB repre-
sent R and X respectively and OD is drawn at right
angles to the hypotenuse. The length OD represents D
the scalar value of the resultant impedance, while the
angle DOA is equal to the phase angle ¢ between the 7
applied voltage and the resultant current.

For other graphical methods for impedances in parallel () N
see Reed, CR.G. (letter) W.E. 28.328 (Jan. 1951) 32; © R
Benson, F. A. (letter) W.E. 28.331 (April 1951) 128. Fig. 4.20E. Impedances
in parallel.

|Z] (32)

Il

(iv) Series-paralle]l combinations of L, C and R

Some simple combinations of L, C and R are described in (A) to (E) below. The
general procedure for other combinations is described in (F) below.
(A) Parallel tuned circuit with losses in both L and C (Fig. 4.21A)

Impedance of branch (1): Z, = R, + jwL (4a)
2 2 2 (2) :Zy =Ry —j/wC (4b)
Let Z = total impedance of Z, and Z, in parallel.
Z R f . — 1]
Then Z — ZZ, (R +jelXR, —j/«C) (40)

Z,+2Z, (R + R+ j(wl — 1/wC)
Multiplying both numerator and denominator by (R, + R,) — (el — 1/«C),

we have

. (R\Ry; + jwLRy — jR;/wC + L/C)R, + R; — j(wL — 1/ ()]

z (RBI + Ry)? + (wl — 1/ 0C)? 5)
A+
Let Z = (R, + Ry* + (wL — 1/ wC)? (6)

and let us now determine the values of A and B:
Numerator = R;2R; + jRRswl — jRy*/wC + R, L/C + RR* + jRi*wl
— jRiRy/wC + RyL/C — jRRywl, + RywiL? — R,L/C
— jwL?®/C + jRR;/wC — RL/C + R/w®C? + jL/wGC?
— R,’R; + RR,? + R,w?L? + R,/w®C? 4+ j[R,?0wlL — R,*/wC
— wL?/C + L/wC?].
Therefore A= R,Ri(R; + Ry) + Ryw?L?® 4 R,/ w?C? )
and B = R,2wl. — R*/wC — (L/C)wl — 1/«C) ®
which values should be used in eqn. (6).
Note that A divided by the denominator (eqn. 6) is the effective resistance of the
total circuit, while B divided by the denominator is the effective reactance.
The magnitude of the impedance may be obtained most readily from egn. (4c)
by replacing Z, and Z, in the numerator only by Z, /¢, and Z; /¢, respectively.
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z - (Z, L)X Z2 L o) _ 2.2, L ($1 + ¢9)
TRy + Ry Fj(wl — 1/wC) T (Ry + Ry) + j(wl — 1/wC)
where Z, = vVR,? + w?L?
and Zy = A/Ry® + 1/ w2C?
whence [Z| = [(R‘2 + @PLHR, l/wzcz)}% (10)
Ry + Ry? + (oL — 1/ w()?
The phase angle is given by tan™! B/A4

®

. [R:*wLl — Ri2/wC — (L/CXwL — 1/wC)
ie. ¢ = tan™ RRR, F R + Ryw?L? + R,/ w?C? jl (11)
When LCw? = 1, eqn. (10) may be reduced to
12| = L. [LF (C/LYXR:® + Ry + (CY/LY RyR,'TE a2
C Ry + R,
or |Z] ~ (L/C)YRy + Ry (13)

with an etror < 19, provided Q > 10
where Q = wL/(R, + R,).

Ry 43 3Re 13k lJ.
e=EmSINWL c
7 J

Fig. 421. (A) Nerwork incorporating 4 clements for impedance calculations (B)
Simplified network with 3 elements.

®

-

E=Em SINWL

BRANCH()
r
BRANCH (&)

(B) Parallel tuned circuit with loss in L only (Fig. 4.21B)
This is a special case of (A) in which R, = 0.
It may be shown that eqn. (5) becomes
g _ R—JjwlCR® + L («*C — 1))
" w?C?R? + (wiLC — 1)2
The magnitude of the impedance derived from egn. (10) becomes
R? + w?L?2 ¥
= 1
IZI [wZCZRZ + (wZLC —_ I)ZJ ( 5)
The phase angle derived from eqn. (11) becomes
~, @[I{l — w?LC) — CR?]
$ = tan = (16)
(a) The effective reactance of eqn. (14) is zero (i.e. the power factor is unity)
when

(14)

CR? = L(1 — w2L0O)
i.e. when w?L?C = L — CR?
i.e. when w = S _ Rr? an
LC Lz
which can be written in the form
N A o

when w = —— e ot

\/Lg._ 1 2 woA/ 1 2 18)
where w, = 1/4/LC is the value of w when the resistance R is zero.

This condition, namely that the effective reactance is zero, which may also be
expressed as the condition of unity power factor, is one of several possible definitions
of parallel resonance. This is the definition used in Chapter 9. It should be
noted that the expression giving the value of w is not independent of the resistance
in the circuit as is the case with series resonance.



4.6 (iv) SERIES-PARALLEL L, C AND R 151

If LCw?® = 1, which is the condition for resonance if the resistance is zero, the
impedance is given very closely, when R is small, by
Z ~ L/CR (19)
The remaining possible definitions of parallel resonance are conditions to give
maximum impedance, The condition of maximum impedance is sometimes called
anti-resonance, Maximum impedance occurs under slighily different conditions
for the variables C, L and w*.

(b) Condition of maximum total impedance when C is the variable

The maximum value of Z which can be obtained is
Rlﬂ _|_ w2L2

lZlmaz = T = R,(1 + Q% (20)
where Q = wL/R,
which occurs when C = —Eﬂ—i——ﬁg (21

This is also the condition giving unity power factor.

(c¢) Condition of maximum total impedance when L is the variable
The maximum value of Z which can be obtained is

2R,
,Z lmaz = P e (22)
V1§ 4wCR — 1
1 1 4w2:C%R,?
which occurs when L = + V1t 5 = ! (23)
2w2C
L
or when C = L R (29
If L is the variable and Q is maintained constant, the maximum value of Z which
can be obtained is
‘Z‘maz = Q/wC (25)
Qﬁ
which occurs when L= 200 + 05 (26)

(d) Condition of maximum total impedance when the applied frequency
is the variable

The maximum value of Z which can be obtained is

L
|Zlmaz = J L - A
C 2 27
cN R ~ 5 \/2R132+1—1) @n
which occurs when
w = 2af = \/ VORI +1_ R 28)
L

In practice, for all normal values of Q(= wL/R) as used in tuned circuits, these
four cases are almost identical and the frequency of parallel resonance is approxi-
mately the same as that for series resonance.

We may summarise the resonance frequencies for the various conditions given
above ¢

Series resonance LCw? =1
Parallel resonance (a) LCw? = 1 — CR?/L
(b) LCw?® = 1 — CR?*/L
(¢) LCw?® = 1 + CR?/L
(d) LCw?® = 4/1 + 2CR?*/L — CR*/L

*See R. S. Glasgow (Book) * Principles of Radio Engineering *’ (McGraw-Hill Book Co., New York
and London, 1936) pp. 35-44.
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Note that CR*/L = 1/Q? under conditions (a) and (b)
CR*/L & 1/Q? under conditions (c) and (d).
For further information on tuned circuits see.Chapter 9,

(C) Circuit of Fig. 4.21C
This is a special case of Fig. 4.21A in which
(1/wC) = 0, From eqn. (6)
7z RiRy(R; + Ry) + Ryw?L? + jwlR,®

(R, + Ry)* + w?L?

R + wiL? |3
VA R,[(Rl TR T wzu] (30)

(29)
From eqn. (10),

From eqn. (11)

~ tan™! wIR (31)
¢ =t R T Ry + wiL? ’
(D) Circuit of Fig. 4.21D
Impedance of arm (1) = Z, = R, + j{wl, — 1/wC))
33 3 3 (2) = Zy, = R, +j(wL3 - l/wcz)
Lt Xy = ol — 1/0G
and X, = oL, — 1/0C,
then 21 = R1 +]X1 H Zg = Rz +jX2.
Z — Z,Z, — (Ry + 1 XD)(R; + 5 X)
Z, +Z, (R, + 'Rz) + J(X; + X))
_ (RiRy — X1X5) + (R X, + R Xj)
(Ry + Rg) + j(X; + X3)
which may be put into the form
Z — Ri(Rs® + Xb%) + Ry(Ry® 4 X3 + jIXu(R,? + XD + Xo(Ry? + X, 9] (32)

Ry + Ry)® + (X; + X,)®
The magnitude of the impedance may be derived by the method used for deriving
eqn. (10)—-

2] = [(R12 + X (R, + Xzﬂé 33)
Ry + Ro)? + (X + Xo)
The phase angle may be derived from egn. (32)—
6 = tan™! Xi(Re? + X,%) + X(Re* 4 X9
Ri(Ry? 4 X% + Ry(R,? + X,%)

2
=l

(39

(E) Circuit of Fig. 4.21E
1. Determine the impedance (Z;) of L, C, and R, in series, using egn. (1)—
Z, = Ry +j(wL, — 1/wCy) (35)
2. Determine the impedance (Z,) of L;C; and R, in parallel using eqn. (2) but
separating the resistive and reactive components—

; (0 - ZlLZ) (36)

R, .
Zg=<1)2 ( 1 z“‘](l)2 T
I—Q; =+ ngHuTL—z 'R—z +(wC, w—L;>

3. Determine the combined impedance (Z) by adding the resistive and reagtive
components of (14) and (15)— ’

Z — 4+;B 1 6D
R,
where 4 = R, + e : i \e
(=) + (w6 - o)
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1
1 @G, — wlL,

Y (4]
R/ T\ "L

The magnitude of the impedance is given by

and B = oL, —

{Z| = \/A? + B? (38)
The phase angle ¢ is given by
¢ = tan" (B/A) (39)

where 4 and B have the same values as for eqn. (37).

R

FI1G.4.2i0

FIG.4.2iC

Fig.4.21. (C) (D) (E) Series-parallel networks for impedance calculations.

FIG.4.21E

(F) General procedure to find the impedance of a two-terminal network
1. If possible, divide the network into two or more parallel branches, each of which
is connected to the two terminals but has no other connection with any other branch.
2. Find the impedance of cach branch, using the methods described in A, B and C
above,
3. Determine the impedance (Z) of the network from the relation
1 1 1 1
7" Z Jrzz—}—za—}—... (40)
Note : If there are more than two paraliel branches it is more convenient to work
in terms of admittance-—see Sect. 6(v) below.
Alternatively, if the circuit cannot be divided into parallel branches, treat it as a
series circuit, firstly determining the resistive and reactive components of each section,
and then adding all the resistive and all the reactive values separately;, as in (E).

(v) Conductance, susceptance and admittance
In an arm* containing both reactance and resistance in series, the conductance
(G,) of the arm is given by

1
G, = RTT X, mhos 41)

where X; = (ol — 1/wGC;).
When there are a number of such arms in parallel, the resultant conductance is
the sum of their separate conductances, that is
G=G +G,+G; +...
The susceptance (B,) of the arm under similar conditions, is given by
X,
B, = R +‘ %0 mhos (42
where X; = (wL, — 1/wC)).
[Inductive susceptance is regarded as positive. Capacitive susceptance is regarded
as negative.]
When there are 2 number of such arms in parallel, the resultant susceptance is the
sum of their separate susceptances,
= B; + By + B3 + ... (43)
When any arm includes only resistance, the conductance of the arm is 1/R;
and the susceptance zero,
ie. G, = 1/R, B, = 0.

*An arm is a distinct set of elements in a network, electrically isolated from all other conductors except
at two points.
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When any arm has only inductance, the conductance of the arm is zero and the

susceptance is 1/wL,,
ie. Gy = 0 B, = 1/wlL,

When any arm has only capacitance, the conductance of the arm is zero, and
the susceptance is — wC,
ie. Gl =0 Bl = —w(

The following relationships hold between R, X, G and B

R = 49)

Gy B X TGty
The admittance (Y,) of any arm containing resistance and reactance in
series is given by
Y, = G, —jB, R - L 1 (45)
ie. Y, = G — By = 1’ +le‘2 - (46)
indicating that the admittance is the reciprocal of the impedance.
Thus the value of the admittance may always be derived from the impedance—

1 1 R —;X R —;X
Y =" Rix RSiXxX R 1 X (46a)
- 1L __ 1 G+jB_G+jB
Similarly Z = Y=G-7B G ¥/B " G' T B (46b)
The negative sign in front of /B in eqn. (45) deserves special attention—
Admittance of inductive arm (R and L in series) :
Y =G _jB—R=JeL A7
o I8 = R? + w?L? 47)

Admittance of capacitive arm (R and C in series) :
. R 4+ j/aC w?C?R + jwC
Y = = = .
CHiB = i {1/0iC: = o'CRE T 1 “8,
The admittance of any arm containing resistance, capacitance and in-
ductance in series (Fig. 4.20A) is given by

Y =G -—jB (49)
R
where G = m
X = (oL — 1/wC)
and B — X _ (oL — 1/wC)

R? + X% R? + (alL — 1/wC)?

R — j(wl — 1/wC)

R T (ol —1/aC)? (50)
Values of admittance for various series combinations are included in the table in

Sect  6(iii).

therefore Y =

Admittance of parallel-connected impedances

L and R in parallel : G =G +G=0+1/R=1/R
B =B, + By =1/wL +0 =1/wl
therefore Y = G — jB = (1/R) — j(1/ L)
Similarly
C and R in parallel : Y =G —~jB=(1/R) +juC
L and C in parallel: Y = G —jB =j(«C — 1/wl)

L, Cand R in parallel: Y = G — jB = (1/R) + j(«C — 1/wl)
See also table of Parallel Combinations of L, C and R—Column 5, in Sect. 6(iii).

Admittance of series-parallel-connected impedances

When there are a number of arms in parallel, each arm including resistance and
reactance in series,



4.6 (v) CONDUCTANCE, SUSCEPTANCE, ADMITTANCE 155

Amm (1): Z, = R, +jX, ot ¥, = G, — B,
Am (2): Z, = R, +jX; or Z, = G, — jB;
Arm (3). ZQ = Ra ‘I‘]Xg or Yz — G3 f]B:q 11+
where X, = (wL; — 1/wC,) erc.
then the total admittance is given by the vector sum
Y=Y, +Y, +Y¥Y:+ ...
=(G1+G2+Ga‘*‘---)*j(Bl“.”Bz‘f'Bﬂ'i‘---) (51}
The following examples may alternatively be handled by the use of eqn. (46a)
provided that the value of Z is known.
Example (A) : Fig. 421A
Arm (1) is inductive : Y, = G, — jB,

1 X
G = 53— Bi=53vTv3 (X, = wl)
R,® + X,* R? + X,?
Arm (2) is capacitive* Y, = G, + jB,
R, X |,
G, = Rt Xt B, = Rt Xt (X = — 1/ Q)
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Fig. 4.21F. Chart for conversion between resistance and reactance, and conductance

and ‘susceptance )
= (R +jX)10", Y = (G F jB) 107
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On collecting the terms we get
Y = (G, + Gy —j(B, + By
Ry 4 «?CRBy (Ry + Ry + w'L*C*R,
. (R;? + w?iL?)(1 + w2C:R,?)
N jw[CR‘z — L + «!LC(L — CRJ)] (52)

(R?2 + i3l + «2C*R,?)
Example (B): Fig. 4.21B.
‘This is a special case of (A) in which R, = 0. From eqn. (52)
R —jw[L(1l — w?LC) — CR*]

Y = R 5 ail? (53)
Example (C): Fig. 4.21C.
This is a special case of Example (A) in which X, = (1/0C) = 0.
Ry (R + Ry) + w?L? ’_J"’-’LRz
= 54
Y R, (R,® + w?il?® (54)
Example (D) : Fig. 4.21D.
Y 6w R X
1 = by —7 1*‘R12+X12_]R12+X12
Y, = G, — jB, = R ot
2T TIR T RTIR TR+ X,
R, R, . X, X,
Y - R:.Z +X12 _F R22 +X22 A [_RJZ + Xl2 + R22 +X22
RIRZ(R1+R2)+R1X22+R2X12~j[Rl2X2+R22X1+X1X2(X1+X2)] (55)

(R *+-X, %Rz "+ X,7)

Chart for conversion between resistance and reactance, conductance and
susceptance.

Fig. 4.21F can be used in conversions between resistance and reactance, and con-
ductance and susceptance.

Example 1. The impedance of a circuit is 1 + 7 0.3 ; determine its admittance.

Method: Z = 1,0 + 5 03. Enter the chart on the semi-circle R = 1.0 and
follow it until it meets the arc X == 0.3. The corresponding values of G and B are
0.917 and 0.275. Thus Y = 0.917 — 7 0.275.

Example 2, The admittance of a circuit is 0.000 004 + 7 0.000 013 ; determine
its impedance.

Method : Y = 0.000004 - 7 0.000013 = (0.4 -+ 5 1.3) x10%,

Enter the chart on the lines G = 0.4 and B = 1.3.

The intersection is at R = 0.22, X = 0.7. Thus

Z — (0.22 — 7 0.7)10° = 22000 — j 70 000,

At series resonance, wl, = 1/wC FIG, 4.22

and X = 0, so that ¥ = G = 1/R. v

The admittance at any frequency is A
given graphically by the Admittance / \\
Circle Diagram (Fig. 4.22) in which ¥

the vector OY represents the admit- famf- O 5
tance, where Y is any point on the circle.

The diameter of the circle is equal to

1/R and the admittance at series re- -
sonance, when the frequency is fo, is
represented by OA,

fxf,
(reson%n:()

As the frequency of the voltage ap- /R
plied to the series tuned circuit (Fig.
4.20A) is increased from zero to in- Fig. 4.22. Admittance circle diagram.
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finity, so the point Y moves from O (at zero frequency) through C to A (at resonance)
and thence through E to O again (at an infinite frequency). The angle ¢ is the angle
by which the current 7 feads the applied voltage ¢ ; when ¢ is negative the current
lags behind the voltage. Thus when OY lies in the upper portion of the circle the
circuit is capacitive, and when it lies in the lower portian of the circle the circuit is
inductive.

R
Fig. 422.A  Series form of imped- M m
ance ; (B) Equivalent parallel form. [ X |

FiG.4,22A FIG, 4,228

When Y is at the point C, the admittance will be represented by OC and ¢ will
be 45°; the reactive and resistive components of the impedance will therefore be
equal. At zero frequency ¢ will be +90° and the admittance will be zero: at in-
finite frequency ¢ will be —90° and the admittance will also be zero.

(vi) Conversion from series to parallel impedance
It is possible to convert from the series form Z = R, + jX, as shown in Fig, 4.22A
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Fig. 4.22C. Chart for conversion between series resistance and reactance and
equivalent parallel resistance and reactance.
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to the equivalent parallel form (B) and vice versa.

R,X,? X»
* T R+ X, X, R, (56
— +_—-
Rﬂ) k4
X = XoR," R,
* T R2+X,* X, R, (57)
R, "X,
The following approximations hold with an error within 19 :
(D If R, > 10X, or if R, < 0.1 X,,
then R, &~ X,*/R,; X~ X, (58)
and R, &r X,?/R,; X, ~ X, (59)
@1f R, <0l1X, or if R, > 10X,
then R, ~ R, X, ~ Ry /X, (60)
and R, A¢ R,; X, ~ R*/X, (61)

Fig. 4.22C can be used to make this conversion.

Example 1. Find the parallel circuit equivalent to a series connection of a 10.ohm
resistor (R,) and an inductor with a reactance of 3 ohms (X,).

Method : Enter the chart vertically from R, = 10 and horizontally from X, = 3.
These lines intersect at R, = 10.9 and X, == 36, so the equivalent parallel connec-
tion requires a 10.9 ohm resistor and an inductor with a reactance of 36 chms,

Example 2. Find the series circuit equivalent to a parallel connection of a 30 000
ohm resistor and a capacitor with a reactance of —8000 ohms.

Method : Enter the chart on the arcs R, = 30 and X, = 8. The intersection is

at R, = 2 and X, = 7.5, so the appropriate series elements are R, = 2000 ohms and
X, =~T7500 ohms.

SECTION 7 : NETWORKS

(&) Imtroduction to networks (i) Kirchhoff’s Laws (i) Potential Dividers (iv)
Thevenin's Thereom (v) Norton’s Theorem (vi) Maximum Power Transfer Theorem
(vit) Reciprocity Theorem (viti) Superposition Theorem (ix) Compensation Theorem
(%Y Four-terminal networks (xi) Multi-mesh networks (xit) Non-linear components
in networks (xiti) Phase-shift networks (xiv) Transients in networks (xv) Refer-
ences to nerworks.

(i) Introduction to networks

A network is any combination of impedances (*‘ elements >>)—whether resistances,
inductances, mutual inductances or capacitances. Ohm’s law may be applied either
to the voltage drop in any element, or in any branch, or to the voltage applied to the
whole network, involving the total network current and total network impedance,
provided that the impedances of the elements are constant. Other laws and theorems
which may be used for the solution of network problems are described below.

In network analysis it is assumed that the impedances of elements remain constant
under all conditions ; that is that the elements are linear devices, Some types of
resistors and capacitors and all air-cored inductors are linear, but iron-cored inductors
and amplifying valves are non-linear. Other non-linear devices include granule-
type microphones, electrolytic condensers, glow lamps, barretters (ballast tubes),
electric lamp filaments, temperature-controlled resistances such as thermistors¥,
and thyrite.f However, it is usually found that satisfactory results may be obtained
by applying the average characteristics of the non-linear devices under their operating
conditions. Further consideration of non-linear components is given in Sect, 7(xii).

*Thermistors are resistors with a_high negative temperature coefficient. See Sect. 9()a.

+Thyrite is a conductor whose resistance falls in the ratio 12.6 : 1 every time the voltage is doubled,
over a current ratio 10 000 000 to 1. See K. B. McEachron “ Thyrite, a new material for lightning
arresters * General Electric Review (U.S.A.) 33.2 (Feb. 1930) 92.
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Rectifiers, whether thermionic or otherwise, are non-linear devices ; they are
frequently represented by an equivalent circuit having a fixed series resistance in the
conducting direction and infinitely high resistance in the other. This approximation
is very inaccurate at low levels where they have effective resistance varying as a func-
tion of the applied voltage, while some rectifiers pass appreciable current in the reverse
direction.

Most elements (resistors, capacitors and inductors) transmit encrgy equally in either
direction and are referred to as *‘ bilateral ”’, but thermionic valves operate only in
one direction (*‘ unilateral ) ; when the latter form part of a network it is necessary
to exercise care, particularly if they are represented by equivalent circuits.

Hints on the solution of network problems
A complete solution of a network involves the determination of the current through
every element (or around every mesh), With simple networks the normal procedure
is to apply Kirchhoff’s Laws—Sect. 7(ii)—until all the currents and their directions
have been determined. The voltage drop across any element may then be derived
from a knowledge of the impedance of the element and the current through it.
As a first stage it is important to simplify the circuit, and to draw an equivalent
circuit diagram for analysis.
If in any arm there are two or more resistors connected in series, the equivalent
circuit diagram should be drawn with
R=R, +R, + ...
Similarly with inductance L = L; + L, + ...
and with capacitance 1
C=vg—1

—61 _é;+

If in any part of the circuit there are two or more elements of the same kind in
parallel (whether R, L, or C) the resultant should be determined and applied to the
equivalent circuit diagram,

An exception to this rule is where it is merely required to calculate the output
voltage from a passive resistive d-terminal network. In this case it is sometimes
helpful to arrange the network in the form of a potential divider, or sequence of
dividers, and to use the method of Sect. 7(iii).

It is very important to mark on the equivalent circuit diagram the directions or
polarities of the applied voltages (whether direct or alternating) and the assumed direc-
tions of the currents ; if any one of the latter is incorrect, this will be shown by a
negative sign in the calculated value. A clockwise direction for the flow of current
around any mesh is conventional.

In some cases it may be found simpler to reduce a passive 4-terminal network to
an equivalent T or = section—see Sect., 7(x)—than to analyse it by means of Kirch-
hoff’s Laws.

Definitions

An element is the smallest entity (i.e. a distinct unit) which may be connected
in a network—e.g. L, C or R.

An arm is a distinct set of elements, electrically isolated from all other conductors
except at two points.

A sgeries arm conducts the main current in the direction of propagation.

A shunt arm diverts a part of the main curren..

A branch is one of several parallel paths.

A mesh is a combination of elements forming a closed path.

A two-terminal network is one which has only two terminals for the application
of a source of power or connection to another network.

A four-terminal network is one which has four terminals for the application of
a source of power or connections to other networks. The common form of four-
terminal network has two input and two output terminals ; this term is used even
when one input terminal is directly connected to one output terminal, or both earthed.
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A passive network is one containing no source of power.

An active network is one containing one or more sources of power (e.g. batteries,
generators, amplifiers).

The input circuit of a network is that from which the network derives power.

The output circuit of a network is that into which the network delivers power.

Impedance matching—-two impedances are said to be matched when they have
the same magnitude and the same phase angle.

Reference may also be made to I.R.E. Standard 50IRE4.S1 published in Proc.
I.R.E.39.1 (Jan. 1951) 27.

Examples
An amplifier is a four-terminal active network.
An attenuator is a four-terminal passive network.
A conventional tone control is a two-terminal passive network.

Differentiating and Integrating Networks
Based on the fundamental mathematical analysis of the circuit, the following terms
are sometimes used in connection with 4-terminal networks.
Differentiating Networks-—(1) Series resistance and shunt inductance
or (2) Series capacitance and shunt resistance
Integrating Networks —(1) Series inductance and shunt resistance
or {2) Series resistance and shunt capacitance.

(if) Kirchhoff’s Laws
(1) The algebraic sum of all the instantaneous values of all currents flowing
towards any junction point in a circuit is zero at every instant.

This is illustrated for d.c. in Fig. 4.23. It will be seen that all junctions and corner
points are lettered for reference. The polarities of the two batteries and their voltages
are marked. The currents are marked in the obvious directions or, if this is not clear,
then arbitrarily in either direction (clockwise around each loop is preferred). Both
currents and voltages are referred to by the point lettering,

e.g. 1,, is the current flowing from a to b
7y, is the current flowing from b to a
e, . is the potental of point b with respect to point c.
Applying Kirchhoff’s first law, at point b
iab + i/a - ibc =0
or g + 1y = 1,, which is really obvious.
Positive current is taken as flowing rowards the junction point ; megative current as
flowing away from it.

+ + -g _‘T}{.

vE T4 : | g | §Re
] | S
4 !

£16.4.23 ¢ Z ¢ 3

FiGg.4-24

Fig. 4.23.  Nerwork incorporating 3 elements and 2 d.c. voltage sources.
Fig. 4.24. Nerwork incorporating & elements and one a.c. voltage source.

This law is illustrated for a.c. in Fig. 4.24 which follows the same general rules as
for d.c. The instantaneous generator voltage e is shown in an arbitrary direction and
the directions of the currents are then determined.

At point b,

. Top — lpy —ipe =0
following the general procedure as in the d.c. case.
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(2) The total rise or fall of potential at any instant in going around any closed
circuit is zero,

This is illustrated for d.c. in Fig. 4.23, taking each closed circuit in turn and pro-
ceeding clockwise in each case. Any voltage source is here regarded as positive if it
agsists in sending current clockwise around the closed circuit (i.e. voltage rise). The
voltage across any impedance is regarded as negative if the current arrow is in the same
direction as the direction of travel around the closed circuit (i.e. voltage drop).

Circuit dabec d: 4+ 6 — 161, —104,, =0 )
Circuit dabfgecd: +6 —1614,, + 81, —4 =0 2)
Circuit fbcg f: +4— 84, —107,, =0 3

Applying Kirchhoff’s first law to point b,
fap + Iy = 15, )

To find the values of the three unknown currents, it is necessary to apply three
suitable equations.

[ Stmilarly for all other cases—the total number of equations must be equal to the
number of unknowns. The number of equations based on Kirchhoff’s first law should
be one less than the number of junction points 5 those based on his second law should
equal the number of independent closed paths.]

Equations (1), (3) and (4) would be sufficient, since (2) merely duplicates parts of
(1) and (3).

From (4): Tar = fpo — Irp

Applyingin (1)t + 6 - 16(i,, - 1,,) — 10i,, =0
Therefore + 6 —161,, + 164, ~ 107,, =0
Therefore + 6 — 2061, + 164, =0 3)
Adding twice (3): -+ 8 — 20 iy, — 16 i, =0
Therefore + 14 — 461, =0
Therefore i,, == 14/46 ampere.

The other currents may be found by applying this value in (5) and then in (4).
Kirchhoff’s Second Law is illustrated for a.c. in Fig. 4.24. Here again, as in all
cases, it is assumed that we move around each loop of the network in a clockwise
- direction.
The voltage across—

a resistance is —~Ri where 1 is in the clockwise direction around
an inductance is —jwli the loop.
a capacitance is +/(1/ wCi

Circuit d a b ¢ d: ¢ — Ryiap 4 (1/@Ciy, = 0

Therefore Ryt,, — j(1/wC)iy, = e ) (6)
Circuit 8 f g ¢ b: —jJowLygy — Ryyy — J(1/wCiy, = 0
Therefore (JwL, + Rz)i,,, 4+ j1/wCiy, =0 (7

Applying Kirchhoff’s first law to junction b :
Tas ”*%f — 7bc =0
Therefore Tap = Ty + Tpe (8)
Adding (6) and (7)
Riizy + (JoLy + Ro)iy = e

Applying (8), Riiyy + Ryfse + (JwLy + Rp)iyy = e
Therefore Ri,. + Ry + Ry + jwLy)iy = e 9)
Multiplying (7) by (—jR,w(C)), remembering that j2 = — 1,
Riye + (Ryw?L,C, — jR{R,wCi)iy; = 0 (10)
Subtracting (10) from (9),
[(Ry + Ry — le *L,Cy) +f(“’L1 + RiRywC)] iy = ¢ (11)

which gives the value of 7,, when e is known.

The value of ¢, . may be found by substituting this value of 7,, in eqn. (7); i,
may then be determined by eqn. (8).
(iii) Potential Dividers

The fundamental form of potential divider (also known as voltage divider or poten-
tiometer) is shown in Fig. 4.25. Here a direct line voltage E is * divided ” into two
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voltages E, and E,, where E = E, + FE,. If no current is drawn from the junction
(or tap) B, the voltage across BC is given by

R.
E, = (m)& (L

and I, I, = E/(R, + Ry) @

I

Fig. 4.25. Potential divider across
a d.c. hine.

&
FIG.4:'28

On load

When a current I is drawn from B, the simplest analysis is to consider the effective
load resistance R; which will draw a current I; at a voltage E,', i.e. R, = E,'/I,.
We now have resistances R, and R; in parallel, and their total effective resistance is

therefore
R = R,R;3/(R: + Ry).
In this case the voltage divider is composed of R, and R’ in series, and the voltage at
the point B is given by
R
o o — JE
E (Rl ¥ R‘)

AN
_ R,R,  \E©
RiR; + RiR; + R,R,

, (R RR; \,; 5
E,) = (R1 i R2>E _<R1 +Rz> 3 3

The first term on the right hand side is the no-load voltage F, ; the second term is the
further reduction in voltage due to I;—-this being a linear equation.

vQoLTS
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Fig. 4.26. Graphical method for dez;rjm_z;dm'ng the ourput voltage from a potential
. o ) tvider.
Fig. 427. A potential divider with a load in the form of another potential divider.

Egn. (3) may be plotted* as in Fig. 4.26 where, as a typical example, E = 250 V,
R, = 10000 and R, = 15000 ohms, so that (R, 4+ R,) = 25000 ohms. E,, for

*Cundy, P. F. ““ Potential Divider Design,” W.W. 50.5 (May 1944) 154.
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no load, is obviously 150 volts (point B) while point C iz for the condition of maximum
current (I, ,) and zero voltage. The latter may be determined by putting F,’ = 0
in eqn. (3) which gives

Imwac = E/Rl (4)
In this condition we have, effectively, a resistance R, only, in series with a load of
Zero resistance.

If points B and C in Fig. 4.26 are joined by a straight line, we may then determine
the voltage for any value of load current (I,) between zero and maximum. For
example, with a load current of 10 mA, the voltage will be 90 V (point D).

It is sometimes useful to calculate on the basis of a drop in voltage (based on the
no-load voltage E,) of so many volts per milliamp of load current ; in this case the
drop is 150 volts for 25 mA, or 6 volts per milliamp. This rate of voltage drop is
actually the negative slope of the line BC.

The equivalent series source resistance (R,) is given by
E, 150

R, = T "B X109 — 6000 ohms.
This may be put into the alternative form
RyR;
. 5
R, R, + R, ®)

“ Regulation ” is defined differently in American and British practice.

American definition : The percentage voltage regulation is the difference be-
tween the full-load and no-load voltages, divided by the full-load voltage and multi-
plied by 100.

British definition : The percentage voltage regulation is the diﬁerence.bq1ween
the full-load and no-load voltages, divided by the no-load voltage and multiplied by
100.

In the examplie above for a current of 10 mA,

150 — 90 . ..
Regulation = 50 X 100 = 409 by British definition.

The line BD in Fig. 4.26 may be called the  regulation characteristic " for the
conditions specified above.

To find the load current corresponding to a specified value of Ey’, eqn. (3) may be
re-arranged in the form

_E (Bt Re ®)
13_R1_E2< R.R, )

R, + R
or Iy = Ies — E( ‘RIR;*) M

Special Case 1
If it is known that the voltage drops from E, at no load to E,’ for a load current I,
then the voltage E, corresponding to a load current I, is given by
E, = E, — (E; — E/YX1./1y) ®

Special case 2

If the voltages across the load (E., £,) for two different values of load current
(I, 1,) are known, the voltage at zero load current is given by
E EJI, —E|JI,

I, -1,

This is often useful for determining the no load voltage when the voltmeter draws
appreciable current. A method of applying this with a two range voltmeter has been
described*, and the true voltage is given by

)

5‘Laﬂ‘crty, R. E. * A correction formula for voltmeter loading > (lerter) Proc. LR.E. 34.6 (June 1946)
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S —-DE,

c 1

B= @) (10)

where S = ratio of the two voltmeter scales used for the two readings F, and E,,
E, = voltmeter reading on the higher voltage scale,

and E, = volimeter reading on the lower voltage scale.
If § = 2, then
E
B, = ———=_ 11
2 2 — (Ea:/Ey) ( )

Complicated divider network

When a voltage divider has another voltage divider as its load (Fig. 4.27) the best
procedure is to work throughout in resistances and voltages, and to leave currents
until after the voltages have been determined. The final equivalent load resistance
(Rs) must be determined before commencing calculations, then proceed—

R, in parallel with R;: R = R,R;/(R, + Rj)
R, in series with R’ : R" = R; + R’
R’ in parallel with R, : R = R,R"/(R, + R")
R///
- —=___\E 12
Then E, <R1 ¥ R”’> (12)
R
= | —= _\E, 13
and E, <R3 " R’) 2 (13)

A somewhat similar procedure may be adopted in any divider network.

(iv; Thevenin’s Theorem (pronounced * tay-venin’s ")
This theorem* may be expressed in various ways, of which one is :

®
Fig. 4.28. (A) An im-
NETWORK pedance commected to two
terminals of a metwork
(B) Thevemin’s equivalent
FiG.4:28 crrcutl.
A 8 . . .
° Fig. 4.29. (4A) an im-
104 . i pedance, carrying a current
NETWORK zy lu 1‘ & 2" IL’ connected to two ter-
204 " minals of a network ; (B)
o Norton’s equivalent circuit.
FIG.4.29 2

The current in any impedance, Z;, connected to two terminals of a network
consisting of any number of impedances and generators (or voltage sources)
is the same as though Z, were connected to a simple generator, whose gen-
erated voltage is the open-circuited voltage at the terminals in question,
and whose impedance is the impedance of the network looking back from the
terminals, with all generators replaced by impedances equal to the internal
impedances of these generators.

In Fig. 4.28, (A) shows an impedance Z , whose two ends are connected to the ter-
minals 1, 2 of any network. Diagram (R) shows Thevenin’s equivalent circuit, with
a generator E’ and series impedance Z,, where :

E’ is the voltage measured at the terminals 1, 2, with Z; removed,
and Z,, is the impedance of the network measured across the terminals 1, 2, when
looking backwards into the network, with all generators out of operation and each
replaced by an impedance equal to its internal impedance.

*For the proofs of this and subsequent theorems, see W, L. Everitt, Ref. 1 pp. 47-57.
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(v) Norton’s Theorem

This is similar in many ways to Thevenin’s Theorem, but provides 2 constant curs
rent generator and a shunt impedance,

The current in any impedance Z, connected to two terminals of a network,
is the same as though Z, were connected to a constant current generator
whose generated current is equal to the current which flows through the two
terminals when these terminals are short-circuited, the constant-current
generator being in shunt with an impedance equal to the impedance of the
network looking back from the terminals in question.

In Fig. 4.29, (A) shows an impedance Z, through which flows a current I, connected
to a network. Diagram (B) shows Norton’s equivalent circuit, with a constant current
generator delivering a current I’ to an impedance Z,, in shunt with Z;. As in dia-
gram A, the current through Z; is 1,.

Here I' = E'/Z,,
where E’ and Z,, are the same as in Fig. 4.28B (Thevenin’s Theorem).

(vi) Maximum Power Transfer Theorem

The maximum power will be absorbed by one network from another joined
to it at two terminals, when the impedance of the receiving network is varied,
if the impedances (looking into the two networks at the junction) are con-
jugates* of each other.

This is illustrated in Fig. 4.30 where E is the generated voltage, Z, the generator
internal impedance and Z; the load impedance. In the special case where Z, and Z
are pure resistances,

Z, will become R,
Z, will become R,
and maximum power transfer will occur when R, = R,.

In the general case, Z, = R, + X, and £, = R; + jX,; while for maximum
power transfer R; = R, and X, = —X,.

In other words, if Z, is inductive, Z, should be capacitive, and vice versa.

If the magnitude of the load impedance may be varied, but not the phase angle,
then the maximum power will be absorbed from a generator when the absolute value
of the load impedance is equal to the absolute value of the impedance of the supply
network.

See Ref 3 (References to networks). Sect. 7(xv).

(vii) Reciprocity Theorem

In any system composed of linear bilateral impedances, if an electromotive
force E is applied between any two terminals and the current I is measured
in any branch, their ratio (called the “ transfer impedance ”’) will be equal
to the ratio obtained if the positions of L and I are interchanged.

In Fig. 4.31 a generator supplies a voltage E to a network, and an ammeter A reads
the current I,. The transfer impedance is E/I,. If now E and A are reversed, the
new transfer impedance will have the same value as previously. In other words,
E being unchanged, the ammeter reading in the new position will be the same as
previously.

This theorem proves that a network of bilateral impedances transmits with equal
effectiveness in both directions, when generator and load have the same impedance.

(viii) Superposition Theorem

In any network consisting of generators and linear impedances, the current
flowing at any point is the sum of the currents which would flow if each
generator were considered separately, all other generators being replaced
at the time by impedances equal to their internal impedances.

This theorem considerably simplifies the analysis of any network containing more
than one generator. It is important to note the linearity requirements, as the theorem

*Two impedances are conjugates of each other when their res@stive components are equal, and their
reactive components are equal in magnitude but opposite in sign.
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breaks down under other conditions. It is therefore only applicable to valves when
these are being operated to give negligible distortion.

et { —]) T
Fig. 430. A generator, with s 7 b2
internal impedance Z,, connected bl 2
to a load Z,, to illustrate the - £ ‘3i 23
maximum’ power transfer. E
Fig. 431. A generator E supply- Freaze Fre 4t
ing woltage to a mnetwork, with
an ammeter A to read the current A L
I,. The reciprocity theorem el ot
states that, when A and E are ks > T
reversed, the transfer impedance NETWORK z e TORK E i
E/I, will be unchanged. ] ]
F16.4:32

Fig. 432, (A) An impedance Z

in a network with current I and woltage drop ZI (B) Equivalent circuit having
identical results so far as current and woltage drop are comcerned, with a generator
developing a woltage E = ZI. This illustrates the Compensation Theorem.

(ix) Compensation Theorem

An impedance in a network may be replaced by a generator of zero internal
impedance, whose generated voltage at any instant is equal to the instan-
taneous potential difference produced across the replaced impedance by the
current flowing through it.

This is illustrated in Fig. 4.32 where in (A) a current [ is flowing through an im-
pedance Z with a voltage drop IZ. This is equivalent to an identical network, as
in (B), where Z has been replaced by a generator of zero internal impedance, whose
generated voltage (E) is equal in magnitude to IZ, and is in a direction opposing the
flow of current,

(x) Four-terminal networks

The most common fundamental types of four terminal networks are illustrated
in Fig. 4.33, where (A) is a T section, (B) is a I7 section and (C) a Lattice section.
Both A and B are called 3 element networks, and C a 4 element network, from the
number of arms containing impedances. In conventional operation, the left-hand
tecminals 1, 2, are regarded as the input terminals, to which is connected some genera-
tor, or other network containing a generator. Terminals 3, 4, are normally regarded
as the output terminals, across which is connected a load impedance Z,.

If we are concerned only with the observable impedances between terminals, it is
possible—by selecting suitable values—to convert a T section to a I7 section, and
vice versa, but only for one particular frequency. This equivalence is independent
of the character of the generator or load.

Equivalent T section Equivalent II section
P Z,Zg 7 - 2,72y + 237y + 2,2,

YU Z 4+ Zg 4 Z, 4 Z,

B ZyZ ¢ 2\Zy ¥ 2.2, + 2,7, L (14
Bz vz, 17, Zr = z
4 B C 3

P Z,Z 0 P 2,7y + 2,24 + Z,Z;

YU Z, v Z,+ 7, ¢ Z, )

TI}e bridged T section of Fig. 4.33E may be reduced to the equivalent T section
of Fig. 4.33F, or vice versa, by using the same equivalent values as for equivalent T
and I/ sections (above).
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. Any complex fpur—terminal network can be reduced, at a single frequency, to a
single T or ITsection. The procedure is to measure (or calculate) the three constants :
Z,, = the impedance at the input terminals when the output terminals are open-
circuited.

Z,, = the impedance at the output end looking back into the network with the input
terminals open-circuited.

Z,, = the impedance at the input end with the output terminals short-circuited.

When these are known, the constants for the equivalent T and IT sections are :

Equsvalent T section Equivalent II section
Zl. = Loy _\/.Zoz(zal - Zu) ZA — ZnZss b
Zoz “"\/Zoz(zol - Zol)
Zy = Zy —NZolZy — z,
2 2 \/Z 2(Zal Zn) 5= 102 r (15)
'\/Zaz(Zol - Zu)
Zy = '\/Zoz(zal - Zu) ZC - ZuZoz _
Zoy ~V(Zn — 22
It would also be possible to ®
derive expressions for the equi-  |oaaar—s—AAA—OD DY
valent sections, using Z,, in 7 z2 Zg
place of Z,, where Z, == im- b3 s
pedance at the output end with IE,_ls z 3zc
the input terminals short-cir- T s
cuited.

A lattice network may be re-
duced to an equivalent T or I7
network (see any suitable text-
book) but it is interesting 10 note
that it is essentially a * bridge
circuit, Fig, 4.33 (C) may be
re-drawn as in (D) without any
change being made.

Four-terminal- networks are
considered further in Sect. 8;
they may also be treated as
multi-mesh networks as in Sect.
7(xi) below.

(xi) Multi-Mesh Networks
A typical flat multi-mesh net-
work is shown in Fig. 4.33G.
A “flat” nperwork is defined
as one which can be flattened Fie.4.33. Four Terminal Networks (4) T Secti
i i i 1g. 4.33. Four Terminal Networks ection
:::gsi‘z:hg::r }:‘:;gm_?lg;h?gz (B% IT Section (C) Lattice Section (D) Larttice

: : : Section redrawn in the form of a bridge (E) Bridged
g;fit:xr:g éﬁt tr?éiwg?;:gbm])}:néf T Section (F) T Section equivalent to Bridged T.

tions at which the current can divide are called branch points (A, B, C, D, E). In Fig.
4.33G there are 5 meshes, and the circulating mesh current of each is marked (Iy, Iy,
etc.) in the conventional clockwise direction. The simplest form of solution is by means
of the Mesh Equations. The basis for the use of these equations is given in Ref. 4,
Sect. 7(xv). Impedances in the network are numbered Z; os 230, €tC., when they form
part of one mesh only (mesh 1, mesh 2, etc.). Impedances which are common to
two meshes are numbered Z,,, Z,s, etc., and are called mutual impedances, the

20—

b —04 20~ 04
FIG. 4.33
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suffixes indicating the meshes to which they are common. The applied alternating
voltages are also numbered E,, E,, etc. where the suffix indicates the mesh number.
If there is more than one voltage source in any mesh, E, etc. will indicate the vector
sum of these voltages,

There must be the same number of mesh equations as there are meshes in the net-
work. The mesh equations are written in the general form for » meshes as

Zyly + Zyoly + Zyls + v Zigd, = E,
Zoly + Zoyly, + Zyly + oo Zyd, = E, (16)
anll + ZnQIQ + Zn!!IR + ... Znnln = E'n

where each Z is of the form R + j(wL — 1/wC) and Z,y, Z,,, etc. is called the self-
impedance of the individual mesh, i.e., the impedance round the mesh if all other
branches of the network other than those included in the mesh in question were open-
circuited.
For example, in Fig. 4.33G—
Zy = Zyy + Zyy + Zyy
= Ryo +jX10 + Ris +jX1s + Ry + 7 X5
= Ryo +j(wlyo — 1/wCy4) + Ryg + j(wl,y — 1/ wCyy)
+ Ry + j(wlyy — 1/ wCyy)
ie. Zy = (Ryo + Rug + Rup) + jl{wlyy + wlyy + wLy,)
= (1/ Gy + 1/ @Gy + 1/ wCp)) a7
Note that Z,; is the same as Z,, etc. and that the signs of the mutual impedances
may be positive or negative (see below).

An impedance that is common to two branches is considered to be a positive mutual
impedance when the arrows representing the corresponding mesh currents pass
through the impedance in the same direction ; or a negative mutual impedance if
the arrows pass through the impedance in opposite directions.

Thus in Fig. 4.33G the arrows representing the corresponding mesh currents pass
through the impedances Z,,, Z,,, Z,, and Z,, in opposite directions, so that these
constitute negative mutual impedances, and have negative signs in eqn. (16).

A mutual inductance may be defined as positive or negative according to whether
it acts with a polarity the satne as, or opposite to, that of a corresponding common
inductance*,

ZSO
FIG. 4.33G
FIG, 4.33H
Fig. 4.33G. Typical multi-mesh net- Fig. 433H. Simple 2-
work. mesh network.

A simple example is the 2-mesh network of Fig. 4.33H. Applying eqn. (16) we
have

Zy = Ry, +]i[won — 1/ @Gy, (18
Zys = Ry, +]_[‘UL20 — 1/ wCy] (19
Ziy = Zy = j(1/wCy) (20)

Since there are two meshes, there will be two mesh equations—
Znly + Zyl, == E,
Zyly + Zypl, =0 @

*The opposite definition is also used.
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These linear simultaneous equations may be solved by elimination, but any more
complicated network would have to be solved by the use of Determinants, for which
see any suitable mathematical textbook.

The total current in any common branch may be determined by the difference
between the two mesh currents.

The method of handling mutual inductance is illustrated by the 2-mesh network
of Fig. 4.331. Here

Zyy = (Ryy + Ry ‘f‘]:(wLw “+ wLliy — 1/ wCy) (22)
Za = Ry + Ray) ‘*‘J.(‘"le + @Ly —~ 1/ wCy) (23)
Zyy = Zn = Ry + (ol + oM (29)

and the two mesh equations will be as eqn. (21).

The polarity of M, in eqn. (24) must be determined in accordance with the accepted
convention, as described in connection with eqn. (16).

A solution of eqn. (16) by means of Determinants shows that in the general case
the Determinant D is given by

anxz .. Zln
D =\ZpZs ... Zs, (25)
ZuZus . . Zun

and the current [, in the kth mesh that flows as the result of the voltage E; acting in
the j*h mesh is

I, = E, B—l')’i (26)
where B;, is the principal minor of D multiplied by (— 1)/**. This minor is
formed by cancelling the jth row and the kth column
and then moving the remainder together to form a new
determinant with one less row and column than D,
where D is the determinant defined by eqn. (25).
The row cancelled corresponds to the mesh containing
the input voltage, the column cancellied to the mesh
containing the required current.

The input impedance of a passive network with
a single applied voltage (Fig. 4.33]) is given by

LS
" FIG. 3.331 Input impedance = E;/I, = D/By (27)
Fiv 4.33 L. Two-mesh net where E, = voltage applied to input terminals
1g.4.33 1. 0~ - I, = input current
work incorporating mutual D = determinant defined by eqn. (25)

and B,, is the minor of D obtained by cancelling the
first row and columnmn.

The transfer impedance of a 4-terminal network (Fig. 4.33K) is defined as the
ratio of the voltage applied to the input terminals to the resulting current through
the load impedance connected to the output terminals (i.e, the n'h mesh).

1 | 3
FOUR
i —— ——
g, b PASSIVE E, I, | TERMINAL In 2,
‘ NETWORK :2?3!(\)/:
K
2 2 4
FIG. 4.33J FIG.4.33K

Fig. 4.33]. lllustrating input impedance of network.
Fig. 433K. Four terminal network illustrating input and transfer impedances.

Transfer impedance = E,/I; = D/By, (28)
where D = determinant defined by eqn. (25)
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and B,, is the minor of D obtained by cancelling the first row and »n** column,
and applying the factor (— 1)*+t3,

References to multi-mesh networks : Refs. 1, 2, 4, 5, 6, 7. Sect. 7(xv).

(xii) Non-linear components in networks

In radio engineering the principal non-linear components in networks are valves,
although certain resistors and iron~cored inductances are also non-linear. The non-
linearity can only be neglected when the voltage swing across any non-linear com-
ponent is so limited that the characteristic is substantially constant over the range of
operation,

In 2 non-linear component the impedance is not constant, but varies with the
applied voltage*. Each such impedance must be treated as having an impedance which
is a function of voltage,
ie. Z = F(e).

The mathematical theory of circuits containing non-linear components is com-
plicated and, in the general form, outside the scope of this handbook. Those who are
interested are referred to the list at the end of this subsection.

The treatment of non-linearity in valve characteristics is covered in Chapter 27 for

detection and Chapter 25 for frequency conversion. Distortion through curvature
of valve characteristics is covered in Chapter 2 Sect. 9 and Chapter 13.

References to non-linearity

(other than those covered elsewhere)

Chaffee, E. L. ‘““ Theory of Thermionic Vacuum Tubes” (McGraw-Hill Book
Company, New York and London, 1st edit. 1933) Chapter 21,

Llewellyn, F. B., and L. C. Peterson. * Vacuum tube networks ” Proc. I.R.E. 32.3
(March 1944) 144.

(xiii) Phase-shift networks

The bridge type phase-shift network of Fig. 4.34 has the advantage of providing
full range phase shifting from 0 to 180°, with constant attenuation (6db) for all degrees
of phase shiftt.

p
R,
l c oo

FIG.4-34

Fig. 4.34 (A) A phase-shift network providing full range phase shifting from 0 to 180°
with 6 db attentuation for ail degrees of phase shift (B) vector diagram of voltage
relationships.

It may be shown, when R, = R,” = 1/wC, that

E, _ 2R,R,
—#  amdg = (m—>

\E

which is illustrated by the vector diagram Fig. 4.34B, where E z1 and Ep, are equal,
and both equal to E,; Ej, and E, are at right angles, but their vector sum is E.
Point P is therefore on the circumnference of a semi-circle.

“It is assumed here that the impedance is not a function of time ; this occurs the case of barretters
i the
H Tl 24

{Lafferty, R. E. “ Phase~shifter nomograph,” Elect. 19.5 (May 1946) 158.
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(xiv) Transients in Networks

The treatment of networks earlier in this Section has been on the basis of a steady
applied direct voltage, or a steady alternating voltage, or a combination of the two.
It is also important to know the transient currents which may flow during the period
from the application of a voltage until the steady state has been reached or during
the period from the disconnection of the voltage until a steady state has been reached,
or due to some sudden change in operating conditions after the steady state has been
reached.

The simple cases of a capacitance and inductance each in series with a resistance,
on direct charge and discharge, have been covered in Sects. 4 and 5. These charge
and discharge characteristics are of a logarithmic form, and non-oscillatory. How-
ever, in any network including L, C and R, the transient characteristics tend to be
oscillatory. These oscillatory transients may be more or less heavily damped, and
normally become of negligible value after a short period of time. On the other hand,
they may continue as sustained oscillations.

Amplifiers, particularly those with feedback, should have a sufficiently damped
oscillatory transient in the output circuit when the input is increased instantaneously
from zero to some predetermined steady voltage (thisis called “unitstep ” input). In
practice it is more convenient to use a periodic rectangular wave input, with the time
period of the ** flat top * sufficiently long to allow for the decay of damped oscillatory
transients. A C.R.O. is commonly used for observation of such a waveform.

Alternatively, an impulse having very short time duration may be applied to the
network or amplifier. This differs from unit step input in that the input voltage re=
turns to zero almost instantaneously.

The complete mathematical analysis of all but very simple networks is very com-
plicated and specializéd, and outside the scope of this Handbook.

For further information see Refs. 4, 7 and 8.
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SECTION 8 : FILTERS

(i) Introduction to filters (if) Resistance-capacitance filters, high-pass and low-pass
(itt) Special types of resistance-capacitance filters (1v) Iterative impedances of four~
terminal networks (v) Image tmpedances and image rransfer constant of four-terminal
networks (vi) Symmetrical networks (vit) *“ Constant R filters (viii) M Derived
filters  (1x) Practical filters (x) Frequency dividing networks (xi) References to
Sfilters.

(i) Introduction to filters

A filter is any passive* network which discriminates between different frequencies,
that is to say it provides substantially constant ** transmission > over any desired
range of frequencies and a high degree of attenuation for all other frequencies.

Filters are conveniently grouped as under :

Low pass filters—transmission band from zero {or some very low) frequency to
a gpecified frequency. Attenuation for all higher frequencies.

High pass filters—transmission band from some specified frequency to very high
frequencies. Attenuation for all lower frequencies.

Band pass filters—transmission band from one to another specified frequency.
Attenuation for all lower and higher frequencies.

Band elimination filters—** traps.”

Practical filters, particularly of the simple variety, have only a gradual change in
attenuation. The sharper the required change in atfenuation, the more complicated
becomes the filter.

Some very simple filters are :

1. The grid coupling condenser and grid resistor of an amplifier (high pass resist-
ance-capacitance filter).

2. The series condenser and variable resis