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PREFACE

For several years prior to the publication of the first edition of this
handbook the necd had been felt for a compilation of design data pertain-
ing to radio engineering. Although many of the fundamcnta.lsrinciples
of electrical enginccring apply to radio, the whole task of designing,
manufacturing, and operating equipment for radio communication 18
vastly diffcrent from that for clectrical-powcer apparatus. A handbook
for the radio enginecr became esscntial.

Since 1933, however, the radio art, as always, has moved ahead rapidly.
New tubes, ncw circuits, new services, new frequencies, even new concepts
have appeared. What was visioned in 1933 has not only come to pass,
but in some cases has gone out of the art alrcady. A ncw edition of the
handbook, therefore, has become necessary.

Much of the fundamental material appearing in the first edition
remains. Many of the practical design £ta have been changed, some
discarded for more recent material. A section on antennas has been
added, television has been entirely rewritten, and other new material
to the extent of nearly 300 pages will be found in this second edition.

The extent to which the first edition has found its way into schools,
as well as into the libraries of practicing engineers for whom it was
designed, has been most encouraging; although the emphasis is on
practice rather than theory, instructors and students will find an essential
amount of fundamental discussion. The technician will find here many
man-hours of effort compiled into the form of tables and curves by the
twenty-eight engincers and physicists who have aided the editor in
preparing this new edition.

New York, N. Y.,
October, 1935.

Keira HENNEY.
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8. Trigonometric Functions.

[Sec..1

° '] sin tan cot cos l I° '[ sin tan cot cos
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50|0.0145/0.0145| 68.7501|0.9999|10 50(0.1536/0.1554| 6.4348(0.9881(10

1 0/0.0175/0.0175| 57.2800[0.9998( O 89| 9 0/0.1564/0.1584| 6.3138/0.9877{ O 81
10{0.0204/0.0204| 49.1039(0.9998|50 10(0.1503(0.1614| 6.1970(0.9872|50
20(0.0233}0.0233| 42.9641(0.9997(40 20(0.1622(0.1644| 6.0844(0.9868(40
30(0.0262{0.0262| 38.1885(0.9997;30 30]0.1650/0.1673| 5.9758|0.9863|30
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° /| ain tan I cot | cos ° ‘| sin | tan [ cot I cos
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30(0.3502|0.3739| 2.8746/0.9367|30 30(0.4772|0.5430( 1.8418(0.8788|30
40/0.352010.3772| 2.6511|0.935620 40/0.4797]0.5467{ 1.8201|0.8774{20
50(0.3557/0.3805| 2.6279|0.9346(10 50/0.4823/0.5505] 1.8185(0.8760(10
21 0[0.3584/0.3839| 2.6051/0.9336( O 69]29 0[0.4848(0.5543| 1.8040(0.8746( O 61
10/0.3611{0.3872| 2.5826|0.9325|50 10(0.4874]0.5581] 1.7917(0.8732(50
20/0.3638(0.39068 2.5605(0.9315/40 20(0.4899(0.5619] 1.7796(|0.8718(40
30(0.3665(0.3939] 2.5386(0.9304/30 30(0.4924/0.5658| 1.7675/0.8704
40/0.3692(0.3973| 2.5172(0.9293/20 40|0.4950(0.5698] 1.7556(0.8689(20
50/0.37190/0.4008| 2.4960(0.9283/10 50/|0.4975|0.5735| 1.7437/|0.8875]10
22 0]0.3746(|0.4040| 2.4751{0.9272| 0 6830 0|0.5000(0.5774| 1.7321(0.8660| 0 60
10{0.3773(0.4074] 2.4545(0.9261|50 10(0. 5025/0.5812] 1.7205/0.8646|50
20(0.3800(0.4108| 2.4342(0.9250{40 20|0.5050(0.5851| 1.7080|0.8631/40
30/0.3827(0.4142| 2.4142(0.9239]30 30/0.5075(0.5800( 1.6977|0.8616/|30
40(0.3854]0.4176| 2.3945/0.9228(20 40(0.5100(0.5930( 1.6884|0.8601/120
50(0.3881(0.4210( 2.3750(0.9216(10 50/|0.5125(0. 5969 1.6753|0.8587|10
,. 230]/0.3907|0.4245| 2.3559(0.9205 0 67f31 0/0.5150/0.6000( 1.6643/0.8572| 0 59
10/0.3934/0.4279| 2.3369(0.9194|50 10|0.5175/0.6048| 1.6534(0.8557(50
20]0.3961/0.4314 2.3183|0.9182]40 20(0.5200]0.6088 1.6426(0.8542/40
30{0.3987|0.4348( 2.2098(0.9171/30 30/0.5225(0.6128 1.6319(0.8526
40(0.4014[0.4383| 2.2817(0.9159{20 40/0.5250(0.6168| 1.6212(0.8511120
. 50/0.4041/0.4417| 2.2637/0.9147(10 50(0.5275/0.6208 1.6107(0.8496|10
.‘24 0/0.4067|0.4452 2.2460/0.9135( 0 66}32 0[0.5209/0.6249 1.6003|0.8480| 0 58
r cos cot tan sin ! 'I cos cot tan sin !’ °
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° r| ein tan cot cos I" ‘| sin tan [ cot I cos

32 0]0.5299[0.6249| 1.6003|0.8480| 0 53§39 0(0.6293{0.8098| I.2349|0A777l 0 51
10/0.5324]0.6289] 1.5000|0.8465|50 10/0.6316/0.8146| 1.2276(0.7753(50
20(0.5348(0.6330| 1.5798(0.8450(40 20|0.6338(0.8195 1.2203|0.7735/|40
30/|0.5373(0.6371 1.5607]|0.8434(30 30/0.6361(0.8243 1.2131/0.7716|30
40(0. 5398(0.6412( 1.5597|0.8418/20 40(0.6383(0.8202| 1.2059/0.7698|20
50(0.5422|0.6453| 1.5497(0.8403(10 50/0.6406(0.8342( 1.1988(0.7679|10

33 0/0.5446/0.6494| 1.5399/0.8387( O 57{40 0|0.6428/0.8391 1.1918/0.7660| 0 50
10{0.5471]0.6536) 1.5301|0.8371|50 10(0.6450/0.8441| 1.1847|0.7642(50
20/0.5495(0.6577| 1.5204/0.8355(40 20/0.6472/0.8491 1.1778/0.7623|40
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34 0(0.5592(0.6745| 1.4826(0.8200] O 56141 0/0.6561/0.8693| 1.1504{0.7547| O 49
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20]0.5640(0.6830( 1.4641/|0.8258/40 20/0.6604/0.8796| 1.1369(0.7500{40
30(0.5664/0.6873| 1.4550|0.8241}30 30/0.6626(/0.8847( 1.1303{0.7490{30
40/0.5688(0.6916( 1.4460(0.8225/20 40(0.6648/0.8899| 1.1237|0.7470/20
50/0.5712]|0.6959| 1.4370/0.8208{10 50/0.6670(0.8952( 1.1171]|0.7451]10

35 0]0.5736/0.7002| 1.4281(0.8192( 0 55%42 0(0.6691/0.9004| 1.1108/0.7431| O 48
10[0.5760/0.7046| 1.4103|0.8175|50 10(0.6713(0.8057| 1.1041{0.7412|50
20(0.5783]0.7089| 1.4106/0.8158/40 20(0.6734/0.98110( 1.0977|0.7392|40
30(0.5807(0.7133| 1.4010|0.8141|30 30(0.6756/0.9163( 1.0913]|0.7373|30
40/0.5831/0.7177f 1.3934(0.8124|20 40(0.6777(0.9217| 1.0850(0.7353|20
50(0.5854(0.7221] 1.3848/0.8107{10 50/0.6799(0.9271 1.0788/0.7333(10

38 0/0.5878|0.7265| 1.3764|0.8000| O “P43 0/0.6820/0.9325| 1.0724|0.7314| O 47
10/0.5001/0.7310{ 1.3680(0.8073{50 10(0.6841/0.9380| 1.0661/0.7294/50
20/0.5025|0.7355] 1.3597/0.8058(40 20(0.6862|0.9435| 1.0509]0.7274(40
30(0.5048(0.74 1.3514(0.8039{30 30/0.6884(0.9490| 1.0338/0.7254|30
40/0.5072|0.7445| 1.3432(0.8021|20 40{0.6905/0.9545! 1.0477|0.7234/20
50(0.5995/0.7490| 1.3351|0.8004(|10 50/0.6926/0.9601] 1.0418/0.7214(10

37 0/0.6018/|0.7536| 1.327010.7986| O 53J44 0(0.6947|0.9657[ 1.0355/0.7193] O 46
10/0.6041/0.7581| 1.3190(0.7969(50 10/0.6967(0.9713| 1.0205/|0.7173|50
20(0.6065{0.7627| 1.3111|0.7951|40 20(0.6088/0.9770( 1.0235/0.7153(40
30|0.6088|0.7673| 1.3032(0.7934(30 30(0.7009/0.9827| 1.0176/0.7133{30
4010.6111(0.7720( 1.2954!0.7916(20 40/0.7030/0.0884]| 1.0117/0.7112|20
50(0.6134(0.7766| 1.2876(0.7808|10 50(0.7050/0.9942| 1.0058|0.7092(10

38 0/0.6157/0.7813| 1.2799/|0.7880| O 52§45 0{0.7071/1.0000| 1.0000|0.7071| O 45
10/0.6180(0.7860| 1.2723|0.7862|50
20(0.6202(0.7007! 1.2647(0.7844(40
30(0.6225|0.7954| 1.257210.7826(30
40]/0.6248|0.8002| 1.2407]0.7808|20
50|0.6271/0.8050| 1.2423(0.7790]10

39 0(0.6203 0.8098| 1.2349/0.7771| O 51

coe cot tan sin |’ ° cos cot tan sin_ |’ °
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w = 2uf 1/w = 1/2«f A
Frequency or Xt = wL ofr Xo = 1/we Wave length Lc

105 65.974 151.57 285.71 229.78
110 69.115 144.79 272.7 209.34
115 72.257 138.49 260.87 191,52
120 75.398 132.63 250.00 75.
125 78.540 127.33 240.00 162.18
130 81.682 122.43 230.77 149.88
135 84 .823 117.89 222,22 138.99
140 87.985 113.68 214.28 120.23
145 81.106 109.76 206.90 120.48
150 94.248 108.10 200.00 112.58
155 97.389 102.60 193.55 105. 44
160 100.53 99 .472 187. 98 .945
165 103.67 96.459 181.82 93.040
170 108.81 93.624 176 .47 87.646
175 109.96 90.983 171.43 82.708
180 113.10 88.418 166.67 78.179
185 116.24 86.030 162.16 74.011
190 119. 83.766 157.90 70.167
195 122.52 81.618 153.85 66.615
200 125.66 79.562 150. 63.325
205 128.81 77.633 146.35 60.274
210 131.95 75.785 142.85 57.637
215 135. 74.024 139.54 54.796
220 138.23 72.395 136.36 52.335
225 141.37 70.736 133.33 50.035
230 144 .51 69.245 130.43 47 .880
235 147.65 67.727 127.68 45,866
240 150.80 66.315 125.00 43.975
245 153.94 64.959 122 .45 42.198
250 157.08 63.665 120.00 40.545
255 160.22 62.415 117.65 38.954
260 163.36 61.215 115.38 37.470
265 166. . 113.20 36.088
270 169.65 58.995 111.11 34.747
275 172.88 57.841 109.09 33.494
280 175.93 56 .840 107.14 32.307
285 179.07 55.844 105.26 31.185
290 182.21 54.880 103.45 30.120
2905 185.35 83.952 101.70 29.107
300 188.47 53.0 100.00 28.145
305 191.64 52.181 98.36 27.229
310 194.78 51.300 96.77 26.360
315 197 .92 .525 95.238 25.528
320 201. 49.738 93.700 24.736
325 204.20 48.977 92.308 23.981
330 207.35 48.229 90.910 23.260
335 210.49 47. 89.559 22.571
340 213.63 46.812 88.245 21.911
345 216.77 46.132 86.956 21.281
350 219.91 45.491 85.715 20.677
355 223.05 44.833 84.390 20.009
360 225.20 44.209 83.335 19.5685
365 220.34 43.602 82.192 19.013
370 232.48 43.015 81.080 18.503
375 235.62 42.440 80.000 18.013
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w = 2xf 1/w = 1/22f by
Frequency or X, = wlL or Xe = 1/wc Wave length Lc

855 411.55 24.298 45.801 5.9040
660 413.69 24.114 45.4585 5.8150
665 417.83 23.933 45.113 5.7279
870 420.97 23.754 44.779 5.6425
675 424.12 23.578 44 445 5.5466
680 427.26 23.406 44.122 5.4777
685 430.39 23.238 43.796 5.3082
690 433.54 23.08 43.478 5.3202
695 436.68 22.900 43.166 5.2441

439.82 22.745 42.857 5.1492
705 442.97 22.575 42.553 5.0062
710 446.11 22.416 42.195 5.0247
715 449.25 22.259 41.957 4.9546
720 452.39 22.104 41.667 4.8912
725 455.53 21.953 41.379 4.8189
730 458.67 21.801 41.096 4.7532
735 461.82 21.855 40.817 4.6887
740 464 .96 21. 40.540 4.6257
745 468.10 21.363 40.268 4.5636
750 471.24 21.220 40.000 4.5032
755 474 .38 21.080 39.735 4.4436
760 476.52 20.941 30.475 4.3855
765 480.67 20.804 39.215 4.3282
770 483.81 20.669 38.961 4.2722
775 486.95 20.536 38.710 4.2173
780 490.09 20.404 38.487 4.1635
785 493.23 20.275 38.216 4.1105
790 496 .37 20.146 37.974 4.0585
795 499 .51 20.019 37.735 4.0076
800 502.66 18.891 37 3.9577
805 505.80 19.770 37.267 3.9087
810 508.94 19.649 37.036 3.8605
815 512.08 19.528 36.810 3.8134
820 515.22 19.408 36.587 3.7670
825 518.36 19.292 36.364 3.7216
830 521.51 19.177 36.144 3.6767
835 524.65 19.060 35.927 3.6337
840 527.79 18.946 35.712 3.6022
845 530.93 18.835 35.502 3.5474
850 534.07 18.724 35.204 3.5002
855 537.21 18.614 35.087 3.4657
860 530.36 18. 508 34 3.4242
865 543.50 18.399 34.682 3.3852
870 546.64 18.293 34.487 3.3465
875 549.78 18.189 34.285 3.3082
880 552.92 18.008 34 3.2710
885 556 .08 17.988 33.808 3.2341
890 558.92 17.882 33.708 3.1970
805 562.35 17.783 33.520 3.1822
900 565.49 17.689 33.333 3.1272
9805 568.63 17.588 33.150 3.0026
210 571.77 17.490 32.967 3.059&
915 574.91 17.378 32.787 3.0254
920 578.05 17.311 32.607 2.9925
925 581.20 17.208 32.432 2.9604
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14. Chart for Converting Loss or Gain into Decibels.
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18. Systems of Electrical Units.

21

Practical E.m.u. E.s.u, R, Af.
Volt(V) ..o v iiieee e 10-% v 300 v v v
Ampere(a, 10a 3.33 X 10710 g ma ma
Second. . . sec. sec. usec. msec.
CKcle . cycle cycle c ke
Ohm........ ... ... . ..., 10-% ohm 0.9 X 10'* ohm | k-ohm | k-ohm
Mbo.......cooviiii 10* mho 1.11 X 10-!* mho | m-mho | m-mho
Henrg'(h) ...................... 10-* h (cm) 0.9 X 10"t h mh
Farad(f)....................... 100 f 1.1 puf (cm) muf uf
Watt(w). ... 1077w 1077 w mw mw
Jowe(i).......vvii 1077 j (erg) 10-7 mpyj "]
Coulomb(c).................... 10 c 3.33 X 100 ¢ muc ue

u=10%m=10"%k = 105, M

= 10%; mu = 107,

19. Width of Authorized Communication Bands.
From Rules and Regulations of the Federnl Communications Com-

mission.

Type of emission

Fre: uency rlnge.

Normal width of com-

ilocycles munication band, kilocycles
10 to 100 0.100
A-1:C. W_Morse telegraphy; printer 100 to 550 0.250
and slow-speed facsimile 1,500 to 6,000 0.500
6,000 to 12,000 1.000
12,000 to 28.000 2.000

A-2: Tone modulated cw and icw..

A-3: Commercial telephony:
Single side band. .. ............
Double side band.......... ...

A-3, A-4: Visual broadcasting:
Double side band..............
Special:
High-speed facsimile; fpicture
transmission; high-quality te-
lephony: television, etc.......

10 to 100

550 to 1,500

{ 10 to 550
1,500 to 28.000

(To be sapecified in instru-
ment of authorization)

OW BWN-

10.

The authorized width of the

communication band for
special types of transmis-
sion shall be specified in
the instrument of authori-
zation
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23. Average Night Separation between Broadcast Stations.

The same conditions as to frequency stability, etc., as under daytime
separation table.

Freq. Regional Clear
Classification and diff., Local
power kilo- 100 w
cycles 500w | 5kw | 10 kw [ 10 kw | 50 kw
Local 0 185
10 5. 108 183 225 237 350
100 w 20 21 54 90 105 156 208
30 13 40 76 91 131 181
40 11 36 72 87 124 . 174
Regional 0 ... 800
10 106 160 300 355 355 505
500 w 20 54 74 127 150 188 235
30 40 46 82 97 142 192
40 36 39 75 90 128 178
0 1.600 | 2,000
10 183 300 335 390 500 550
20 127 163 187 268 320
5 kw 30 76 82 102 117 175 225
40 72 75 83 28 143 193
0 c.. 2,000 | 2,000
10 225 355 390 405 570 620
10 kw 20 105 150 187 203 305 350
30 9 97 117 128 192 243
40 87 20 28 102 150 200
Clear 0
10 237 355 500 570 570 750
10 kw 20 156 188 268 305 305 420
30 131 142 175 192 192 247
40 124 128 143 150 150 200
0
10 350 505 550 620 750 800
50 kw 20 208 235 320 350 420 470
30 181 192 225 243 247 297
40 174 178 193 200 200 218

24. Computing the Harmonic Content of Any Given Periodic Complex
Wave Form. When an oscillogram (or other graphical representation)
of a periodic complex wave is available, it is possible to compute the
percentage of each harmonic up to and including the sixth, by means of
the following scheme:!

The oscillogram must contain at least one complete period of the wave,
that is, from any given point on the wave to the corresponding point at
the left or right at which the form of the wave begins to repeat itself.
In Fig. 1 the complete period is given by the distance OX, a distance of
360 electrical degrees. With a compass or dividers, divide this com-

} This method is known as the twelve ordinate acheme, and is a convenient form for
solving the equations of the Fourier analysis. The form given here has been adapted
from ‘' Graphical and Mechanical Computation,” Part 11, Experimental Data, by
Joseph Lipka, published by John Wiley and Sons, Inc., New York, pp. 181-185. See

also Terebesi, * Rechenscglblnnen far harmonische Analyse und Synthese,” Julius
Springer, Berlin, 1930.—Donald G. Fink.


















SECTION 2
ELECTRIC AND MAGNETIC CIRCUITS

By E. A. UEHLING!
FONDAMENTALS OF ELECTRIC CIRCUITS

1. Nature of Electric Charge. According to modern views all natural
phenomena may be explained on the basis of fundamental postulates
regarding the nature of electric charge. In the neighborhood of an
electric charge is postulated the existence of an electric field to explain
such phenomena as repulsion and attraction. The force which acts
between electric charges by virtue of the electric fields surrounding them
is expressed by Coulomb’s law which states that

_ 9q3
F—?

The value of the unit charge in the electrostatic system is based on this
law and is defined, therefore, as that value of electric charge which when
plsced at 1 cm distance from an equal charge repels it with a force of
1 dyne.

2. Electrons and Protons. There are two types of electricity: positive
and negative. The electron is representative of the latter and the
proton of the former. All matter is made up simply of electrons and
protons. Exhaustive experiment has proved that all electrons, no
matter how derived, are identical in nature. They are easily isolated
and as a consequence have been thoroughly studied. Among the most
important results of this study are the following facts:?

Charge of the electron..................... 4.770 X 109 es.u.
Mass... ... o e e 9.04 X 10" g
Radius............ ... il 2 X 10-%2 cm, approx.

The dproton has not been so thoroughly studied. It is not so easily
isolated, and the effects of electric and magnetic fields on its motion are
considerably smaller than similar effects obtained when electrons are
studied. The proton apparentlf' has a mass of about 1,838 times that
of the electron and a considerably smaller radius.

The mass of electrons and protons is purely inertial in character. In
other words these fundamental units of electric charge consist simply
of pure electricity. For the sake of completeness it should be added
that this mass is not independent of velocity and that the values given
for both the electron and proton assume velocities which are small
in comparison with that of light.

1 Department of Phyaica. California Institute of Technology.
* MiLLikaAN, R. A, “The Electron."
30
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8. Atomic Structure. The atoms of matter consist of a central
positive nucleus surrounded by such a number of electrons as will
neutralize the nuclear charge. The central positive nucleus consists of
both electrons and protons with an excess of the latter. This excess
determines the chemical characteristics of the atom by determining the
number of electrons outside the nucleus, while the total number of pro-
" tons determines the atomic weight of the element. According to one
view the electrons outside the nucleus move in planetary elliptic orbits
about it. The radius of the different orbits varies within a single atom,
and as a consequence the strength of the bond existing between the
nucleus and the different electrons varies.

4. Ionization. The outer electrons are in general loosely bound to
the nucleus and under favorable conditions may be completely disso-
ciated from the remainder of the atom. This process of the removal
of an electron is known as tonization. It is the process by which electrons
are removed from a heated filament in a vacuum tube, from an alkali
metal surface in the photoelectric cell, and from the pfate and grid of
vacuum tubes when bombarded by the filament electrons giving rise to
the secondary emission so commonly experienced.

5. The Nature of Current. The modern view of clectricity regards a
current as a flow of negative charge in one direction plus a flow of positive
charge in the opposite direction. In electrolytic conduction the unit of
negative charge 18 an atom with one or more additional electrons called a
negalive ton, and the unit of positive charge is an atom with one or more
electrons less than its normal number known as the positive ion.

In conduction through gases, as, for example, through the electric
arc, the negative ion is usually a single electron, whereas the positive
ion i8 as before an atom with one or more electrons removed.

In conduction through solids, however, the current is strictly electronic
and is not made up of two parts as in the previous cases. The electrons
constituting the current are the outer orbital electrons of the atoms.
Since these electrons are less tightly bound to the atom than the other
electrons they are comparatively free and are often spoken of as free
electrons. These electrons move through the solid under the influence
of an electric field colliding with the atoms as they move and continuously
losing energy gained from the field. As a consequence the motion of the
electrons in the direction of the field is of a comparatively small velocity!
(of the order of 1 ¢m per second), wherens the velocity of thermal agita-
tion of the free electrons is high (about 107 ¢m per second). According
to this view of the electric current in solids, conductors and insulators
differ only in the relative number of free electrons possessed by the
substance.

Since current consists of a motion of electric charges, it may be defined
as a given amount of charge passing a point in a conductor per unit time.
In the electrostatic system tﬁe unit of current is defined to he a current
such that an electrostatic unit of electricity crosses any selected cross
section of a conductor in unit time. In the practical system the unit of
current is the ampere which is approximately equal to 3 X 10° elec-
trostatic units of current and is defined on the basis of material constants
as that current which will deposit 0.00111800 g of silver from a solution
of silver nitrate in 1 sec.

1 Jeans, J. H., *Electricity and Magnetism,” p. 308.
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6. The Nature of Potential. An electric charge that is resident in
an electric field experiences a force of repulsion or attraction dependin
on the nature of the charge. Its position in the field may be considere
as representing a certain quantity of potential energy which may be
taken as the amount of work which is capable of being done when the
electric charge moves from the point in question to an infinite distance.
If the convention of considering a unit positive charge as the test charge
is adopted, the potential energy at a point may be taken as characteristic
of the field ancr consequently will be regarded simply as the potential.

In a similar manner the difference of potential of two points may be
described as the amount of work required to move a unit positive test
charge from one point to another. More specifically a difference of
potential in a conductor may be spoken of as equal to the energy dissi-
rated when an eleetron moves through the eonductor from the point of
ow potential to the point of high potential. This energy is dissipated
in the form of heat caused by the hombardment of the molecules of the
eonductor by the electrons as they proceed from one point to another.

7. Concept of E.M.F. The idea of potential leads direetly to a con-
ception of an electromotive force. If a difference of potential between
two points of a conduetor is maintained hy some meansor other, electrons
will continue to flow, giving rise to a continuous current. A difference
in potential maintained in this way while the current is flowing is known
as an electromotive force. Only two important methods of maintaining a
constant e.m.f. exist: the battery and the generator. Other methods,
as, for example, the thermocouple, are not primarily intended for the
purpose of maintaining a current.

The unit of e.m.f. in the practical system is the volt. It is defined as
108 e.s.u. of potential or as 1.0000/1.0183 of the voltage generated by a
standard Weston cell.

8. Ohm’'s Law and Resistance. The free electrons which contribute
to the electric current have a low drift velocity in the negative direction
of the field within the conductor. In moving through the metal in a
common general direction they enter into frequent collisions with the
molecules of the metal, and as a eonsequence they are continually retarded
in their forward motion and are not able to attain a velocity greater than
a certain terminal velocity u, which depends on the value of the field
and the nature of the substance. The collisions which tend to reduce
the drift velocity of the electrons act as a retarding force. When a
current is flowing, this retarding force must he exactly equal to the
accelerating force of the field. The retarding force is proportional to N,
the number of free electrons per unit length of conductor, and to u, their
drift velocity. It may be designated as kNu. The accelerating force
is proportional to the field E %cr unit length of conductor, to the number
N of electrons per unit length, and to the electronic charge e and may
be represented as NEe. Then NEe = kNu. Since the current ¢ hae
been given as

t = Neuw

NEe = ki

e
E=—k—t=Ri
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where
k

Net

The statement E = Ri is known as Ohm’'s law. R is here defined as the
resistance per unit length. The unit of resistance is the ohm. It may be
obtained from Ohm’s law when the e.m.f. is expressed in volts and the
current in amperes.

9. Inductance. Circuits possess inductance by virtue of the electro-
magnetic field which surrounds a conductor carrying a current. The
coeflicient of self-inductance is defined as the total number of lines of
force passing through a circuit and due entirely to one c.g.s. unit of cur-
rent traversing the circuit. If N is the number of lines of force linked
Xr}ith :}Jng circuit of inductance L and conveying C c.g.s. units of current,

The practical unit of inductance is the henry. It isequalto 10°c.g.s.
units of inductance. If the number of lines of force N through a circuit
is changed, an e.m.f. due to this change of flux is induced in the circuit.
This e.m.f. is given by the equation

e = _dN _ dC
dt 7]

The inductance of a circuit is equal to 1 henry if an opposing e.m.f.
of 1 volt is set up when the current in the circuit varies at the rate of 1
amp. per second.

10. Mutual Inductance. The coefficient of mutual inductance is
defined in the same way as that of self-inductance and is given in c.g.s.
units as the total magnetic flux which passes through one circuit when
the other is traversed hy one c.g.s. unit of current, or

R =

N =MC
= AN _ i€
d dt

The practical unit is the henry as in self-inductance.

11. Energy in Magnetic Field. Energy isstored in the electromagnetic
field surrounding a circuit representing the energy accumulated (s‘uring
the time when the free electrons were initially set 1n motion and the cur-
rent established. This energy is given by the equation, W = WL/,
where, if L is in henrys and / in amperes, the encrgy is in joules.

- 12. Capacitance. The ratio of the quantity of charge on a conductor
to the potential of the conductor represents its capacity. If one con-
ductor 18 at zero potentinl and another at the potential V, the capacity
is given as the ratio of the charge stored to the potential differcnce of the
conductors

If Q is in coulombs (the quantity of charge carried by 1 amp. flowing
for 1 sec.) and V is in volts, C is known as the farad.

The energy stored in a condenser is given by the equation, W = ¥C1"3,
where, if V 18 in volts and C is in farads, W is in joules.

The force acting per unit area on the conductors of the condenser
tending to draw them together is
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which the current or voltage alternates. The sine wave is the ideal
toward which practical types approach more or less closely. Since it
cannot be resolved into other types, it is the pure wave form.

16. Harmonics. Current and voltage waves, in practice, are not pure
and may therefore be resolved into a series of sine or cosine functions.
One of the functions into which the original wave is resolved will have a
frequency term equal to that of the original wave. All of the other
functions will have frequency terms of higher value, which will in general
be designated as harmonics of the lowest or fundamental frequency.
A few types of complex waves which may be resolved into two or more
pure sine waves are shown in Fig. 1b and ¢. The resolution of a complex
wave into its component parts may be accomplished physically as well
as mathematically. This may be demonstrated by means of high- and
low-pass filters in the output circuit of an ordinary vacuum-tube oscillator.

Wene form | Resoled et Miree Components  Wne Form 2 Rexobved b Three Comporasts
Lisnat Dondat fsnSwt  fsewt  [unlwt [jsedut
(a) b) )

F1a. 1.—Sine wave and complex waves.

17. Effective and Average Values. The effective value of an a-c wave
is the value of continuous current which gives the same power dissipation
as the a. c. in a resistance. For a sine wave this value of continuous

current is equal to the maximum value divided by /2. The average
value of an alternating currcnt is equal to the integral of the current
over the time for one-half period divided by the elapsed time. For a
sine wave the average value 18 equal to the maximum value of the current
divided by =/2. The ratio of the effective value of the current to the
average value is often taken as the form factor of the wave. Thus all
types of waves may be simply characterized by means of this ratio.

irect-current meters read average values of currents over a complete
period. Such meters therefore read zero in an a-c circuit. Thermocouple
and hot-wire-type meters read effective values. Such meters are there-
fore used for making a-c measurements at radio- as well as at audio-
frequencies.

18. Phase. The current in a circuit may have its maximum and
zero values at the same time as those of the e.m.f. wave, or these values
may occur earlier or later than those of the latter. These three cases
are illustrated in Fig. 2. When the corresponding values of the current
and e.m.f. occur at the same time they are said to he in phase. If the
current values occur before the corresponding values of the voltage wave,
the current is said to be in leading phase, and if these values occur
after the corresponding values of the voltage wave, it is said to be in
lagfing phase. .

9. Power. The power consumed in a continuous-current circuit is
W = EI = I'R, where R is the effective resistance of the circuit. The
power consumed in an a-c circuit having negligible inductance and
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value of de/di is constant over the entire range of voltage and current
from zero to the maximum value, and if this value is designated by the
quantity R, then Ohm’s law may be used and e = iR. In this case, R
is both the d-c and a-c resistance. If, however, R is not constant over
this range of values, the value of R given at a particular value of e and
¢ given by the equation

R = de

di

is only the a-c resistance of the circuit at the particular value of e and i °
chosen. The a-c resistance given by this equation may be quite different
from the d-c value as given by the equation

R=2
11

In a vacuum-tube plate circuit the d-¢ value of the resistance is frequently
about twice as high as the a-c value.

J‘wtir-'- Zi
‘
lJ
'
1
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R e iR e P | é
!
. !
iy . Nz
Jotf
Zero Phase Current in Loggung Phase Current in Leading Phase

Fia. 3.—Vector representation of a-¢ circuits.

ALTERNATING-CURRENT CIRCUITS

22. Impedance. The resistance to the flow of an electric current
having the value ¢t = /, sin w! depends on the circuit element through
which the current is passing. In a pure resistance the potential fall
would be E, = IR sin of, which is seen to be in phase with the current
passing through it. In an inductance the potential fall would be

E, = L:iT: = wLly cos wt = jwLl, 8in wt = jwLi
and therefore leads the current by a phase angle of 90 deg. In a capaci-
tance the potential fall would be -

Mg = _ Lo R (3
E.—Cfuil— chos«al— wcsmwt
Ji

wC

i
= jaC
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or
de

dt
where ¢ and ¢ are the instantaneous values of the impressed e.m.f. and cur-
rent respectively. For circuit b,

. dn, 1 (..
= 1R +Ll$ +—C.-Ift|dt M

dy di | ¢
—LdT’+Rdt+Zj

dis
dt

. dis 1 . _ agdin
0 = 12R2 +LT +-(—.;fhdt Ath

To obtain the transient solution, e and de/dt are replaced by zero and the
equation solved by the methods used for linear, homogeneous equations of
the first degree.

26. General Characteristics of A-c Circuits. The general equations
applied to a number of the more important radio circuits yield the
following results.

Current Flow in an Inductive Circuit:

Rt
i=l—I§(l—e A

where E is the constant impressed e.m.f. .
Time Constant of an Inductive Circuit: The time required for a current to

riseto [ 1 — -1 or to about 63 per cent of ita final value. This time is equal

toL/R.

Current Flow in a Capacitive Circuil: ¢

€ RC

1 =

)

where E is the constant impressed e.m.f. .
Time Constant of a Capacitive Circuit. The time required for the current
to fall from its initial value to 1/¢ or about 0.37 of this value. This time is

equal to RC.
Current Flow tn an Inductive-capacitive Circuit:
Rt
. —a7 _: . 4L
. = — 2L 2 —_
1 wLE sin !, if R? < ol
Rt
. ~-57 . 4L
= = 2L = .
T wLe , if R? C
where w is 2x times the natural frequency of the circuit which is given by the
equation

P BN )
=2 \Lc i
Logarithmic Decrement. Ratio of successive maxima of the current in an
oscillatory discharge is equal to
RT R

€2L = e2Lf

where R/2L{ is called the log. dec. of the circuit, T is the natural period, and
f the natural frequency of the circuit.
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Cases 1l and 111: 1f w?M? > RiR:

I E

- 2\/RiR:

Iy fo‘r[cases 11 and I11 is seen to be greater than for case I and is independent
ol w.M.

MAGNETIC CIRCUITS

26. The Fundamental Quantities of Magnetic Circuits. The first
fundamental quantity is the magnetic fluz or induction. The unit of
flux i8 known as the mazwell and 18 defined by the statement that from a
unit magnetic pole, 4 maxwells, or lines of force, radiate.

The second fundamental quantity is the reluctance. It is analogous
to the resistance of electric circuits, as the flux is analogous to the current.
The unit of reluctance is the oersted and is defined as the reluctance
offered by 1 cm cube of air.

The third fundamental quantity is the magnetomotive force (m.mf.).
It is analogous to the e.m.f. of electrical circuits. The unit of m.m.f. is
the gilbert and is defined as the m.m.{. required to force a flux of 1 maxwell
through a reluctance of 1 oersted. Thus the fundamental equation in
which these three quantities are related to one another is:

M = ¢R

Other important quantities of magnetic currents may be defined as
follows: the magnetic fleld strength is represented by the quantity H and is
equal to the number of maxwclls per unit of area when the medium
through which the flux is passing is air. This unit is known as the gauss
if the unit of area is the square centimeter.

In any medium other than air the lincs of force are known as lines of
tnduction and the symbol B is used instead of H to represent them. In
air the induction B and the field strength H are equal to one another, but
in other mediums this is not true.

The permeability u is the ratio between the magnetic induction B and
the field strength H. In air this ratio is unity. In paramagnetic mate-
rials the permeability is greater than.unity, in ferromagnetic materials
it may have a value of several thousand, and in diamagnetic materials it
has a value of less than unity.

The intcnsity of magnetization / is the magnetic momen! per unit
volume or the pole alrenflh er unit arca. The unit of magnetic pole
strength is a magnetic pole of such a value that when placed 1 cm from a
like pole, a force of repulsion of 1 dyne will exist between them. The
magnetic pole strength per unit area of any pole is measured in terms of
this unit. The magnetic moment of a magnet is the product of the pole
strength and the distance between the poles.

The susceptibility K of a material is equal to the ratio of the magnetiza-
tion 7 produced in the material to the field strength H producing it. All
of these quantitics are connected by the following equations

B = uH
I =KH
B =4zl + H
u=4rK + 1

Magnetization curves are of great importance in the design of magnetic
structures and should be immecdiately available for all materials with
which one intends to work. These curves may give either the values of
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The design of a magnetic structure is usually begun by a consideration
of the flux requirements in a particular air gap. The size and shape of
the air gap are generally given, and the flux density desired in the air
gap is known. From these data one can compute R and ¢. For the
guantity ¢, ¢ = BA, where A is the area of the air gap and B is the flux

ensity desired. This equation assumes no leakage flux, and since this
is a condition never realized in practice and from which there may be a
far from negligible departure, one must add to the value of ¢ given by
this equation a correction the value of which is dictated by experience.
For the quantity R, R = L/A, where L is the length of the air gap and
A is the area. This equation neglects the reluctance of the magnet
itself and of all other iron parts of the magnetic circuit. Since all
reluctances but that residing in the air gap are very small in comparison,
this procedure is usually justified, although there are cases in which
additional reluctance must be taken into account. In such cases the
reluctance of the other parts of the circuit is computed in the same manner
as that of the air gap, except that an estimate of the permeability of
the part in the circuit in question must be made and its equivalent air-gap
reluctance computed by dividing by this permeability. Finally,

_ Ry _ LBA _ LB
NI = 5ax T 0.4rA  0.4x

This equation then completely determines the value of the ampere-
turns NI from the original data. This is the important quantity in the
design of the clectromagnet. The separate values of N and 7 are unde-
termined by this equation, other considerations such as the nature of
the current supply, the size of the coil, the heat dissipation that can be
permitted and the cost being of paramount importance.

29. Core Materials for Receiver Construction (The Editor). Since
such materials operate under widely different conditions each material
must be properly selected for its particular task. For example, materials
used in economical audio transformers are too expensive to be used in
power transformers.

Power Transformers. Material for cores of transformers supplying
energy for plate and filament circuits is selected as for any power trans-
former upon a watt-loss basis. This information is reliably supplied by
manufacturers of such material, and measurements of this factor are not
gencrally made by the user of the material. Loss tests are made on
complete transformers to determine the suitability of the material under
consideration.

The mechanical properties of the sheets submitted by various sup-
pliers are important. %y causing injury to or premature loss of a die,
poor mechanical properties may tic up a production schedule. Wav,
irregular sheets necessitate scrapping wide strips fromn both sides of eac
sheet and introduce an unexpected cost.

Permeability of the core material is of importance where limited space
or weight requirements make nccessary the use of flux densities of
14,000 gausses or higher. Here a high permeability is indicated to avoid
high exciting copper losses and poor voltage regulation.

Audio Transformers: Filler Reactors. Here the permeability is of
importance. The factor to be used is the working permeability or ap parent
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potential gradient in the iron part of the circuit and the a-c permeability
(e« = BH) may bedetermined. The a-creluctivityis the reciprocal of the a-c
permeability. *he apparent reluctinity is equal (in cases where the air gap is
1 per cent or less of the iron path) to the a-c reluctivity plus the ratio of the
air gap to the length of the mean iron path. The reciprocal of this value of
apparent reluctivity is the apparent permeability which, substituted in the
formula above, determines the inductance.

RADIATION

80. Nature of Radiation. Electromagnetic energy may arise from
continuously varying electronic currents in a conductor, displacement
currents, or oscillating dipoles. In order that this energy may be
appreciable it i8 necessary that the system of conductors be of such a
form that the clectromagnetic field will not be confined in any way and
that the frequency of oscillation of the current or charges be high. The
various forms of antennas and the employment of radio frequencies
satisfy thesc requircments.

The nature of radiation may be understood only after a complete
examination of Maxwell’s equations and the various transformations
of the wave equation. Any attempt to give a simple yet accuratc picture
of the phenomenon of radiation must be fruitless, though such pictures
may aid in an understanding of the subject. Such descriptions may
be found in any text on radio. An exact analysis of Maxwell's equations
shows that whenever an electric wave moves through space an associated
magnetic wave having its vectors at right angles to t{:at of the electric
wave must accompany it. Both vectors, furthermore, are at right
angles to the direction of propagation. This analysis also shows that
an electromagnetic field due to an oscillating dipole or to an oscillating
current in a conductor has two components. One of these varies inversely
as the first power of the distance from the source and is, furthermore,
directly proportional to the frequency, and the other varies inverscly
as the second power of the distance. The former is known as the
radiation field and the latter as the induction field. Though indis-
tinguishable physically, the induction and radiation fields have a separate
mathematical existence accounting completely for the phenomenon of
energy radiation. The energy of the induction field returns to the con-
ductor with the completion of each cycle. Its existence is confined, as
one might expect, to the neighborhood of the conductor, whereas the
radiation field may be thought of as a detached field traveling outward
into space with the velocity of light and varying much more slowly in
intensity with distance from the conductor than the other.

81. Vertical Antenna. The most simple form of antenna is the vertical
wire. The electromagnetic radiation field depends on the strength of
the current in the wire, and as a consequence its intensity is increased
if the current throughout the vertical wire is uniform. It is for this
reason that a counterpoise is usually attached to the lower end of the
antenna and a horizontal aerial to the upper end. The capacity of
the counterpoise and aerial may be made so high that the current through-
out the vertical portion of the wire is practically uniform.

Under these conditions the magnetic field at any distant point is given by
the equation

h 1 !
H = —‘;05; cos w(t - Z-) gauss
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The high-frequency reactance of the antenna is given by the equation
Xy = - IZ".‘ cot wlv/LiCs
The reactance of the antenna becomes zero when

wl\/C'I.-=n§(n=l.3,6 cel)

that is, when
! w ___n_
2r  41\/CiLs
The reactance becomes infinite when

wlv/CLi = mz(m =0,2,4 - - -)

that is, when
w m

N

If the inductance of the vertical wire is to be considered, or if a series induc-
tance is used with the antenna

X =wl.s — Vlgcot wlv/C:L;
s

where L, is the total inductance of the vertical wire and any coils in series
with the antenna.

The harmonic frequencies of the antenna at which the reactance is zero
do not differ by multiples of = as before. The natural frequency of oscilla-
tion is given, however, quite generally by the equation

cot wlv/CiLi _ L. .
w\v/CiL; L

86. Antenna Resistance. The resistance of an antenna may be divided
into three parts in which the power dissipation is of the following kinds:

1. Radiation.
2. Joule heat.
3. Dielectric absorption.

wer radiated depends on the form of the antenna. It 18 propor-
tlona to the square of the frequency of oscillation and to the square of
the current flowing in the antenna. Due to the latter consideration one
may write P = A/, where A is a constant factor depending on the form
of the antenna and the frequency. It may be called the radiation
resistance. For a given antenna the radiation resistance varies inversely
as the square of the wave length. The ohmic resistance to which the
joule heat is due is npproxnmalely constant, the skin effect and other
factors being comparatively small. The resistance due to dielectric
absorption is dlrectr proportional to the wave length. When these three
components of reslstance are added to obtain the total resistance, one
finds that for every antenna there is a wave length for which the total
resistance is a minimum.






SECTION 3
RESISTANCE

By Jesse MarsTEN, B.S.!

1. General Concepts. In any electrical conductor or system in which
there is a flow of current there i8 a certain amount of energy continually
being lost or converted into forms not rcadily available for use. As far
as is known at present this dissipation of encrgy may take one of two
forms: there may be an evolution of heat, and there may be radiation
of energy into space. Such energy dissipation is attributed to a property
of electric conductors or systems termed resistance.

When dealing with continuous currents, the resistance of a conductor
or network, R, i8 adequately defincd by Ohn's law,

E =iR (1

where E is the voltage drop across the conductor or network and ¢ is
the current through it. This assumes no back e.m.f. duc to polarization
orother causes. In this case the dissipation of encrgy takes place entirely
in the form of heat generation, and the rate at w%\ich electrical energy
is thus converted into heat is given by Joule's law,

P =R (2)

where P is the power or rate at which clectrical energy is being dissipated
in the form of heat, i is the continuous current in the circuit, and R the
resistance of the circuit.

Ohm's law is insufficient to define resistance in a-c circuits. It is
found experimentally that the rate at which heat is evolved in a circuit
exceeds that which would be necessitated by the resistance of the circuit
as determined by Ohm’s law. This is due to the fact that the electro-
magnetic and electrostatic fields around the circuit vary with time and
introduce effects which increase the losses in the circuit. Among these
effects inay be enumerated the following major ones:

1. Eddy-current losses in conductors and other masses of metals in and near
the circuit.

2. Hysteresis losses in magnetic materials.

3. Dielectric losses in the insulating mediums.

4. Absorption of energy by neighboring conductors or circuits by induction.

6. Radiation of electromagnetic energy into space.

6. Skin Effect. Increase of conductor resistance due to non-uniform
current density.

! Member, Institute of Radio Engineers; associate member, American Institute of
Electrical Engineers, chief engineer, International Rtesistance Company.
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All these effects result in an increase in energy loss in the circuit over
and above that given by Ohm’'s law. It therc%ore becomes necessary to
introduce the concept of a-c resistance or egeclive resislance, which is
defined by the more general joulean relationship,

P = i'R cffcctive ()

where P is the power loss in the circuit due to all causes and i is the cffec-
tive current in the circuit. Ohm's law for continuous currents follows
directly from this more general definition.

2. Units of Resistance. The practical unit of resistance is the ohm
and is defined by Ohm's law when the voltage and current are unity in
the practical system. It has, however, been arbitrarily defined as the
resistance at 0°C. of a column of mercury having a uniform cross section,
a height of 106.3 cm, and weighing 14.4521 g. Owing to the increasing
use of resistors having resistances of the order of millions of ohms, the
megohm unit is also employed. The megohm is equal to 10¢ ohms.

3. Specific Resistance. It is found experimentally that the resistance
of an electric conductor is directly proportional to its length and inversely
to its cross section: .

R=pg (4)

The proportionality factor p is called the specific resistance of the con-
ductor and is a function of the material of the conductor.

From this definition of specific resistance it is apparent that any
number of units may be derived for specific resistance, depending upon
the units chosen for ! and A. The unit generally employed in practical
engineering is the ohms per circular mil foot, and is the resistance of a
1 ft. length of the conductor having a section of 1 cir. mil (diameter
1 mil for a circular conductor).

4. Volume Resistivity. If, in the above definition, ! and A are both
unity, in the same system of units, then p is the resistance of a unit cube
of the material and may be defined as the volume reststivity of the material.
It should be noted that volume resistivity is not the resistance of any
unit volume of the material but js spccifically the resistance of unit
volume measured across faces whose areas are each unity.

With a knowledge of the dimensions of a conductor and its specific
resistance the resistance of the conductor to d.c. may be computed from
Eq. (4). Consistent units must be employed. The resistance thus
computed will be correct at the temperature for which the specific
resistance applies. To obtain the resistance of the conductor at any
other temperature a correction will have to be applicd.

6. Temperature Coefficient. The resistance of a conductor is a
function not only of the material and dimensions of the conductor but
also of its temperature. Within the temperature limits generall
encountered in practice the change in resistance due to temperature vari-
ation is directly proportional to the change in temperature:

Ry = Ryl + a(ts — )] (5)

R, and R, are the conductor resistances at temperaturc {, and ¢,
respectively.
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The proportionality factor a is defined as the temperature coefficient of
resistance of the material and is the change in resistance of any material
per ohm per degree rise in temperature.

All conductors do not react alike to changes in temperature. Metals,
for example, have a positive temperaturc coefficient. Some alloys,
such as manganin and constantan, have practically 2ero temperature
coefficient ang are therefore uscd primarily for resistance standards.

A knowledge of the temperature cocfficient of conductor materials
cnables one at times to make more accurate determinations of tem-
perature change than is possible by thermometer measurements, especially
in cases where parts to be measured are not readily accessible. Resist-
ance dcterminations of the conductor are made at both temperatures
and the temperature change computed from Eq. (5).

6. Properties of Materials as Conductors.

. Temperature
8pecific A
M X resistance ocoefﬁclent per
aterial at 0°C., ohms C. begween 20°
per cir. mil ft. to ‘olfe,ca'c‘_’b"“
Silver. .. 9.75 0.004
opper. 10.55 0.004
Aluminum 17.3 0.0039
Nickel (pure). 58.0 0.0041
Iron (pure)............... . 61.1 0.0082
Phosphor bronze.................. ... ... 70.0 0.004
Lead. .. ... e 114.7 0.0041
Nickel silver, 18 per cent (German silver).......... 180 to 190 0.00027
Manganin (copper, 82 per cent; manganese, 14 per
cent; nickel, 4 percent)..................0. ..., 290 0.00002
Constantan (Advance, Cupron, Ideal, Ia-Ia) (copper,
55 per cent; nickel, 45 percent)................. 204 0.00002
Nichrome (nickel, 60 per cent; chromium, 15 per
cent; iron, balance)............... ... .. 0000l 650 to 875 10.0001 to 0.00017

7. Resistors in Series and Parallel. Simple and complex networks of
resistors may be represented by an equivalent resistor which may be
expressed in terms of the individual resistances making up the network.

A
-
42 AAAAMAM
"R,
[ SN
TN DR O i Ry
R, R, Ry
E E
Fia. 1.—Simple series Fia. 2.—Parallel cir-
circuit. cult.

The equivalent resistance of a number of resistors connected in series
is equal to the sum of the individual resistances. Referring to Fig. 1:
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The table belqw gives the values of R,/R, for different values of the

factor
z==d \/M
P

where d is the diameter of the wire in centimeters, p is the volunie resis-
tivity in mierohm-centimeters (1.724 at 10°C. for copper), z may be com-
puted for any particular case, and Ro may be measured at d.c. orcomputed.

9. Ratio of H-f Resistance to the D-c Resistance for Different Values

of z = xd/2uf/p.

z Rs/Ro z Rys/Ro z Rs/Ro
(1] 1.0000 5.2 2.114 14.0 5.209
0.5 1.0003 5.4 2.184 14.5 5.388
0.6 1.0007 5.6 2.254 15.0 5.562
0.7 1.0012 5.8 2.324
0.8 1.0021 6.0 2.304 16.0 5.915
0.9 1.0034 6.2 2.463 17.0 6.268

18.0 6.621

1.0 1.005 6.4 2.533 19.0 6.974
1.1 1.008 6.6 2.603 20.0 7.328
1.2 1.011 6.8 2.673
1.3 1.015 7.0 2.743 21.0 7.681
1.4 1.020 7.2 2.813 22.0 8.034
1.5 1.026 7.4 2.884 23.0 8.387

24.0 8.741

1.6 1.033 7.6 2.954 25.0 9.094
1.7 1.042 7.8 3.024
1.8 1.052 8.0 3.094 26.0 9.447
1.9 1.064 8.2 3.185 28.0 10.15
2.0 1.078 8.4 3.235 30.0 10.86

32.0 11,57
2.2 1.111 8.6 3.308 34.0 12.27
2.4 1.152 8.8 3.376
2.6 1.201 9.0 3.448 36.0 12.98
2.8 1.256 9.2 3.517 38.0 13.69
3.0 1.318 9.4 3.587 40.0 14 .40
42.0 15.10
3.2 1.385 9.6 3.658 44.0 15.81
3.4 1.456 9.8 3.728
3.6 1.529 10.0 3.799 46.0 16.52
3.8 1.603 10.5 3.975 48.0 17.22
4.0 1.678 11.0 4.151 50.0 17.93
60.0 21.47
4.2 1.752 11.5 4.327 70.0 25.00
4.4 1.826 12.0 4.504
4.6 1.809 12.5 4.680 80.0 28.54
4.8 1.971 13.0 4.856 90.0 32.07
5.0 2.043 13.5 5.033 100.0 35.61

It is frequently useful to know the largest diameter of wire of different
materials which will give a ratio of R;/R, of 1.01 for different frequencies.
For a ratio of R;/R, equal to 1.001, the diameters given below should
be multiplied by 0.55; and for R,/R, equal to 1.1, the diameters should be
multiplied by 1.78.
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10. Maximum Diameter of Wires for H-f Resistance Ratio of 1.01.
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11. Reduction of Skin Effect.
In view of the tendency of the
current to crowd to the surface
of the conductor at high fre-
quencies, the remedies which
have been found practical in
effecting an improvement in
the resistance ratio R, /R,have
been those in which the con-
ductor has been designed so
that it presents a skin to the
current flow. These are:

1. Use of Flat Copper Strip.
While skin effect is present, for
the same cross-sectional area a
flat strip gives a lower resistance
ratio than do round conductors.

2. Use of Tubular Conductors.
Here the external magnetic field
is much greater than the internal
field, and therefore all parts of
the conductor are affected alike
by the field, thus reducing the
skin effect.

3. Use of Litzendraht. Ac-
cording to Eq. (6) the smaller
the diameter of the wire thelesa
the skin effect. Litzendrahtisa
braided cable made up of a large
number of fine strands of wire.
When certain precautions are
taken this braid shows a very
much lower resistance ratio than
does a solid copper wire of equal
section. These precautions are:

a. Each strand must be thor-
oughly insulated from every
other strand to avoid contact
resistance.

b. Braiding must be such that
each strand passes from the cen-
ter to the outside of the conduc-
tor at regular intervals—a sort
of transposition. This insures
that all strands are affected alike
by the magnetic flux.

c. Each strand must be con-
tinuous.

12. Types of Resistors.
Resistors generally used in ra-

dio and allied applications may
be broadly classified as:

1. Fixed resistors.
2. Variable resistors.
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Each of these groups may be furthcr‘classiﬁed on the basis of the nature
of the conducting material of the resistor, as:

1. Wire wound.
2. Composition (employing carbon).

13. Fixed Wire-wound Resistors. As commonly employed, these
are wound on strips of fiber or bakelite, and on ceramic forms. The
former are used where the power-dissipation requirements are generally
negligible, for example, as center-tapped resistors across vacuum-tube
filaments for hum balancing. Resistors wound on ceramic forms are
generally used where the power requircments exceed 2 or 3 watts. Such
resistors are made with a protective coat of enamel or cement baked over
the winding, thus affording a measure of protection against mechanical
injury and penctration of moisture. The characteristics of the wire-
wound resistor are thosc of the particular wire employed and generally
show a negligible or slight temperature coefficient and no voltage coefhi-
cient, that is, the resistance is independent of the applied voltage.

14. Protective Coatings for Wire-wound Resistors. Coatings on wire
are employed to protect the windings from mechanical injury, to prevent
electrolytic effects and conscquent corrosion due to penetration of
moisture, and to provide an insulating covering for the winding. Coat-
ings most widely used in practice are:

A. Vitreous enamel coatings. )
B. Cement coatings employing inorganic hinders.
C. Cement coatings employing asphaltic binders.

Coatings in the first two classifications are capable of withstanding
temperatures in excess of 250°C. without deterioration. They afford a
high measure of protection against humidity. Exceptions to the latter
statement are coatings employing sodium silicate (water glass) binders
which are highly hygroscopic and, therefore, unsuitable where resistance
to humidity is an important factor.

Coatings in the last classification are capable of withstanding temper-
atures up to about 175°C., this varying with the nature of the binder.
Resinous binders stand lower temperatures than asphaltic binders.
They are, however, superior to the higher temperature coatings in their
moisture-resistant properties.

15. Rating Wire-wound Resistors. In view of the low temperature
coefficient of the resistance wires generally employed in radio wire-wound
resistors, the resistance change with loads normally encountered is small.
The rating is, therefore, primarily determined by the power the resistor
can dissipate continuously for an unlimited time without excessive tem-
perature rise or deterioration of the resistor. Some manufacturers rate
resistors on the basis of the power that will produce a temperature rise of
250°C. in an ambient temperature of 40°C., when the resistor is mounted
in free air. Such perfect ventilation conditions are scldom encountered.
As a result, it is generally recommended that such resistors be used at
one-fourth to one-half the nominal rating, which results in a temperature
rise of 100°C. to 150°C. In practice even these temperaturc rises may
be excessive owing to such factors as poor ventilation, proximity of
resistors to parts which may not be subjected to elevated temperatures,
and Fire Underwriter's approval. The specific application therefore
limits the practical use of a resistor rather than any nominal rating.
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16. Factors Influencing Rating of Wire-wound Resistors.

A. Heat-resistant properties of protective coating.

B. Heat-rcsistant properties of winding core. (Ceramic cores are
most widely used, which withstand very high temperatures.)

Use of intcrmediate taps. Taps reduce efiective winding space,
resulting in less active cooling surface, reducing the nominal rating.
The extent of reduction depends upon length of the resistor, being smaller
for long units than for short ones. On short units 2 in. long, the rating
may be reduced by as much as 15 to 20 per cent, whercas on long units
6 in. long the reductions may be 3 to 5 per cent.

17. Flat Iron-clad Resistors. Flat resistors have attained a wide
vogue in radio-receiver design because of definite advantages. Such
resistors arc wound on a flat bakelite strip. The winding is covered
with a sheet of thin fiber, and the entire assembly is enclosed in a sheet
steel punching with mounting holes. The design permits the resistor
to be mounted flat on a steel chassis which helps conduct the heat away
from the resistor, permitting somewhat higher ratings than would other-
wise be permissible. The bakelite form and fiber insulation limit the
rating to about 1 watt per square inch as against a nominal rating of
2 to 6 watts per square inch for the cement and vitreous-enamel types.

18. Temperature Rise of Wire-wound Resistors. Figure 3 shows the
temperature risc to be expected at various loadings of wire-wound
resistors wound on ceramic forms, with vitreous-enamel and cement

“coverings. The 100 per cent rating is based on manufacturers’ rating
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F1g. 3.—Temperature rise of wire-wound resistors. A4, vitreous enamel; B,
cement covering.

of 250°C. rise in open air for class A and B coatings (Paragraph 14) and
160°C. rise in open air for class C coating. Temperature is measured at
the center of the outer surface of the resistor.

19. Variable Wire-wound Resistors. These are usually of the con-
tinuously variable type, made by winding resistance wire on a flat
strip of fiber, bakelite, or other insulating material. This strip may be
forined into an arc and placed in a protecting container. A metallic
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after which it may be subjected to some form of heat treatment. The
so-called carbon resistors are examples of this type.

2. Filament-coated Resistors. In this type a conducting coat or film is
baked on the surface of a continuous glass filament or other form. In the
case of the eglmas filament this is completely enclosed in an insulating tube.
The so-called metallized-filament resistors are examples of this type.

21. Characteristics of Composition-type Resistors. Composition-
type (commercially known as radio) resistors possess properties differing
very markedly from those of metallic rcsistors. The most important
ones are as follows, and are possecssed by all these types in varying degree

a. Voltage Characteristics. The resistance is not independent of the applied
voltage and generally falls with increasing voltage. Typical curves showing
the manner in which the resistance varies with voltage (heating effect due to
load not present or corrected for) are shown in Fig. 4.

The percentage change of resistance at a given voltage measurement
referred to its resistance at some low voltage such as 11§ volts has arbitrarily
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Fia. 5.—Voltage coefficient of carbon resistors.

been called the voltage coefficient. This coefficient increases as the physical
size of the resistor decreases and increases with the resistance value. It is
also a function of the ingredients or mix em%loyed in the resistor. Figure 5
shows for a gnen type of carbon resistor the relationship between voltage
coefficient and size and value of the resistor. The test voltage at which each
measurement was made is indicated for each value of resistance.

b. Radio-frequency Characteristics. Unlike wire-wound resistors, com-
posmon-type remstors decrease in value with increasing frequency. Thxs
effect ia very marked in the high-valued resistors such as 1 megohm but is
absent, or very small, in the low values such as 100,000 ohms and under.
The effect decreases with the diameter of the active resistor element. Skin
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effect is not the factor which determines this characteristic. Two factors
play a prominent part here. First, the shunting effect of the individual

1.2
10 L7201 Ressstor on Irmm. diameter Rod in Ceramic Cony,,,.
\ \\C.‘a/-\éo” &' a2
\ <57 /1y
08 Ameter,
Tl N
g \ \ \[%efa,,,,c
§> \ -~ Coﬁb’bep
o r\
- 06 N—FC2r0r —
g %907, -
) N\ 2 Yoy, .
R L 2Cerap,,
a Ce 2 C .
& 04 “\“ﬁw%Jah . 2
2 e en
al
0.2
0
0 400 800 1200 1600 2000 2400 2800

Frequency-ki locyélcs

F1a. 6a.—Resistance-frequency characteristics of various types of 1 megohm
resistors up to 3 megacycles (University of Wisconsin CWA project E-168-5).
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capacities between conducting masses in the resistor element tends to reduce
the effective resistance. Second, the dielectric in binder and fillers of these
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made. The curves also show the increase in noise for a given value as the
resistor size decrcases. Noise measurements were made in accordance with
the method described in paragraph 25.

22. Rating Composition-type Resistors. The rating of composition-
type resistors is a more complicated matter. The temperature coefficient
of this type of resistor being larger, it 1s possible for a resistance change to
become quite appreciable, hefore a temperature limitation is exceeded.
Furthermore, with the higher ranges, such as 0.25 megohm and over, in
which the ‘})ower dissipation may be very low, the voltage characteristics
may be a determining factor instead of the load-carrying characteristics.
It is therefore customary to rate this type of unit on the basis of the maxi-
mum load it can carry, or the maximum voltage which can be applied to
it, without exceeding prescribed resistance changes.

The prescribed changes generally aceepted are 5 per cent for inter-
mittent rated-load operation, and 10 per cent for 50 per cent overload
operation. Designs are such that power dissipations of the order of
0.5 to 1 watt per square inch of radiating surface are einployed. Gener-
* ally accepted standard ratings and sizes are here given.
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There is a tendency toward increasing the rating of the smaller sizes of
resistors. This is because of the finding that the temperature rise of the
very short resistors is appreciably lower for a given power dissipation
than would be expected from its reduced cooling surface. This is because
the metal end terininals, which, because of shortness of unit, cover a
substantial portion of the entire resistor and are very close to the center
hot section, act to cool the resistor by conducting the heat away. The
above }4-watt size and even }{o-watt sizes are, therefore, being recom-
mended for use at 14 watt.

23. Composition of Resistors. Radio resistors of the carbon and
filament types generally employ a conducting material of high specific
resistan ce mixed with a filler and binder. The most widely used conduct-
ing material is some form of carbon or graphite. The fillers or binders
cmployed vary with the type of resistor. Examples of these are clay,
rubber, and bakelite. The gller and conductor are mixed in various lfm‘
portions to obtain resistors with different ranges. The method of making
the resistor varies also with its type. The solid-body types are generally
either molded or extruded. The filament resistor is made by baking the
resistance material on a glass rod which is scaled in a ceramic or bakelite
container.

24. R.M.A. Color Code. The use of resistors has increased to such an
extent and so many are employed in a radio set that it has become desir-
able to identify each resistor for range in a quick and simple manner.
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Resistance Measurements. Unless otherwise specified it shall be standard
to measure the resistance under the same voltage drop as normally exists
across the resistor in the application for which it is intended.

The readings are to be made as quickly as possible at 20°C., preferably
with a limit bridge-circuit arrangement 8o that the resistors do not have an
opportunity of undergoing an appreciable temperature rise due to the current
passing through them under the conditions of the test.

Normal-oad Life Test. It shall be standard to make normal-load life tests
by placing the resistors on load intermittently 13¢ hr. on and ¥4 hr. off at an
ambient temperature of 40°C., for 1,000 cycles or 2,000 hr. at the voltage
representing the rating of the resistor as specified by the resistor manu-
facturer. Any readings taken should be made by uniform method at the
end of a half hour off period. The results of this test shall be plotted, showing
the per cent permanent change in resistance vs. time in hours.

Either direct or alternating voltage may be used in the foregoing tests
depending on how the resistors are intended to be used.

It shall be standard for the resistor manufacturer to state the rated potential
in directdvoltage with a supplementary rating on alternating voltage when
requested.

oad Characteristics. It shall be standard to plot these characteristics,
showing the per cent change in resistance values vs. loads in watts, making
readings at 10 per cent intervals up to 100 per cent overload value or up to
the maximum rated voltage as specified by the resistor manufacturer, con-
ducting the tests at an ambient temperature of 40°C., and allowing a mini-
mum of 15 min. at constant load immediately preceding each reading, so that
the resistor comes up to equilibrium temperature conditions after each
change in load. The resistors are to be exposed 1 hr. at 40°C., before starting
the test. Each reading is to be made under steady-state hot conditions at the
voltage drop existing for the particular wattage setting.

Voltage Characteristics. It shall be standard to plot voltage-characteristic
curves, making readings with uniform voltage increments up to a maximum
voltage representing 100 per cent overload in watts on the resistor or up to
the maximum voltage rating of the resistor. The resistors are to be at 40°C.,
for 1 hr. before starting the test, and readings are to be made as quickly as
possible so that the resistors do not have an opportunity to heat under the
conditions of the test. The resistors are to be connected in the circuit only
during a period of time sufficient for making resistance determinations.

Humidity Test. It shall be standard to expose resistors to a relative
humidity of 32 per cent at an ambient temperature of 40°C., for 150 hr. at
which time the resistance value is recorded. Following this, the resistors
are to be exposed to a relative humidity of 90 per cent for 300 hr. with an
ambient temperature of 40°C., and the final resistance value is to be recorded.
Finally, the resistors are again subjected for 150 hr. to a relative humidit,
of 32 per cent at 40°C., and a final rending taken at the end of this period.
The readings are to be made at 20°C. by uniform method not later than
30 min. and not less than 15 min. after the resistors have been removed from
the humidity chamber.

It is recommended that the resistors be suspended in an enclosed chamber
over a saturated solution of cupric chloride or sodium tartrate for the 90 per
cent relative humidity condition, and over a saturated solution of mag-
nesium chloride for the 32 per cent relative humidity condition.

On account of the difficulty in obtaining quantitative results on humidity
tests, it is recommended that the various resistors involved should be tested
together at the same time under exactly the same conditions.

Overload Tests. It shall be standard to make overload tests with a 50 per
cent overload on the resistors for 100 hr. at an ambient temperature of 40°C
Resistance measurements are to be made by uniform method before com-
mencing the test after the resistors have been at 40°C., for ¥ hr. Resistance
measurements are again to be made, under the same conditions, 3§ hr.
following the completion of the test. The differences between the initial
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readings and final readings are to be expressed as per cent permanent changes
in resistance.

Aging Tests. It shall be standard to make an aging test wherein the
resistors are kept under standard conditions of 40°C., ambient temperature
and 32 per cent relative humidity for a period of 90 days. Readings are to be
taken at intervals by uniform method so that a curve can be plotted showing
the per cent change in resistance versus time in days.

It is recommended that the standard conditions in the foregoing be attained
by means of an enclosed chamber containing a saturated solution of mag-
nesium chloride, further, that the resistors be suspended over the solution as
specified under humidity test.

If shelf tests are made, it shall be standard to test all the resistors together

under identical conditions. Results of one test should not be compared with
another unless the time, temperature, and humidity cycles are precisely the
same.
“ Noigse' Test. It shall be standard to test resistors for noige, using resistors
having the same value tested under the voltage drop normally existing in the
application for which they are intended. A resistance-type amplifier is to be
used with a resistance input circuit, the entire combination to be as inde-
pendent of frequency as i8 possible. A visual instrument, such as an r-m-s
vacuum-tube voltmeter, shall be used on the output of the amplifier. An
aural test, using a loud-speaker on the output of the amplifier, should also be
used in conjunction with the foregoing.

» LOMZ
3 Speaker
s e Ry Audio
1 Amplifier Tube Yoltmeter

= 4oL 9

Ry = Colibrated Potentiometer

I pk“‘” X = Resistor under Test

= R = Quiet Resistor (having appronmately
EZ = X Same resistance valve as X )

= |C

Fia. 9.—Circuit for resistor noise measurement.

A circuit arrangement, such as shown in Fig. 9 shall be used. In this
circuit arrangement E represents an adjustable voltage source of constant
value, C a large by-pass condenser; R represents an adjustable, standard,
quiet resistor, such as a laboratory decade box; X represents the unknown
under test; R, is a calibrated potentiometer; and S is a source of a-c supply
of 1,000 cycles; V in both cases represents an indicating voltmeter. In oper-
ation it shall be standard to first connect the resistor as shown, adjusting R
to have approximately the same resistance value as the unknown under test.
E is then adjusted until the voltage normally existing across the resistor in
the application for which it is used is placed across the terminals of X. This
voltage is, of course, one-half that shown on the voltmeter when R is adjusted
to be exactly the same as X. The switch on the output of the amplifier is
placed on the tube voltmeter setting and the switch on the input is connected
across the unknown resistor. The gain of the amplifier is adjusted to obtain
a definite deflection on the vacuum-tube voltmeter after which it is not
changed. The input switch is then thrown to the calibrated potentiometer
setting, and the setting of the potentiometer is adjusted until the reading of
the tube voltmeter on the output of the amplifier is the same a8 before. The
setting of the calibrated potentiometer, which is calibrated in microvolts,
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shows the equivalent r-m-s voltage variation existing across the particular
unknown resistor being tested. It can then be stated that the noise of the
resistor is equivalent to so many microvolts r-m-s for the particular voltage
drop existing across the same.

26. Acceptable Performance. On the basis of these specified tests
the following is considered acceptahle performance:

1. Life TeBt......covuiuiriiiieiaianenannn, 5 per cent change or less
2. O0verload.....................ivun.. 10 per cent change or less
3. Humidity............... . ... ..o .. 10 per cent change or less
4. NoiBe. ...t 500 uv or less

5. Voltage characteristic.

27. Representative Values of Resistors Employed in Radio Sets.
The range of resistors usually employed in radio sets extends from 1 ohm
up to 10 megohms. These resistors are used for various purposes, such
as providing grid bias to radio, audio, and detector tubes; plate coupling,
voltage dividers, and filters. Typical values employed for these various
applications are enumerated below:

1. Detector bias resistors................... 5,000 to 50,000 ochms
2. Power bias resistors...................... 200 to 3,000 ohms
3. Voltagedividers......................... 1,000 to 100,000 ohms
4. Plate-coupling resistors. .................. 50,000 to 250,000 ohms
8. Gridleaks................ ... ..o, 100,000 to 10 megohms
6. Filter resistora.......................... 100 to 100,000 ohms

28. Variable Carbon-type Resistors. In numerous radio applications
high variable resistors are required, for exainple, for controlling the
sensitivity of a receiver by varying the C-bias on the r-f tuhes a variable
resistor up to 50,000 ohms maximum is commonly employed. For
adjusting the audio signal level in automatic volume control sets a
variable resistor up to 0.5 megohm is not uncommon. From the point
of view of cost, wire-wound resistors of this order of magnitude are
prohibitive. Furthermore it is desirable to have a non-uniform rate of
change of resistance with respect to angular rotation, which is very
difficult to secure with wire-wound resistors. Carbon or graphitic types
of variable resistors which are capable of being made to meet these
requirements at reasonable cost are therefore widely used. Such
resistors generally consist of a resistive solution applied to some flat
form, such as paper, bakelite or ceramic, and baked on. A rotating
slider or some other form of contact travels over this resistive clement
producing a continuous variation of resistance. Since the resistor is
essentially painted on the form, its geometrical form may he varied by
design. Also different concentrations of the resistor ink or B?aint may be
employed at different positions of the resistor element. y the use of
these two expedients the resistor may be designed to give any variation
of resistance desired.

29. Uses for Variable Carbon Resistors. Within their power limi-
tation, these resistors may be used wherever a continuously variable
resistor is required. They may be used as either potentiometers or
rheostats. They find their widest use as voluine controls and tone con-
trols in radio receivers. Some of their specific uses are here listed, and
the basic circuits illustrating these uses are shown in Fig. 10.

a. Sensitivity control for radio receivers, by varying control-grid or
screen-grid potentials of r-f tubes (Fig. 10a).
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In a radio receiver the design of the volume control differs widely
depending upon whether the receiver has automatic volume control or
not. If not, the entire voltage gain of the receiver must be under con-
trol, perhaps 120 db. The tendency for the volume control to become
noisy or to be difficult to adjust without producing violent jumps of
volume change increases with the total gain that must be controlled.

The fact that a.v.c. systems cannot geliver a uniform voltage to the
audio detector because of the wide variations of input voltage (ranging
from a microvolt to several volts) makes necessary a different shape of
attenuation curve than would be used on an audio amplifier used by
itself. A type of curve (Centralab) useful in the a.v.c receiver 1s
shown. Here, approximately uniform attenuation of 40 db is secured in
80 per cent rotation from the maximum volume. This is the range most
often used. The departure from linearity in the first 15 per cent of
rotation is to keep the resistance gradient within limits representing low

noise.
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Fia. 12.—Advantage of special taper for volume control.

Between 80 and 100 per cent rotation, the curve changes rapidly to
rovide a total attenuation of 80 db. Rapid attenuation in this region
18 accomplished without noise hecause the resistance change per decibel
issmall. Such a curve is much more satisfactory than a straight logarith-
mic line (note the 80-db curve). In addition they are simpler to build.
A tapered resistance curve such that equal increments in rotation
produce equal increments in attenuation (a straight line when plotted
against the logarithm of the resistance) requires that a change of 300,000
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ohms take place in the first 10 per cent, 120,000 ohms in the second 10 per
cent, and so on till the last 10 per cent rotation produces a change of only
7{53331}?. This is true of a 500,000-0hm control with a total attenuation
o .

82. Wear Characteristics. Variable carbon resistors necessarily have
the same general electrical characteristics as fixed carbon resistors. In
addition, due to the motion of the slider on the resistance element, there
is & certain amount of wear on the resistance element. This produces a
change in resistance value and noise. Factors influencing these changes
are:

1. Hardness of resistance element which determines ability to with-
stand abrasion.

2. Pressure of moving contact on resistance element.

3. Smoothness of moving contact surface.

83. Specifications for Variable Resistors. No standard specifications
have been established for variable resistor performance. A typical
specification, however, representative of acceptable performance is here
given.

1. Endurance or wear. Life Test: Units shall not fail before 10,000 com-
plete operations when operated without electrical load. The unit shall be
operated over its full range including operation of switch at a rate of approxi-
mately 1,000 operations per hour. %‘ailure shall be considered as a change in
resistance of greater than 15 per cent of the initial resistance or mechanical
fracture of the switch.

2. Noise. Units shall be of such a nature as to produce no audible sound
in the loud-speaker of the apparatus in which the unit is used.

3. Humiduy. The resistance of units shall not show a temporary change
of more than 25 per cent when conditioned 100 hr. at a temperature of 40°C.
and a relative humidity of 90 per cent. Units shall be conditioned 24 hr. in a
desiccator before placing in the humidity chamber.

4. Reststance Curve. The resistance curve and permissible variations over
the entire resistance range of effective electrical rotation shall be in accordance
with the drawing (as supplied by the purchaser). These curves shall be
within the required limits and must conform in general shape to the nominal
curve of the drawing.
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SECTION 4

INDUCTANCE
By GoMmer L. Davies, B.S.!

1. Magnetic Flux. The property of electrical circuits called inductance
depends upon the magnetic efiects associated with a flow of electric cur-
rent. In a magnetic system the magnitude of the force of magnetic
attraction or repulsion is proportionaf to the product of the strengths
of the poles and inversely proportional to the square of the distance
between them. A unit magnetic pole is defined as that é)ole which repels
a similar pole at a distance of 1 cm with a force of 1 dyne. The force
between two poles acts along the line joining the poles. Consequently
a unit north pole in the vicinity of a magnet 1s acted upon by two forces:
one of repulsion, due to the north pole of the magnet; and one of attrac-
tion, due to the south pole. The resultant is the total force exerted by
the magnet upon the unit pole. Thus the magnet is surrounded by a
Jfield of force or magnetic field whose direction and magnitude at any point
are defined as the direction and magnitude of the force acting upon a unit
north pole at that point.

If a unit north pole is allowed to move freely in a magnetic field, it will
move in the direction of the field at each point and wil'f trace out a path
which is called a line of force. The total field is considered to be made ui)
of a large number of such lines. In any region of space the total of all
the lines of force in that region is called the magnetic flux in that region,
and the number of lines of force passing through a unit area of a surface
perpendicular to the direction of the field is the fluz density and is deter-
mined by the strength of the field.

2. Magnetic Effects of Current-carrying Conductors. Magnetic
effects are exhibited not only by magnets but also by wires carrying
electric currents. The magnetic field near a straight current-carrying
conductor consists of circuﬁu' lines of force surrounding the conductor;
the flux density at any point outside the wire is proportional to the cur-
rent and inversely proportional to the distance of the point from the
axis of the conductor. If the wire carrying the current is wound in one
or more layers on a cylindrical form, the field inside of this coil is parallel
to the axis of the cylinder and is proportional to the product of the cur-
rent and the number of turns on the coil. This product of current (in
amperes) and number of turns is called the ampere-ti-rns of the coil. The
flux density along the axis of the coil may be expressed as the product of
the ampere-turns by a constant. If the winding is of infinite length, this
constant is 4.

' Engineer, Washington Inatitute of Technology, Washington, D. C.
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are generally referred to simply as impedance, the context usually indicat-
ing which quantity is meant.

The impedance Z increases as the frequency is increased. Con-
sequently, for constant values of E, R, and L, the current I will decrease
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F1a. 6.—Impedance of inductive circuit with frequency.

as the frequency increases. Figure 6 shows values of Z plotted against
frequency, and Fig. 7 shows how the current in the circuit of Fig. 3
varies with the frequency of the impressed voltage.

Consider Eq. (11). After the
switch has been closed for some  0.10

time, the values of current and

voltage bear a definite relation , 008 R = 100 Okms

to each other at each instant § \ Ly

during a cycle, and this series of 006

relations is8 repeated during £

every cycle. The circuit isnow 004 N

said to be in the steady-state 3 \

condition, and the first term of 0w P~

the right-hand side of Eq. (11) T
completely defines the current 0 R R R R T T
in terms of the voltage and im- Frequency,cycles per second

edance. However, for a short
interval of time after the switeh
is closed, the second or transient
term generally has an appreciable value and must be considered. By
comparison with Eq. (9) it is seen that this transient current has the
form shown in Fig. 2. It is evident that the duration of the
transient current wiﬁ depend upon the time constant L/R. The initial
value of the current, which is equal to the constant ¢, must, however, be
determined. Now the current must be zero at the instant the switch is
closed (since it cannot rise to some finite value instantaneously because
of the inductance in the circuit) and, therefore, if t is taken as zero at
the instant of closing the switch, the value of ¢ may be found mathe-
matically to be defined by the equation

Fia. 7.—Current rs. frequency in inductive
circuit.

Ex

c==

sin ¢ = In 8in ¢ (16)
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A simple method of approximate measurement uses the circuit of Fig.
10. An a-c voltage of known frequency is applied at E, and the current
and voltage read on the meters. The voltmeter reading divided by the
ammeter reading gives the impedance and, if the resistance is measured
by a d-c-bridge or voltmeter-ammeter method,
7 — Rt 2! — R?

L = ey 0.025 7
The method is usable for iron-core coils that carry a.c. only, provided
the measuring current is adjusted to the value that the coil carries in use.

(19)

Ammeter Dreclurreny
Milhamefer.

O0C Source
Vortmefer

F1a. 10.—Circuit for Fig. 11.—Measurement of iron core carrying
measurement of induc- a.c. and d.c.
tance.

If measurements are made at a number of current values, the curve of
inductance against current may be plotted. The results obtained by
this method are generally slightly larger than the true values of induc-
tance because the a-c resistance, particularly in iron-core coils, is greater
than the d-c resistance.

7. Measurement of Inductance of Iron-core Coils. When an iron-
core coil must carry relatively large d.c. upon which is superimposed a
small value of a.c., its inductance is dependent upon the magnitudes of
the two currents flowing through it, and other methods must be used.

The impedance of an iron-core coil carrying d.c. and a.c. may be
measured by the circuit of Fig. 11. The d.c. through the circuit is
adjusted to the value carried by the coil during opcration, and the a-c
source adjusted to impress a voltage across the coil (neasured by the
thermionic voltmeter) equal to the a-c voltage across it under operating
conditions. The resistance R,is then varied until the alternating voltage
across it is equal to that across the coil, as measured by the thermionic
voltmeter. hen the impedance of the coil at the measuring frequency
is equal to R.. Readjustments of the impressed direct and alternating
voltages may be necessary as R, is changed. The condenser C prevents
the direct voltages across the coil and resistor from affecting the thermi-
onic voltmeter. From the impedance and the resistance of the coil,
the inductance may be calculated by Eq. (19).

In Fig. 12 is a simple method of arriving at the impedance of an iron-
core coil based on the supposition that the inductance is high compared
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when a coil is wound on an iron core, its inductance is dependent upon
the circumstances under which it is used. Accordingly, to use iron-core
coils most advantagcously, it i8 neccssary to study their characteristics
undcr varying conditions. Threce important cases must be distinguished:
the current through the coil is a.c. of single frequency; the current consists
of a d-¢ comEoncnt upon which is superimposed a single-frequency a-c
component; the current is comprised of two a-c
comgonents of different frequencies.
The average inductance of an iron-core coil : E
carrying a.c. of single frequency is dependent
upon the magnitude of the current. Also, the D
a-c resistance of such a coil is higher than that
of an air core coil with an identical winding.
Therefore all inductance measurements of iron-
core coils should be made with the measuring 8
current equal to the current which will flow | ¢
through the coil in operation, ortheinductance
may be measured for a number of different
currents and a curve of inductance against
current plotted. L . . F1a. 16.—Characteristic
In many radio applications a coil carries 8 of ¢coil carrying large value
relatively large d.c. with a small a-c component of d.c. and small value of
superimposed. The inductance of an iron- a.c.
core coil under such conditions is a function of
the magnitudes of the d-c and a-c componcents of the current. This is
illustrated by Fig. 16. The constant magnetizing force (due to the d.c.)
may be such as to cause the core to be magnetized to the point A. The
alternating component of the mag-
R netizing force (due to the a.c.) will
then carry the iron through the small
hysteresis loop C'B whose slopc is not
the same as the slope of the magncti-
Inductance at 1000 ~ zation curve. Thepermeability rep-
Meosuring o-¢ emf < hott rescnted by the slope of this small
hysteresis loop is called the incremen-~
tal permeability. As the constant
component of the magnctizing force
\ or current is increased, the point A
NG moves farther up the magnetization
curve and the incremental ci)ermm-
bilitv decreases, as indicated by the
small loops at D and E. As satura-
— o7 e tion of the core is approached, the
Mognetizing Force -Ampere Rmsper Um (Steady Curreat) u}llcrqn:ionttnl perr;l)cuhlhty, and hem]:]e
_r : _ the inductance, becomes very small.
Fio. 17. L&flcc"e 3§ cg;f" on indue- Ag’ the magnitude of the a-c com-
ponent is increased, the slope of the
hysteresis loop, and accordingly the incremental permeability, increases,
thus increasing the inductance. Consequently the inductance of an iron-
core coil under these conditions decreases with increase of the d-¢c com-
nent of the current, and increases with increase of the a-¢ component.
igure 17 shows the decrease in inductance with increase in constant
magnetizing force.

~
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If an air gap is introduced in the msgnetic circuit of an iron-core coil,
the inductance of the coil is generally diminished. If, however, the coil
is carrying both d.c. and a.c., the air gap may so decrease the constant
flux that the incremental permeability is actually increased, so that the
effective inductance for the a-c component is increased. The effective
resistance of the inductor is also decreased by the introduction of an air
gap. These cffects are illustrated in Fig. 18.! As a consequence of
these characteristics, iron-core inductors that are intended for use in
circuits where they must carry d.c. as well as a.c. are usually made with
an air gap in the magnetic circuit of the core.

When theinductorcarriestwoalternat-

Constant Mognclomonve Force ing currents of different frequencies, the
(ompere-turns perem ) effects of the variable permeability of the
Curve A=045 iron are somewhat more complicated and

» g:z of relatively less practical importance
. 5-90 than in the cases alrcady treated.?

11. Inductors at Radio Frequencies.
When inductors are used at radio fre-
quencies, many factors affecting their
performance come into prominence.
‘The h-f resistance of a coil is. much
larger than its d-c resistance because of
a number of losses which come into
existence with the operation of the coil
in h-f circuits. The factors causing this
increase are skin effect, eddy currents,
dicleetric losses, and internal capacity.

When the wire is wound into a coil,
the effect of the magnetic field of the
coil is such as to concentrate the
current on the inner surfaces of the
o YT turns. Figure 19 illustrates this effect,

P the depth of shading indicating the cur-

Fia. 18-_.11‘7?;“" t"f.‘"." Eap on rent density. This concentration of

coil characteristics. current causes a further increase in the

effective resistance of the coil, and also causes a decrease in the induc-

tance as the frequency increases. However, the variation of inductance

with frequeney is generally small in comparison with the variation caused
by internal capacity.

Eddy currents in the conductors composing the coil constitute a
serious source of loss at frequencies over 3,
ke. These losses are minimized by the use of
wire as small as possible without unduly in-
creasing the conductor resistance, or by the
use of tubing instead of wire. Beeause of these
losses at frequencies higher than 3,000 ke there J ]
is an optimum wire Size giving & minimum  },5. 19.—Concentration
resistance in inductance coils. of current at surface at

Any dielectric in the field of the coil also high frequencies.
introduces losses which become important at

e

Inductonce

Resistance ond Inductance

Resistance

' MoRECROFT. J. H., “ Principles of Radio Communication,” 2d ed.. 1927,
t TurNer, H. M., Inductance as Affected by Initial Magnetic State, Air Gap, and
Superposed Currents, Proc. I.R.E., 17, 1822, 1929.
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these frequencies, so that the type and amount of dielectric within the field
of the coil must be carefully regulated. The dielectric should be of the
best quality and its volume must be kept at a minimum. The conductors
of the coil should, in general, come in contact with the dielectric as little
as possible. Coils are often wound upon skeleton or ribbed winding forms
80 that each turn touches the supporting insulating material at only a few
points and is surrounded for the greater part of its length solely by air.

12. Effect of Coil Capacity. %Every inductor behaves not as a pure
inductance and resistance in series but as an inductance and resistance
shunted by a small capacity. This behavior is caused by the self- or
internal capacity of the coil. The resistance and inductance of the
equivalent parallel circuit at any frequency are called the apparent
resistance and apparent inductance of the coil at that frequency. The
apparent resistance is given approximately! by the equation

R
Ra = a—wIey @7
and the apparent inductance by
L
La= =G, 8)

where R and L are the resistance and inductance the coil would have
at the frequency w/2x if the internal capacity Co were absent. These
equations do not hold for frequencies near the natural frequency of the
coil; that is, the frequency for which 1 — w!LCo = 0. These equations
are derived on the assumption that the e.m.f. in the circuit is introduced
in some manner other than by induction in the coil itself. If the e.m.f.
is induced in the coil, the internal capacity is merely added to any other
capacity which may be connected in parallel with the coil. Since a
coill is practically always used at frequencies for which 1 — w?LC, is
positive, the apparent resistance and inductance of the coil will increase
as the frequency increases, the apparent resistance hecoming very large
as 1 — w!LC, approaches zero. The percentage change in resistance
for a given change in frequency is about twice as great as the change
in inductance. At frequencies for which 1 — w2LC), 18 negative, the coil
behaves as a capacity rather than an inductance.

It has been found? that the internal capacity of a single-layer coil is
roughly proportional to the radius and practically independent of the
number of turns and the length. For a closely wound solenoid, the
internal capacity in uuf is very approximately equal to six-tenths of
the radius in centimeters.

18. Types of Inductors. A straight wire has a certain amount of
inductance, but to make inductors small enough to be convenient it is
necessary to wind the wire in the form of a coil thus utilizing a great
length of wire in a small space and also increasing the interlinkages of
flux and wire.

The simplest inductor consists of a single square turn of wire. The
inductance of this arrangement may be calculated accurately, but it has

! Radio Instruments and Measurements, Bur. Standards Circ. 74.
t Howe, G. W. O,, Jour. I.E.E. (London), 60, 83, 1922; also MovurriN, E. B, * Radio
Frequency Measurements,” p. 340, 1031.
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shown in Fig. 21. The inner coil is rotatable about the axis A, which is
perpendicular to the plane of the figure. The two coils may be connected
in either series or parallel, thus increasing the range of the instrument
considerably. The mutual inductance between the coils may be increased
by winding the outer coil upon the interior of a spherical surface, instead
of using the cylindrical form shown.

If a slight increasc of resistance of a coil is not objectionable, and the
desired range of inductance variation is small, a copper disk slightly
smaller than the inside of the coil form may be mounted on a shaft
perpendicular to the axis of the coil. The inductance of the coil will be
appreciably decrcased when the plane of the disk is perpendicular
to the coil axis, the decrecase of inductance becoming less as the disk is
rotated away from this position.

15. Design of Inductance Coils. It is desirable that the inductance
should be as large as possible, while the resistance is kept at a minimum.
There arc some cases in which a relatively high resistance is permissible
or even desirable. Choke coils for use at high frequencies must have a
high impedance with a minimum internal capacity.

To determine a basis for comparison between coils of different char-
acteristics, a factor of merit for an inductor must be defined. Coils
for use at frequencies above 300 or 400 kc are usually small in size, so
that volume is relatively unimportant and the desirable characteristics
are high inductance (and, therefore, high reactance) and low resistance.
The ratio of inductance (or reactance) to resistance may then be taken
as a factor of merit, the idenl coil having a large ratio. Sometimes the
power factor of the coil, which is equal to the ratio of resistance to
impedance, is taken as a factor of merit, an ideal coil having zero power
factor. The ratio of reactance to resistance (Lw/R) is sometimes called
the Q of the coil. (See Table I, Sec. 6.)

A coil to be used at frequencies below 300 ke is likely to be somewhat
large if wound in a manner that would be entirely appropriate at higher
frequencies. Consequently the factor of merit for coils designed for use
at the lower radio frequencies should include the volume of the inductor
and may be defined as the inductance-resistance ratio divided by the
volume of the coil.

For a given length of wire, maximum inductance is obtained when the
wire is wound as compactly as possible; that is, in a bank-wound coil
with a winding cross section as nearly square as possible. The bank-
wound type is mentioned because the simple multilayer coil is practically
useless at radio frequencies because of its high internal capacity. A
closely wound single-layer coil made up of the same length of wire has a
considerably lower inductance than the bank-wound coil. However, at
radio frequencies, the resistance of the single-layer coil is so much lower
than that of the multilayer coil that the L/R ratio of the former is much
larger than that of the latter. In view of its simplicity of construction,
the single-layer solenoid wound with solid wire would appear to be the
most desirable coil type at medium and high radio frequencies, even
though within certain ranges of frequency some other types have certain
advantages. At high frequencies (above 3,000 kc), the single-layer
solenoid, either closely wound or spaced, is used almost exclusively.

For a given wire length, this type of coil has a maximum inductance
when the ratio of diameter to length of coil is 2.46,! although this value

1 Radio Instruments and Measurements, Bur. Standards Circ, 74.
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It was determined that maximum value of Q for such coils, of the order
of 1 xh inductance, could be realized when wire dinmeter and spacing
between turns were of the same order of magnitude. Very large wire
(long coils) was not superior to medium-size wire, say No. 20 or No. 22.
Using wire of No. 14 size, l-in.-diameter coils were superior to Y-in-
diameter coils for any winding length.

It was determined that shielding the coil does not reduce the Q to a
scrious extent, provided proper spacing is observed. In reasonable
practice Q nced not be decreased by more than 10 per cent or L by more
than 15 per cent. Bakelite winding forms have some effect upon .
Thus a 1-xh coil of No. 10 wire (0.104 in.) was wound on a 2-in. length of
1.5-in.-diamneter bakelite having a 0.125-in. wall. This coil had 0.333-in.
winding pitch. At 15 me, Q = 212. Upon removing the winding form
it remained self-supporting, and @ increased to 229.

Coils made of No. 14 wire on a l-in.-dimineter form with 0.111 in.
between turns (0.88 ph, 537 turns) were found to he good compromise
coils. These would have a Q of 184. Coils made on 0.5-in. forms wound
with small wire, say No. 24, have values of @ in the region from 75 to 100.

Iron-core R-f Inductances. From 1931 to 1935 considerable headway
was made in the use of ferro inductors at broadcast and intermediate
frequencies. The advantages offered by iron coils over air coils are the
small size and high Q. They have been especially useful where it is
necessary to get high gain, or high selectivity, in small space, or with a
minimum number of tuned circuits. Some attempt has heen made to
use coils with variable iron cores so that in tuning a circuit the inductance
would be vaned instead of the capacity.

One such material (Polyiron) has an iron content of 95 per cent. The
remainder of the pressed core is bakelite and insulating varnish. Per-
ineability measured with toroidal cores is of the order of 12; its specific
gravity 18 4.8 against 7.0 for solid iron; its conductivity is 100 mhos per
cubic centimeter against 10-5 for solid iron. Permeability remains con-
stant from 50 to 2,000,000 cycles. Variation of magnetic force from
0.01 to 10 gauss makes no appreciable change.!

Another iron which has come into use in this country is Ferrocart,
already widely used in Europe. Intermediate-frequency transformers
for 456, 370, 360 and 175 kc have been designed from Ferrocart and
Polyiron as have transformers coupling an i-f stage to a diode deteetor.
For automobile and other reecivers where high initial gain is required, to
reduee the noise to signal ratio, iron coils seem to offer considerable
advantages. )

In a typical receiver of the characteristics given below, the table
shows the advantages to he gained by using iron instead of air-core coils.

This receiver was a six-tube a-c export tube, employing 370-ke i-f
transformers. It used a type 57 first deteetor, type 27 oscillator, a type
58 i-f amplifier, a tvpe 2A6 diode-triode, a type 2A5 output tube and a
type 80 rectifier. The high impedance of the plate-cathode eireuit of the
first detector is partially responsible for the excellent seleetivity of the
receiver.

1 LanaLey, Rarver H., Tuning by Permeability Variation, Electronics, July, 1931;
CrossLey, Arrnep, Iron Core Intermediate Frequency Transformers, Electronics,
November, 1933; Porvpororr, W. J., Further Notes on Iron-core Coils, Electronics.
January, 1934; and Ferro-inductors and Permeability Tuning, Proc. I.R.E., May 1933;
Fiut, J. V., Ferrocart and Its Applications, Electronics, November, 1934.
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Care was taken to align the recciver properly at each frequency in
order that each test be made under the best conditions.

WiTH AIR-CORE TRANSFORMERS

Band width Band width Band width T
vl 10 times, 100 times, | 1000 times, | Sensitivity,
ilocycles kilocycles kilocycles kilocycles microvolts
1.400 18 37 62 5
1,000 13 28 46 4
600 13 28 42 -
Wit IroN-corRE Units
1,400 7 18 31 5
1.000 7 15 27 4
600 7 14 26 6

The advantages from the stand

int of gain are as follows.

In a five-tube a-c¢ d-c set of the better type emploving 456-ke i-f trans-
formers, the tube complement was as follows: 6C6, 6D6, 75, 43, and
2525. The type 6C6 was employed as a composite oscillator-first
detector. In this receiver the two i-f transformers and also the antenna
coupler were replaced with iron-core units. The sensitivity at 1000 ke
increased from 100 to 20 uv.

17. Calculation of Inductance of Air-core Coils. The inductance of
many types of air-core coils may be calculated by means of formulas
involving the dimensions of the coil and the number of turns.! Several
formulas from Circular 74 of the Bureau of Standards are given here.
Few of the available corrections to inductance formulas are included,
since they apply only to the calculation of the I-f inductance. The h-f
inductance of a coil cannot be calculated with a high degree of accuracy
because of the skin effect and coil capacity.

In the following formulas all dimensions are expressed in centimeters and
the inductance is in microhenrys.

18. Straight Round Wire. Iflis the length of the wirc, d is the diameter
of the cross section, and u is the permecability of the material of the wire,

Lo = 0.0021[10;.35 -1+ g] (29)

= 0.0021[2.303 1og,o§£ -1+ f;‘] (30)
If 4 = 1 (for all materials except iron),
Lo = 0.0021[2.303 log.o-:—l - 0.75] 31)
The return conductor is assumed to be remote. These formulas give the
low-frequency inductance.
1t Rosa, E. B, and F. W. GROVER, Bur. Standards Sci. Paper 169; GrRovERr, F. W,
Bur. Standards Sci. Papers 320, 1917; 455, 1922; 468, 1923, See for coil design and

calculation, especially at low frequencies, MORGAN Brooks and H. M. TurNER, Induc-
tance of Coils, Bull. 53, Univ. Ill. Eng. Erper. Sta., Jan. 8, 1912.
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VALUE oF B IN ForMULA (47)

Number of B Number of B
turns, n turns, n
1 0.000 40 0.315
2 0.114 45 0.317
3 0.1668 50 0.319
4 0.197 60 0.322
5 0.218 70 0.324
(] 0.233 80 0.328
7 0.244 90 0.327
8 0.253 100 0.328
9 0.260 150 0.331
10 0.2668 200 0.333
15 0.286 300 0.334
20 0.297 400 0.335
25 0.304 500 0.338
30 0.308 700 0.3368
35 0.312 1,000 0.338

27. Inductance Standards. Like all other standards, inductance
standards must be rugged, permanent, and constant. The simplest
fundamental standard is a single square turn of round wire. The induc-
tance of such a standard can be c:ﬁcu]ated with great accuracy.

When a standard having g large value of inductance is desired, the
single square turn becomes too large for use, and it is necessary to design
some more compact form. The resistance and internal capacity must
be kept to a minimum. Furthermore the turns must be held rigidly in

lace s0 they cannot change their relative positions. The dielectric
in the field of the coil must have a minimum volume and be of such
material that the losses in it are as small as possible.

These requirements are hest met by a single-layer solenoid with a
spaced winding. For a minimum conductor resistance, the ratio of
diameter to length should be 2.46, but a somewhat smaller value of this
ratio is desirable to reduce the internal capacity, this being proportional
to the radius.

One excellent form of standard inductor is made by winding silk-
covered Litz wire in slots in the edges of strips of hard rubher, the ends
of which are supported by hard-rubber rings. With this skeleton type
of winding form, the cross section of the coil is polygonal rather than
circular. In order that the proper ratios of diameter to length may be
maintained, the coils must be of large size, their diameters ranging from
10 to 40 cm. for inductance values that are necessary in the frequency
range from 15 to 1,500 ke. Such a coil must be given relatively careful
handling, however, since jolts might cause some of the wires to change
their positions. A more rugged coil consists of bare wire wound upon a
threaded cylindrical form, the turns being cemented in place with a very
little cement, preferably collodion. The form should be as thin as is
consistent with adequate strength. Glass forms may also be used,
although it is then necessary to cement the turns more thoroughly than
in the case of a threaded form.

With recent advances in the precision of frequency determination and
improvement in standard condensers, the temperature coefficient of a
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standard inductance may become an important factor. It is possible,
in this case, to reduce the temperature coefficient by a special design
of the winding form.

28. Mutual Inductance. As the changing magnetic ficld due to a
varying current in a circuit induces an e.m.f. in the circuit itself, so may
it induce an e.m.f. in any neighboring circuit. The e.m.f. induced in the
first circuit depends upon the self-inductance of that circuit, and, in the
same way, the e.m.t. induced in the second circuit depends upon
the mutual inductance between the two circuits. Mutual inductance
is defined in three ways exactly analogous to the three ways of defining
self-inductance: (1) as the magnetic flux linking the second circuit when
unit current flows in the first circuit; (2) as the e.mn.f. induced in circuit
2 when the current in circuit 1 changes at the rate of one unit per second;
(3) as twice the work done in establishing the magnetic flux, linking
circuit 2, associated with unit current in circuit 1. These three definitions
give constant and equal values for the mutual inductance if there is no
material of variahle permeability near the circuits and if the current
does not vary so rapidly that its distribution in the cross section of the
conductors differs greatly from a uniform one. The change in current
distribution at high frequencies, however, has a very slight effect upon the
mutual inductance.

The units of mutual inductance are the same as those of self-inductance:
in the practical system they are the henry and its subdivisions, the milli-
henry (mh) and microhenry (uh).

29. Measurement of Mutual Inductance. When two inductors,
having a mutual inductance, are connected in serics so that their mag-
netic fields aid each other, the total inductance of the combination is

L' =L+ L. +2M (48)

where L’ is the inductance of the combination, L; and L, are the induc-
tances of the coils, and M is their mutual inductance. If the connections
to one of the coils are reversed, the total inductance hecomes

L'" =L, 4+ Ly —2M (49)
Then, from these two equations,
L —L" .
M= — (50) i N

These relations furnish a convenient method
for the measurement of mutual inductance. The L L,
inductance of the two coils connected in series is
measured by any suitable method, the connectiona
to one coil reversed, and the inductance again /12
measured. Thelargerof thetwo measured values L
ia then denoted by L’ and the smaller by L', and c
M is calculated by means of Eq. (50). This T

method is applicable at any frequency, provided

the inductance-measurement method 18 appropri- ) .
ate at that frequency. It is not very accurate Fiu. 25~—‘C"¢‘,l“af°l’ meas-
when Missmall in comparison w}ththe inductance uring mutual inductance.
of the larger of the two coils. . . .

A method applicable for all values of A is illustrated in Fig. 25.! \ 4
represents a voltage-measuring device of high impedance, preferably a
thermionic voltmeter. A voltage source of frequency w/2x is connected to

1 MouLuin, E. B, * Radio Frequency Measurements,” p. 383, 1932.
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where W is expreased in joules
Q is expressed in coulombs
V is expressed in volts.

T}fxe work done in charging the condenser is independent of the time taken to
charge it.
4. Power Required to Charge Condenser. The average power required
to charge a congenser is given by the equation
1CV?
P==
where P is expressed in watts
C is expressed in microfarads
V is expressed in volts
{ is expressed in seconds.
If the condenser is charged and discharged N times per second the above
equation becomes

P = 3;CVIN

If an alternating e.m.f. of frequency f is used in charging the condenser, the
equation may be written

P = CEf
where P = power in watts
C = capacity in farads
Eo = maximum value of voltage
J = frequency in cycles per second.

6. Dielectric Materials. The dielectric of a condenser is one of the
three essential parts. It may bhe found in solid, liquid, or gaseous form
or in combinations of these forms in a given condenser.

The simplest forin of condenser consists of two electrodes or J)lntes
separated by air. This represents a condenser having a gaseous dielec-
tric. If this imaginary condenser has the air between the plates replaced
by a non-conducting liquid, such as transformer oil, and if the distance
between the plates is_the same as in the first case, it would be found
that the capacity was increased several times because the oil has a higher
value of diclectric constant than air which is usually taken as 1.

If the space between the plates is occupied by a solid insulator, a
condenser would result, which would be practical, as far as the possibility
of constructing it is concerned. It would be found, in this case also,
that the capacity of the condenser was several times larger than when
air was the diclectric.

The mechanical construction of either air or liquid dielectric condensers
requires the use of a certain amount of solid dielectric for holding the
two sets of plates.

There are a great many dielectric or insulating materials available for
the engineer to choose from. It often is found that a material which is
very good from the electrical standpoint is poor mechanically, or vice
versa. Air is the only gas generally used as a diclectric. Compressed air
has been used in some%ngh-voltnge condensers, and compressed nitrogen
and carbon dioxide are also in use.

Several kinds of oil have heen used in condensers, such as castor oil,
cottonseed oil, and transformer oil. More recently electrolytic con-
densers have come into use in radio equipment for use as filters and bypass
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Frequency, Dielectric
Material kilocycles constant Source
borosilicate. .. ........ .. ... . ... 18,000 5.1 [)
LT 800 6.2 4
cobalt................. 500 7.3 2
electrical............... ... ...l 100 5.7 8
flint............... 890 7.0 2
heat resisting................ TP A 5.7
photographic, with gelatin coating......... A 7.5 1
without gelatin coating................. A 7.5
plate, American......................... A 7.6 Rk
plate. ... ... sgg 23 :2;
P?n'ex .................................. { 500 40 2
window..... ... ... 8.0 1
210 3.0 } 2
Hardrubber....... ... .. ... ............ 1,126 gg
B . 6
Isolantite............... ... . ...... . ... .. 6.1 5
Marble. ... { 1.4(4)(4) ?; } 2
white............ ... e A 9.3
g{ly ................................... :: 162 1
8. ettt
Mica, clear, U. 8. muscovite... ........... 69 to 6.57
clear, India muscovite........ ... ... } 100 to 1,000 'I 90 to 7.07 7
clear, India.......................... ... A 6.4 1
built-up, shellac binder................... A 5.6
Mycalex..........ovviiiiniiiaann l% 8.0 8
Ph:lnoll:c insulation, laminated (bakelite). . . .. { 1,(I)00 g: ';_f);g:es i 2
Bek. ... ... 4.
natural brown......................... } 18,000 { 4.4 6
Porcelain. ..................cccivveniii.., Axoo '“7) . 8 ?
Slate, electrical ............... ............ , 44 20.5 4
: 2,650 8.05
Varnish, spar. ............................ 5.8 1
insulating................. ... ... A 4.8
Victron resin, clear. ... ... ................. 446 to 877 2.96 9
Vitrolex 1,100 6.4 9
Vulcanized rubber 18,000 3.9 6
vl e 1
A 2.6
2.0
';’(4) 1
4 3.1
2.6
3.1
500 5.2
500 4.4 } 2
oak.... 425 3.3
whitewood, dry 18,000 1.7 ()

e range of nine samples of various chemical compositions reported.
4 measurements made between 80 and 1,875 ke.
3 average of a number of values between 1 ke and 3,130 ke.
' PreaTon, J. L., and E. .. HaLL, Radio-frequency Propertnes of Insulating Materials,
081‘ 9, 26-28, Febru.ry, 1925,
ﬁocn, E. T., Power Losses in Insulating Materiala, Bell System Tech. Jour. 1,
Novcmber, 1922,
M D?oclfs.-’“’lLLlAM C., Power Losses in Commercial Glasses, Elec. World, 89, 601-603,
ar
BA]RB’I'O. G. E, Conductnvxty and Dielectric Constant of Dielectrics for High-
frequency Osclllntxons. Proc. Roy. Soc. (London) A, 96, 363-382, January, 1920.
8 Isolantite areular
¢ Cuarrer, J. The Determination of Dielectric Properties at Very High Fre-
quencies, Proc. I. K. b 1020, Auqust. 1934.
?Lzwis, A. B, E L. arL, and F. R, CarpweLL, Some Electrical Properties of
Fore mﬁ n and Domestic Micas and the Effect. of Elevated Temperatures on Micas, Bur.
rds Jour. Research, 7, 409, August, 1931,
' Brown, W. W., Properties and Applications of Mycalex to Radio Apparatus, Proc.
1. R E., 18, 1307-1315, August, 1930.
? Dielectric Products Corp. circular.
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Power factor in per cent is 1.745 times phase difference in degrees. Power
factor in per cent 18 given by the following equation:

cos 6 = 2rfRC X 10-7

where cos # = power factor in per cent
J = frequency in kilocycles
R = resistance in ohms
C = capacity in micromicrofarads.

The leakage of electricity by conduction through the dielectric or along its
surface contributes to the phase difference but is generally negligible at high
frequencies. A condenser having leakage may he represented by a perfect
condenser with a resistance in parallel as shown in Fig. 4. The current

Ic= wCE

C
| L4 |

boeee g —eendd
Fia. 4.—Equivalent of Fra. 5.—Vectors in con-
condenser with leakage. denser with leakage.

divides between the capacity and the resistance, Iz through the resistance
being in phase with the applied voltage E, and Ic through the capacity leading
E by 90 deg. as shown in Fig. 5. The resultant current I leads E by (80
deg. —y), where ¢ is the phase difference. In Fig. 5

_E/R _ 1
tany = Z6F = wRC
or
1
¢'=ch

Power factor is a term that involves all the power losses in a condenser.
If the total power loss in a condenser is W* watts, the voltage applied to it is
V volts (r-m-s), and the current flowing through it is / amperes (r-m-s)
the power factor, of the condenseris W/VI. Therelation between I (amperes)
and V (volts) for a condenser of capacity C (microfarads) operating at a
frequency f is
I = 2xfCV - wCV

T 10¢
The power factor of a condenser in per cent may be written
0=WX10‘=WX10‘
cos 2xfCV1 wCV?

Referring again to Fig. 2 showing the perfect condenser C and resistance R
replacing the actual condenser, the value of R can be calculated from the
equation W = I*R. The quantity R is known as the equivalent resistance of
the condenser at the given frequency.

The expression W X 108/wCV1 for power factor can be changed into the
expression invo}ving resistance, capacity and w by substituting I*R for W
xlagd then substituting wCV /10°® for /, giving power factor equal to RCw X

-6
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very brief period a much hisher voltage than they can when the voltage
is applied for a longer period. .

These effects have dictated two tests for condensers, a high flagh-test
voltage of very brief duration, and the application of a much lower
voltage for a longer period.

The dielectric strength of a material is usually found to be lower for
r-f voltages than for a-f or d-c voltages. The rupturing voltage at radio
frequencies depends on the rapidity with which the voltage is raised and
i8 not nearly so definite a phenomenon as low-frequency puncture volta%:z.
Dielectric strength of solid insulators is difficult to measure because of the
complexity of the experimental effects. As the r-f currents flow in the
material, heating, corona, flash-over, and possible deterioration, blister-
ing, or charring may result with consequent changing of voltage and
current as the time of application elapses.

If high r-f voltages are applied to an air condenser, a corona discharge may
be set up which appears as a visible glow around high potential metal parts,
points and sharp edges, and is usually distinctly audible. These corona
effects represent a power loss in the condenser. Hence, the construction of
air condensers for high voltages requires the rounding of all edges and corners
and the avoiding of sharp points which encourage the formation of corona
and flash-over.

12. Dielectric Absorption. When a condenser is connected to a d-c
source of e.m.f. the instantaneous charge is followed by the flow of a small
and steadily decreasing current into the condenser. The additional charge
is absorbed by the dielectric. Similarly, the instantaneous discharge
of a condenser is followed by a continuously decreasing current. The
condenser does not become fully charged immediately, nor does it com-
pletely discharge immediately when its terminals are shorted, but several
dischar%es may be sccured when the condenser possesses dielectric absorp-
tion. he maximum charge in a condenser cyclically charged and
discharged varics with the frequency of charge.

f a condenser evidencing gielectric absorption is used at radio fre-
uencies, a power loss occurs which appcars as heat in the condenser.
he existence of power loss indicates a component of e.m.f. in phase with

the current as though a resistance were in series with the condenser as
shown in Fig. 2. The effect of dielectric absorption can be measured
along with other losses in the condenser, although dielectric ahsorption
represents the chief power loss in solid dielectrics.

13. Calculation of Capacity. Formulas are available for use in
calculating the capacity for a large number of geometrical shapes of
conducting surfaces such as spheres, and cylinders, either separated or
concentric, and flat surfaces of various shapes. The usual type of con-
denser calculations are concerncd with two or more flat conductors.

When two conducting plates are parallel, close together and of large area,
the capacity of the condenser is given by

C = 0.0885 X ¥

where C = capacity in micromicrofarads
K = dielectric constant (which is 1 for air)
S = area of one plate in square centimeters
t = distance between plates in centimeters.
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When more than two plates are used in the condenser, the formula becomes

C = 0.0885 X w

where N = number of plates

The actual capacity of a parallel plate condenser is slightly larger than the
value a8 calculated from the above formula, because of the fringing of the
electric lines of force beyond the space between the plates. A correction
can be made for this fringing by slightly increasing the dimensions of the
plates. A narrow strip of width w can be added to the actual plate dimen-
sions. In the case of circular plates w = 0.4413¢ and for plates with straight
edges w = 0.110¢, where ¢ is the distance between the plates in centimeters.

14. Combinations of Condensers. Combinations of two or more
condensers in a circuit are often arranged in either series or parallel.
Condensers connected in parallel give a total capacity equal to the sum
of the capacitics of the individual condensers. Condensers connected
in series give a resulting capacity which may be calculated from the
following:

1

C =
1 1 1
atotat

This formula gives the following expression in the case of two condensers

in series
— C, X C:'
C+C;s

The various elements such as tubes, sockets, mountings, wiring, etc.,
in radio apparatus contain many small capacities by virtue of the differ-
ence of potential existing between the numerous conductors insulated

rom one another. These small capacities are known as stray capacities.

While they are unimportant in some kinds of work, in other types of
work, such as in amplifier design they must be taken into account.
In the case of resistance-coupled amplifiers, for example, these capacities
reduce the amplification at the higher audio frequencies and make a flat
characteristic with high overall gain impossible.

The effect of stray capacities is eliminated in the case of condensers
used as capacity standards by shielding the insulated plates and ground-
ing the shield. In this manner a definite capacity is always assured
for a given scale setting.

15. Effect of Frequency on Condenser Capacity. One of the most
important considerations is the effect of frequency upon the capacity
value of a condenser. In the best condensers this effect is nil. In fact,
one of the criterions of a suitable condenser for a capacity standard is
that its capacity shall be the same for two different sets of charging and
discharging conditions. A variable air condenser, such as the Bureau
of Standards type described on page 120 of the Bureau's Circ. 74, gives
the same capacity at 100 and at 1,000 charges and discharges per second.
A condenser having considerable solid dielectric in its make-up will
show a difference in capacity with frequency. The quantity of electricity
which flows into a condenser during a finite charging period is greater
than would flow in during an infinitely short charging period. Conse-

c
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quently, the measured or apparent capacity with a.c. of any finite fre-
quency is greater than the capacity on infinite frequency, the latter
being called the geometric capacity. The capacity of a condenser
decreases as the frequency increases.

The length of the internal leads of a condenser should be kept as short
and direct as possible to minimize the inductance of the leads which
acts to give an apparent change of capacity with frequency. The amount
of this change can be calculated from Ca = C(1 + «?®CL X 107!2] where
C. is the apparent or measured capacity, C is in uf, and L in gh.

16. Types of Condensers. There are many ways in which condensers
might be classified, having to do with their construction, size, voltage
rating, use, dielectric, or whether the capacity is fixed or vnriabﬁa.
The condensers used in various radio applications are found in innumer-
able sizes, shapes, and uses. The two simplest divisions into which
condensers may be classified have to do with their capacity: i.e., whether
it is fixed or variable.

17. Types of Fixed Condensers.—Fixed condenscrs are available in
all capacity ranges from a few uuf to several uf, for any voltage ratin
up to 45,000 volts or higher, and in innumerable shapes and sizes, al
depending upon the use for which the condenser is intended.

aper formerly was used as the dielectric for condensers for use on
lower voltages, while mica was used in condensers for higher voltages.
‘More rccently as the art of condenser manufacture has progressed, an
oil-impregnated paper dielectric i8 used in condensers for the higher
voltages, the whole condenser heing mounted within an oil-filled container.

For paper dicleetric, 100 per cent pure linen paper is used, which must
meet scvere requircments as to thickness, porosity, uniformity, width,
freedom from conducting particles, alkalinity, and acidity. Two or
more layers of paper are used between the metal foil plates, depending
upon the voltage for which the condcnser is designed. Paper condensers
are impregnated with special high melting point waxes and sealed within
metal containers, thus geing protected from moisture.

Paper condensers are formed by winding two metal foil electrodes or
ribbons in conjunction with the paper ribbons. There are two types of
winding, inductive and non-inductive. The latter type is recommended for
r-f and for the higher a-f work. The inductive type is satisfactory for low-
frequency work.

In winding the inductive type of condenser, the foil used is narrower than
the paper and the contact is made with the foils by tinned copper strips
inserted in the winding. The non-inductive type of winding is made with
the foils about the same width as the paper. The foil is staggered so that the
condenser plates project over the ends of the paper. The terminals are
soldered to the extending foil at the opposite ends and thus make contact
with every turn of the foil. The latter type of consatruction makes for
minimum plate resistance and minimum power loss.

Mica has been used very extensively for condensers for use at radio fre-
quencies. India mica has n used almost exclusively as it has been gener-
ally considered as of superior quality for radio use.

Selectcd mica is split into sheets of definite thickness, gauged and tested
for punctures or other defects. A condenser is built up of alternating mica
and metal foil sheets, the sets of plates of opposite polarity being brought
out at opposite ends where they are soldered together, forming the two
terminals. The whole stack of plates is rigidly clamped together in such a
way as to firmly grip the platesin the center and expel all dielectric other than
mica. The condenser may be mounted in a suitable container.
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If a condenser is to be used with higher voltages, the practice is to construct
the condenser with two or more condenser sections in series, rather than to
increase the thickness of the mica. The former method is more flexible than
the latter, permitting the conatruction of condensers for 45,000 volts or

higher.

It is customary to mount the large high-voltage condensers in steel
tanks which are filled with a high flash-point insulating oil which serves to
prevent access of dirt and moisture, prevents flash-over along the con-
denser sections, insulates the condenser from the tank and conducts
heat away from the condenser elements.

18. Electrolytic Condensers. Another type of fixed condenser of
high capacity for use on voltages not exceeding about 600 volts has
come into wide use, known as the electrolytic condenser. The chief
ndvantage of the electrolytic condenser is its low cost and its small size
for its large capacity as compared to other older types of fixed condensers.
For example, an 8-uf 500-volt condenser is about 13¢ in. in diameter
and 414 in. long.

These condensers, however, are not always interchangeable with
condensers usingl paper or mica dielectric, because some can be used only
in direct or Eu sating direct-current circuits, and must be correctly
connected with respect to polarity.

Electrolytic condensers can be obtained for operation in low-voltage
filament circuits, for use as filter condensers in ‘' B’’ power supply units
and ““A’” eliminators. The capacities available run as high as 4,000 uf
for the low-voltage types. Other electrolytic condensers are available
for voltages of 100 and 180 volts with capacities from 10 to 100 uf, while
the condensers for 350 to 400 volts have capacities of from 1 to 32 uf.

Electrolytic condensers have small leakage currents which increase
with the operating temperature of the condenser and with the voltage
applied. This leakage 1s less than 0.2 milliamp per microfarad at 400
or 500 volts.

19. Electrolytic Condenser Characteristics. The electrolytic con-
denser has found general use in the filter circuits of radio receivers and
has made possible the design of compact but effective filter systems.
In addition to the advantages mentioned above, the electrolytic is also
self-healing, momentary overloads of voltage simply causing a temporary
rupture of the dielectric, the rupture healing itself as soon as the voltage
is reduced to normal.

Electrolytic condensers may be divided into two distinct types, the
wet and the dry. “The wet type has been replaced to a very great extent
by the dry type. A very large quantity of the wet types are, however,
still being produced and used, because in certain capacities and voltages
they are more easily and economically produced. In the higher voltage
ratings the wet-type condenser will stand higher voltage surges without
injury than will the dry type. On the other hand the wet type is very
limited in both voltage and capacity ratings because of economical
reasons and manufacturing difficulties. The wet type also has a high
power factor compared to the dry type and is subject to wide variations
in characteristics under extreme temperature variations.

““The dry-type electrolytic condenser is not handicapped by any of the
limitations of tm wet type. Dry types can be produced in any capacity
from a fraction of a microfarad to millions of microfarads and from
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The capacity per unit area depends upon the thickness of the film on
the anode which in turn is an inverse function of the voltage to which the
film is formed in manufacture. For a constant anode area the capacity
is therefore inversely proportional to the forming voltage. If the anode
area i8 such as to give 8 uf if the forming voltage is 500 volts d.c. then
the same anode area formed to any lower voltage will give a capacity as
indicated by the curve of Fig. 7.

21. Leakage Current. If an unformed electrolytic unit is connected
across a d-c circuit the initial current is limited only by the resistance of
the electrolyte. An anode film rapidly forms however and the current
drops, finally reaching values in the order of 0.2 per uf in the case of con-
densers such as are generally used in the filter circuits of radio receivers.
If the condensers are left on a d-c voltage for a long period (several
hundred hours) the d-c current through the unit will drop to but a few
microamperes per microfarad.

Condensers which have not been in use for some time will give a high
lenkage current: when voltage is again applied, this current rapidﬁy
decrenses. :

22. Effect of Temperature. Figure 8 shows how the capacity of a
typical electrolytic condenser vanes with temperature; all electrolytic
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electrolytic condenser. cuit for electrolytic condenser.

condensers show a similar dependence of capacity upon temperature.
Subjecting such condensers to temperatures below 0°F. causes a tem-
porary change in characteristics, but the condensers regain the normal
characteristics after the return to room temperature.

Testing. The circuit of Fig. 9 is generally used to test electrolytics in
production. Ed. supplies a polarizing voltage so that the voltage across the
condenser will be pulsating d. c. The isolating condenser prevents short-
circuiting the polarizing voltage. If Eq4 is maintained at a constant value the
a-c milliammeter may be calibrated in terms of the capacity of the condenser
under test. I reads the d-c leakage current through the condenser.

For the accurate measurement of capacity and power factor bridge systems
such as those shown in Fig. 10a or b should be used. They are essentially
stalndard bridge systems rearranged to permit the application of a polarizing
voltage.

23. Use of Electrolytic Condensers for Condenser-start Motors (Aero-
vox.) Recent years have witnessed the growing demand for high-quality
fractional-horsepower motors, for use in refrigerators, washing machines,
oil burners, office appliances, small shop equipment, etc. These motors
must be quiet, have good operating characteristics, high starting torque,
and must create no radio interference. Of all types of single-phase
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fractional-horsepower motors, the capacitor motor is by far the best.
Tt possesses the desired characteristics and is the simplest and most
reliable of all high-quality single-phase motors. The capacxtor motor is
not new in _conception, but for many years its commercial development
was impossible because of the lack of suitable condensers. This problem
has now been eliminated by the use of electrolytic condensers.
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Condenser Under Test-* ,"“'_‘_
Polarizing Vollage
F1a. 10a.—Circuit for measuring Fia. 105.—Capacity and power factor
electrolytic condenser capacity. measurement.

Various circuit arrangements can be employed in the design of capacitor
motors. The three most generally empr yed are shown. In all three
circuits S represents an automatic switch which functions when the motor
reaches a sufficiently high speed.

In Fig. 11a the condenser is connected in series with the starting dpha.se,
to provide the starting torque. Through the use of such a condenser,
starting torques of the order of several hundred per cent or more of full-
load torque can be obtained. Such a motor has high starting torque, is
simple in design and reliable in operation. The power factor under
running conditions is low, bccause at running specd the condenser is
disconnected.

Line Line Line

2
c g =sc
57 T 7 |
(c)

(a) (b)
F1a. 11.—Capacitaor motor circuits.

Figure 11b employs two condensers in parallel. At start switch S is
closed and the total capacity is sufficient to provide high starting torque.
At high speeds condenser C: is automatically disconnected and the
remaining condcnser C, has a value such as to make the motor run at
nearly unity power factor and to operate practically as a two-phase
motor, the condenser functioning to convert the single-phase supply into
a two-phase supply.
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A single condenser in conjunction with an auto transformer can be
used as shown in Fig. 11. At start the switch is in position 1 and the
effective capacity for starting is equal to CN? (turns ratio). At running
speed (or slightly lower) the switch S automatically connects to con-
tact 2 and the effective capacity is thereby reduced to the proper value
to ’Fve high efficiency under running conditions.

he circuit of Fig. 11a makes use of a single electrolytic starting
condenser which is only in the circuit during the starting period. In
the circuit, Fig. 11b, the condenser C; may be an electrolytic type while C,
which is in circuit during running must be an oil-ﬁllctr oil-impregnated
condenser. The circuit in Fig. 11c uscs a single oil-filled oil-impregnated
condenser. Where high starting torque is important, Fig. 11a may be
followed; where high starting torque combined with high efficiency under
running conditions is required, the circuits of Figs. 115 and 11c¢ must be
followed.

24, Types of Variable Condensers. The most common type of
variable condenser consists of a series of parallel metal plates fastened
to a shaft capable of rotation so that the moving plates intermesh with a
set of fixed plates. Air is the main dielectric in such condensers, although
some solid 1nsulating material is required to insure that the two sets of

lates are correctly located with respect to each other. Many ways of
insulating the plates from each other have been devised, using one or
more pieces of the insulating material in sheet, rod, or bar form. Bake-
lite, hard rubber, Pyrex, porcelain, fused quartz, and Isolantite are
somne of the materials used for such insulators.

The most common use of a variable condenser is in association with a
coil, the combination forming a circuit resonant to a band of radio
frequencies depending upon the coil constants and the capacity range
of the condenser. For a number of applications it is more convenient
to have the capacity change in a different way than proportional to the
angle of rotation of the plates. This first resulted in the ‘‘decrcmeter”
plate and the straight-line wave-length plate. As the use of frequency
rather than wave length became coinmon, the straight-line frequency
plate came into use and later the ‘‘mid-line” plate. There are other

ssibilities such as straight-line percentage wave length and straight-
ine percentage frcquency, the latter being of advantage in frequency
measurements. In any of the above shapes or classifications, the
movable plates formerly were so shaped as to [five the desired frequency
or wave-length curve. ~ This resulted in an ill-shaped plate difficult to
balance or to hold to a desired setting. In somne cases semicircular
rotating plates were used with the fixed plates cut away so as to obtain
the desired curve. In any of the ?ecml forms of plates, the plate
shape may vary. The minimum and maximum capacities of the con-
denser play a large part in determining the outline of the plate.

Brass or aluminum plates and stcel shafts are ordinarily used. If
the condenser is intended for use on high voltages, the spacing between
opposite plates must be sufficient to avoid a flash-over or arcing between
prates. t is customary to round off all sharp edges and corners in such
condensers to avoid flash-over. . o

Condensers of the air type are often filled with oil, which increases
the voltage that they can stand and increases the capacity from two to
five times depending on the diclectric constant of the oil used.
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Compressed-air condensers were formerlK used in some radio trans-
mitting stations. The voltage which such a condenser will stand is
increased without changing the capacity.

Compressed Gas Condensers. Recently, condensers filled with
nitrogen or carbon dioxide at pressures from 100 to 200 lb. per square
inch have been employed in some of the high-powered broadcast trans-
mitters. A typical condenser was 17 in. in diameter, 3 ft. high and
weighed 185 Ib. Its maximum voltage rating was 40,000 r.m.s., and
maximum current rating 100 amp. at 1000 ke. The condenser plates
were placed within a copper or copper-plated steel container made to
withstand the pressure of the gas. Corona or other discharges within
the condenser were eliminated because of the hi{gh pressure, thus reducing
losses. One cylinder of compressed nitrogen will supply a condenser for a
year or more. The condenser was variable from 0.0011 to 0.0015 uf.
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25. Gang Condensers. The single-dial control radio receiver brought
problems to the designer in how to tune two to five circuits accurately
using a corresponding number of similar coils and variable condensers
operating on the same shaft. As it is practically impossible conveniently
to manufacture two condensers exactly alike, to say nothing of three or
four alike, so that their capacities shall be exactly the same throughout
the complete rotation of the condenser plates and accurately tune the
condensers with the same number of simgar coils which differ slightly in
value, it has been customary to balance or equalize these tuned circuits
by the addition of small paralleling condensers sometimes called trimmin
condensers. Such condensers can be obtained matched to one-half o
1 per cent. It is possible to obtain two to four condensers called gan
condensers for radio receivers arranged with their shafts in line an
operated by one dial, matched to one-half of 1 per cent. The individual
condensers may be separated from one another by metal shields if desired.

26. Design Equations for Variable Air Condensers. The capacity
of a condenser made up of three plates as indicated in Fig. 13 can be
obtained by determining the area of the overlapping plates, the distance
between the adjacent plates, and substitution of tflese values in the
general equation given in Art. 13. The area of the shaded portion of Fig.
13 is Yn(r:? — ry?). The distance between the plates is b3(s — ¢).
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Again, it may be desirable that the percentage change in capacity
for a given angle of rotation of the plates be the same for all parts of the
scale as in the Kolster decremeter.! The polar equation for the boundary
curve is

r = v/2Cuae + 13t

where Cp = capacity when angle § = 0
a = constant = pcrcentage change of capacity per scale division

e = 2.71828
ra = rt;dius of cut-out portion to clear washers separating variable
plates,

The equations and tables on the previous page have been compiled by
Griffiths.? The four types of plates given are for equivalent condensers
having a capacity at zero setting of 36 uuf and a maximum of 500 uuf,
with a plate area of 20 sq. cm.

The paper mentioned above gives the following data for the radii at
different angles for the condensers mentioned in the table of equations.

Radius, centimeters
0, degrees
R: R, Ra

0 2.49 8.25 1.03

5 2.56

10 2.60 6.70 2.02
20 2.76 5.62 2.13
30 2.89 4.80 2.24
40 4.17 2.36
60 3.18 3.32 2.64
80 2.75 2.08
90 3.56
100 2.37 3.38
120 3.88 2.10 3.85
140 1.90 4.40
150 4.12 4.71
160 1.76 5.04
170 5.40
180 4.38 1.65 5.80

27. Effect of Putting Odd-shaped Plate Condensers in Series or
Parallel. If any of the above condensers are placed in parallel or in
series with another condenser, the straight-line calibration will be altered.
If paralleling condensers are used, the plate shape would require recalcu-
lation, after which the plate would become more nearly semicircular.
If a condenser is added in series, the calculation of the plate shape is more
difficult. Grifiiths® gives complete equations for a number of series

' Bur. Standards Circ. 74, p. 117. Bur. Standards Sci. Paper 235. .

2 GrirviTus, W. H. F., Notes on the Laws of Variable Air Condensera, Ezp. Wireless
and Wireless Eng., 8, 3-14, January, 1026.

3 GrirrttHs, W. H. F., Further Notes on the Laws of Variable Air Condensers, Ezp.
Wireless and Wireless Eng., 8, 743-755, December, 1026.
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combinations, the following table applying to the cases indicated where
maximum capacity of variable condenser = 500 uuf, minimum capacity
of variable condenser = 36uuf, serics fixed capacity = 500uuf, total
plate area = 20 sq. cm., r = radius of inactive semicircular area of
moving plate = 1.2 em.

Radius, centimeters
0, degrees
R R R: Rs
0 2.74 2.16 9.25 1.82
10 2.80 6.95
20 2.35 5.57 1.96
30 2.92 4.65
40 2.56 2.15
50 3.06
60 2.78 3.32 2.38
70 3.22
90 3.40 2.42 2.85
100 3.37
110 3.66
120 2.02 3.57
130 3.88
140 4.25
150 4.18 1.78 4.74
160 4.85
170 4.52
180 4.73 5.66 1.62 7.16

Ry, straight-line capacity with series fixed capacity.

Rs, corrected square law of capacity with series fixed capacity.
Ri1, inverse square law of capacity with series fixed capacity.
Rs, exponential law of capacity with series fixed capacity.

28. Important Considerations in Design. It is not difficult to find a
large number of condcnsers on the market which will answer the needs
of any condenser application in radio receivers. The manufacture of
condensers for such use has been brought to a high stage of development,
both electrically and mechanically. The design problems here are
simpler in that low power and low voltage arc to be handled.

\8hen condensecrs for radio transmitters are considered, high power
and high voltage are to be provided for. More recently the use of very
high radio frequencies was added to the problem by requiring better
insulating materials. Insulators which were satisfactory at low radio
frequencies have been found to heat up and be unsuited for frequencies
such as 30,000 ke.

The following classification shows how condensers for transmitting sets
could be divided with respect to the voltages to which they are subjected:

Those subjected to steady d-c voltages only.

Those subjected to low-frequency voltages only.

Those subjected to damped r-f voltages only (obsolete).

Those subjected to steady CW r-f voltages only.

Those subjected to modulated CW r-f voltages only.

Those subjected to d-c voltages with superimposed r-f voltage.

Those subjected to low-frequency voltage and superimposed r-f voltage.
The last four of the above divisions could be further subdivided into those
for use on frequencies up to about 3,000 kc, those for use on frequencies from
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3,000 to about 25,000 ke, and those for use on frequencies of 30,000 k¢ and
above. The two latter classes require special construction.

In specifying the rating of condensers for use in radio transmitters,
the following data should be given: capacity, current, frequency, nature
of voltage to be applied. A knowledge of the maximum radio-frequency
voltage and maximum current permissible is important. A condenser
should never be operated at more than half the breakdown voltage.
In tlllle case of radio-frequency voltages, this fraction should be much
smaller.

29. Standards of Capacity. Fixed condensers using the best grade of
mica or fixed air comﬁansers arc used as capacity standards for radio
freql(xjen(cjies. For some work a variable air condenser is essential as a
standard.

An important requirement of a standard condenser is that the capacit}y:
remain constant, the prerequisite of which is rigidity of construction, whic.
is more difficult to secure in a variable than in a fixed condenser.
There should be no relative motion possible between the movable plates and
the pointer. There should be no stops against which the pointer or movable
plates may strike and thus destroy the calibration. The manner of insu-
lating the two sets of plates is of great importance not only in fulfilling the
rigidity requirement but in minimizing the power loss. An insulating mate-
rial having a low temperature coefficient of expansion should be used, so that
the capacity will not change perceptibly with temperature. As small an
amount of solid insulating material as possible should be employed, keeping
it well out of the electric field. This field is quite intense near the high-
potential post. All insulation should be avoided in the vicinity of that
terminal if power factor is to be kept low.

The condenser should be provided with a metal shield, which may be
grounded during measurements, if the capacity is to remain constant. The
leads inside the condenser should be as short and direct as possible. The
resistance of leads, plates and contacts should be kept to the minimum.
Flexible connection to the moving plates should not be used in a standard.

Mica condensers can be employed as standards after calibration as to
lc):pasc‘:(tiy and power factor over the range of frequencies at which they are to

used.

30. Methods of Measuring Capacity. There are two general methods
of capacity measurement: (1) absolute measurements in terms of other
electrical or physical units; (2) comparison methods, where a condenser
of unknown capacity is compared with a known calibrated condenser.
The absolute methods are not carried out at radio frequencies.  Approxi-
mate calibrations of condensers for r-f use can be obtained using some
form of bridge operating at 1,000 cycles. A very convenient instrument
for rapid checking work is found in the direct-reading microfarad meter
which operates on 80-cycle current.

Condenser calibrations at radio frequencies are conveniently made by
a substitution method in a resonance circuit. The standard used must
be one which is constructed for use as a standard at radio frequencies.
It should give the same calibration at two widely different charge and
discharge rates, such as 100 and 1,000 charges and discharges per second.
If it fills this requirement, it may be assumed to give the same calibration
at radio frequencies.

A simple tuned circuit consisting of a coil and the condenser under
test is arrnnﬁed with a double-throw switch so that the standard con-
denser may be readily substituted. Resonance may be indicated by a
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sensitive meter coupled to the main coil by a few turns of wire. A
crystal detector and 1-ma d-c meter makes a very convenient indicating
device. Power is supplied clectromagnetically by a small vacuum tube
oscillator. The measurement circuit is shown in Fig. 15. The shiclded
side of the condenscr should be grounded. It is essential that the leads
connecting the switch points to each condenser be of the same length in

each case as otherwise the cir-

Cs cuits will not have the same
. amount of inductance when

Oscillator one condenser is substituted

c for the other, which will result
X L’ in an error in the calibration.

The coupling between the test

circuit and the oscillatorshould

= be kept quite loosc, which will

F M ¢ be necessary if a sensitive reso-
16. 15.—Measurcment of condenser pgpce indicating instrument is

capacity. used.

If in the circuit shown in Fig. 15 a fixed inductor is used, the calibration
will be made at various frequencies depending upon the capacity for
the different condenser settings. A variable air condenser of suitable
size could be connected across the coil at XX and used to keep the
resonance frequency the same for any setting of C,. If such a circuit
is carefully set up, no errors will result if the two circuits connected to C:
and C, are similar. The frequency at which the measurements arc made
can be measured with a frequency meter. The frequency or frequency
range over which a calibration is made should always be stated.

or rougher calibration

work, the circuit shown in Fig.

16 Lndn_\lr) be uscﬁl w}:icre g, is E rﬁ-
tun oth with and without Osciefor = C.
C. in the circuit. It should T T *
be noted that the leads and
switch connecting C. to the Fia. 16.—Simple scheme for meusuring
circuit will introduce errors in capacity.

the calibration.

31. Precautions in Measurement of Very Small Capacities. It is
difficult to get agreement between different laboratories in the measure-
ment of capacities of the order of 15 or 20 uuf or less. The reasons for
this are several and include differences in methods of measurement,
different lengths of leads used, different sizes and spacing of leads,
stray capacities to neighboring objects, and differences of a few micro-
microfarads in the capacity standards of the various laboratories. Hence,
it is not unusual to find a disagreement as much as 30 per cent or more
in the measurement of a capacity of the order of 10 uuf.

For measurementa of small capacities it is essential to keep all connecting
leads of minimum length, and have them occupy definite positions, so that
corrections for their inductance and capacity can be applied if desired.
Apparatus not actually needed should be kept away from the measuring
circuit. A standard having a finely graduated scale is essential for such
measurements. It should be capable of repeating its capacity value for any
given setting. Its capacity curve should preferably be a straight line without
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any crooks in it, 8o that interpolations can be accurately made from calibrated
pointas.

32. Methods of Measuring Condenser Resistance and Power Factor
and Dielectric Constant of Insulating Materials at Radio Frequencies.
Mecasurcments of condenser resistance and power factor of insulating
matcrials are made in practically the same manner, as the sample of
insulating material is prepared so as to form a condenser. Methods of
measuring condenser resistance! and power factor of insulating materials?
have been given in publications of the Bureau of Standards. The
American Society for Testing Materials has one or more standard methods
of testing clectrical insulating materials for power factor and dielectric
constant.?

The circuit shown in Fig. 17 may be used for measurements of resist-
ance, power factor and dielectric constant. Assuning that the power
factor of a sample of insulating material is to be measured, the sample
in sheet form is made into a condenser
of capacity between 100and 1,000 uuf, a8 Qscittator O
represented by C. (Fig. 17). The re-
mainder of the circuit consists of the coil
L, thermoelement 7, and double-pole
double-throw switch S, in which radio-
frequency resistors R may be inscrted.

The galvanometer G gives defiections

which are proportional to the square of

the current flowing in the circuit LTC; R, _
as electromagnctically induced from the cs|£:
radio-frequency oscillator O. e

The deflections of galvanometer G are —
noted for several values of inserted resist- .= R
ance R and for the case when K is a link Fta. 17.—Circuit for measuring
of practically zero resistance. Using the properties of insulators.
‘‘2ero resistance '’ deflection and the deflec-
tion for a known value r of resistance inserted in switch S, the resistance Rr of
the total circuit LTC:R is given by

The average of the values of Rr calculated for various values of r should
be taken as the resistance of the complete circuit. The resistance Rs of
the circuit when Cs is substituted for Cx should be obtained in the same
manner. The resistance Rx of the condenser C: is then given by R, =
Rr — Rs. It is essential for this measurement that the two parts of the
circuit which are interchanged should be as nearly identical as possible.
After the resistance R. of the insulating material condenser is obtained,
the power factor or phase difference can be calculated from the equations
given above. The dielectric constant K can be calculated from the

1 Radio Instruments and Measurements, Bur. Standards Circ. 74, pp. 190-193.

1 Methods of Measurement of Properties of Electrical Insulating Materials, Bur.
Standards Sci. Paper 471. . .

? Tentative Methoda of Testing Electrical Insulating Materiala for Power Factor and
Dielectric Conatant at Frequencieas of 100 to 1,500 ke," serial designation D150-34T.
American Society for Testing Materials, 260 South Broad Street, Philadelphia, Pa.
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equation K = Ct/0.0885S, where C = capacity of sample in micromicro~
farads, ¢ = thickness of sample in centimeters, and S = area of smaller plate
in square centimeters. The capacity is known, as given by Ca, and the area
of one plate and the thickness of the sample can easily be measured.
m'Il‘hs%:)nithod described above operates satisfactorily at frequencies from 100
. c.

A bridge method i8 sometimes used for these measurements although the

apparatus is considerably morc complicated than that described above.

A comparative method for testing insulating materials at very high
radio frequencies has been used by certain laboratories. In this method
the insulating material sample is placed in an intense electric field pro-
duced by a 30-megacycle transmitter, and the temperature rise in the
sample measured for a definite time interval. While such results have
not as yet been definitely tied up with power factor, dielectric constant,
etc., yet they represent in a very practical manner a means for determin-
ing the suitability of different types of materials for use at very high
radio frequencies. An insulator which is entirely satisfactory at lower
radio frequencies such as 1,000 or 2,000 kc may prove to be unusable at
20 or 30 megacycles. Hence data on power factor and dielectric con-
stant are meaningless without a statement of the frequency at which
the data were obtained.

Some of the German technical periodicals! have reported the pro-
duction of improved ceramic insulators in Germany. One type of
material is claimed to have extremely low power loss at very high fre-
quencies. Another type of material having moderate power loss possesses
very high values of dielectric constant which can be made to have values
as high as 100. The latter material would appear to have advantages in
condenser manufacture for use at ultra-high frequencies where very small
Earts and extremely short connections are required. These matenals

ave several names and differ in their properties. The names are:
Calit, Ultra-Calit, Calan, Ultra-Calan, Frequentit, Frequenta, Condensa,
and Condensa C. The last two materials have the high dielectric
constants, and the ones with the prefix * Ultra’’ have very low losses and
are intended for ultra-high frequency work.

'38. Life Tests on Paper Condensers (Dubilier). Accelerated life tests
of paper condensers can be made with d-c voltages only. Excessive
alternating voltages produce heating, which in turn so alters the charac-
teristics of the dielectric of the condensers that no definite relationship
between these voltages and life has yet been obtained.

Tests with alternating voltages of higher than rated value have so far
produced results that cannot be coordinated. High d-c voltages have
given fairly consistent results—so much so, that it has been possible to
express the life of condensers in terms of impressed voltage.

ngineers of the Dubilier laboratories ﬁave taken samples of all
kinds of paper condensers and subjected them to voltages ranging from
that rated to four times rated voltage, keeping them on until the con-
densers broke down. A record of the kind of condenser, voltage, and
life at the particular voltage was kept. When enough data were accu-
mulated—which represented the test results of thousands of condensers,

' Calit und Calan, swei neue hochwertige Isolierstoffe der Hochfrequenstechnik.
Hochfrequenztechnik und Elektroakustik, 48, 33, 34, January. 1934; Hanorek, H., Neue
P{)%chfrequenz-lsolierstoﬂ'e, Hochfrequenztechnik und Elektroakustik, 48, 73-75, March,
1934.






SECTION 6
COMBINED CIRCUITS OF L, C, AND R

By W. F. LANTERMAN!
GENERAL IMPEDANCES

1. Impedances in A-c Circuits. The impedance of a circuit carrying
alternating current is the ratio of the voltage impressed across its ter-
minals to the current flowing through it. If the circuit consists of resist-
ance only, the current is in phase with the impressed voltage and the
impedance is resistive. If the circuit consists solely of inductance, the

current lags one-fourth cycle in
i phase behind the voltage, or if the

g £ circuit is made up of pure capaci-
4 “’5,’2”,'.9‘;’3,”95 tance, the current leads the voﬁage
ALY by one-fourth cycle. In the latter
H Y g (reference two cases, the impedance is said to

| vecror) be reactive.
ealee ], Curremt 1"7"’95 2. Vector Diagrams. Vector
One Compete Revolution is by Angle ¢> diagrams are graphical representa-
Lqualent to One Electecal Cycle tions showing both magnitudes and
phase angles of currents and volt-
. ages with respect to some known
_dn _,_«":“;Cﬁ-/zw%w voltageorcurrentcalled thereference
Quadrature ; f 7 Resistie Comporent  yector (Fig. 1). Leading vectorsare
‘a&"""" X1 displaced from the reference vectors

wonert | @ : (reterence b 0
£ y counterclockwise angles equal to
vector) thetime phaseangle;laggingvectors
L, are similarly displaced in the clock-
ﬁ'-","i/"! . wise direction.

ket T, i"r 1 The two projections of a vector
ixl‘ix;:&’ i, upon lines ﬁamllel to and perpen-
[ dicular to the reference vector are,
Elx, respectively, the in-phase (resistive)

. perrece 8N the quadrature (reactive) com-
£ ectors {ipnents of the projected vector.
Fia. 1.—Vector diagrams of typical Thealgebraicsumofanytwovectors

circuits. is the resultant of the algebraic
sum of the in-phasecomponents and
the sum of the quadrature components, added vectorially, as shown in

Fig. 1.

3. Complex Notation. Algebraic vector notation requires the use of a
vector operator j as a factor in each expression for a quadrature vector.

1 National Broadcasting Co., Chicago, Ill.
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_ 11, Dissipation Factor Q. Thc ratio Q of reactance to resistance has
significance as a figurc of merit of a coil or condenser and is called the
dissipation constant.

For a coil, Q= 2}% (6)
1
For a condenser, Q= ~RC @)

TaBLE 1.—REPRESENTATIVE VALUES OF Q ForR Various CoiLs aAND

CoNDENSBERS
Coils with Cond 8 d
Frecq:;r;ey. powdered Air-cored coils with paper with mica
Y iron cores dielectric dielectric
100 25to 80 3to 10 1.000
1,000 50 to 75 25 to 30 500 3,000
10.000 100 to 150 100 to 300 100 to 200 500
100,000 180 to 200 100 to 300 50 to 100 200 to 300
1,000.000 100 to 200 100t0 300 | ........... 50 to 200
The following data are quoted from Franks:!
Fre- Fre-
quency, quency,
Item kilo- | @ Ttem kilo- | €@
cycles cycles
100 uuf molded bakelite Broadcast band bank-
ﬁxo(fcondenaer ......... 1.000 40f wound lits solenoid 3%
in. diam. in 13§ in.
Typical gang condenser: 100 (2, square shield can.... .. 1.000 110
bakelite stator insulation| 1,000 7000 Broadcast band universal-
10,000 2| wound lits coil with iron
core in samecan. ...... 1,000 185
Same with ceramic stator 100 |8, Transmitter coil, 434 in.
insulation. 1.000 (3, diam. and 5 in. long, 11
10,000 |1, turns of 3{ in. copper
Single-section lits-wound tubing. ..... P 5,000 450
universal coil; 456-kc in- Transmitter coil 137 in.
termediate frequency, in diameter and 135 in.
CAM....ierinenennnns 456 8 long, 12 turns of No. 10
Same but with powdered- 10.000 400
ironcore............... 456 s -
eter and 3¢ in. long, §
turns of No. 14......... 30.000 270

12. Loss Due to Inserting Series or Shunt Impedance in Audio

Circuits,

In audio circuits, attenuation-frcquency characteristics are

often purposelv modified by the insertion of corrective imFedances

as equalizers, ‘“‘tone controls,”” and scratch filters.

formulas give the loss in decibels.

a. Shunt Impedance.
(Fig. 3a and b) is

Z©\Z>
2.2, + Z>)

The

L =20 Iogxo(l +

———) db

ollowing

The loss due to inserting a shunt impedance Z,

(8)

The shunting impedance can_usually be located at a point in the circuit
where the impedances Z, and Z: are matched, and where each is substantially

1 Franks, C. J., Electronics, p. 128, April, 1935.
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The series impedance can usually be inserted at a point in the circuit where
the impedances Z: and Z: are matched, and where each is substantially a pure
resistance through the range of frequencies involved. Then, letting Z, +
Z3s = Ro, the loss is

L =20 logm|R°]-;;Z.l db
= 20 logio /1 + 2K cos ¢ + K'db (11)

where K = } Z.|/Ro and ¢ is the phase angle of Z.. The loss can be read
from Fig. 4 for various values of K and ¢.

RESONANCE

13. Definition. In circuits containing both inductive and capacitive
reactances, the current drawn from the source may be in phase with the
e.m.f., under which condition the rcactance component of the equivalent
impct‘ancc becomes equal to zero. At such frequencies the circuit is in
phase resonance, or merely in resonance.

Physically, resonance depends uYon the periodic shift of stored energy
from the magnetic field of the coil to the electrostatic field of the con-
denser, in the form of a circulating current. If the coil and condenser
are in scries the phenomenon is called series resonance and the circulating
current /, flows through the source and line. The impedance of this
arrangement is low at resonance and the line current is large. If the coil
and condenser arc in shunt the phenomenon is called parallel resonance
(or anti-resonance). The impedance at resonance is large in this case.
The value of the circulating current in the case of parallel resonance
depends inversely on the L/C ratio and the resistance and is usually
large compared to the current flowing in the external supply circuit.
Because of its ability to storc energy a parallel resonant eircuit is often
referred to as a tank circuit.

14. Series Resonance. The impedance of a coil is

ZL =R, +iX.L

where R is the resistance and X . the reactance of the‘ coil. If the coil
is carrying a current /, the countervoltage due to the impedance of the
coil is /Z, or

E'L = IZL = IRL +]IXL

This is shown graphically by the veetor diagram (Fig. 5a).
In many condensers the resistance is negligible compared to Xe, so
that the impedance of a condenser is very nearly equal to the reactance, or

. e . .1

Zc = ]Xc = —]m.

If the value of the current is / amperes, the countervoltage across the
condenser is

e
J2rfC
This is shown graphically by the vector diagram (Fig. 5b).

Ee =1Z¢ 5 —jlXc =
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and

C = L—L‘C = 0.692 X 10-¢ farad

Then we have R = 100 ohms, L = 0.366 henry, and C = 0.692 X 10-¢
farad as the constants of the circuit.

The impedance of the circuit at other frequencies can be found from the
ratio 1Zo|/w.L read from Fig. 6 along the curve Q = 23, and the phase angles
can be read from the corresponding curve of Fig. 7.

17. Table of Circuit Constants and Impedances at Various Frequencies.
The table in Section 1 gives frequently
used constants in impedance and rcso-
nance calculations, for frequencies from 10
cycles to 100 mcgacycles.

18. Properties of Series Resonant Cir-
cuits. A serics rcsonant circuit has the
following properties at resonance: (1) The
current flowing is in phase with the im-
pressed voltage; (2) the current is limited
only by the resistance of the coil; (3) the
countervoltage across the coil is always
greater than the impressed voltage, if the
resistance of the coil is the only resistance y;.8.—Series circuit reactance.
in the eircuit; (4) thecountervoltage across
the condenser may or may not be greater than the impressed voltage,
depending upon the ratio between X¢ and R; (5) the reactance and imped-
ance of the circuit vary in magnitude and sense with the frequency
as shown in Fig. 8. . .

Items 3 and 4 arc of importance in cases where /ZL and I X¢ are several
times higher than the impressed voltages, under which conditions such
high voltages may occur across L and C as to endanger their insulation.

19. Amplifier Using Series Resonant Circuits. The fact that the
— countervoltages may be made to exceed the

C impressed voltage is uscful as a voltage ampli-
Eo fication scheme in vacuum tube cireuits, such
as that shown in Fig. 9. If C and R are small
and L is large, the voltage E, applicd to the
grid of the tube at resonance may be several
) —~ times the impressed voltage E,. If C and L
re;::nc%_cig::i "0;8 ‘3;‘1*;: are calibrated and onc or both are made vari-
age amplifier. able, the plate current is proportional to Ev,
the circuit ean be used as a frequency meter.
The phase relation of Er and Ec is determined by the values of L, R, and
C, so that the circuit is also useful as a phase changing deviee. At reson-
ance the input impedance of the circuit viewed froin the source is equal to
R, and since a small value of R must be used to secure voltage amplifica-
tion and sharpness of resonance, the circuit is essentially ‘‘current oper-
ated” and works efficiently only out of low impedance sourees.

20. Use of Series Resonant Circuit for Frequency Regulation. An-
other application of a serics resonant circuit is shown in Fig. 10. At
resonance, the excitation voltages applied to the grids are the reactance
drops IX¢ and /X.. The tubes are hiased to the cut-off point so that
rectification takes place. Aslong as the frequency of the applied voltage

E,is f = 1/2x+/LC, the excitation voltages and therefore the plate cur-

+

o

Reactance,ohms

Input
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The equivalent impedance is
ZfL+ZCZc = (R. + Rc)(RLRc + X1Xc) + (RcX1 — RiXc)(XL — Xc)
+JjI(RL + Rc)(Rc X1 — RuXc) — (X — Xc)(RLRe + X.X¢)) 7
(R + Ro)* + (X2 — Xop an

Zo'=

28. Resonance Relations in Parallel Circuits. The reactive com-
ponent of the equivalent impedance is

(R, + Re)(ReX. — RuXce) ~ (X1 — Xe)(RLRe + X1 X¢)
(Re + Re)? + (X — Xc)?

If X, is equal to_zero, Zo becomes pure resistance, /o is in phase with
E,, and the circuit is in resonance.

This condition exists if
l L — RL’C
VIAC l/ RC’C
_ 1 [[=R.C
T = gen/TeNL = Re'C 19

When, also, R, = Re,
I =

X, = (18)

wr

or

1
—_— 19a
2x+/LC (19a)
Increasing the ratio of R./Rc in (19) tends to decrease the frequency of
resonance.

(rmtion (19a) gives the condition under which the frequency of
zara lel resonance exactli\]' equals that of a series circuit of the same

and C—that is, when the resistances of the branches are equal.

26. Special Case Where R. = Rc and X. = Xc.

If
R. = Rc = Rand X. = Xc = X,
Ry + X1
Zo=T (20)

1 f, = 1
VLT " T 2xyIC
Then X! = (wL)" = L/C, and (20) becomes

1
But if X, = Xc(wL ':(:6)' wr =

pal
Zo = 2R (21)

When the resistances of the two parallel branches are equal, the equivalent
aI)c:dance is a pure resistance at the frequency f = 1/2x+/LC and has the
ue shown in (20). If also R* = L/C, (20) reduces to

Z, = R (22)
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LC for 5,000 cycles = 10.136 X 107!, Then C = LC/L = 0.286 X 10~
farad, and R = w,.L/Q = 3.08 ohms.

As a second example, suppose that a parallel circuit resonant at 1,000 ke
is to have an impedance of 10,000 ohms at that frequency, and 100 ohms
at 707 ke (70.7 per cent resonance frequency). By (32),

|Zo| at 70.7 %f,  1.414

Zlatf, - @ -00
or
Q = 1414
From Fig. 14, |Zo|/w.L = 141.4 when Q = 141.4 and n = 1; and
12l
wl = 1414
= 70.7 ohms
Then
w. L, _
L = o = 0.0112 X 1072 henry
C = [L——C = 2,260 X 107 farad
and L
R = 96—' = 0.5 ohm

The impedances at other frequencies can be computed from |Zo|/w.L and
the phase angles can be read from Fig. 14

Coge LG CONC )2
Cr=Co+Cy C"I'C"Cy
————
Gy
T Oscillirbor Section
G Cou Iy € Co of ariable Condenser
L8 s Sariabe g, =32 == (Jdertcal with
e ! T R-F Section)
- i
(a)-R-F Circuit C;=0Osc. Trimmer
C2*0sc.Padding

C3=0rst Cap. of Qsc.Coi/

(b)-Oscillator Circuit
F10. 15a and b.—Oscillator circuits for superheterodyne.

32. Design of Oscillator Tracking Circuits. In superheterodyne
recelvem employmg single-dial tuning controls, an important problem
is that of “‘tracking” the oscillator so that a constant frequency difference
is maintained between it and the r-f amplifiers. In practice, three
methods of obtaining this spacing between r-f and oscillator circuits
have been used:

. 1. One section of the gang condenser has smaller and especially shaped
plates

2. A “‘straight-line frequency”’ condenser is used with the rotor in the
oscillator section set ahead on the shaft by an angle sufficient to give
the required frequency difference.
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3. A condenser having identical sections is used, with a semifixed
paddin% condenser in series with the oscillator section.

The last method is best adapted to quantity-production methods
and has been most widely used in broadcast receivers. A generalized
oscillator tank circuit of this type is shown with the corresponding r-f
circuit in Fig. 15. The factor m is the ratio of the oscillator to r-f coil
inductances. C.,is the variable condenser section; C, is the r-f trimmer
capacity plus the distributed capacity of the r-f coii; C, is the distributed
capacity of the oscillator coil; C: is the padding condenser, and C, is

\
I\
I\
o 1N
v I \
N8 |
IE |
Y | | .
| | N
l | BEIY
R
| | e
I | ‘
| I r ==
1400 1000 600

R.F. Frequency, ke.
F1G. 15¢.—Closeness of tracking secured by formulas.

the oscillator trimmer. The manner in which C, varies with dial setting
is immaterial to the solution of the tracking problem, so long as the
sections are identical. It can be shown! that any network of semifixed
capacities which might be connected between the variable condenser
C. and the coil mL may be reduced to an equivalent r network such as
that formed by Ci, C», and C,, thus establishing Fig. 15b as the general
circuit covering all cases.

No combination of values for C,, Cy, and C, will give perfect alignment
at more than three points on the dial. In broadcast receivers, exact
alignment is usually made at signal frequencies of 1,400, 1,000, and 600 kc.
At other frequencies within the tuning range, slight errors in tracking
exist, which at any given signal frequency are approximately proportional
to the intermediate frequency: the higher the intermediate frequency,
the larger is the tracking error. In a well-designed circuit using an
intermediate frequency of 175 ke, the maximum deviations from true
alignment occur at the extreme ends of the dial and are about 2 ke. A

V JounsoN, K. 8., " Transmission Circuits for Telephonic Communication,"” Chap.

VIII; D. Van Nostrand Company, New York; Everitr, W. L., " Communication
Engineering.” Chap. III, Mcan-ilill Book Company. Inc.. New York.
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typical tracking curve is plotted in Fig. 15¢, with the errors purposely
exaggerated to display the effect.

The values of Ci, Ci3, and Cs may he determined by calculation or by
experimental methods. Either method involves a considerable amount of
labor. The following design procedure, due to Roder,! is probably the most
direct method of solution:

Step 1. Known Constants:

a. Three frequencies of perfect alignment (= f,). (Usually 1,400, 1,000,

and 600 ke for broadcast receivers.)

b. R-f circuit inductance (= L).

¢. R-f circuit trimmer capacity (= Co). (Including distributed capacity

of r-f coil.)

d. Intermediate frequency (= f5).

Distributed capacity of oscillator coil (= Cy).
Solut.xon to Yield: Values of Ci, C2, and m.
Unitas: All constants are measured in the following units:
= frequency in kilocycles.
= inductance in microhenries.
C = capacitance in micromicrofarads.
Step 2. Compute

_ 253.3 X 108 g __ fwmalL
In =TI an ¥n = 2533 x 108

for each alignment frequency.
Step 3. Compute

y: —ya + x:B - 214 B — A
X = B-4 P Y="p—ax
where
A=l/l—llt and B=y:—w
sy — Tt I3 — X3

Step 4. Compute
=@ =X —-VN=@-X)p1 -V =@ -X)wn-7

h(T}fle truth of these identities is a check on the accuracy of the calculations
thus far.)
Step 5. Compute

1
m = 1—((1 — 1)
where
v = 0.5u — 0.31254? + 0.2188u?
and
_4GY
¥=7K

Step 6. Compute

Ci=Co— X — ;{—;(l + 0.750 + 0.6250* + 0.54703)

Cy = —VK

! RopER, Hans, Oscillator Padding, Radio Engineering, March, 1935, p. 7.

and
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Coupled Circuits: Inductive or Transformer with Resistance
Equivalent Impedance:

1
2o = Ro+ jXo = (R0 + 230
+ '(X _ w’M’X’) G M E 1 Imox
J 1 1Z33] k B R 5 z
where (Z:¥ = Rs* + Xo? -1 L; iy 3 '
1 R =G 0 1
X1 = wlt' — e R, M=~
x _wlkd =1 Circuit Current Curve
: wCs

Special case:

If M is variable, and bath circuite tuned to the same frequency, the current in the
secondary varies with M as shown in the figure.
The maximum secondary current occurs at

w.‘l-‘\/ﬁ

88. Use of Resistanceless Circuits in Calculations. Each impedance
in (48) is in general of the form Ry + jX,, 8o that the expression becomes
somewhat involved if an exact solution is made. In many actual applica-
tions, however, coupled circuits arc also sharply tuned, which is tanta-
mount to saying that their resistances are small compared with their
reactances. For such cases, computations are much simplified without
undue sacrifice of nccuracy if the circuits are assumed to be resistanceless.

g G G C; c, G
Cm
L, L, L, Bln L, L L,
T T
C,<Cz=C ¢,=C=C =C,=C
Ly*Ly=L Ly"Ly=L Ly=L,=L
KoKy,
§ $ §
2 2 2
£ E E
§ 5 5
= = -
1500 %0 50 S0 B0 500

(a)-Capactive Coupling  (b)-Inductive Coupling  (c)-Combined Coupling
F1a. 24.—Coupled circuits as band-pass filters.

89. Combined Inductive and Capacitive Coupling in Radio-frequency
Selector Circuits. A combination of inductive and capacitive coupling
has been utilized in a radio-frequency ‘ preselector’’ circuit designed by
E. A. Uehling.! The circuit functions as a band-pass filter and has, as
the name implies, especial application as the coupling link between the
antenna and first tube of a broadcast receiver. For this purpose it is
required to transmit a band of frequencies about 10 ke wide and to allow

U Electronics, p. 279, September, 1930.
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of the source is common to all the plate circuits and is likely to act as a
coupling between stages. Similar couplings may exist through a bleeder
circuit when screen voltage for two or more tubes is taken from a common
tap, or through a bias resistor common to the control-grid circuits of
several tubes. To reduce such stray couplings to negligible amounts
decoupling filters are generally inserted in the circuits of each tube and
separate bias resistors are used. .

A typical application of decoupling filters is shown in Fig. 25, the filter
clements being indicated by heavy lines. The condensers C furnish

[+

Woltage Divider |
To Rectifier and Ripple Filter
Fia. 25.—Capacity-resistance filter usage.

low-impedance paths back to the cathodes for the signal currents flowing
in the grid, screen-grid, and plate circuits, while the high-impedance
resistors R and chokes in the leads to the voltage divider prevent any
appreciable flow of signal currents in that direction. The choice of values
for these resistors and chokes depends principally upon the currents in the
leads and the permissible d-c voltage drop in each filter. The impedance
of each by-pass condenser should be not more than 10 per cent of that of
the associated resistor or choke, at any frequency for which the amplifier
is designed to operate. On the other hand, the value of C should not be
80 large in any glter that ‘‘blocking” or motor boating occurs due to too
high a time constant.
The impedance of a choke coil (neglecting its resistance) is

X1 = 6.28fL ohms,
and that of a condenser is

p% 0 _oh
¢ = g.28Cc O"™M®
where £ = frequency in cycles per second
= inductance in henries
C = capacity in microfarads.
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The value of each cathode resistor, when separate biasing resistors are
used, is equal to the bias required, divided by the total cathode d.c. of
that tube. The screen-grid filter resistors serve as voltage-dropping
resistors as well as filters, and their values are determined by the /R drops
required for correct screen voltages.

RECURRENT NETWORKS
42. General Types. Recurrent nelworks are iterative combinations
of L, C, and R, such as those shown in Fig. 26.

2, z, 2z, Lp o Lo L 2 G

%
AT~ — —
E: 3 T To T
Z, 222 oo QT Tcz o L, Lz oo
< 3

(@)-Generahized Recurrent  (b)-Speciol Case of Recurrert Network ()~ Special Case of Recurrent Network,
Networks m Neghgible Resistance withNegligible Resistance

F1a. 26.—Types of infinitely long recurrent network structures.

WY
AAAAA

The transmission characteristics of such structures vary with fre-
quency in a singular manner and introduce both useful and detrimental
effects in radio- and audio-frequency circuits. Examples of recurrent
networks are transmission lines (actual and artificial) and wave filters.

48. Terminating Conditions for No Reflection and Maximum Power
Transfer. If a recurrent network is terminated at the nth section in an
impedance equal to its image impedance, there is no reflection at the
termination, and the network behaves as though it had an infinite number
of sections, in so far as its input terminals are concerned.

A long line so isolates its terminating impedances (the source and load
impedances) that the apparent value of each as measured from the oppo-
site end of the line is very nearly equal
to the line impedance and practically g L LRRL LRRL
independent of the terminations. 2 2222
Consequently, to obtain a maximum
transfer of power from source to line
and from line to load, the source and
load impedances must equal the char-
acteristic impedance of the line, or be
matched to the line by transformers
whose turns ratios are equal to the Fi1a. 27.—Line constants.
square root of the ratio of termination
and line impedances. A line terminated in its characteristic impedance
at both ends also has a minimum reflection from its terminals, and in
general a line thus operated has the lowest total transmission loss.

In a structure having lumped constants, and terminated at one of its
series elements, the series impedance in each end section is one-half the
value of the series impedance in the internal sections (Fig. 26). If the
termination is at a shunt element, the shunt impedance at each end is
made twice the shunt impedance in the internal sections.

44. Transmission Lines. Transmission lines are recurrent structures
having continuously distributed impedances. Two wires in space have
besides their ohmic resistanee, shunt capacity and series inductanee and
are thus equivalent to the recurrent structure of Fig. 27, where L, C,
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Lines Whose Lengths Are Integral Multiples of Quarter- or Half-wave
. Lines. Such lines can be shown to have the same properties as quarter-
or hsa]f-wave lines, due to the periodicity of the sine and cosine functions
in (84).

5(4. Termination Impedances at Radio Frequencies. At radio fre-
quencies, proper termination of lines is even more important than at
audio frequencies, since reflection resulting from mismatched impedances
at the junctions produces standing waves which in turn cause radiation
along the line and a decrease in efficiency. Impedance irregularities
in a line also tend to set up reflections, and bends in the line should there-
fore be gradual, with a minimum radius of about one-fourth wave length.
For the same reason, the line should be kept free (at least one-fourth
wave length) from large masses of conducting or dielectric materials.

66. Efficiency of Lines at Radio Frequencies. In a properly con-
structed and terminated line the power losses are practically all due to
the inherent ohmic resistance of the line, and the efficiency may be
fairly high. For ordinary designs, the efficiency is approximately

(100 — 2!I) per cent (87)

where [ is the length of the line in wave lengths.

66. Tapered Lines as Impedance Transformers. A gradual smooth
change with length in the inductance and capacity of a line causes the
characteristic impedance to vary along the line, and can be shown to
introduce no reflections. Consequently, a section of line with variable
spacing or diameter of the wires is, like the 3uartcr wave-length line, a
useful impedance matching transformer, the dimensions being so chosen
that the end impedances of the line equal their respective terminating
impedances.

WAVE FILTERS

567. Wave filters are forms of artificial lines, such as those of Fig. 26b
and ¢, purposely designed to transmit efficiently current in a desired band
of frequencies and more or less completely to suppress all other frequencies.
The boundary frequencies between transmission bands and attenuation
bands are called cut-off frequencies.

The following brief discussion of wave-filter design is intended to serve
as a guide to the design of simple filters for use where the requirements
are not very severe. For complete information concerning the design
of filter to meet more exacting specifications, the references listed in tﬁe
bibliography at the end of this section should be consulted.

Filters are divided into four classes, according to the frequency bands
which they are intended to transmit, namely, low pass, high pass, band
pass, and band elimination.

68. Losses in Filters, and Effects of Dissipation. The elements of
ideal wave filters are always pure reactances; practically, however, some
dissipation must always be tolerated due to the resistance of coils and
condensers, but this is made as small as possible by employing high-Q
elements.

The terminating impedances of a filter are usually resistances equal in
value to the image impedances of the filter., Then the loss within the
transmitted bands (except near the cut-off frequency) is mainly due to
dissipation in the elements and is usually small. In the vicinity of cut-off
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terminations. Either of the structures shown in Fig. 37 is suitable for use
with terminations of resistance R.

63. Muilti-section Filters. Filters having more than one section are
of two types:

A uniform filter is one in which all sections are identical with the
exception of the end sections. The latter are ordinarily half sections
suitable for connecting the filter to its terminating resistances.

A composite filter is one made up of two or more sections having
different characteristics, cach of which is designed to contribute some
especial property to the characteristic of the filter as a whole. For exam-

le, one section which has sharp cut-off but a diminishing attenuation
Eeyond cut-off may he combined with another scction having a gradual
cut-off and increasing attenuation heyond. as shown at I and II in Fig. 38.

0 V4
Curve I-Section with
10 " Sharp Cutofr
20} Curve II-Section with N
Fy Attenvation af fer
S 3o}
3301 Curve - Resuttamof e
Composite Filter mth
N0t Comped trrchof
Both Sections T
S0
60
Frequency

F1a. 38.—Transmission curves for composite low-pass filter.

The resulting composite structure will then have both sharp cut-off and
high attenuation beyond, as shown at III. In general, constant-K
sections have gradual cut-offs with increasing attenuation beyond, while
m-sections with small values of m have the sharpest cut-ofi character-
istics. Still other types of scctions may be added to match impedances
at the junctions of the filter and its terminating resistances, or to further
alter the transmission characteristics.

In a composite filter it is esscntial that the image impedances be
matched at each junction of the component sections, to avoid reflection
losses which would impair the transinission curve of the filter. Likewise,
the end terminations of the filter should as nearly as possible match the
terminating resistances. One of the principal advantages of the m-type
structure is that its image impedances can he made identical with other
m-type scctions or with constant-K sections; or they can be made to
approximate resistances over the transmission band for terminating
purposes. A complete analvsis of the imnpedance conditions within a
wave filter is not possible in the limited space available here but may be
found in the References listed at the end of the section. The following
will suffice as working rules in designing simple filters for ordinary
requirements:

End Terminations. Resistance. A mid-shunt_termination of a series-
derived m-type section or half section, or a mid-series termination of a shunt-
derived section or half section, with m = 0.6 in either case.

For Parallel or Seriea Connection with Other Filters. An 0.8-series constant-K
section or half section (i.e., one terminated in a series arm equal to 0.8 of a full
series arm, Z,.)





















SECTION 7
ELECTRICAL MEASUREMENTS

By R. F. FieLp! aND JouN H. MILLER?

True basic measurements of electrical quantities are rarely made
except in standardizing laboratories, owing to the inherent difficulties
in the procedure. Ordinary measurements are made by comparison
devices of one form or another. Direct-reading instruments, having
an electrical torque-producing means functioning against a spring, are
calibrated against accurate standards which are in turn calibrated
against basic measuring devices. Such torque-producing instruments
are used for measuring current, voltage, power, and resistance. Instru-
ments for measuring phase relations, frequencies, and other factors
may have two torque-producing systems, each torque varying with the
position of the moving element and bearing different functional relations
to the quantity measured. The result is for the moving system carrying
the pointer to take up a position where the torques balance, this being
different for each different value of the quantity in question, and the
scale may be marked accordingly.

STANDARDS

1. Current. Current is measured, absolutely, in terms of the force of
attraction or repulsion between two coils connected in series and carrying
that current, and the various dimensions of the coils. This current
is then used to deposit silver in the silver vollammeter to determine the
electrochemical equivalent of silver. The silver voltammeter is thus
the standard of current. One ampere of continuous unvarying current
will deposit 0.001118 g of silver per sccond when following the standard
procedure. The use of this standard is tedious and time consuming, '
and it is generally used only for the exact calibration of a standard
cell and a known resistance.

2. Resistance. Resistance is measured absolutely by a number of
methods in terms of a speed of revolution of a disk or coil and its various
dimensions. The resistance is then compared with a mercury column
of uniform cross section by a suitable bnndge method. Suech a column
of mercury, having a mass of 14.4521 g, a uniform cross section (practi-
cally equivalent to 1 sq mm) of a length of 106.3 cm, and at the tempera-
ture of melting ice, has a resistance of 1 ohm. Practical secondary
standards are coils of manganin wire immersed in oil and sealed in
metal containers. Such sealed standards built by Leeds & Northrup
Company to the specifications of the U. S. Bureau of Standards are

1 General Radio Company, Inc., Cambridge, Massachusetta.
? Weston Electrical Instrument Company, Newark, N. J.

182



Sec. 7) ELECTHRICAL MEASUREMENTS 183

adjusted to an accuracy of 0.01 per cent and may be relied upon to
hold their calibration to 1 part in 100,000 for considerable g;)enods of
time. The sealing of the containers is important to prevent the absorp-
tion, by the oil, of moisture from the atmosphere and the deposit, in
turn, of this moisture upon the shellac or other insulating material
on the wire which, in turn, will cause mechanical strains to distort
the values beyond normal expectancy.

8. Voltage. Voltage measurements cannot be measured absolutely
with an accuracy sufficient to make the measurement desirable, on
account of the sinallness of the electrostatic forces involved. The second-
ar;i‘smndard of vultaﬁlze is the saturated cadmium or Weston cell.

hese cells, as built by Weston and by the Eppley Laboratory, are
correct to 0.01 per cent. They may be depended upon to hold their
voltage to 1 part in 100,000 when proper correction for temperature
is made. The unsaturated cadmium ccrl must be compared with the
saturated type for its initial calibration. Its temperature coefficient
is negligible. Its voltage is constant to 1 part in 10,000.

Asstated above, the cell is calibrated basically in terms of the standard
mercury ohm and the standard ampere as obtained by the stlver-volt-
ammeler method.

4. Reactance. The sclf and mutual inductance of single-layer air-core
coils and the capacitance of two-plate air condensers having guard
rings may be calculated from their dimensions, with an accuracy of
better than 2 parts in 100,000.

6. Frequency. The absolute standard of frequency is thc mean

-solar day as measured by astronomical observations. %’he mechanical
vibrations of piezo-electric quartz crystals or of tuning forks made from
carefully stabilized metals provide standards of frequency, when perma-
nently connected into suitable vacuum-tube circuits and allowed to
oscillate continuously at constant teinperaturc. Over long periods of
time their frequency is constant to better than 1 part in 1,000,000;
recent advances indicate a stability of 2 parts in 10,000,000 is obtainable.
The frequency of the crystal with which such accuracy may be attained
is restricted to the ncighborhood of 100 ke. Tuning-fork standards
usually operate at 1,000 cycles. By means of suitable frequency multi-
pliers and dividers all other frequencies from 1 cycle to 100 megacycles
may be obtained with the same accuracy.

Quartz crystals whose fre(}ucncies remain constant to 5 parts in 1,000,-
000 may be made for the frequency range 20 ke to 10 Me. Metals,
such as nickel and certain iron alloys, having the property of magneto-
striction, may be used as oscillators in suitable vacuum-tube circuits.
Their frequency range extends fromn 5 to 100 ke. Their stability is
about 2 parts in 100,000. For the lower frequencies tuning forks and
metal bars are used. Their frequency range is 25 to 1,000 cycles.

CURRENT-MEASURING INSTRUMENTS

6. Moving-coil permanent-magnet instruments of the pointer type
or reflecting galvanometers, consist of a coil, usually wound on a metal
frame for damping purposes, which can rotate in an intense uniform
magnetic field produced by a permanent magnet.

The current I flowing through the turns N of the coil reacts with the
magnetic field H in the air gap to produce a force F acting on each conductor
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with zero in the center. The standard distance from mirror to scale is
I meter. The maximum angular deflection is about 14 deg. Practically
all pivot instruments use 'Ipointers. Full-scale deflection corresponds to
approximately 90 deg. This is increased to 120 de% in some central-
station meters by careful shaping of the pole pieces. It may be increased
to 270 deg. by a radical change in design.

The moving element of every deflection instrument provided with
a restoring torque proportional to the angular deflection is in effect
a torsional pendulum. As such it has a moment of inertia P, a period
T, and a damping factor. If the damping factor is low, the instrument
will oscillate several times about its position of rest, each oscillation
being less than the preceding one in accordance with the decrement of the
system. For most rapid indication it is desirable that the instrument
be not quite aperiodic or dead beat but rather that it overswing from
3to 5 per cent. (For a complete discussion of this see Drysdale and
Jolley, ‘Conditions of Rapid Indication,” Volume I.)

Normal ammeters and voltmeters may be expected to have a period
of the order of 1 to 2 sec. The smaller instruments, if equipped with
magnets for very high gap densities and extremely light moving elements
may have a period as short as 0.2 sec. (Weston high-speed power-level
indicators). Instruments of ultra-high sensitivity, where very little
energy is available, may have a period as high as 5§ sec. Sensitive
suspension galvanometers may have a period as long as 12 sec.

he period of an instrument is important because the time necessary
for any deflection instrument to attain a new position when its deflecting
force 18 altered cannot be less than its period. High-speed indication
in indicating instruments is very desirable, particularly when the phe-
nomena being observed are rapidly changing, as in the monitoring of
voice-frequency circuits; instruments with a long period will integrate
the energy while high-speed instruments will give indications of peais.

The friction of the suspension and the surrounding air is not sufficient
to prevent the moving coil oscillating back and forth about its equilibrium
position when a deflecting force is applied. The amount of damping is
measured by the rate at which the amplitude of the oscillations decreases.
The ratio of any two successive swings is constant. The Napicrian or
hyperbolic logarithm of this ratio is called the logarithmic decrement of the
instrument. Thesmallest amount of damping which will cause the coil to
come to rest with no oscillation whatever is called the critical damping,
and the coil is said to be critically damped. Increasing the damping
beyond this point increases the time necessary for the coil to come to rest
and produces overdamping. The shortest time in which the coil can
come within a given small gistance of its position of rest occurs when the
coil is slightly underdamped. It has a value of about 1.5 times the
period of the coil. The extra damping necessary to critically damp a
coil is usually obtained magnetically from the motion of the coil in the
field of the permanent magnet, which sets up counter electromotive
forces. The amount of damping produced by the current in the coil
depends upon the total resistance of the coil and connected cireuit.
That resistance which produces critical damping is called the critical
damping resistance. A galvanometer is usually so designed that its
critical damping resistance is at least five times its coil resistance so that
it may be shunted for critical damping without losing much sensitivity.
All but the most sensitive pivot instruments are critically damped on
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from 11 to 0.005 upw. The minimum current sensitivity is 10~!! amp.
per millimeter. The smallest current scnsitivity for a taut suspension
18 1078 amp. per millimeter, and for a double-pivot, pointer instrument,
2 X 1077 amp. per scale division.

Galvanometers of the suspended type are used mainly as null indi-
cators for d-c bridges and potentiometers and as deflection instruments
in comparison methods. In the latter case a differential galvanometer is
sometimes used. This is a galvanometer having two separate insulated
windings on the suspended coil. Thef' have equal numbers of turns
and are so connected that, when equal currents flow through the two
coils, no deflection is produced.

The sensitivity of a galvanometer is 1
most easily reduced by shunting, and, I /
since it is desirable to keep the galva- Ip é
nometer criticnllf' damped, the Ayrton- ;
Mather universal shunt shown in Fig. 2
is most convenient. This arrangement g,; 2. Ayrton-Mather uni-
18 also used in multiple-range ammeters versal shunt.
and milliammeters and is frequently
known as a scrics shunt. The total resistance of the shunt is made
approximately equal to the critical damping resistance of the galva-
nometer or indicating instrument with which 1t is used.

Pointer-type instruments of the pivot type are used as ammeters
and voltmeters of all ranges and as the indicating portions of thermo-
couple, rectifier, and various vacuum-tube instruments. The minimum
range of the ammeters extends from 5 ua to an upper limit determined
only by the size of shunt desired, commercial shunts having been made to
50,000 amp. Above 15 to 30 ma the movements are shunted, in which
case the copper or aluminum winding of the moving coil must have
sufficient manganin swamping resistance in series with it to give a good
temperature coefficient when shunted by the manganin resistance.
Voltmeters may be made with a full-scale range from 1 mv to as high as
series resistance can be arranged to care for the requirements. Instru-
ments arc made with self-contained scries resistance up to a few hundred
volts; higher ranges usually require an external resistor with the instru-
ment placed in tﬁe grounded or low-potential side of the circuit for the
sake of safety and to reduce electrostatic effects on the moving system.

Voltmeter sensitivity may be from 10 ma down to very low values,
but at present a 1-ma sensitivity, i.e., 1,000 ohms per volt, is finding
wide acceptance because of its usefulness in the analysis of electronic
circuits. Vollammelers are combinations wherein the moving element
may be connected in shunt or in series with resistance networks for the
measurement of current or potcntial of the ranges desired.

In general, pointer-type indicating instruments can be made to give
full-scale defléection on as little as 0.1 uw, although for a rugged instru-
ment from 1 to 5 uw is required. Moving-clement resistances may be
made from about 1 ohm to 10,000 ohms. Low-resistance elements are
limited by the spring or suspension resistance which becomes a very
appreciable part of the total, reducing the energy available for torque;
high-resistance clements are limited by the available wirc, and many
are now being wound of enameled copper wire 0.001 in. in diameter.

As in the output circuits of vacuum-tube amplifiers, the resistance
of the instrument or galvanometer should be matched to the circuit

AA

!
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in which it is placed for maximum energy transfer, and this is particularl
important where the energy is limited. On the other hand, this wiﬁ
frequently result in overdamping galvanometers of ultra-high sensitivity,
and a compromise must usually be made between speed of response and
sensitivity requirements. It should be noted, however, that this match-
ing is not of vital importance since the loss by a very approximate match
in error by as much as 20 per cent is
very small.

7. Moving-coil Vibration Galvanom-
eters. When an alternating voltage
150 / \ is applied to the coil of a permanent

2

magnet galvanometer, the ecoil will
follow the alternations of the current
/ \ if the frequency is of the same order as

1<)
S

that defined by its period. Maximum
amplitude of vibration will occur at the
natural frequency of the coil. The rela-
/ ~_] tion between amplitude and frequency
| _—1 is similar to the resonance curve of an
003 700 o w2 electrical eircuit. The ratio of the max-
Frequency,cps imum amplitude at its natural frequency
to the amplitude for an equal d-c¢ volt-
age is between 25 and 150. The period
of the ordinary d-¢ galvanometer is
never less than 1 sec., while the frequencies at which measurements are
made are rarely less than 30 cycles. The upper limit for a taut single
suspension is around 300 cycles. This limit may be raised to 1,000 by
the use of a taut bifilar suspension. Electrical characteristics of com-
mereial vibration galvanometers are given in Table II. At 60 cycles
their sensitivity is equal to that of a good d-¢ galvanometer. A reso-
nanece curve when tuned to a frequency of 100 cycles is
shown in Fig. 3. t
The natural frequency may be raised still further by ﬁ
eliminating the coil entirely and using the single-turn
loop formed by the bifilar suspension. The mirror is
then placed at the centerof the taut wires. The general
method of construction is shown in Fig. 4. By this N S
means a natural frequency of 12 ke may be obtained.
The sensitivity deereases inversely as the first power
of the frequeney. On this account it is as sensitive g, 4.—Bifilar
at 10 ke as the bifilar-coil galvanometer was at 1 = gyspension.
ke. In comparison with other null detectors at these
frequencies, 1ts sensitivity is so low that it is not much used in this form.
8. The Einthoven string galvanometer uses the simplest possible
moving system for a galvanometer. A single conducting string moves in
the narrow air gap of the magnetie system, which may be a permanent
magnet or an electromagnet depending on the sensitivity desired. Its
motion is observed through a microscope or by its shadow thrown on a
sercen from a point light source. Elcctrical characteristiecs of the
Einthoven string galvanometer built by the Cambridge Instrument
Company are given in Table II, using a silvered glass string and a
magnification of six-hundred times. The string galvanometer msg' also
be used as an oscillograph. The shadow of the string is observed on a

Deflection,mm

[V
(=]

Fia. 3.—Resonance curve of
vibration galvanometer.
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translucent screen as reflected from a revolving mirror. The motion
of the string may also be photographed on film or bromide paper. The
usual paper speed is 10 in. per second, but this may be increased to a
maximum of 100 in. per second. At this latter speed, phenomena lasting
a millisecond appear 0.1 in. long. Electrical characteristics of a string
oscillograph built by the General Radio Company, using a 0.0004-in.
tungsten string, are also shown in Table II. It may be equipped with
a motor-driven camera and a synchronous shutter for producing 0.01-sec.
timing lines.

TABLE II.—CHARACTERISTICE OF A-C GALVANOMETERS

Make Type f.cycles| E,uv | I, ua | R, Q W, uuw
Vibrating-coil type
50| 8.5 0.017) 500 0.14
100 17.5| 0.05 350 0.88
Campbell bifilar 350, 53 0.33 160 17
750 104 2.0 52 200
Cambridge. ..... 1,000 175 5.0 35 800
30| 1.5 0.05 30 0.075
Campbell unifilar 50 1.2 0.04 50 0.080
100 3.0f 0.025 120 0.075
200 7.00 0.10 70 0.70
L&N......... 2350a 60 17.5, 0.025 700 0.44
100 5.0 0.02 250 0.10
Cambridge. .. ... Duddell oacillograph | { 1, 000, 50 0.2 250 10
2,000 100 0.4 250 40
Vibrating-string type
. . 00| 100 0.025|4,000 2.5
Cambridge. ..... Einthoven 2 300| 800 0.2 |4.000 160
20| 00 |13 h 7.500
2, D .
G.R.Co....... 338-1. 5001, 350 30 45| 40000
1,000(5,000 [110 45,550,000
Suspended-coil type with electromagnet
L &N......... 2570 60| 0.06| 0.005| 12 0.0003
Electromagnet type
L &N......... 2440 60| 16 | 0.05 | 325{800,000
Vibrating-diaphragm type (telephone)
W.E.Co.......| .....oo0 il | BOOI 400 | 0.02 |6.(X)0' 2.4

Values of voltage E, current I, and power I are for a scale deflection of 1 mm at a
scale distance of 1 m for all galvanometers except the telephone, for which the threshold
of audibility is used. The moving system is tuned to the frequencies given for all
instruments except the suspended coil galvanometer with electromagnet.

9. Moving-coil A-C Instruments. If a steady deflection is desired
with a.c., the magnetic field must change in direction with the current
in the coil and must have the samne phase. This requires that the field
be an electromagnetic one. In the case of galvanometers and particu-
larly null indicators, a field of laminated iron may be used excited at
the same frequency as the moving coil. When used as a null indicator
in a bridge network, the field is connected across the same supply as
the bridge while the moving coil is connected to the detector terminals.
Since the current through the field and the flux produced will be nearly
90 deg. out of phase with the voltage applied to the bridge, the gaf-
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vanometer will be most sensitive to the reactance balance and will be
little affected by the resistance balance. These conditions may be
cqualized or reversed by the introduction of resistance in serics with
the field, or reactance in series with the bridge, to make the field current
and bridge current differ in phase by 45 deg. or be in phase. The phase
selectivity of the a-c galvanometer may be of advantage in certain
special cases, but in general it is a considerable disadvantage. The
clectrostatic field of the main field winding exerts a considerable force
on the moving coil so that it must be carefully shielded. Its sensitivity
is very high and it compares favorably with the best d-c galvanometers.

10. Electrodynamometer. When the iron core is omitted from the
field winding, the moving coil and field coil may be connected in scries.
The deflection is then proportional to the square of the current flowing
in the windings, and the instrument is called an electrodynamometer.
Instruments of this type read the same on both a.c. and d.c. and are
suitable as transfer instruments, provided certain precautions are taken.
Protection from external magnetic fields 18 most important. This is
usually accomplished in pivot-type instruments by shielding with soft
iron. It may also be effected by making the instrument astaticc. When
a.c. is used, an error is introduced if the distribution of current in
the coils is affected by eddy currents in the conductors themselves—
the so-called skin effect—or by capacitance between the windings. The
former effect is minimized f‘),y tﬁ‘\e use of conductors with insulated
strands—so-called litzendrahi—the latter by careful spacing and by
electrostatic shielding.

Electrodynamometers may be used as galvanometers, ammeters,
voltmeters, and wattmeters. Their scnsitivity as galvanometers is so
low compared with vibration galvanometcrs and other meters that they
are now rarely used. As ammeters, voltmeters, and wattmeters, they
are the stancﬁlrd instruments for use at commercial frequencies. In
general the sensitivity of a-c instruments is of the order of 1/1,000
of that of d-c instruments, this being due to the difference in field intensity
of the electromagnetic ficld as compared with that which can be obtained
from a permanent magnet. Electrodynamometer instruments of the
highest precision will take from 1 to 3 watts full scale, the total energy
varying with the square of the deflection. Suspension-type electro-
dynamometers may have sensitivities 100 times as great.

Electrodynamometer ammeters have their fields and moving coils
in series up to several hundred milliamperes above which the moving
element is shunted across a resistor in series with the fixed coils. Above
50 amp., or so, current transformers are used and these are now available
with special alloy cores which will give accuracies of the ort‘!cr of Y{o of
1 per cent. Electrodynamometer instruments are ordinarily made to
function up to 133 cycles without correction but may be used on fre-
quencies up to several thousand cycles if especially designed or if cor-
rections are made. Note that low-range voltmeters have very low
resistance in order to get the required energy; dynamometer voltmeters
with full-scale values of 2 volts may draw as much as 0.5 amp. High
voltages above 1,000 volts are measured with potential transformers.

Electrodynamometer instruments are also used as wattmeters where
the field is excited in series with the load and the moving coil is across
the load in series with suitable resistance, the readings being proportional
for EI cos 6. For polyphase circuits a multiplicity of similar elements
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Soft iron may also be used in the moving element, either alone or
in conjunction with a fixed piece of soft iron, both of which are magnetized
by the fixed coil.

Soft-iron meters are much used as a-c ammeters and voltmeters in a
wide variety of ranges and sizes. They may also be used on d.c. Elec-
trical characteristics are given in Table III. The range of the ammeters
is from 20 ma to 500 amp. The upper limit is ten times that of dyna-
mometer-type meters, because the current coil is fixed. Currents up to
5,000 amp. are measured by the use of current transformers. Frequencies
to 500 cyvcles may be used. The range of the voltmeters is from 1 to 750
volts. Their resistances are such as to give from 3 to 200 ohms per
volt, the values increasing with the voltage. Higher voltages are
measured by the use of either multipliers or potential transformers.
Frequencies up to 500 cycles may be used, the normal limit being 133.

In general the sensitivity of pointer-type indicating instruments
using the moving iron principle will be from 0.1 to 1 watt full scale.
Instruments using short vanes, usually of the arcuate type, take about
1 watt full scale. Instruments with long radial vanes are more sensitive
with a minimum of 0.1 watt full scale but in general are more sensitive
to external ficlds and must be well shielded and kept away from strong
external fields. Moving iron instruments in general are less satis-
factory on badly distorted wave forms as the hysteresis loop of the iron
is represented in the measurement. They are, however, widely used
on power circuits and are generally available in all sizes from the small”
2-in. instruments up to the larger switchboard types.

HIGH-FREQUENCY CURRENT METERS

12. For the measurement of currents of high frequency, the onl
satisfactory means is through the heat developed in a resistor, whic
heat may be measured by the expansion of a wire
by measuring the thermoelectric voltage develope
by a thermocouple adjacent to the resistor wire,
by bolometer methods, and by other heat-measuring
systems.

13. The hot-wire expansion type of instrument
is today practically obsolete. Its defects of varying
in indication with ambient temperature, the lack
of perfect resiliency in the heated expansion wire,

_ _ and its low overload capacity together with the
Fméouj'c n};’{ﬁ{_‘“" advent of the therinocouple instrument have practi-
cally made this type obsolete.

14. A thermocouple meter consists of a heater wire, a thermocouple
adjacent to it, and a d-¢ galvanometer or millivoltmeter. Figure 5
shows the basic diagram of the device. Such a simple assembly, however,
does not compensate for variations in temperature of the terminals or
for ambient temperature variations.

The Weston thermal ammeter as developed by W. N. Goodwin, Jr.,
is as shown in Iig. 6. The heater is a wire or strip of platinum allo
of very short length whereby most of the heat is conducted to the terminals
thus wiping out largely the effect of convection currents of air. The
temperature of the heater strip may be represented as a parabola in
its gradient froin center to each terminal lug, and it is this temperature
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current-voltage characteristic i8 as shown in Fig. 8a the effect is called
half-wave reclification. The negative half cycles are eliminated and
the positive half cycles reproduced undistorted. The value of the steady
component is half the average value of a half sine wave. The ratio of the
d.c. to the effective value of an a-¢ current having a sine wave form

]

.
g e 0 e
1a)-Holf wave (b)- Full wave
F1o. 8.—Rectifier characteristics.

which would flow if the rectifier were replaced by a pure resistance

of the same value as that of the rectifier is v/2/x, or 0.450. By a
combination of rectifiers, it is possible to obtain the characteristic shown
in Fig. 8b, which gives full-wave rectification. The d.c. is then 0.900
of the a.c. Actuail rectifiers have a curved characteristic as shown by
the dotted line in Fig. 8a. For negative voltages the resistance is not
infinite. The ratio of the positive and negative half-cycle resistances is
sometimes as low as 8. Because of the curvature of the characteristic, the
ratio of d.c. to a.c. is a function both of the magnitude of the current and
of wave form. .

The crystal rectifiers used with early radio receivers may be used with a
sensitive d-c meter for rectifying an alternating current. Carborundum,
galena, silicon, and many other crystals may be used. The crystal is cast in
a low melting-point alloy and the top contact made with a fine copper wire.
Rectification occurs at the points of contact of copper and crystal.

16. Commercial rectifier instruments contain a full-wave rectifier
consisting of four copper oxide rectifier disks
connected in bridge relation as shown in Fig.
9. The rectification is by virtue of the oxide
film formed on the copper disk. Current
flows readily from the oxide to the copper
and much less readily in the reverse direction

For instrument use, the rectifier consists of
four small plates about 3{g in. square or
round, arranged in a stack with suitable
terminalﬁ between adjacelnthdisks forlconncc-
tion to the instrument and the external circuit. ,.. o __ coxi
Contact with the oxide is made through the Fi. J}ecgg?e? ﬁ:,;‘o“de
use of lead or graphite intermediate plates,
or the surface oxide on the rectificr disks themselves may be reduced to
metallic copper in the firing process. Such a stack is rated at about
2.5 volts ané) may be used up to 15-ma maximum. The circuit shown
puts two rectifiers in series and gives full-wave rectification.
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The sensitivity! of the device depends upon the resistance and full-scale
current of the d-c instrument. The d-c instrument measures the average
value of a rectified wave, while a.c. is usually measured by methods which
give the r-m-s value of the wave. It is customuary to calibrate rectifier
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instruments in terms of the r-m-s value, of a stated wave form, usually a sine
wave. If a rectifier instrument is used on a wave form differing widely from
the wave for which it is calibrated, an error proportional to the form factor will
result. Calibration also corrects an error due to imperfect rectification,
which varies with current, temperature, and frequency.

! The following several paragraphs and Tables IV and V have been contributed by F. 8.
Stickney of the Westinghouse Electric & Mfg. Co.
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level mark and for use where the additional resistance to bring them to
higher levels is switched in and out as required. Instruments may also
be calibrated for some other line resistance such as 600 ohms or 50 ohms
and for other zero levels such as 1 or 12}4 mw both of which are in use
to some degree.

While instruments having normal
resgonsc characteristics are usually fur-
nished having a period of approximately
0.6 sec. and witﬁ some overthrow, both
high-speed and low-speed instruments
are used for special purposes. High-
speed instruments with a period of
approximately 0.2 sec. and aperiodic
action are muade for monitoring and will
indicate peaks of short duration, even
though they do not show instantancous
crashes. Much overmodulation can be
avoided by monitoring with an instru-
ment of this type. Slow-speed instru-
ments with a period of approximately
1.5 sec. are also used to obtain an inte- Fie. 14.—3Scale of db meter.
grated average of the energy in the
system and may be used to keep the general level well up in conjunc-
tion with a high-speed instrument, the indications of which are used to
monitor the top level.

Table VI gives values for power level, resulting voltage ratios, voltages
for commonly used loads and total power-level indicator resistance on
the basis of the instruments described above.

- DECIBELS ,

.73V

RECTI?IEQ TVIT
IERO POWEA LEVIL 6
¢ MLLWATTS 300 Oves

WISTON CLLCWICAL BESTRUMENT CORP. MEWAMR AR LA

MEASUREMENTS OF PULSATING CURRENTS AND POTENTIALS

In making measurcinents of current and voltage which are neither
true a.c. or d.c., care must be taken to make the mecasurcment with the
correct type of instrument in order that a measurement be had of the
actual value required.

18. Rectified current, which may or may not be filtered, should in
general be measured with a noving-coil permanent-magnet type of d-c
instrument. This gives the average value. It is the value of current
or voltage of interest when charging a battery and in general is the value
of interest in vacuum-tube technique. Iron-vane and electrodynamom-
eter instruments indicate the r-m-s value which is used for determining
the heating effect.

Direct-current instruments, particularly voltmeters, have a sufficiently
larFe heat-overload capacity so that they may ordinarily be used on
pulsating currents without danger.

To measure the a-c component of voltage, a condenser may he placed
in series with an a-¢ voltineter of suitable range; the d-c component is
blocked and the a-c value only is mneasured. The impedance of the
condenser at the frequency used (120 cycles for a full-wave rectifier
system) should not be greater than 10 per cent of the instrument resist-
ance; the immpedances %)eing in quadrature, the resulting error will be
under 1 per cent. This is the simplest method of measuring hum in
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a rectified plate supply. Because of its high resistance, the rectifier
voltmeter described previously is most satisfactory for this purpose.

Peak voltages nmf currents are hest measured through the use of a
vacuum-tube voltineter with a large capacity shunted by an extremely
high resistance d-c¢ voltmeter (see Articles on Vacuum-tuﬁe Voltmeters).
A cathode-ray oscillograph is also useful in such studies.

VOLTAGE-MEASURING INSTRUMENTS

19. Use of Current Meters to Indicate Voltage. All current-measuring
instruments having a sensitivity in milliamperes, may, with the addition
of suitahle series resistance, be used to indicate potential. The current
drain of the instrument must be sufficiently low to abstract negligible
energy from the circuit, as otherwisc corrections must be made. With
glodcrn instruments of high sensitivity this requirement can usually

e met.

20. Direct measurements of voltage are obtainable through electro-
static means, but the instruments are of limited
utility because of their low torque and hecause
the minimum ranges are rarely under several hun-
dred volts. They are essentially instruinents for
the research lahoratory.

Electrostatic voltmeters depend on the attractive
force which exists hetween two conducting plates
between which a difference of potential exists. In
their siinplest form, the force of attraction between
a stationary and a movable disk is balanced by a
calibrated spring. The Kelvin absolute electrometer
is constructed in this manner. The force of attrac- Fio. 16—S ded
tion is proportional to the square of the difference ¢ _2-—Suspended-
of potential between the plates. Such meters give
the same indication on steady and alternating voltages and have neither
waveform nor frequency error.

One type of construction, used in suspended-vane meters, is shown in
Fig. 15. The stationary plates arec sections of two concentric cylinders,
into which the cylindrical rotor turns. With the opposite poles of a
magnet placed outside the stator plates, satisfactory damping is obtained
from the currents induced in the loop. This type of construction is that
used in the Ayrton-Mather electrostatic voltmeter built by the Cambridge
Instrument Company.

vane meter.

Electrostatic voltmeters are very useful because of their high resistance and
low power consumption at low frequencies. They cannot be used on high
voltage at frequencies much above a megacycle, because of the rapid increase
of the power loss in the necessary insulation. This loss increases directly
as the first power of the frequency and the square of the voltage. A hard-
rubber insulator with a power factor of 0.004 and capacitance of 10 uuf will
have, at a frequency of 10 megacycles and voltage of 2.5 kv, a charging current
of 1.5 amp. and a power loss of 15 watts, both of which values are excessive.

MEASUREMENT OF RESISTANCE

21. While bridge measurements of resistance give greatest accuracy
(Art 36 et seq.) direct-reading instruments are much used because there is
no requirement for the manipulation of the controls, and they are widely
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used in production testing of resistance units as well as in general labora-
tory practice where the highest accuracy is not essential.

The simplest direct-reading ohmmeter consists of an ammeter and
battery as shown in Fig. 16. Two readings are made, one with the
terminals shorted, the other with the unknown resistance R connected.
The fixed resistance S limits the current to about full-scale reading of
the ammeter. The deflection is made exactly full scale by adjustment
of the ammeter shunt B. The range of this type of meter is usually taken
as that resistance which gives a deflection which is 5§ per cent of full
scale. On this basis the usual ranges are 1,000, 10,000, and 100,000
ohms.

Through the use of more complex networks, instruments with still

wider ranges of ca¥)acity can be made available.

8 The upper limit of resistance measurements by

this means depends upon the instrument sen-

sitivity and battery voltage; a 50-ua instrument

R at 15 volts gives an excellent deflection on

several megohms. The lower limit, since a

Fia. 16.—Direct-reading minimum battery voltage of 1.5 volts must be

ohmmeter circuit. used, is dependent only on the current capacity

of the battery and the resistance of the leads. In

Fenernl, for accurate work, the effective battery resistance must be caleu-
ated into the circuit as a part of the total series resistance.

Notethatin all series-type ohmmeters the center- or half-scale resistance
value is exactly equal to the total effective ohmmeter resistance at its
terminals.

The readings of an ohmmeter may be made independent of the applied
voltage by dispensing with the controlling springs and obtaining the control-
ling torque from a separate coil connected across the supply voltage. Figure
17 shows the circuit used by Evershed and Vignole in their ohmmeters of this
type.

————Llnop|

F1a. 17.—Ohmmeter of Evershed and Vignole.

This construction was first used by Evershed for an ohmmeter designed to
measure high resistances up to 100 megohms. The source of voltage was a
self-contained high-voltage magneto generator, giving voltages up to 500 volts.
It was called a megger. The same principle has now been applied to ohm-
meters of lower range using battery voltages. The resistance range extends
from 1 ohm to 5.000 megohms.

22. Measurement of Impedance. When the voltmeter-ammeter
method is used with a source of alternating voltage, the ratio of voltage to
current gives the impedance of the load
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E .
Z=7 (2)

With the usual a-c instruments the corrections for the instruments are
larger and more difficult to make because of their reactance. The

high-resistance rectifier voltmeter and vacuum-tube voltmeter eliminate
this difficulty.

The separation of 1mpednnce into its components requires the use of a
wattmeter. The connections of Fig. 18a are usually used when no correction
for instrument errors is to be made, while those of Fig. 18b allow the correction
to be made quite easily. For this distinetion the current coil of the wattmeter

o) by
Fiu. 18.—Meansurement of impedance.

is grouped with the ammeter and its potential coil with the voltmeter. As
before, the impedance of the load is given by Eq. (2). Its power factor is
the ratio of the wattmeter readings to the product of voltage and current.

W
PAf. —c()lo—-E;] (3)

lwhex-e; @ is the phase angle between voltage and current. The resistance of the
oa

w
R=T

4)
and the reactance o

X = \/W: — R (5)
With the knowledgg as to whether the load is inductive or capacitive, its
inductance or capacitance may be calculated from

1

X =ul = —Z¢ ©®

where w = 2nf.

23. Measurement of Capacitance. Since the power factor of the usual
condenser is small, its rcactance is approximately equal to its impedance.
This may be measured directly by the voltmeter-ammeter method and
the capacitance calculated from lq (6). At a given voltage and fre-
quency, a single ammecter reading is sufficient ang the ammeter may be
calibrated to read capacitance directly.

Capacitance may also be measured on a single indicating meter
whose readings are independent of the applied voltage. The moving
element consists of two coils sct at right angles to each other. There
are no controlling springs. The connections used in the high-frequency
Weston microfarad meter are shown in Fig. 19.

The C: and C: are connected across the supply voltage, one in series with a
fixed capacitance S, the other in series with the unknown C. The stationary
field coils F are dlrectly connected across the line voltage. With no condenser



204 THE RADIO ENGINEERING IIANDBOOK [Sec. 7

connected in circuit with coil C3, the coil C, sets itself in the plane of the field
coils F and determines the zero of the scale. The introduction of C allows
current to flow in the coil (", and pro-
vides an (!)Sposing torque which is
proportion to the capacitance
added. The resulting deflection is
1 of course just as dependent on fre-
F F quency as on capacitance, so that
any particular instrument must be
\ used on the exact frequency for which
it was calibrated. The low-frequency
Weston microfarad meter has the

S 2=C moving coils connected in series
I instead of in parallel with the field
E coils.
Fia. 19.—High-frequency microfarad .
_meter. (Weaton.) The capacitance range of the

Weston microfarad meters extends
from 0.05 to 10 uf at 60 cycles, 0.001 to 0.05 uf at 500, and 0.0005 nf at
1,000 cycles. The applied voltage must be large enough to provide
sufficient torque to give a definite
reading. 1

24. Measurement of Power Fac- T CIT T T
tor. Instruments for icasuring
power factor are very similar to F F
the moving-coil capacitance meters N
described above. The connections ‘ L)

used in the Weston power-factor B
meter are shown in Fig. 20.

25. Measurement of Frequency. l_[
Frequency may be measured with an E
indicating instrument similar to the Fig. 20.—Power-factor meter.
capacitance meter shown in Fig. 19, (Weston.)
in which the capacitance C is fixed
and the capacitance S is replaced by a resistance. The scale is, of
course, cahbrated in terms of frequency.

1l
W
(>]

AAAA

3 The functions of the moving and fixed
\U‘/\Q‘ \,U"/J\”/{’ coils may be transposed, the stationary
part now consisting of two coils set at
right angles to each other. The moving
part is simply a vane of soft iron, since its
sole function is to indicate the direction of
the resultant magnetic field set up by the
two stationary coils. The connections of
Ml N such a frequency meter are shown in Fig.
LIS 2la. The tendency of the vane toward
rotation is overcome in the Weston fre-

5 5 A quency meter by decreasing the phase dif-
b ference between the currents in the two

(@) coils as shown in Fig. 21b. The rotation
Fia. 21.—Frequency meter. of the magnetic field is no longer uniform.
(Weston.) The vane, being long and narrow, takes

L . up a definite position, its inertia pre-
venting it from following the irregular rotation of the magnetic field. The
frequency range of the instrument is about 30 per cent of the mid-scale
reading. These meters are usually built for the commercial frequencies
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so that its lag angle is about 45 deg. At a frequency of 1,000 cycles
they are about 10 times the d-c resistance of the winding. Near resonance
the motion of the diaphragm introduces a counter e.m.f. into the circuit
which is usually interpreted as additional resistance and reactance.
These terms are rcferred to as motional values. In telephones of low
damping, they may be as much as 70 per cent of the normal values. The
actual numerical value of the resistance and reactance depends on the
number of turns with which the magnets are wound. The d-c resistance
varies from 30 to 1,000 ohms. The sensitivity of telephones is somewhat
indefinite because it depends on the acuteness of hearing of the observer.
It is usual to express it as the current necessary to produce a just audible
response. Because of the existence of a threshold of hearing, this
minimum current is reasonably definite and reproducible, at least for any
one person. Values of this minimum current, together with the corre-
sponding voltage, resistance, and power are given in Table II for a
Western Electnc receiver. It is much more sensitive than any vibration
galvanometer and at its resonant frequency is not far behind a good d-¢
galvanometer.

27. Mica-diaphragm Telephone. It is possible to use non-magnetic
matenals for the diaphragm by providing a separate steel armature so
shaped and clamped that its natural frequency is higher than that of the
diaphragm, to which it is attached by a stiff rod. The Baldwin telephone
uses & mica diaphragm very similar to that of a phonograph pickup.
Both its sensitivity and selectivity are very high. Other modifications
are the use of corrugated diaphragms to broaden the resonance curve and
the use of a balanced armature in which the polarity of the permanent
magnet is so arranged that the armature is not under tension due to them
but is attracted only by the alternating flux.

28. Dynamic Telephone. The present type of dvnamic speaker is a
moving-coil galvanometer, in which a light paper cone attached to the
moving coil acts as a diaphragm. There is no single natural frequency,
so that over a wide frequency range the sensitivity is essentially constant.
A head telephone has been developed by the Bell Telephone Laboratory
with a moving coil and very light conical diaphragm. Its sensitivity is
reasonably constant over a wide range of frequencies and holds up
remarkably at frequencies as low as 100 cycles.

29. Thermophones. When a fine wire is heated by the passage of a.c.,
sound waves are produced in the surrounding air if the heat capacity of
the wire is so small that the temperature of the surface of the wire
follows the cyclic variations of the currcnt. Instruments of this sort
have been constructed, using gold foil as the heater. They are called
thermophones. Their sensitivity in terms of sound energy is low. But
they can be made small enough to be placed in the ear, so that their over-
all sensitivity is quite satisfactory. Their responsc decreases slowly as
the frequency is increased. The theory of this instrument has been
studied in considerable detail, because of its use as a standard in the
production of sound.

ELECTRON TUBE METERS

80. Vacuum-tube Voltmeters. The three-clectrode vacuum tube
is used as the basis of a number of different types of meters. It is used
as a rectifier in the manner discussed above. Its great advantage over
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the two-electrode tube lies in the fact that its input resistance is prac-
tically infinite so that it is essentially a potential-operated device. The
simplest type of connections is shown in Fig. 24. The grid bias E¢
i8 so chosen that maximum plate rectification occurs, the relation between
plate currcnt and grid voltage being
as shown in Fig. 25. When an ‘p
alternating voltage e is applied 4
between grid and filament, the
average plate current increases
from Ip to Ip’. This change in
plate current is the quantity in

+€9

F1u. 24.—Vacuum-tube volt- Fiy. 25.—Vacuum-tube voltmeter
meter. characteristic.

terms of which the instrument is calibrated. The upper limit of applied
voltage e is that for which the peak voltage equals the grid bias.

The zero of the plate-current meter may bhe suppressed mechanically so
that the zero of the voltage scale may coincide with its electrical zero. This
suppression may also be attained electrically as shown in Fig. 26. Part of
the filament voltage taken from the potentiometer Pr sends a current through
the resistance R and the ammeter equal and opposite to the zero plate current.

Its success depends upon the fact that the rectifying property of a three-
electrode tubo is nearly independent of plate voltage, provided that the grid
voltage is simultaneously adjusted so as to keep the plate current constant.
With the suppressor switch K open, the grid bias is adjusted by the grid
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Fic. 26.—Circuit for bucking-out Fia. 27.—Single-battery type of
plate current. voltmeter.

potentiometer P, to give the value of plate current for which the calibration
was made, the filament voltage having been previously adjusted. This
determines the correct grid bias for the plate voltage then existmg‘ wa‘tch
K is then closed and the zero suppressed electrically. With mechanical
suppression this procedure reduces to setting the meter to zero by the poten-
tiometer Py.
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The use of three separate batteries is a great disadvantage. *A method
whereby a single 22.5-volt battery supplies all three voltages was sug-
gested by Hoare! and is shown in Fig. 27. The zero of the meter is
suppressed electrically by the balance of the bridge formed by the three
resistances A, B, and R and the plate resistance of the tube. The grid
bias is obtained from the potential drop in the resistance R, due to the
filament current.

The grid bias for the voltmeters shown in Figs. 24 and 26 may also be
obtained by connecting the grid return to a resist-
ance R, in the plate circuit as shown in Fig. 28. This
method of obtaining the grid bias causes the bias to
increase with the applied voltage. The relation
resulting between meter deflection and signal volt-
agf, whilei) nearly a sqluarle-law ;_'elatlion for lsma.ll
. , voltages, becomes nearly linear for large voltages
biar:’?}orzn&;;ft}er;iﬁ of from 20 to 100 volts. For a large grid bias plate
cuit. current flows only during the positive peak so that

the error due to wave form may become scrious.
Wave-form error is not serious for low voltages and vanishes if the law
followed by the meter is strictly the square.

The sensitivity obtainable with a vacuum-tube voltmeter depends
mainly upon that of the indicating meter. The detection coefficients
of the various tubes available are not widely different and are not much
affected by the value of plate voltage. A full-scale reading of 3 volts is
usual with a d-c meter showing full-scale deflection on 200 pa. A 20-ua
meter would show a full-scale deflection on 1 volt. Wall galvanometers
may be used to obtain increased sensitivity but the difficulty in maintain-
ing the zero setting increases greatly.

The input resistance of a vacuum-tube voltmeter is high, being either
the insulation resistance of the input terminals or the resistance R, of
Fig. 26 shunted between grid and filament to maintain the grid bias.
This may be as high as 10 megohms. The plate load of the tube is
sufficiently low so that it does not affect the input resistance. The input
capacitance is essentially that of the terminals, socket, and grid-filament
capacitance. By careful design this may be made as low as 5 upuf.

he calibration of a vacuum-tube voltmeter is usually independent
of frequency over a wide range. At low frequencies an error appears
when the reactance of the plate by-pass condenser, connected between
plate and filament to provide a low-impedance path for the alternating
component of the plate current, becomes comparable with the plate load.
If this condenser 1s omitted, in order that the meter may be calibrated
and used at commercial frequencies, errors may appear at frequencies
below 100 ke due to natural frequencies in the meter and resistances
of the plate cireuit. Finally natural frequencies in the grid circuit,
either in the resistance R, of Fig. 26 or in the combination of resistance
R, of Fig. 27 and the grid-filament capacitance of the tube, set a defi-
nite upper limit below 10 Mec.

The sensitivity of the vacuum-tube voltmeter may be increased by the

method suggested by Turner? in which two voltages are impressed on two
balanced tubes connected as shown in Fig. 20. Equal voltages e: are applied

t HoARE, Jour. A. I. E. E., 46, 541-545, 1927.
3 TurNER and McNAMARA, Proc. I. R. E., 18, No. 10, 1743-1747, October, 1930.
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Electrons emitted from a hot cathode C are accelerated by a positive
potential applied to the anode A as shown in Fig. 31. Most of the
electrons strike the anode and formn the anode or plate current. The
remainder pass through a small hole in the center of the anode and
continue at constant velocity to a fluorcscent scrcen S of willemite or zine
sulfide, which is usually the enlarged end of the glass tube in which the
various parts are mounted. The beam is naturally divergent because
of the mutual repulsion of the individual electrons compnsing it and
must be focused on the screen in somne manner in order to obtain a small
sharp spot. In the earlier tubes this was accomplished by leaving
cnough residual gas in the tube to give a pressure of about 0.001 mm
of mercury. The positive ions produced by the clectron stream exert a
repulsive force on the electrons and prevent their divergence. Satis-
factory focusing by this means demands a constant gas pressure, which

C A

et

Fi6. 31.—Electron-stream meter.

is difficult to maintain throughout the life of a tube. There is also an
upper limit of perhaps 100 ke to the frequency for which sharp focusing
can be obtained because of the relative slowness of the ionization process.
The beam may also be focused by a longitudinal magnetic field or
a radial electric field, the latter being the more convenient. For this
type of focusing, the gas pressure is reduced to the minimum necessary
to prevent an accumulation of negative charge on the screen. Between
the anode A and screen S there is placed a second anode having a positive
potential between four and five times that of the first anode. In some
designs the enlarged conical end of the tube is lined with a conducting
layer and serves as this second anode. In others the second anode is a
short cylinder or ring of larger diameter than the first anode. The
cathode is usually of the oxide-coated type with a separate heater which,
aside from its high efficiency in producing electrons, operates at a tem-
perature sufficiently low so that light from it does not illuminate the
screen. It is surrounded by a focusing cylinder with a partially closed
outer end, which is connected directly to the cathode when the second
anode is used. In tubes with residual gas the exact focusing of the beam
is attained by varying the negative voltage applied to this cylinder.
The electron streamn may be deflected by a transverse magnetic or
electric field, applied hevond the first anode in the region where the
electrons have a constant velocity. The losses inherent in the coils
necessary to produce a transverse magnetic field limit their use to
special cases. The transverse electric field is applied through four
deflecting plates symmetrically disposed around the tube axis. When
a difference of potential is applied to either pair of opposite E]ates, the
stream of electrons is deflected toward the positive plate through an
angle proportional to the strength of the electric field. The bright
spot on the fluorescent screen, which marks where the clectrons strike
the screen, then moves proportionally. A voltage applied between the
other pair of plates produces a deflection of the spot in a direction at

v
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right angles to the first deflection. The deflection at the screen is
inversely proportional to the higher nnode voltage. It is of the order
of 2 in. per 100 volts for an anode voltage of 1,000 volts.

When an alternating voltage is appliec to a pair of plates, the electric field
set up between the plates is continually varying in magnitude and direction.
The stream of electrons is deflected back and forth between the plates, and the
spot of light is drawn out into a line symmetrically disposed about the unde-
flected spot, provided the pair of plates is grounded at a point midway in
potential between them. An alternating voltage applied to the other pair of
plates will produce a line at right angles to the first. If the two voltages are
applied to the two pairs of plates simultancously the electron stream follows
the instantancous resultant force exerted by both fields and traces on the
ascreen a pattern which is closed, and therefore appears stationary, when the
frequencies used bear a simple relation to one another. These patterns are
called Lissajous® figures. For two equal frequencies the pattern is an ellipse
of varying eccentricity which at the extremes becomes a straight line or a
circle. The exact figurc is determined by the phase difference of the two
voltages. For other ratios of the two frequencies the patterns become reen-
trant. For the general case the ratio of the number of loops formed on
adjacent sides of the pattern is that of the two

frequencies.
R [;y, I

32a. Timing Axis. Since the electron stream E Cc=
can follow accurately all variations in applied volt- i
age, it is only necessary to spread out the line of Frc. 32—Timi
light which it produces on the screen into a two- it f6r cathode
dimensional picture to make visible its exact wave ray tube.

form. The second voltage of the same frequency

giving the elliptical pattern just described does this but in such a
manner that the whole pattern must be redrawn to be easily interpreted.
The time axis, which the second voltage must provide, should be linear,
not sinusoidal and its return to zero value should be instantaneous.

1

o

A very convenient circuit for this purpose employs a neon tube a8 shown in
Fig. 32. The potential across the condenser C builds up according to an
exponential law determined by the time constant CR of the circuit, which
over the first part of its range is nearly linear. At some potential between
100 and 300 volts, dependent on the shape of the electrodes and the pressure
of the gas, the neon tubhe breaks down and the condenser discharges very
rapidly. At some lower voltage the neon tuhe goes out and the charging
process is resumed. If the resistance R is replaced by a two-electrode vacuum
tube, the curvature of the exponential law of charging may be partially
compensated for by the changing resistance of the vacuum tube as the voltage
across it is varied. The frequency at which the condenser charges and dis-
charges depends on the time constant CR of the charging circuit, and is con-
trolled by varying these quantitics. Frequencies covering the range from
1 to 20.000 cycles are attainable. The waveform thus spread out on the
screen will dnft along the time axis unless the two frequencies are exactly
equal or are simple multiples. It is very convenient to have the pattern
stationary. The two frequencies may be synchronized by using a thyratron
or threc-electrode gas-filled tube in place of the two-electrode neon tube.
Some voltage from the source of the waveform under observation is applied
to the grid of the thyratron. When the control circuit is adjusted to produce
approximately the correct frequency, this added voltage is sufficient to trigger
off the discharge and maintain exact synchronism.

1 BARTON, * Textbook on Sound,’ pp. 555-557.
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the thermocouple ammeter, so that the source of alternating current
may be of lower power. The upper limit for frequency is set by the
frequency characteristic of the known resistance and the capacitances
to ground of the different parts of the circuit. This mmethod is the one
usually adopted for the measurement of the
resistance of inductors at high frequencies.

The total resistunce of the tuned circuit may
also be measured by detuning the circuit.
The added reactance necessary to halve the
squared current (deflection of a thermocouple
meter) is equal to the resistance of the circuit. Fre. 35.—Added-resist-
This* method is sometimes called the added- ance method.
reactance method.

Two reactances may he compared in a tuned circuit by a substitution
method. The circuit is tuned to resonance both when the unknown
reactance is connected in circuit and when it is disconnected. The change
in reactance of the variable standard, with which the circuit is tuned, 1s
cqual to the unknown reactance. When the unknown and known react-
ances are hoth inductive or both capacitive, the value of the unknown
inductance or capacitance is obtained directly, independent of frequency,
the two reactances being connected in series if inductive, and in parallel
if capacitive. For these pairs of measurenients it is unnccessary that
the currents be kept of the same value.

The resistance of the unknown reactance may he determined by noting
the current at resonance when it is connected in circuit and then by
adjusting the current to this samec value by adding sufficient resistance
when it 18 disconnected. This added resistance, corrected for the change
in resistance of the standard reactance with setting, is the resistance
of the unknown reactance. The resistance of variable reactors must in
general be measured by the added-resistance method described above or
by one of the bridge methods. The resistance of a variable air condenser
follows a definite law and this fact may be used in this type of resistance
measurements.

36. Comparison of Frequencies. Two nearly equal frequencies may
be compared by measuring in a suitable manner their difference in fre-
quency. When the two frequencices are in the audible range, this differ-
ence will appear as an audible beat—a waxing and waning in intensity—
which may }I))e counted if it is less than 10 beats per second. If the beats
are faster than this or if the heating frequencies are above audibility, tke
beat must be rectified and a beat frequency produced. This bheat fre-
quency may then be measured by a suitable frequency meter. The
aceuracy of the comparison depends both on the accuracy of measurement
of the beat frequency and on the ratio of this frequency to the original
frequencies. The beat frequency is usually kept in the audible range.

If the two frequencies to be compared are not nearly equal, so that their
frequency difference is large and above audibility, audible beats may usually
be obtained between some of their harmonics. For a beat frequency b
between the mth harmonic of a known frequency f and the nth harmonic of
an unknown frequency f’. the expression giving [’ is

p=mE (10)
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the sign of b being determined by considering which harmonic, mf or nf’ is
the larger. Sufficient harmonics are usually present in most frequency
sources for the purpose of this comparison, especially when emphasized and
isolated by the use of tuned circuits. They can always be produced by the
use of a rectifier tube.

In the most precise measurements the known frequency is a multiple or
submultiple of a standard crystal frequency, obtained from the various multi-
vibrators driven by the standard. I'or less precise work a variable standard
may be used. The beat frequency is then made zero. Such a variable
frequency oscillator, called a heterodyne oscillator, will have a limited
frequency range, even though provided with multiple coils. Properly chosen
for range, it may be used to measure a super-audio beat frequency, such as
might be obtained when comparing two very high frequencies.

Frequency is measured in terms of inductance and capacitance by
means of a tuned-circuit frequency meter consisting of a variable capaci-
tance and a set of fixed inductances. The frequency range allotted
to each coil determines the accuracy of setting, which ranges from 0.1
per cent to 0.001 per cent. Resonance is indicated in a variety of ways;
thermocouple ammeter, heterodyne zero beat, or reaction on an oscillator,
these being arranged in the order of their accuracy. In the third method
the frequency meter is coupled closely enough to the oscillator whose
frequency is being measured so that either the amplitudec of its oscillations
is affected or its frequency is altered. The frequency alteration is the
more prccise method, but demands for greatest accuracy a second
oscillator set at zero beat with the first. When the frequency meter
is in exact resonance, the zero becat note of the two oscillators will be
unaffected. In the second method a vacuum-tube oscillator is connected
to the wavemeter so that it really hecomes a heterodyne oscillator.
A screen-grid tube, operating as a dynatron oscillator, may be connected
to a frequency meter without the addition of extra coils or taps and
converts it into a heterodyne-frequency meter.

D-C BRIDGE MEASUREMENTS

86. Whenever two resistances or impedances are compared by

matching or comparing the deflections of any deflecting instrument,

the accuracy of the measurement is determined by

ijo)o] the accuracy of rcading of the deflections themselves.

E This accuracy may be greatly increased by adopting

a null method, in which a certain relation of the

resistances being compared is indicated by a zero

deflection. As this condition is approached, the

sensitivity of the indicating instrument may be
increased.

87. Four-resistance Network. The simple four-
resistance network invented by Christie in 1833 and
exploited by Wheatstone tcn years later is shown
in Fig. 36.

Fi1c. 36.—Wheat- Two paths are provided for the current, one through

stone bridge. the ratio arms A and B, the other through the unknown

and known resistances U and S. The galvanometer

G is connected between the junctions of these pairs of resistances. The con-

dition for a null deflection of the galvanometer is that these two junctions are
at the same potential. Equating the voltage drops
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Ala = Ulv and Bls = Sls (11)
or, since no current flows in the galvanometer,
A U A

§=§-orU=—ES (12)

The ratio arms are usually only variable in steps of ten so that the
bridge is balanced by varying the known resistance S.

In commercial bridges the accuracy ranges from 0.1 to 0.02 per cent.
In the comnplete bridges of high accuracy all switching is by taper plugs
and the ratio arms are reversible. There are five decades in the known
resistance, tenths to thousands, and nine ratios, 0.0001 to 10,000. Com-
parisons of resistances on the best bridges using sealed standards, flat
mercury contacts, and a temperature-controlled oil bath, may be made to
1 part in 1,000, 000 which 1s£ yond the accuracy with which the primary
standard of resnstance is known.

38. The sensitivity of the null detector necessary to attain a given accuracy
of bridge balance is determined by the relative magnitude of the resistances
of the bridge arms and the voltage applied to the bridge. The ratio of the
output voltage e to the input voltage E is given by

= = G/B /B (13)
Foasd B(‘+B)+ (H‘B)

where G is the resistance of the null detector and d is the fractional accuracy of
balance demanded. For an equal-arm bridge

-3 G/BGd a4
1 +—B‘

This ratio lies between Y4d and Y4d for ratios of detector and bridge-arm

resistances between one and infinity. In general, its value decreases rapidly

when the bridge arms are made unequal and when the detector resistance is

low compared to them. On this account resistances above a megohm cannot

be accurately measured when a d-¢ galvanometer is used as a null detector.
For a very high resistance detector, Eq. (13) becomes

e __A/B

B

E=

(- B)
which is independent of the ratio S/B. This condition may be realized by the
use of a vacuum-tube voltmeter as described in Art. 30. Thus for greatest
sensitivity the detector should be connected from the junction of the highest
resistances to the junction of the lowest. The battery, on the other hand,
should be connected across the higher and lower resistance pairs, so that the
amount of power drawn by the bridge is a maximum.

(15)

89. Slide-wire Bridges. When the known resistance is fixed, the
bridge must be balanced by varying one or both of the ratio arms. In
the slide-wire bridge shown in Fig. 37a the ratio arms A and B are parts
of a single uniform resistance along which the contact of the lead from
galvanometer may slide. The position of the contact is read as a distance
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measured from one end, the whole length of the scale being L divisions.
The value of the unknown resistance in terms of these distances is

! .

When the known and unknown resistances are nearly cqual the accuracy
of measurement may be incrcased by placing extension coils in series

{1
E
—iij—
E
DU S Attt
A G B
U S
<>
-,
(a) (b) (c)

Fia. 37.—(a) Slide-wire bridge; (b) bridge with extension arms; (¢) Carey
Foster bridge.

with the slide wire as shown in Fig. 37b. The slide wire may be calibrated
to read directly the percentage error of the unknown resistance U in
terms of the standard resistance S.

Two nearly equal resistances may also be compared by means of the
Carey Foster bridge shown in Fig. 37c. This is a slide-wire bridge in
which the slide wire is placed between the two resistances being com-
pared. Two secttings of the slide wire ! and I’ are made with the resist-

ances U and S as shown in.Fig. 38 and transposed.

The value of the unknown resistance is
U=S—-(-U)y (16a)
where p is the resistance per unit length of the slide wire.

U0
E

40. Kelvin Bridge. In the measurement of a
tenth ohm or less, the variation in contact resistance
at its terminals and the consequent variation in
the lines of current flow near the terminals may
produce appreciable errors. To overcome this diffi-

M culty, low-resistance standards are always built as
Fia. 38.—Kelvin four-terminal resistances. All ammeter shunts are
double bridge. so constructed. The two potential terminals are

placed between the current terminals and the resist-
ance proper. The value of the rcsistance is that between the potential
terminals.

Such four-terminal resistances cannot be compared on the ordinary
Wheatstone bridge. They may be measured on the Kelvin double
bridge shown in Fig. 38. The two four-terminal conductors U and
S are connected in series, leaving an unknown resistance M between
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their adjacent potential terminals. The bridge is balanced by adjust-
ment of the standard resistance S. The value of the unknown resistance
U is given by

A
U= ES a17)

when the double ratio arms are proportional, satisfying the condition
A/B = a/b

A-C BRIDGE MEASUREMENTS

41. Four-impedance Network. When an alternating voltage is
applied to the simple Wheatstone bridge of Fig. 36, the conditions for
ha Itgnce of the bridge involve the impedances of the four arms, as shown
in Fig. 39.

For a null deflection of the a-c galvanometer or telephones the two junc-
tions, across which it is connected, must be at the
same potential at all instants of thea-ccycle. Equating
the voltage drops along the two parallel paths offered to
the flow of the alternating current

Zala = Zuvlv and Zsls = Zsls (18)

where Za, Zs, etc., replace A, B, etc., in Fig. 37.
The four impedances are vectors of the form

Z =R +,X (19)
Hence, since no current flows in the galvanometer,
Za Zv
Zs ~ Za (20) F16.39.—A-c bridge.

Expanding these vectors into their rectangular components the two condi-
tions of balance are
_.i _E+XAXS — XsXv __{il+UXn — SXu
B~ S BS T Xs BXs
where the resistance components of the four arms are represented by the four

letters A, B, U, S without subscripts. If the ratio arms have no reactance,
80 that X4 = Xs = 0, these conditions reduce to

(21)

F=v =5 (22)

The two reactances must have the same ratio as their resistances and as the
ratio arms. Considering the reactances as both inductive or both capacitive,
Eq. (22) becomes

%=sg=f:—:’and—‘4-=g=g (23)

respectively. These equations cover all the types of bridge measurements in
which similar impedanccs are compared.

42. Power Supply and Null Detector. The power source at audio
and radio frequencies is usually a vacuum-tube oscillator, capable of
supplying several hundred milliwatts of power at varying potentials
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The errors introduced are proportional to the difference of the storage
factors of the ratio arms, multiplied by the dissipation factor of the
impedance arms for the reactance component, and divided by that
dissipation factor for the resistance component. For impedances with
smal?dissipntion factors the error is confined to the resistance component;
forimpedances with large dissipation factors to the reactance component.

Residual reactances in the impedance arms produce at low frequencies
errors proportional to their ratio with similar reactances in these arms.
Series inductance introduces large errors in measureinents of small
inductances; parallel capacitance in measurements of small capacitances.

The effect of residual reactances increases with frequency, the storage
factor of the ratio arms being of the form @ = wL/R for series inductance
and Q = RwC for parallel capacitance. Hence bridges designed for
operation at frequencies much above 10 ke should have equal ratio arms.
When residual inductance in the impedance arms is in series with a
large capacitance, the cffective capacitance of the combination is

A c
C=1—umec (26)

which increases indefinitely as the resonant frequency is approached.
Such resonance limits the use of a direct reading bridge to about 5 Me.
Variable resistances used in the impedance arms must be so constructed
that their inductance is independent of resistance setting.

The errors introduced into bridge measurements by reactances in
the ratio arms may be minimized by the use of substitution methods.
The effeet of capacitances to ground, when a Wagner ground is not
used, and the effect of the reactance of the leads to the known and
unknown reactances may also be thus greatly reduced. Both reactances
are connected in the same arm of the bridge, a siinilar reactance being
placed in the other arm. Two bridge balances are obtained, one with
the unknown reactance in circuit, the second with it disconnected and
its impedance replaced by the known variable reactance and the added
resistance. Inductances are connected in scries, placing thein far
enough apart to reduce their mutual induetance to a negligible amount,
and the unknown is removed by shorting. Capacitances are connccted
in parallel and the unknown is removed by disconnecting its high-
potential terminal. Both condensers must be completely shielded
and their grounded terminals connected together.

Distinguishing the values for the sccond balance, when the unknown
reactance has been removed, by primes, the values of the unknown reactances
are given by the change in reactance of the variable standards.

Lv = Ls' — Ls Cv =Cs' — (s 27)
= ALs = ACs

The corresponding expressions for the resistances arc
Cs'\?
U=8-§S+R -R U =@ -R(z)
Ca'\?
= AS + AR = An(aj—.)
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The balance equations are

Lu = ASC» and U =528 (320)

whence

Qu = Qu

The resistance balance is made either by having condenser C4 continuously
variable or by adding resistance in series with the
unknown inductor.

The Hay bridge is similar to the Owen bridge with
one of the condensers omitted. On this account, how -
ever, it is not independent of frequency. The connec-
tions are shown in Fig. 53. The conditions of balance
are

ASCs A BSw'Cs? X
Lo =13 moce 4 U=iimace 9
whence
1
Qv =p;
The two bridge balances are not independent. F1u. 53.—Hay bridge.

49. The resonance bridge shown in Fig. 54 is the simplest bridge
in which inductance, capacitance, and frequency enter. At balance
the arm containing the reactances is resonated to the applied frequency
and becomes a pure resistance. The bridge is then an all-resistance
equal-arm bridge. For this reason it may be used at high frequencies
to measure the resistance and inductance of a
reactor.

The balance equations are
1
2 =
“" = LuCu

This bridge is frequently used to measure frequency,
usually in the audio-frequency range. A variable induc-
tor is used and the condenser may be varied in steps.
A range from 200 cycles to 4 kc may be covered in three
ranges. The frequency scale is irrcgular, due to the
characteristics of variable inductors and the various
Flo. 54.—Reso- ranges cannot be made multiples of one anpther. Dye
nance bridge to the large stray field of the variable inductor, its
nce ge. magnetic pickup is considerable. A resistance balance
must be provided to allow for the variation of the resistance of the tuned arm
with frequency.

and U = %S (34) -

80. Wien Bridge. Capacitances may be measured in terms of resist-
ance and frequency with the Wien bridge, shown in Fig. 55. The
balance equations expressed in their simplest form are

1 Cv B S
w’=mundm—z—v (35)
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usual condition of balance, zero voltage across the null detector, the two
mutual inductances are equal.

My = Mg (40)

They must be so connected that their induced
sccondary voltages are in opposition. Mutual
inductance between them should be avoided.

638. Four-impedance Network with Mutual Induc-
tances. A mutual inductance may be compared
with a self-inductance on a four-impedance bridge
by placing it between one arm and either an input
or output lead of the bridge, as shown in Fig. 58.

Y

r

Fi1a. 57.—Felici
mutual-inductance

The general balance cquation for this nctwork is balance.
ZaZs — Z82v — jwM(Z4a + 2Zs8) =0 (41)

For Campbell's arrangement of this bridge the two conditions of balance
become

Lu =%Ls - (1 +%)M
and

A
U= -I}S (42)

A substitution method is usually adopted so that the inductance and resist-
ance of that portion of the mutual inductance connected in the S arm need

Fia. 58.—Comparison of mutual with  Fig. 59.—Carey Foster mutual-
sclf-inductance. inductance bridge.

not be known. When the ratio arms are equal the extra balancing inductance
represented by Lv of Fig. 58 may be eliminated by providing a center tap in
one branch of the mutual inductance. This connection is usually referred to
as the Heaviside equal-arm bridge. .

A mutual inductance may be compared with a capacitance by means of
the Carey Foster bridge, shown in Fig. 59. The conditions of balance are

M La
Cu =45 and U = S(ll_! - l) (43)

The impedance of the B arm is made zero in order to make the balance
independent of frequency. The method suffers because the resistance and
self-inductance of the mutual inductance enter into the expressions for the






SECTION 8
VACUUM TUBES

By J. M. StINcHFIELD, B.S.!

1. Electrons. The electron is a negatively charged particle of electric-
ity. In 1897 J. J. Thomson discovered that the cathode rays passing from
the cathode to the anode in a gascous discharge, were moving, negatively
charged, particles. He mcasurcd the ratio of the charge e to the mass m
of these particles and termed them corpuscles. Thomson’s corpuscles
are now commonly known as clectrons. The cathode rays or streams of
clectrons are deflected by cither magnetic or clectrostatic fields. They
exert mechanical force sufficient to turn a vane in a vacuum or to heat the
object they strike.

2. Electrons in an Electrostatic Field. An clectrostatic field exerts a
force upon an electron. If the field intensity is X and the charge on the
electron e, the force f acting on the clectron is

S =Xe 1N
If the mass of the electron is m, the acceleration a will be
Xe
a=— 2

The force and acceleration on the eclectron will change if the field
intensity changes. The force is in the direction of the field at the point
considered, the electron tending to move toward the positive.

In a uniform field the work I} donec on an electron in moving between
two points distance 8 apart will be

W=_fs

Xes 3)

Since X8 is also the potential difference hetween the two points, calling
this potential difference V, the work done on the elcctron is

W ="Te

If the field is not uniform the line integral of the force and distance
regardless of the path hetween the two points will give the work done.
The work done on a unit charge moved between two points defines the
potential difference between the two points. The work donc on an
electron moved hetween two points of potential difference V' will be

W = Ve 4)

1 Engineering Department, RCA Manufacturing Co., Inc., Radiotron Division.
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Velocity, Centimeters

Volts per Second

10,000 0.588 X 10t

100,000 1.64
1,000,000 2.82

8. Electrons in an Electromagnetic Field. An electron moving with a
velocity v in an electromagnetic field of intensity H is acted on by a force

f = Hew ®)
The direction of the force is at right angles to both the direction of the
field H and the direction of motion of the electron.
The force f is effective in producing an acceleration:

Hev
= ()]

The acceleration is at right angles to the direction of motion. If the
electron moves unimpeded and the field H is uniform, the path will be
circular and of radius

a

v my
=2 (10)

4. Current Due to a Stream of Electrons. A current ¢ is defined by
the quantity of electricity ¢ flowing per unit of time. If there are n
electrons per unit of volume 1n a certain s1pace, the quantity of electricit
¢ in this space is ne per unit of volume. If these electrons are moved wit
a velocity v, the quantity flowing per unit of time is the current

i = nev (11)

This is the current per unit of area at right angles to the direction of

ow.

6. Space Charge Due to a Cloud of Electrons. If in a given space
there are n electrons per unit of volume, the volume density of electnfica-
tion is

p =mne (12)

The potential distribution in the given space due to the electrons is

given by
or? ay? 0z2

For the case of large parallel plates, only the distance z between plates

need be considered. Equation (13) simplifies to
v
oz?

If a current i is flowing and the electrons move with uniform velocity v
the space charge or volume density of electrification is

()

6. Emission of Electrons. Certain internal forces existing at the
surfaces of substances prevent the escape of the free electrons unless a

= —4xp (13)

= —4np (14)
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certain amount of energy is supplied to the surface. In the usual type
of radio tube, the electron-emitting filament material is supplied with
the heat energy of an electrical current sufficient to cause the desired
clectron emission. Emission excited by heat energy is known as therm-
ionic emission.

Electron emission may be produced by electrons impinging upon
substances with sufficient veloeity. For example the electrons emitted
by the hot filament of a radio tube may be accelerated toward the plate
by a positive voltage. If a great enough velocity is reached each electron
will have sufficient energy to relcase one or more electrons from the plate.
This is known as secondary emission.

The energy supplied by light is sufficient to cause emission from some
substances. This is the type of emission employed in photoelectric cells
and is known as photoelectric emission.

Strong electric ficlds acting on gases or vapors may cause the gas
particles to collide with sufficient energy to release electrons from the gas.
‘This process is known as ionization. In this case both the eleetron and
the remaining positively charged gas ion are mobile, so that the clectron
moves toward the positive and the gas ion toward the negative electrodes
from which the ﬁe{)d originates.

7. Thermionic Emission. The emission of electrons from metals
heated to a certain temperature is a characteristic property of the metal.
From consideration of thermodynamics and the kinetic theory of gases
Richardson obtained an equation for thermionic emission.

_bh
I, = AT T (16)

where I, = emission current in amperes per square centimeter
1 a constant for the emitting substance

T = absolute temperature in degrees Kelvin
« = base of Napierian logarithms
b1 = a constant depending upon the nature of the emitting surface
A similar equation giving equivalent results was derived by Dushman:
_b
T
I. = AT (17)

where /. = electron emission in amperes per
square centimeter

T = absolute temperature of the

3’?5')'"" in degrees Kelvin (C +

e= base of Napierian logarithms
2.718)

A
[ 7'] b: = a constant for the material
Fiu. 1.—Determination of con- The constants A: and b; of Eq. (17) can

stants in emission equation. be determined for a given material in the
following manner:

bs
loge [1)] = loge [A:T!. T]
{loge I. — 2 loge T) = [10& Ay — AT:]
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9. Work Function. When a quantity of electricity ¢ is moved through
a potential difference V the work done equals ¢V. Work must be done
when an electron is removed from a surface. If the work done per
electron is W,, the electron charge ¢, and the potential difference ¢ is
required to supply an amount of energy equal to W, then,

W1 = ¢¢ (25)
4 .
¢ = %‘ - "—f’ = (8.62 X 10-%) volts (26)

¢ is called the electron affinity of the substance and is equal to the work
function (Wi/e). The smaller the quantity ¢ the easier it will be for an
electron to escape from the cathode. A low value of ¢ indicates a large
electron cmission for a given temperature.

The following table gives the electron affinity or work function of
several substances expressed in volts:

Substance ®
TUNBBLeN. ... i e e 4.52
Platinum. ... ... .. e 4.4
Tantalum. ... ... e e 4.3
Molybdenum 4.3
Carbon 4.1
Silver 4.1
[ - 4.0
Bismuth. ... ... e e 3.7
3 T P 3.8
T 3.7
/27 S 3.4
ThorUM. ... i e 3.4
AlUMINUM. ..o i e 3.0
Magnesium 0.7
Nickel..... 2.8
Titanium. . 2.4
Lithium. ..o i i e e e 2.35
IUM. .. o e 1.82
Mercury 4.4
Calcium 3.

10. Filament Calculations. The dimensions of filaments designed
to operate at a given voltage and temperature, and to furnish a certain
total emission current are related to the physical properties of the
material.

Suppose that the required total emission current i8 /g ma. From the

wer-emission chart for the type of filament material being used, find
??the emission current in milliamperes per square centimeter for a given
power input p watts per squarc centimeter corresponding to good life
performance, or to temperature T.

The total surface area of the required filament: A = (Is/l.).

The total power input to the filament: pA = I, = P, watts.

At a voltage E, the filament current I, = (pA /E/).

Filament resistance at the operating temperature: Ry = (E;/I;).

A
The resistance of a circular filament: B = [p 27’;;]
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The electron emission per unit area after taking into account the lead-

loss correction is

1= (¥)

where it = ohscrved total cmission from any
S = total filament arca
The correction factor f is given by

f=[ V +av

given filament

VAV —avy ]
Dushman gives curves of AV and AVjy plotted against temperature for

different values of b,.

V + AV correcsponds to the corrected voltage drop along the filament.
14. Effect of Space Charge. The equations of Richardson and
Dushman for thermionic emission give the total electron current, with

'- TZ

~ -
+ | s
s t
t 3 T
oy &) i
< 3
O
3 2
£ <

Cathode Temperature, T Anode Voltage, E
Fia. ?.—‘Spqce-cha‘rge ef- F1a. 3.—Saturation at constant
fect in limiting emission. temperatures.

zero field strength at the surface of the cathode. If the electrons are
allowed to accumulate just outside the surface they form a necgative
cloud. If the electrons are drawn to a positive clectrode both the nega-

tive cloud and to a less degree the cathode
surface ficlds are changed.

Langmuir found that if the voltage applied
to the anode was not sufficiently high a
temperature increase of the cathode did not
increase the current indefinitely. This effect
is shown in Fig. 2. It is due to the repelling
effect of the ncgative cloud of clectrons
surrounding the cathode and is known as the
space-charge effect, or volume density of
clectrification. Figure 3shows this effect with
constant-cathode temperatures and variable-
anode voltage.

The theory of these effects is as follows: The
distribution of the potential between two large
parallel plates is directly proportional to the

/

+
7
v/ <
© 1 2
2/ b
[
u; °
(&)
7 a
0
2 x— 8
Distonce

Fic. 4.—Distribution of
potential in cathode-plate
space.

distance starting from the low and increasing to the high potential plate.
If plate A emits low-velocity electrons (assumed zero) spontaneously,
and if plate B is positive with respect to A, electrons will be drawn over
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232. Characteristics of Typical Commercial Diodes.

Type l i I Er ‘ En im Pa k
125 | 7.5 550 | 0.085 | 0.0075 [ 1.2
325 | 10 1.500 | 020 | 0,050 1.7
385 | 1 2500 | 025 | 0250 101
14,7 1 16,000 | 0,188 | 1.00 05
245 | 22 17, 0.833 | 5.00 1.0
52 22 18000 | 3.0 | 2000 10
10 10 200000 | 010 | ... 010
10 10 85000 | 010 | Il 0.11
32 75.000 | 025 | il 0.25
10 0 150,000 | 0100 | 111l 0.1
32 12.5 |1500000 | 025 | il 011

is, E; = filament current, voltage (amperes and volts)
Ea = maximum effective a-c input voltage (volts)
im = maximum rectified tube current (amperes)
P. = nominal power rating (kilowatts)
ThW, PW = thoriated tungsten, and pure tungsten, filament
k = 0.0001 amp. per volt!-®

THREE-ELECTRODE TUBES

23. Effect of the Grid. When a wire mesh or similar electrode having
openings through which electrons may pass is placed between the cathode
and the plate of a two-clectrode tube it exerts a large controlling effect
on the flow of electrons to the plate. The meshlike electrode between
cathode and plate is termed a grid. The tube is then known as a (riode,
or three-electrode tube.

When the grid is connected to a battery or other source of voltage
the electrons are attracted if the grid is positive with respect to the
cathode and repelled if it is negative. The close proximity of the grid
to the space charge surrounding the cathode increases its effectiveness in
controlling the electron flow.

In most useful applications the tubes are operated with sufficient elec-
tron emission and with plate and grid voltages low enough so that the
space charge surrounding the cathode is ample to permit largc momentary
increases in the electron flow to the plate.

The effect of a large positive plate voltage in drawing the electrons to
the plate can be reduced by a relatively small negative voltage applied
to the grid. The electrons being negative will avoid the negative grid
80 that no current will flow in the grid circuit. If the negative grid
voltage is not too large with respect to the plate voltage, clectrons will
be drawn through the openings in the grid mesh to the positive plate.

The resulting plate currcnt is controlled by the grid although no cur-
rent flows in the grid circuit. The power is equal to the product of the
current times the voltage. Zecro power in the grid circuit can thus con-
trol a considerable amount of power in the plate circuit. Voltage varia-
tions of the grid produce corresponding variations of the plate current.
The extent to which the plate-current variationsare faithful reproductions
of the grid-voltage variations depends upon the steady polarizing voltages
(4, B, and C voltages) applied to the tube and the range of the voltage
vanations.
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the term refers to infinitesimal changes as indicated by the defining
equation:
dep .
= —a—e:; i, = constant
The amplification factor is indicated by the horizontal spacing of the
late characteristic or mutual characteristic curves of the tube. Since
gorizontal lines represent constant plate current the plate voltage
spacing divided by the grid voltage spacing of the curve is the amplifica-
tion factor. The amplification factor of three-clectrode tubes is nearly
constant for a constant plate current. In the region near zero plate
current or near the full emission current of the filament, the amplification
factor changes greatly with voltage. It is necessary to use smaller
increments in regions where the amplification factor changes rapidly.
34. Measurement of Amplification Factor. The amplification factor
is measured conveniently with an alternating-current bridge circuit
shown schematically in Fig. 15. The resistance R, i8 adjusted for zero
sound in the phones. The amplification
factor is given by
3

"R

Due to tube capacities or other reactances
in the circuit it is usually necessary to provide
a means for adjusting the phase of the grid
and plate a-c voltages for complete balancing
out of the sound in the phones. This phase
balance is secured with condenser C in Fig. sfo"'
15. The d-c voltage drop in R; should be °9%¢¢
allowed for when setting the plate voltage.
The adjustable ground connection is con-
venient in eliminating the unbalancing
effects of capacity to ground. The a-c
tone voltage should be as small as practical.
The phones can be preceded by a suitable amplifier.

CALCULATION OF THE AMPLIFICATION FACTOR

36. Plane-parallel Electrodes. When the diameter of the grid wires
is large compared to their spacing the formula
2r !'.s_ derived by Vodges and Elder is8 most accurate.

° 8

Fir6. 15.—Measure-
ment of amplification
factor.

Figure 16 shows a cross section of the electrodes.
The amplification factor is
‘e

A s [ 2rns — log, Ji(etrar + e-tonr)
DA =

Cathode Grid Anodes p log, (e~ + e-mar) — log, (v~ — e-17ar)

Fi1a. 16.—Tube . . s .
with plane-parallel where r = radius of the grid wire in ccntimeters
electrodes. n = number of grid wires per centimeter length of

structure
8 = distance from plate to grid in centimeters
When the diameter of the grid wires is small compared to their spacing the
equation above simplifies to
2wns

B = log, (1/2+nr)
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equal to the ratio of the amplification factor u to the plate resistance
ry of the tube:
m
Sm .

The mutual conductance dctermines the plate current change per
volt applied to the grid. It is evident that tﬁis is the most important
characteristic of a tube. It is a figure of merit of the tube and enters
into the calculations of the performance of the tube. It is a direct
measure of the amplifying propertics of the tube operating into a load
impedance which is small with respect to the plate resistance.

ith high impedance loads the amplification factor and plate resistance
are considered scparately in determining the tube performance. The
mutual conductance may be deter-
mined graphically from the slope of [—®—\

the mutual characteristic curve of o000k |l -
the tube. Direct measurements are {%M é: ¢ Phase =
usually most convenient when many P B ld =
readings are required. The bridge Ry & T
circuit described in the following Ry5 0 ohms T
section balances readily with either p 19— Measurement of mu-

three-electrode or screen-grid tubes.
41. Measurement of Mutual Con- tual conduc‘.mce' .
ductance. The mutual conductance can be measured directly in the

circuit shown in Fig. 19. The resistance R, and the phase balance C are
adjusted until the sound in the phones is balanced out. The mutual
conductance is given by

R, (1 Ry

Sm = RaRy rp

42. Calculation of the Mutual Conductance. The mutual conductance
S. is equal to the ratio of the amplification factor u to the plate resist-
ance r,. Each of these factors can be calculated with a fair degree of
accuracy for certain types of structures. The amplification factor
depends almost entirely upon the structure of the grid and the grid-plate
distance. The plate resistance depends upon the amplification factor,
the surface areas of the cathode and anode, the grid-ilament distance,
and the applied d-c operating voltages. The mutual conductance
depends upon all of these factors.

3. Grid-current Coefficients. When the grid of a tube is not bhiased
with sufficient ncgative voltage and the tube operation extends into the
sitive range of grid voltage, an electron current will flow to the grid.
nder these conditions the current in the grid circuit may change the
effective grid voltage. When it is desirable to include these effects in
determining the performance of the tube the coeflicients rclative to
the grid current arc usecful.

The grid conductance S,, or its rcciprocal the grid resistance r,, is

defined by the equation

- R.
= Rals (approx.)

3
Spp =8, =2
o0 [ aeg
rg = 1 =__3€,
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The grid conductance S, is the ratio of the change in the grid current to
the change in grid voltage producing it, other electrode potentials being
maintained constant. As most precisely used the term refers to infini-
tesimal changes, as indicated by the defining equation.

The cocfficient showing the relative effectiveness of grid and plate
voltages on the grid current has heen variously termeg reflex factor,
inverse amplification factor, and inverse factor. Recent I.R.E. standards
term this cocfficient the plate-grid mu factor. It is the ratio of the
change in grid voltage to the change in plate voltage required to maintain
a constant value of grid current. As most precisely used the term
refers to infinitesimal changes as indicated by the defining equation

dey. .
Hogp = pn = _a—e:; i, = constant

The cocfficient showing the effect of plate voltage on the grid current
has been termed inverse mutual conductance, or the plate-grid transcon-
ductance (note that this is not the grid-plate transconductance which
is the mutual conductance. The difference in these terms can be easily
remembered, since the words grid and plate appear in the same order
as the direction of action in the tube). It is the ratio of the change in
grid current to the change in plate voltage producing it, all other electrode
voltages being maintained constant. As most precisely used the term
refers to infinitesimal changes, as indicated by the defining equation

a1
Spp = Sn = "a_ea;

The grid-current cocfficients of the tube may be determined graphically
from the static characteristic curves or mecasured directly in bridge
circuits similar to those employed for the plate current cocfficients.

44. Higher-order Coefficients. The tube cocfficients in most ecommon
use are the amplification factor, plate resistance or conductance, and
mutual conductance. These are the first-order plate-current coefficients
of a triode. They determine the amplifying properties of the tube and
enter into nearly all applications of the tube.

When the tube is operated so that detection, modulation, distortion,
cross modulation, frequency conversion, and such effects are of impor-
tance, it is necessary to use second-order, third-order, and higher-order
coefficients in addition to the first-order coefficients to determine the
performance of the tube. For example, in the case of plate circuit
detection the tube coefficicnt determining this effect is the second deriva-
tive of the plate current with respect to the grid voltage. The first
derivative, or first-order coefficient, is the mutual eonductance which is

degy

= m

The second derivative, or second-order coefficient, is
o, _ aSa
de,r  de,

The d-c plate-current change with signal voltage and second-harmonic
distortion are also determined by the sccond-order coefficient.
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Cross-modulation and modulation distortion in the r-f stages of a
receiver are determined by the third-order coefficient

3%, _ 3°Sm
deg? dey?
The third-harmonic distortion in a tube is also determined by the third-

order coefficient. The fifth-harmonic distortion
would be determined by the fifth-order coefficient,

(a‘i,
det
Higher-order coefficients are usually obtained
graphically from the current-voltage characteristics
of the tube. When the analytical expression for
Fra. 20.—Triode the current is_known the coefficients may be
circuit. obtained by differentiation. The measurement
of an effect depending principally on one

coefficient may be used as a measure of the coefficient.

46. Mechanism of the Three-electrode Amplifier. Figure 20 repre-
sents a triode connected to a suitable source of A, B, and C voltage.
A meter /, is connected in the plate circuit of the tube for reading the

late current. A potentiometer is connccted across the C voltage.
he grid voltage E, will be changed as the slider is changed on the
potentiometer. If the slide moves toward the positive, the plate current
increases; if toward the negative, the plate current decreases. The
late currents corresponding to different grid voltages are plotted as
in curve 1in Fig. 21.  This 18 a mutual characteristic curve of the tube.
Suppose that the slide is varied in

some definite manner. For example, N
start to count time from zero on curve & 55
2 in Fig. 21. With the slider initially AT —Mm

at 5 volts the plate current is 3 ma. N’
Move the slider steadily in the negative WP e s
direction, until say, in three seconds = =

- — -

the grid voltage is 9 volts. The plate
current will be 0.5 ma. Now start the
slider in the positive direction, moving
at the same steady rate. At the end of
6 sec. the slider has returned to its
original position. Continuing the mo-
tion of the slider in the positive direction at the end of 9 sec. the grid
voltage is —1.0 volt andpthe plate current is 6.5 ma. If the slider is
started in the negative direction at the same rate, the grid voltage will
be —5 volts at the end of 12 sec., thus completing the cycle. .

Curve 3 shows the plate-current change corresponding to the grid-
voltage change with time. If the slider i8 connected to a mechanism
arranged to continue this motion, the plate current would contain an
alternating current of 1 cycle in 12 seconds or 5 cycles per minute. The
waveform of the a.c. wilf'be as shown in curve 3. It is superimposed
upon the d-c plate current.

The positive and negative peaks of the plate current as measured from
the initial 3-ma point are not equal although the grid-voltage peaks are

Fi1a. 21.—Mechanism of amplifi-
cation.
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equal. In this case the plate current is not a faithful reproduction of
the input voltage.

If a resistance is connected in the plate circuit, the effective plate
voltage is reduced as the plate current increases. The plate current
at E, equals —5 volts can be brought to the initial 3-ma point by a
suitable increase in the B voltage to compensate for the voltage lost in
the resistance. Starting with the same initial 3-ma point, the resulting
characteristic with a resistance load is shown by the curve 4 in Fig. 21.
The same alternating grid-voltage curve 2 produces the plate current
curve 5. The positive and negative plate-current peaks of curve 5 as
measured from the initial point are almost identical. The distortion
has been eliminated and tﬁe voltage developed across the resistance
(cian.be used to operate a succeeding stage of amplification or other

evice.

The potentiometer and slider of Fig. 20 can be replaced with a fixed
grid-bias voltage and an a-c voltage. The tube will operate as described
above except that a-c cycles usually occur so rapidly that the plate-
current (d.c.) meter cannot follow them. A meter showing the effective
value (r-m-s) of the a.c. can be used to measure the current. The
alternating current can be heard when connected to a loud-speaker, if
it is within the audible range of frequencies. The waveform of the a.c.
can be seen when connected to an oscillograph.

46. Detector Amplifier Triodes. Types of tubes designated as
detector amplifier triodes, or general-purpose triodes, are used for detec-
tion, for voltage amplification, and in general in circuits where a low-
power triode tube is needed.

The electrodes of the detector, amplifier triode are cathode, grid,
and plate (anode). The cathode may be of the filament- or heater-
cathode type, the grid of a medium or high amplification-factor type,
and the plate designed for various characteristics depending on the
principal use for which the tube is intended.

Some of the available types of cathodes are as follows: A filament type
with low current suitable for operation with dry-cell batteries; a filament
tyge with higher current used with storage batteries (filament types of
tubes requiring relatively high current and operated with a-c supply
are used 1n the power output stage and an amplifier type, the type 26,
has been used in r-f and some a-f circuits); a heater-cathode type operating
on 2.5 volts a-¢c supply; a heater-cathode type operating on 6.3 volts
for direct connection to the storage battery of an automobile, for use in
series-connected d-c line or universal a-c, d-¢ circuits, and for use with
6.3 volts a-c supply.

A medium amplification factor (6 to about 15 or 20) is characteristic
of the general-purpose type. The high-amplification-factor tubes are
especially suitagle for use in resistance-coupled a-f circuits. The plate
characteristics are relatively low plate current and medium or high

late resistance. The grid-plate transconductance is usually not so
igh as obtained with power amplifier triodes.
he medium-plate-resistance types are suitable for use in transformer-
coupled a-f amplifier circuits, in grid-leak detector circuits, and in
general in circuits where a medium-plate-resistance, medium-amplifica-
tion-factor triode tube is suitable.

The high-amplification-factor type having high plate resistance can

be used with resistance-coupled (or impedance-coupled) circuits for
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For operating loud-speakers the transformer primary carries the d-c
plate current plus the alternating current due to the signal. In this
case a low d-c plate current causes less tendency to saturate the core
when a single tube is used, and less loss in the winding resistance when
a push-pull stage is used. For loud-speaker and other applications where
appreciable power with low distortion is desired, a power amplifier triode
is used.

An important characteristic of the power amplifier triode is that the
distortion decreases to a low value and the power output decreases only
at a slow rate as the load resistance increases beyond a value equal to
the plate resistance of the tube. For low distortion (about 5 per cent
second harmonic), it is usual to operate with a load resistance equal to
twice the plate resistance of the tube.

Power amplifier triodes are characterized by high plate current, low
plate resistance, low amplification factor, high transconductance, and
moderate to high power output depending on the maximum plate voltage
and plate current or the power dissipation permissible in the tube.

The tabulation below of typical power amplifier triode tubes shows a
range of plate current for the various types from 12.3 to 60 ma, plate
resistances from 800 to 5,000 ohms; amplification factor from 3.0 to
8.0; transconductance from 1,050 to 5,250 micromhos. The rated
maximum plate voltage ranges from 180 to 450 volts. The bias voltage
which is a measure of the signal voltage required for full output ranges
from minus 30 volts to minus 84 volts. The power output ranges from
0.375 to 4.6 watts.

For higher power output per tube cither pentodes, class B tubes, or the
larger high-voltage power tubes are used.

TvyepicaL POowER AmpLIFIER TRIODES

Clpuiu}nce

1n pul

Tyve |Er| 1y | US| B | B |1 | B [0 | Sa | Po Bulb | Base
G-plGc| P

14 | 5.000.25 | [Fr | 100|-40.5/20 [1.70003 [1,700] 0.79] 7.5| 3.2| 2.9|ST-14 o

o |25 [fE | 2ms|-56 |38 [1.70003.5]2,0502.0 |7 [« [3 |sTie| f ¥

so |7sfr2s| b8 |as0l-s4 |ss [1.800[s.8f2.0004.6 | ... .| .. |sT10| } M

31 | z00.130f P F [ 180[-30 |12.3[3,600(3.8]1,050(0.375] 5.7 3.5| 2.7sT-12 E $

10 |7.s)1os | b | 42s)-30 18 [s.000/8.01.6000.8 |7 |4 |3 [sTaae| § M

243 | 2.5l2.5 5 | 2%0|-45 Jeo | soole.2fs.250(3.5 13 |0 |4 [sT-18 g““

48. Power Amplifier Tetrodes and Pentodes. A power amplifier
tetrode is similar to a power output pentode except that the tetrode
does not have a suppressor grid. The electrodes are cathode, control
grid, screen grid, and plate. The construction is such that the secondary
emission from the plate cannot reach the screen grid. The plate char-
acteristic curves are similar to those for a pentode tube without the
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Power amplifier pentodes are used in the power-output stage of radio
receivers, and for operating relays and other devices where high mutual
conductance and high plate resistance are desired. Due to its high
plate resistance it 18 useful in circuits requiring a constant-current
characteristic. For example, for distortionless magnetic deflection
of a cathode-ray tube at all frequencies, the current through the deflecting
coils should be directly proportional to the signal voltage. When a
pentode power amplifier is used, a distortionless pattern results over a
range of ggquencies for which the deflecting coil impedance is low enough
to utilize the pentode constant-current characteristic.

For several typical power amplifier pentodes listed below the range
of characteristics of the various types shows plate current from 22 to
34 ma, transconductance from 1,200 to 2,500 microinhos, plate resistance
from 35,000 to 100,000 ohms, amplification factor fromm 80 to 220, and
power output from 1.4 to 3.4 watts. The maximum plate voltage
ratings range from 135 to 250 volts. The grid-bias voltage which is
approximately equal to the peak signal voltage for full output ranges
from minus 12 to minus 25 volts.

TypicaL PowER AmpLIFIER PENTODE

Capacitance
T in puf
Type | Bo| Ir | catlinde |E» |Bea| B |I2|lq| Bo fw| Sm(Po| | Bulb| Base
G-P| ot [ put
41 25175 | §  [250[250|—16.5| 31f6 | 60.0000150l2,50012.7) 1.2 8.6/13.0| ST-16( |
33 [2.ofo.26f [ § [180[1s0]—18 | 22[s | 55,000 90/1.700(1.4] 1.0| 8.0/a2.0f ST-14 |'¥
38 [6.30.3 | [HC |250/250—25 | 22(3.8(100.000(120]1.200(2 5| 0.3 3.5| 7.5|sT-12| |3
4 [0.300.3 | {5 lasolasol—18 | 32]s.5| 6s,000(150/2.2003.4] .| ..|....|sTe12] [
2 [6.3j0.7 | [HC  1250/250|—16.5| 346.5[100,000(220(2,20013.0] ...| ...|....|sT-14] [M
24 f2.5j1.75( {0 (2sales0l—16.5) 34/0.5/100.000(22002.2003.0f .| ...|....|sT-14 L
@ [2.500.3 | 35C liaslias| 20 | 47 | 3s.000) sofz.300fz.00 [ ... 5Tl R
6A4 [6.300.3 [ 3 & [180)180/—12 | 22[3.9] 45,500(100/2,200]1 .4 sT-14| (M

49. Dual-grid Power Amplifiers. Tubes of this class have a cathode,
two grids, and a plate. hen the two grids are connected together
and used as a single grid, the resulting characteristics are suitable for
use as a class B power output tube. When the inner grid is used as
the control grid and the outer grid is connected to the plate the resulting
characteristics are suitable for class A power amplification, suitable for
driving the class B stage.

The characteristics of typical tubes have for class B operation a
quiescent plate current of 2 and 6 ma, plate-voltage ratings of 180 and
400 volts, class B a-f power output for two tubes of 3.5 and 20 watts.
For class A operation the maximum plate-voltage ratings are 135 and
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per cent = 5.3 per cent

The power output and distortion with various load impedances are
shown 1n Fig. 24. The second harmonic distortion is a minimum near
the rated 7,000-ohm. load. The harmonic distortion increases with the
load. The total distortion is the vector sum of the second and third
harmonics, since the magnitude of the higher-frequency components is
small. The power output for minimum distortion is near the maximum
obtainable.

63. Screen-grid Amplifiers. The 32 —r—r—1—
screen-grid amplifier tube possesses | Ep=25vonis 4.C .
properties which make it markedly Ep=E 2250 Vot
superior to a triode for amplification 3 'EP __9/55‘,0”’
of r-f or af voltages. It is also a L g1
good detector tube. Esisma =53 Volts| 7

Prior to the advent of screen-grid X
tubes r-f circuits using triode tubes >
had to be stabilized by special circuit
arrangements to avoid feed-back
through the grid-plate capacitance
which caused oscillation. Due to the
low value of control grid to plate
capacitance in a screen-grid tube
(about 0.01 uuf) the feed-back is neg-
ligible and stable operation results /
without the use }:)f critically é)l;llancﬁd
circuits. Also the screen grid has the
effect of greatly increasin‘:g the plate Tofal - V(% 2nd.)2+(%3rd.)
resistance and, since the mutual con- 43»- ;l«";
du]ctanceta_ is not ]dgcreased, the et’fct(:tive BT ol
value of amplification factor (u =
R,S.) is very large. In use, the high 4000 6000 8000 10000 12000
plate resistance puts less shunt-load Load Resistance,ohms
resistance across any tuned circuit to Fia. 24.—Output characteristics of
which it is connected. The resultisa pentode power tube.
more sharply tuned circuit with higher
over-all impedance. The net result is higher voltage amplification
and greater selectivity. For example, with triode tubes a voltage
amplification of 20 per stage is considered high at broadcast frequencies,
while with screen-grid tubes a gain in excess of 100 per stage 1s easily
obtained. At intermediate frequencies a gain of 200 to 400 per stage is
readily obtained. .

The screen-grid tube has a cathode, two grids, and a plate. The inner
grid is used as the control grid, to which signal and bias voltages are
applied. The outer grid serves as an electrostatic screen between the
plate and the inner structure. It is operated at a fixed positive potential
ordinarily not higher than about one-half to one-third of the plate voltage.

The characteristics of typical tubes show plate currents ranging from
1.7 to 4.0 ma, plate resistance from 0.3 to 1.2 megohms, transconductance
frgr.g\ 50(} to 1,080 micromhos, and grid to plate capacitance from 0.02 to
0.007 upf.
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secondary emission kink in the plate characteristics is eliminated so that
screen grid and plate may be operated on the same voltage when low-
voltage operation is desired.

The characteristics of typical tubes are as follows:

TypicaL SUPERCONTROL R-F PENTODE AMPLIFIER

Type | Er | Ir | YR8 | By | Eey | B | 1 | 1oy | 1) Sn

34 2.0 |0.080
3944 6.3 (0.3

I3 180 | 67.5/—3.0{ 2.8 | 1.0 | 1.0 | 620 620
HC |20 |90 |-3.0[ 5.8 | 1.4 1.0 [1.0501,050

66. Triple-grid Supercontrol Amplifiers. The triple-grid supercontrol
amplifier types like the triple-glg'id detector amplifier types have three
grids, a cathode, and a plate. his type is particularly suited for use as
a radio- and intermediate-frequency amplifier. With the usual con-
nection of the three grids a pentode type of characteristic results. The
operating characteristics are similar to the triple-grid detector amplifier
types except for somewhat lower plate resistance, higher mutual con-
ductance, higher plate current, amf a remote plate-current cut-off char-
acteristic. he remote cut-off characteristic permits a large range of
control of amplification of r-f voltages without cross-modulation or
modulation distortion. It is useful also as a first detector in super-
heterodyne circuits, but is not generally satisfactory for use as the second
detector or for use as an a-f amplifier. For these Kltter applications the
sharp plate-current cut-off detector amplifier type should be used.

The characteristics of typical tubes o?this type show higher plate cur-
rent for low bias voltages than for the detector amplifier triple-grid tubes.
The plate-characteristic curves show a continuously decreasing effect of
grid-bias voltage on plate current as the negative bias voltage is increased
(variable-mu effect). This gradual decrease in plate-current and large
bias voltage required for plate-current cut-off permits the use of large
signal voltages while the tube is biased to reduce amplification without
distortion or cross-modulation of the radio- and intermediate-frequency
voltages. The plate resistance of this type tends to be less than for the
sharp cut-off type. The values of 0.6 to 0.8 megohm are high enough to
prevent excessive loading of the tuned circuits. Voltage amplification
greater than 100 at broadcast frequencies and from 200 to 400 at inter-
mediate frequencies is readily obtained.

In operation with voltages as shown in tabulation on page 267, the grid-
bias voltage (E.,) can be made variable from minus 3 volts to minus
40 volts for gain control of radio- or intermediate-frequency stages. As
a mixer tube a grid bias of minus 10 volts is used for an oscillator voltage
of 7 peak volts. Consideration should be given to the amplitude of the
signal voltages to be expected in each stage and the bias-voltage range
should be limited accordingly. The signal voltage should never cause
the grid to swing far enough in the positive direction to permit grid cur-
rent to flow, nor far enough in the negative direction to exceed the plate-
current cut-off point.
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60. Pentagrid Converters. The pentagrid-converter tube has a
cathode, five grids, and an anode. It is designed to perform the com-
bined functions of oscillator and first detector in a superheterodyne cir-
cuit. The electrode starting from the cathode, and counting outward
(the usual method for designatingﬁrids by number) are first (No. 1 grid)
the oscillator control grid; next (No. 2 grid) the oscillator anode; grids
3 and 5, connected together within the tube, are used to accelerate the
electron stream from the cathode (similar to the operation of the screen

Ep=2.0Wits OC.

Screen(Grids No.3and No.S) Volts =62.5
Qscillptor 6rid (Grid Mo. 1) Resistor-0hms ~S0000
Qscittotor Grid Current-MilliamperessQ2

Curve| Poke 5| xd (Grid Mo 2Supply Werts ®
—| 135 135
-——-l &0 180

* Applied through 20000-0hm Drogping Resistor
v Ef =63 Vors
2 oA\ 500 Plate Voits « 250
5 \ Screen (Grids No.3 ond No.5) Volfs = 100
To\n _'g Control Grid (Grid No.4) Volfs = =3
5P € Anode (Grid No.2) Volfs « 100

‘é’ 400 § Qscillator Grid (Grid No.1) Peak Volts «60

gn s \ oA E Jucillator Grid Restance + 50000 ahms
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Control Grid (Grid No.4),volts Resonant Load Impedance,megohms

F1a. 33.—Characteristics of pentagrid converters 1C6, left; 6A7, right.

grid in screen-grid and pentode tubes); and grid 4 operates as the signal
control grid. The grids 3 and 5 shield grid 4 from the inner and the plate
electrodes and give the tube a high plate resistance. The high plate
resistance permits the use of high-impedance loads resulting in high gain
and selectivity.

In operation the electron stream is initially modulated at oscillator
frequency by the inner electrodes. The incoming r-f signal, applied to
grig 4 further modulates the electron stream, thus producing components
of plate current, the freciuencies of which are the various combinations of
the oscillator and signal frequencies. Since the primary circuit of the
first intermediate-frequency stage is designed for resonance at the inter-
mediate frequency (equal to the differcnce between the oscillator and
signal frequencies), only the desired intermediate frequency will be
present in the secondary of the intermediate-frequency transformer.

In use, the oscillator coils are designed with a little greater coupling
between grid and oscillator anode coils than is commonly used with triode
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63. Ultra-luﬁ Frequency Tubes. At frequencies above 60 Mc
(wave lengths below 5 meters) conventional tubes and circuits give poor
performance. By means of tubes specially designed for ultra-high fre-
quencies, the performance can be greatly improved. For low-power
circuits and for receiving circuits, these special tubes of unusually small
dimensions are used. Thesc tubes, known as acorn types, because of their

pearance. permit the use of conventional circuits in the frequency range

PGO to 300 Mc and higher.

A small glass bulb with the electrode connections sealed directly
through the center and end portions of the bulb is used. There is no base
on these tubes. The electrode terminals appear directly on the bulb and

F1a. 34.—Acorn pentode.

are made strong enough for insertion in a socket. The clectrodes are
similar to those 1n other types of tubes except that, owing to the unusually
small dimensions, specmr desi gn and construction are required. A
cathode of the indirectly heated type operating on 6.3 volts and a low
value of current is used.

Some of the advantages of this type of tube are low electrode capaci-
tance, low electrode connecting lead inductance, small elcctron transit
time, and small space requirement.

The type 955 detector, amplifier, oscillator triode tube can, for example,
be used as follows:

As a resistance-coupled a-f amplifier: Plate-supply voltage, 180 volts;
grid bias, minus 3.5 volts; plate-load resistor, 250,000 ohms; and plate
current, 0.42 ma. The grid resistor may be made as high as 0. 5 megohm.
With these voltages, an undistorted voltage output of 45 volts may be
obtained. The voltage amplification is approximately 20

As a grid-lecak detector a plate voltage of 45 volts, a grid leak of 1 to
5 megohms, and condenser of 0.00025 uf is used.

As a grid-biased detector a bias of minus 7 volts is suitable for use with a
Flate-aupply voltage of 180 volts. The initial plate current should be a little
ess than 0.2 ma. For self-bias a resistor of approximately 50.000 ohms
should be used.

As an oacillator or r-f (Class C) amplifier, a grid resistor of 20,000 to 25,000
ohms in series with choke coil is used. Conventional circuits can be employed
except that special care in making connections and in providing by-pass
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For example if (RiC/Rs) = 5.0 uuf, the frequency is 1,000 cycles, and
Ras is 100 megohins, the correction factor is approximately 0.95 and
Can = 4.75 puf.
.86. Radio-frequency Method. An r-f method of mcasuring the
direct interelectrode capacitances is
shown schematically in Fig. 39. The C: Fem——- 1
r-f oscillator supplics sufhicient volt-
a%:e‘ to cause a current through C,
which can be measurcd with the
thermocouple TC. The capacitance
1 does not affect the measured cur-
rent if the voltage E is held constant. Fia. 39.—Method of measuring tube
The reactance of capacitance C,; is capacities.
high with respect to the low-resist-
ance thermocouple. The indicating microammcter I has one side
grounded. An r-f choke L and by-pass condenser C kcep r-f currents out
of the meter I. When the voltage E and current / are known the
capacitance C; is given by

¢ = X
w.

If a standard variable capacitance of slightly greater range than C; is
available, a substitution method can be used. T%xe standard capacitance
is connected across C;. It should be enclosed in a grounded shield. The
small capacitance to the shield is in parallel with C, and C,.

In use the meter reading 7 is noted with the tube in place. The tube is
then removed and the standard capacitance is increased until the same
meter reading / is obtained. The difference in the two readings of the
standard capacitance is the value of the tube capacitance C;. The r-f
voltage E should be constant. The absolute value of the voltage and
current need not be known. A thermocouple with a filter and meter
connected in serics with a small capacitance across the oscillator terminals
can be used as the voltage indicator.
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F1a. 40.—Measurement of screen-grid plate-grid capacitance.

66. Grid-plate Capacitance of Screen-grid Tubes. The direct grid-
plate capacitance of screen-grid tubes is a small fraction of a micro-
microfarad. Bridge measurcments arc not generally satisfactory. The
radio-frequency substitution method is convenient for this Eurpose.
Figure 40 is the schematic circuit. C is a standard capacitance having a
range equal to the range of capacitances to be measured. Coaxial
cylinder capacitors can be constructed accuratcly covering an extremely
small capacitance range. The thermocouple current indicator should be
replaced with a sensitive indicator such as a tube rectifier or carborundum
crystal. The plate of the tube should be shielded from the grid. A






SECTION 9

OSCILLATION
By W. W. WavLTtz!

1. Conditions for Oscillation. The mathematics of oscillating circuits
have been ably demonstrated by many writers.? The discussion which
follows is the general mathematical trcatment of conditions for oscilla-
tion for threc-electrode tubes.? The same mcthod of procedure can
be used to show the condition for oscillation for a device having only
two electrodes, although the final result will be different in that the
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4 iri l Lll
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3P ) 2 c
<
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#eg c g
Fra. 1.—Fundamental oscillator Fi1a. 2.—Tuned-plate oscillator.
circuit.

two-electrode device will be shown to possess a negative resistance
characteristic.

Consider the fundamental circuit of Fig. 1 in which the heavy lines
represent an oscillatory circuit connected across the plate and filament
of a vacuum tube having a plate resistance r,. Figure 2 shows the
circuit from which this fundamental schematic was derived.

Because of the mutual inductance between L and L,, variations in the
current through L cause varying e.m.fs. to be impressed upon the grid.
If R is small, any current flowing in the plate circuit will establish an
e.m.f. in the circuit LC which is 90 deg. out of phase with the plate cur-
rent. LC is, theoretically, non-reactive, hence the current through this
circuit is in phase with the voltage across it. The current through L,
therefore, induces an e.m.f. in L, 90 dcg. out of phase. Thus it is seen

1 Consulting Engineer, Staten Island, New York.
3 HazeLTinNg, L. A., Proc. 1.R.E. April, 1918; Hurw, L. M., Bur. Standards Sci. Paper
355, December, 1919; Prince, D. C., Proc. I.R.E., June, August, October, 1923.
1Van peRr Bur, H. J., " The Thermionic Vacuum Tube,” McGraw-Hill Book Com-
pany Inc., 1920.
277
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that the varying e.m.f. impressed on the grid of the tube is in phase with
the plate-current variations.

Certain assumptions arc made by Van der Bijl! to simplify the discus-
sion; it will be assumed that the grid is sufficiently negative to prevent
the flow of grid current; all interclectrode capacities will be neglected;
the LC circuit is non-reactive at the oscillation frequency.

A current § in the coil L induces a voltage ¢, in the coil Li. This is given by

¢ = MZ—; =jMui 1)

Since a voltage ¢, on the grid of a tube introduces a voltage equal to ue, in
the plate circuit, the above equation becomes

peg = piMat (2)

The solution of the circuit now involves only the application of Kirchhoff's
laws to the network of Fig. 1, leading to a differential equation whose solution
gives, as the condition of oscillation,

-hM L
™ =TR TR 3

Equation (3) shows that in a three-clectrode tube circuit the resistance
need not be negative, provided the term uM/CR is great enough. The
amplification constant agpcaring in this expression shows that the ability
of a three-electrode tube to oscillate is directly dependent upon its
ability to amplify.

Equation (3) may be written in the forms,

_uy L L CR _uy CR
S"_r,gr,M+M or S"_r,gM_é 4)

m

in which Sa(=p/ry) is the tube transconductanee. For small oscilla-
tions S i8 given by the slope of the e,/i, characteristic; for large oscilla-
tions S. is approximately equal to the slope of a line joining the points of
maximum and minimum current on the characteristic curve. As the
intensity of the oscillations increases, more and more of the e, charac-
teristic i1s utilized and the slope of this line decrecases. Equation (4)
shows that S, must be greater than some quantity involving the con-
stants of the external circuit in order that oscillations be sustained.
Since S, is approximately proportional to the plate voltage, u/r (= Sa)
and r, can be replaced by £, and some constant. Since, for the tube to
oscillate, S, must be larger timn some minimum value, it can be scen that
the tube will not oscillate until E, reaches a certain minimum value. This
value is fixed, if the other quantities (coupling, etc.) are fixed. These
remarks indicate the dcsirab(i‘ity of having S.. as large as possible.

The frequency of oscillation 1s controlled largely by L and C, but the
plate resistance of the tube and the resistance of the oscillatory circuit
also play a part. In a well-designed circuit the resistance is small, so

that the frequency is given by the well-known expression f = 1/2x+/LC.

1 Loe. est.
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If r, should be negative, the total resistance will be reduced and the
tube will have a greater gain. If, when r, is negative, the effective
resistance of the circuit to the right of AB is equal to zero, sustained
oscillations will be produced. This increase in gain, caused by a reduc-
tion of the resistance, gives rise to the effect known as regeneration.

Cs
G " P
c o
Heg
L

ry L,
AV 0000000 —-—— 0000300 ————

M >
Fi1a. 5.—Capacities affecting oscillator action.

r, is negative when the reactance in the plate circuit is inductive.
Curves showing the relation between r/r, and the regeneration effect
indicate that the maximum regeneration is obtained when the external
im%edance in the plate circuit 18 equal to the plate resistance. .
he factor C, in the above discussion represents only one of the inter-
electrode capacitics; there arc others, as shown b{ Fig. 5. This diagram
represents, fundamentally, one type of oscillat-
ing circuit. As can readily be seen, there are
X, several paths for the oscillating current to

4 take, the most important of these being through
d the grid-plate capacity C,, thence through L,
1 X2 and L;. Obviously, the addition of the capac-
4 ity C; makes the fundamental frequency of the

F tuned circuit vary somewhat from the value
which might be expected. This can be seen
fromn the reactance curves of Fig. 6, in which

X the reactance of the circuit L;C 18 given by the

3 line X,. The point of resonance for this circuit
alone is at A. Line X, gives the reactance of
L. and its coupling with L,C. The reactance

Frequency added to the circuit by C, is shown by the line
F1a. 6.—Tuned-circuit X3, and this results in a shift of the fundamental
reactance. fre.queir'lcy of the entire circuit from point 4 to

point F.

The above analysis is perfectly general and can be applied (with
appropriate changes in nomenclature and due regard to phase relations)
to any type of vacuum-tube oscillator.

2. Fundamental Vacuum-tube Circuits. The two most familiar cir-
cuits for oscillators are those shown in Fig. 7a and b, known respectively
as the Hartley and Colpills circuits. For grid excitation, the Hartley

Reactance 4
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circuit employs the mutual inductance between two coils (which in actual
practice may be a single coil; the degree of coupling between the two sec-
tions being determined by the location of the glament tap).

In the Colpitts circuit the same result is obtained by the use of two
condensers, tﬁe ratio between them determining the grid excitation.

=l

pithis

. (a) (b) ~
Hartley Series-Feed Hartley Shunt-Feed Colpitts

(c) (d) (e)
Feed-Back Reversed Feed-Back Tuned-Grid Tuned-Plate

F16. 7.—Fundamental oscillator circuits.

In the feed-back circuit (Fig. 7¢), energy from the plate circuit is fed
back to the grid; in this oscillator the tuned circuit is connected between
grid and filament.

As the name implies, the reversed feed-back oscillator (Fig. 7d) functions
the same as the feed-back circuit, the difference being that the tuned
circuit is in this case connected between plate and filament.

- I0dU
|—

(a) (b)
Fundamental Circuit  Four Electrode Tube Oscillator
F1a. 8.—Dynatron oscillator circuits.

The tuned-grid tuned-plate circuit (I'ig. 7¢) has both input and output
circuits tuneg to apJ)roximately the frequency of oscillation, the grid-
plate capacity providing the feed-back coupling impedance.

In the dynatron,! use is made of the fact that a circuit having negative
resistance can be made to oscillate. The action of this circuit can be

tHowr, A. W, Proc. I.R.E., February, 1918.
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The magnetron oscillator (Fig. 11) depends for its operation upon the
curvature of the electron orbits produced by a magnetic field.! Oscil-
lators of this type are more efficient at the ultra-high frequencies; they
apparently possess the ability to oscillate at frequencies much higher
than any other type.

The frequency of oscillation of this circuit is a function of the magnetic
field, the anode radius, and the anode potential; it is given approxi-
mately by?

AH = 13,100 (9)

in which A is the wave length in centimeters, and H, the field strength, is
given by

6.72 ,~
H =T\/V (10)

where R is the anode radius, and V the anode potential.
Tubes for magnetron circuits have no grids but are constructed with
two plates.

FREQUENCY CONTROL

8. Conditions Contributing to Frequency Change. It has been
demonstrated by several writers that the conditions which contribute
to a shift in the frequency of oscillators may be classified roughly as
follows:?

A. Tube characteristics.

B. Temperature.

C. Vibration.

D. External coupling.

Gunn has shown that the changes in the internal impedance of a tube
generally result from the following:

Changes in plate potential.

Changes in mean grid potential.

Changes in filament potential.

Changes in emission due to causes other than c.

Changes in spacing of the tube elements.

Interruption (keying) of the circuit.

consideration of vacuum-tube mathematics, with regard to the
causes enumerated above, makes it quite obvious that these variations
affect the operating parameters of the tube most of which play a role in
controlling the fundamental frequency generated by the tube and its
associated circuits.

It has been pointed out by Llewellyn that, in general, the frequency
of oscillation is rigorously determined by three characteristics of the tube
(disregarding for the moment the external circuits). These are the plate
resistance r,, the grid resistance r,, and the amplification factor u. Of
these quantities, r, and r, are principally responsible for whatever
changes in frequency there may be. It can be seen that r; has the same

Ban Rp &P

' Horr, A. W., Phys. Rev., vol. 18, 1921,

? Kerry and SaMvUeL, Bell System Tech. Jour., vol. 14, January, 1935.

3LLeweLLYN, F. B., Bell System Tech. Jour., vol. 11, January, 1932; GUNN, Roes,
I.R.E., Proc., September, 1930.
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AT (35°), have zero temperature coefficients. The other cuts, BC and
AC, certainly appear to be better than the Y-cut plate in so far as tem-
peraturc characteristic is concerned.
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F1a. 14.—Temperature coefficient versus rotation about the X-axis.

b The fundamental frequency of vibration for any of these cuts is given
y
1 ﬁs

20 Y p

where cee = the elastic constant for quartz. This varies from 28 X 10
to 70 X 10!, depending upon the angle of rotation about
the X-axis

t = thickness in centimeters
p = the density of quartz (2.65 g/cm?).

_This expression has been plotted (Fig. 15) to show the frequency in
kilocycles per millimeter thickness of the crystal as a function of the angle
of rotation about the X-axis.

From the theory derived in connection with the development of these
plates, it was expected that the so-called secondary spectra which result
in the discontinuities described under the X- and Y-cuts would be elimi-
nated, at lcast over the workable temperature range. This has been

(13)
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found experimentally to be the case. Furthermore, plates cut with these
new orientations, especially the A7T-cut plates, have been found to
posscss all of the favorable characteristics of the Y-cut. Tests on the
AT-cut plates indicate the possibility of using them to control moderate
amounts of power. At 2 Mec, 50-watt oscillators appear to be feasible;
some experimental circuits have been operated up to 200 watts without
destroying the plate. Altogether, these plates seem to be at least one
answer to future problems of high-{'rcquency generation and stabilization.
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Fia. 15.—Frequency in kilocycles per millimeter thickness versus rotation
about the X-axis (see Fig. 14).

There is no definitely established frequency limit for quartz plates;
the practical limits are being constantly extended. Plates have been
used at 20 Me, and a 1-kc quartz bar has been reported. Quartz plates
are rarely called upon to control more than a few watts directly; higher
powers are controlled by amplifying the output of the crystal stage.

Several other materials which assume a more or less well defined
crystalline form have been investigated as poss:bi]ities‘ for piezo-electric
elements. Among these may be mentioned tourmaline and Rochelle
salt (sodium potassium tartrate). The Rochelle salt crystals have in
general been discarded, althouﬁh they have found applications in the
so-called crystal speakers and phonograph pickups.
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Tourmaline, while it is practically as good as quartz over a great
frequency range—and somewhat better than quartz in the range from
about 3 Mc to 30 Mc—has the disadvantage of being a semi-precious
stone; its cost i8, in consequence, out of proportion to its usefulness.

Beyond the range where crystals exert satisfactory control, z.e., about
30 Mc at the present state of the art, the concentric conductor as a
i{eque:():y—control element appears to offer the best possibilities. (See

rt. 14.

8. Temperature Control. Present-day requirements of carrier-fre-
quency stability necessitate that radio transmitters have their frequency-
control device (quartz plate) under accurately controlled temperature
conditions; this is because of the fact that practically all of the quartz
plates now in use are X and Y cut.

The gencral practice is to construct the entire oscillator assembly
in such a manner as to maintain nearly constant temperatures within
the housing of the circuit; this helps to avoid frequency drift which
might be caused by expansion or contraction of the coils and condensers
of the oscillator circuit.

In addition, the quartz plate is operated in a constant-temperature
oven. This oven, electrically heated, is usually designed after the prin-
ciples given by Marrison.! These principles involve the thermal con-
ductivity of the material of which the oven is made, the ambient tem-
perature range, and the temperature coefficient of the quartz plate.

Briefly stated, the problem is one of accurately determining the tem-
perature of the plate and of causing any slight variation of this temper-
ature to actuate suitable thermostatic devices, which in turn cause more
or less current to flow through the heater associated with the oven.

An example of such a control chamber is given by Marrison as follows:

It consists of a cylindrical aluminum shell with a wall about one inch thick,
with a heater, and with a temperature-responsive element in the wall to
control the rate of heating. The aluminum shell has a metal plug that
screws into the open end forming a chamber for the crystal which is then
completely closed except for a small hole for electrical connections.

Since aluminum is a good thermal conductor the shell equalizes the tem-
perature throughout the chamber and thus avoids the use of a fluid bath.
The main heating coil is wound in a single layer over the whole curved surface
of the aluminum cylinder, being separated from it only by the necessary
electrical insulation. Auxiliary heating coils are wound also on the ends so
as to distribute the heating as uniformly as possible. This, in effect, makes
the short cylinder behave like a section from an infinite cylinder. To protect .
the thermostat from the effect of ambient temperature gradients the heating
coil has an outside covering consisting of four layers each of thin felt and
sheet copper spirally wound so that alternate layers are of copper and felt,
the innermost layer being of felt and the outer one of copper. . . . This
covering is very effective in reducing surface gradients since the conductivity
in directions parallel to, and perpendicular to, the surface differ by a large
ratio.

The thermostat used with these constant-temperature chambers is
generally the mercury-column type. This is simply a thermometer in
which contact wires have been fused. At the point on the scale where
the operating temperature is located, the glass stem has been drawn out;
i.e., if the device is to function at, say 35°C., the stem of the thermometer

1 Loc. cit.
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is constricted and elongated between about 34.5° and 35.5°. One of
the contact wires is fused through the glass at the 35° point, the other
wire making contact with the mercury at the bulb. This elongation of
the stem over a range of one degree or so causes the mercury column to
move an appreciably greater distance per fraction of a degree change in
temperature.

This type of regulator is very sensitive to minute temperature changes,
but it has several disadvantages. Among these, the most important are:
the mercury-wire contact is fixed and cannot be changed to meet different
eonditions; the regulator cannot carry any appreciable current. For
this latter reason, it is customary to utilize the regulator simply to change
the grid bias on a vacuum tube; the tube plate circuit includes the
winding of a relay which operates with small changes of plate current.
This relay, which is generally too small to handle the heater current,
actuates still another relay to open or close the heater circuit.

g +2000
OF
g § +1000 . e
Sy — |
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Air-Gap,millimeters
F1u. 16.—Frequency change versus air gap.

With the advent of the constant-temperature-coefficient crystals, the
need for this complicated and delicate temperature-control device has
been dispensed with. Some types of service, notably aircraft radio,
where ambient temperatures may range from —40° to +40°C., *still
require some kind of temperature regulation, but the requirements are
satisfactorily met with a more or less conventional heating chamber and
an ordinary bimetallic thermostat.

9. Crystal Mountings. There are, in general, but two types of crystal
holders: those in which the crystal plate is firmly clamped, and those
employing an air gap between the plate and one or both electrodes.
Some plates, especialg' those used in crystal-filter networks where there
i8 no great amount of vibration, may have the contact electrodes directly
sputtered upon the faces.

The use of a holder with an adjustable air gap permits slight adjust-
ments in frequency to be made. Figure 16 indicates the change in
frequency for different air gaps for a representative crystal and holder.
For plates which are to control a preciagle amounts of power, however,
the holder which firmly clamps tﬁe plate seems to be preferable; this is
particularly true where the oscillator frequency is fixed definitely, e.g.,
radio transmitters, esﬁecially those in services which require the mini-
mum of attention on the part of the operator.

For laboratory use in frequency standards, however, an air gap may be
of considerable value. Some ho{ders are made with a fixed air gap, and
the final calibration of the crystal is made by slightly changing this gap,
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the only resistances with which this analysis need be concerned. In this
case, Eq. (20) becomes

[rp +J(Xl 4+ XoliXo[r, +7(X2 + X9] = (X1 + Xa) (X2 +X-)
wry + 2/ Xa] = —XoXulur, + 7 Xa] — (X1 + X2)¥r, + j(X2 + XJ)]
- (X2 + X2, + (X0 + Xn)] (21)

If Eq. (21) is separated into real and imaginary portions and each of these
equated to zero, the resulting equations must be simultaneous and must
express the frequency and the values which r, and r, must assume for oscilla-
tions to exist. As was mentioned previously, the problem is to find values of
X« and X which will allow the frequency to be expressed in terms of the
oscillatory circuit regardless of how the tube characteristics might vary.

—Xolrp(X: + Xo) + 70Xy + X)) — prg(Xy + Xa) (X2 + Xa) =
—XoXapury — (X2 + Xa)tr, — (X2 + Xa)rp  (22)

Xalrpro — (X + X3)(X2 4+ X)) — 2Xa(X) + X)) (X2 + Xa) =
—XoXa?! —(Xh + XU X2 4+ X) — (X1 4+ Xa)HXh + X)) (23)

Equation (23) shows that if X« and X assume values which satisfy the
equation

2Xa(X1 + Xa) (X2 + Xa) = (Xh + Xa)U( X2 + X + (X2 + X)UX, +(X22)

the frequency will be exactly that which causes Xo to become zero, and this
frequency will remain so, irrespective of values which may be assumed by the
tube constants. This means that the frequency of oscillation is independent
of the tube and is equal to the resonant frequency of the oscillatory circuit.
By the same line of reasoning it will be seen that a variable load resistance,
provided it is connected in parallel with r, or r,, would have no effect upon the
frequency of oscillation; hence, the same method may be followed where a
changing load resistance has to be contended with.

onsider the circuit of Fig. 2la, which is a Hartley oscillator in which
the stabilizing reactance is in the plate circuit. As applied to Eq. (24) the
terms have the following values:

X\ = wla
X2 = uwls
X-. =wM

Exther X.or X:is to be determined. However, in Fig. 21a the stabxhzauon
is on the plate side so that X is set equal to zero and Eq. (24) is solved for
Xs. This gives

Xs = 20M 'l (25)

L.+M)_ Li+ M
L+ M NL: + M

From this it can be seen that X must be negative; i.e., a capacity reactance
is necessary for plate stabilization of the Hartley oscillator. Setting

1

Xo= -5
and, since Xo = 0, the angular frequency is given by

ot = LI 27

Cili ¥ Ly ¥2M)

and L L 2M

Co = Cs I F fv .t T+ M (28

L, 4+ L, 2M

L:+M L: + M
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This is the value of capacity which is to be inserted between the plate
and the tuned circuit of a Hartley oscillator in order that the frequency may
be independent of operating voltage; this assumes, however, that there is no
reactance between the grid and the tuned circuit. In practice a d-c¢ path
f%r l';he plate current may be arranged by shunting Cs with a high-impedance
choke.

If for any reason it should be desired to have a blocking condenser between
the grid and the tuned circuit, the condenser may be given a value which will
insure stability and at the same time function as a blocking condenser. The
proceeding to determine the size of this condenser is similar to that in the
demonstration above given, except that X is set equal to zero and Eq. (24)
solved for Xi.

Exactly the same principle applies to other oscillating circuits for
either plate or grid stability or a combination of both. The accompany-

1L

ol

L1 jafojajojofe
F1a. 22.—Stabilized oscillator of Gunn.

ing diagrams give the various reactance valucs nccessary for stabiliza-
tion of these circuits. .

Another method of generating stabilized frequency has becn described
by Ross Gunn of the Naval Research Laboratories.! In brief, this
method, which is shown in Fig. 22, employs the wecll-known principle
that a filter having a great number of sections can be made to approach
single-freguency transmission as closely as may be desired by the use of
as many filter scctions as are neccssary.

AAAAAAMAAA
VWWWWAWY

=

Referring to Fig. 22, the circuits L,C, and L,C: are, in effect, filter
scctions. The potential on the grid of the first tube is made to vary, this
variation is amplified, its phase changed 180 deg., and it is passed on to
the sccond tube. The sccond tube likewise amplifics and reverses the
phase of the voltage and rcturns it to the first tube through the coupling
condenser. This process repeats itsclf indefinitely and, since the
tuned circuits L\C and L1:C; are effectively across the grids of the two
tubes, the only frequency which reaches the grid of ecither tube will be

1 GUNN, Roas, Proc. I.R.E., loc. cit.

)i}
Fra. 23.—Stabilizing networks of Terman.
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that to which these tuned circuits are antiresonant. Thus it can be seen
that this circulatory path through what are, in effect, two filter sections
becomes a filter with an almost impossibly large number of sections.

Terman has also described a frequency-stabilizing system employing
resistances.! His circuits are shown in Fig. 23.

12. Magnetostriction Oscillators. The control of the oscillating
frequency of a circuit by the magnetostrictive effect was first described by
Pierce.? Magnetostriction in metals is somewhat analogous to the piezo-
electric effect in crystals, t.e., there is a physical distortion due to an
external field, in this case a magnetic field. The inverse effect also
obtains; a mechanical stress in magnetostrictive material changes the
magnetic permeability.

Lg | | Lp |

‘ Rod 1
I I
,Hl
i} ] Il—l
l_g Oufput
i | % I

Fia. 24.—Magnetostricti6n oscillator.

If a rod of magnetostrictive material is placed in an alt.emnt.in%l mag-
netic field, the rod will vibrate longitudinally at a frequency which is
twice that of the alternating current producing the ﬁelg. If, however,
the rod is magnetically polarized the frequency of vibration will be that
of the applied alternating current. Under this condition the rod may be
clamped or pivoted at its exact center, this being a nodal point. For
this condition the resonant frequency of the rod (usually in the range
from 1,000 cycles to several hundred thousand cycles) is given by

v
f=3 (29)

where v = the velocity of sound in the rod
! = length of the rod.

The circuit of Fig. 24 is the one usually employed with the magneto-
striction rod. This circuit is different from that employed in the usual
oscillator in that the coils are so connected that, if tEere were filament-
emission currents flowing in the grid and plate circuits, the rod would be
magnetized by the coils with the same polarity; this is the opposite of the
conditions which exist in the Hartley circuit.

Pierce has given extensive data on this oscillator,?® including such
matters as temperature coefficients and values of the function v in
Eq. (29), for various magnetostrictive materials.

' TERMAN, F. E., Electronics, July, 1933.

?* P1ERCE, G. W., Amer. Acad. Sci., vol. 63, 1928.
1 ]bid.; see also Proc. I.R.E., 17, 42, January, 1929.
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13. Mechanically Coupled Circuits (Tuning-fork Oscillators). The
choice of a particular type of tuning fork depends largely upon the
re(\l:irements of the problem at hand and upon the degree of frequency
stability desired. Simplest and least precise are the contact-driven
forks which are capable of supplying considerable power output of
approximately square-top wave form. When a sinusoidal output of
good precision is desired, the single-microphone drive serves admirably.

till greater precision, more power, and purer wave form are to be had

]

! 1—mmli—,

£ e

F1a. 25.—Circuits for various types of tuning-fork oscillators (Hummers).

from the somewhat more complicated double-button fork. A high-
precision standard demands the use of a freely vibrating fork, such as is
exemplified by the vacuum-tube driven type. The ultimate in precision
so far attained is to be found in the freely vibrating fork with suitable
provision for eliminating its temperature error. Typical circuits employ-
Ing these features are shown in Iig. 25.1

uning forks, suitable for use in oscillators of this type, are available
in various degrees of accuracy of adjustment and temperature coefficient.
The highest commercially feasible accuracy appears to be about 0.05 per
cent of the fundamental frequency. Forks of this type have a temper-

F106. 26.—Resonant lines as the oscillatory circuit of an oscillator. (Terman,
Electrical Engineering, vol. 63, July 1934.)

ature coefficient of 0.00023 per degree centigrade. Precision forks of the
kind described are of non-magnetic material; this requires that soft-iron
armatures be dovetailed into the prongs if they are to be used with a
magnetic drive circuit.

14. Resonant Lines. Resonant transmission lines may be used as
circuit elements in the ultra-high frequency range as a means of obtaining
high impedance with low loss. The lines may be of either the two-wire
variety or the concentric-conductor (coaxial cable) type (Fig. 26). For

' Lamson, H., General Radio Experimenter. vol. 5, September, 1930.
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18. Glow-discharge-tube Oscillators. This type of oscillator is of
the so-called relaxation type, i.e., circuits where the oscillations are due
to condenser charges and discharges through a resistance. The product
of C and R determines the frequency, although it should be pointed out

that the positive and negative loops of the cycle

R are sometimes of different duration; this, of course,

results in a distorted wave shape, alt‘xough the
richness in harmonics makes this a valuable feature

Glow for some applications. .
=C Tube Figure 32 is the simplest form of the relaxation
oscillator and consists of a variable capacity C, a
variable resistance R, and the so-called glow tube,
all connected, as shown, acrossa d-c voltage supply.!
E Oscillations take place because of differences
Fio. 32.—Glow-tube between the starting and extinction potentials of
10. oséi”“oorw' UP® the tubes. The d-c voltage charges the condenser
‘ through the resistance until the voltage across the
tube reaches the starting value. The glow dischnrge then takes place,
and the condenser discharges through the tube until the voltage drops
to the extinction point. ’Ighe cycle then repeats at a frequency which is

given by
1
! Rcig EE: o
E - E,

in which E is the supply voltage, E, the extinction potential, and E, the
starting potential.

If an induetance is inserted in series with the eondenser, there will be
no sudden surge of current through this branch of the circuit. The net
effect is that tf)e condenser charges and discharges
more smoothly, and the combination of capacity

and inductance begins to exert a control over the R
frequency of oscillation.? c
igure 33 is the cireuit dingram for an inductive y
flow-dlschnrge osecillator. For this circuit the Glow
requency is given by L Tube
1 .
f = 2y /ch' 7 (32) E

In this expression, L’ and C’ include the effective ‘;‘,?,;,_&%:J,’;ﬁ}‘:&;}_"

inductanee and eapacity of the tube itself.

At the resonant frequency of this cireuit the discharge through the
tube lasts throughout the entire cycle, so that a reasonably sinusoidal
current wave results. Figure 34 shows this circuit with more refinements.

HIGH-FREQUENCY OSCILLATORS

19. Limiting Frequencies of Vacuum-tube Oscillators. The three-
electrode tube can be depended upon to generate frequencies as high as

i Ibyd.
1 Kock, W. E., Electronica, March, 19385.
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While this circuit oscillates at extremely high frequencies, the power
output is seriously reduced and there is a total loss of control over the
amplitude and phase of the grid and plate potentials.

20. Special Tubes for High Frequencies. The next step in pushing
the frequency range upward is in the construction of speciafJ tubes.
McArthur and Spitzer! have described a tube which is effective in the
range from 60 to 150 Mc. This tube departs from conventional design
chiefly in the ratio of the plate diameter to plate length and in the special
arrangement wherebéothe grid and plate leads are brought out through
separate presses. mpared with a
conventional tube of the same plate 018
dissipation, this tube has its interelec-
trode capacitics reduced by a factor of 3% \‘QWV, R

about 4. \
At still higher frequencies, the transit %9 Al gria ot 014
time of an clectron from cathode to L 2

plate becomes of importance, and in %00
the design of tubes for use above about °4,,it

o
I
1

200 Mc it becomes justifiable to increase 22000 3010
the interelectrode capacities in order to 3 NS 2
reduce the transit time of the electrons. 1600 P08 T
Fay and Samuel? have recently " 2
d(;:;cr}'l;bid tlubes dfor use at 300 Mchin 1200 3—joos
which the electrode spacing is somewhat s 2
closer than that in the tubes described 800 —pin.Plet TR foos
by McArthur and Spitzer, although the —] 2 ooy
00

interelectrode capacities actually prove 40
to be slightly lower. The lcngtz of the

leads has been decreased, and, in order 0800 206007000 2450'761000
to decrease the inductance and resist- Output, watts

ance, the leads have been made larger Fio. 39.—Optimum operating
in diameter. conditions.

It is interesting to note, while the
tube described b, cArthur and Spitzer refuses to oscillate at 300 Me,
this latter tube functions at that frequency with an efficiency of 18 per
cent.

Fay and Samuel? report on a tube with an output of 6 watts at 500 Mc
and a frequency limit of 740 Mc. As made, the tube presents a rather
unusual appearance including among other things the total absence of
the usual press and the peculiar construction of the grid, it being in the
form of a number of straight wires, parallel and equidistant from the
filament, supported by cooling collars at the ends. Despite its small
size, the plate can dissipate 40 watts.

In a paper by Kelly and Samuel,? a tube is described which functions at
1,200 Mc with an efhciency of 10 per cent. While the authors point out
that the tubes are in no sense a commercial product, it is reasonable to
assume that with further advances in the art the frequency range of
the negative-grid triode may be extended beyond 1,200 Mec.

bOt,her methods of generating ultra-high frequencies have been described
above.

' MCARTHUR and SPIT2ER, Proc. I.R.E., vol. 19, November, 1931.
:II:‘AY. C. E., and A. L. BamuEL, Proc. I.R.E., vol. 23, March, 1935.
oc. cit.
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Tubes developed by Thompson'! and associates will be found described
in 8ec. 8 on Vacuum Tubes. These tubes, known as acorn tubes
are very small, and are effective at wave lengths of the order of 1 meter
and less. At 3 meters they produce about the same voltage amplification
as modern receiving tubes produce at broadcast wave lengths. At
3 meters none of the present broadcasting tubes is effective.

OSCILLATOR DESIGN

21. Design of the Simpler Vacuum-tube Circuits.? A vacuum-tube
oscillating circuit must contain stored energy to maintain oscillations.
The energy leaves the circuit as output at a different instantaneous rate
thanit entersasinput and, consequently, some flywheel effect is necessary.

Consider a circuit having an inductance L, a capacity C, and oscillating
at a frequency f and voltage V with W watts loss. At a point in the

cycle when the current is zero, the instantancous voltage will be v/2V;
all the energy is stored in the condenser; and its amount is CV2. The
r-m-g current in this circuit is 2xfCV, and the joules lost per cycle are
W/f. Dividing energy stored by joules lost per cycle gives

Energy stored _Cvr fCV* 2xfCV? VI

Energy lost per cycle W/f w 2xW 2= W

which shows that the ratio of energy stored to energy dissipated per
cycle is 1/2x times the ratio of reactive power to watts. Circuits having
less than twice as much energy stored in them as they dissipate per cycle
have been found by actual test to have a tendency to erratic operation.
Circuits having a greater relative amount of stored energy give excellent
operation but require more condenser capacitK and more expensive
inductance coils, and the useless power losses in the oscillating circuit are
higher. Unless, thercfore, there is some other determining factor,
circulating volt-amperes should approximate 4r times the total power
output in watts as a desirable minimum value. Another way of saying
this is that the power factor should not be over 8 per cent or, in the older
radio nomenclature, that the decrement should not exceed 0.25. This
circulatins energy has the same effect as the flywheel of a single-acting
engine and must be coupled closely to the plate; i.e., the circuit must be
so arranged that the sinusoidal voltage wave of the oscillating circuit
is available at the tube terminals without distortion due to the current
passing between the two. As a mechanical analogue, consider the value
of a flywheel driven through a spring—an oscillating circuit connected
to a vacuum tube through a loose coupling of any sort would be equally
ineffective.

After assurance is obtained that the circulating energy is adequate,
the design of an oscillating circuit becomes a matter o% obtaining the
proper voltages and phase relations for the leads to the tube. Two
general types of circuit are in common use and in either of these the
production of the desired values is quite simple.

' TaoupsoN, B. J., Tubes to Fit the Wavelength, Electronics, August, 1933; and
SaLzBERG, B., Electronics, September, 1934.

3 The editor and author wish to acknowledge their indebtedness to D. C. Prince for
permission to use the material which appears as Arts. 21 to 32 inclusive, and whioh con-
-htit?’t;d an appreciable portion of the section on Oscillation in the first edition of this

andbook.
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22. Design of a Hartley Circuit. Figure 40 shows a form of the Hartley
circuit. The oscillating current is made to flow through two inductances
orone inductance with a tap. The voltage drops across the two windings
are used as the alternating components of the plate and grid voltages.
Energy is supplied at constant potential from the blocking condenser Cs.
This condenser supplies the pulses of current drawn through the tube
at the frequency of the oscillating circuit. The charge is replaced at a
more uniform rate from the direct-current source G through the choke
L.. The oscillating circuit consists of
the plate inductance L,, the grid induc-
tance L,, the condenser C;, and the load Le
resistance rp. It will be noticed that
the triode, the oscillating circuit and the
immediate source of energy C, are con-

nected in series.

We shall assume that the impedance of %
the load resistance will be quite small

compared with the other impedances in _{ ] A
the oscillating circuit, and its effect on “¥ G | T
the voltage distribution may be neglected
in an approximnate calculation. The func-
tion of the grid-leak resistance r, and bias L
condenser C, is to maintain a bias for the
grid voltage. The condenser has suffi- Fiu. 40.—Form of Hartley cir-
cient capacity to pass the current pulses cuit.

through to the grid without distorting

the voltage wave, but the avcrage current thus passed is discharged
at a uniform rate through the resistance, thereby providing a steady
bias voltage.

The first step in design is to determine the volt-amperes in the oscil-
lating circuit, which value should be at least 4x times the watts output.
The voltages across L, and L, are obtained from the curves giving opti-
muni operating conditions for the tube and
this fixes the current and impedance of
Le the various parts of the oscillating circuit.

Cs The value of the grid-leak resistance is
also obtained from the optimum operating
conditions curves. This leaves only the
plate choke L., blocking condenser C: and
grid-leak condcnser C; to be determined.

4 L1 In gencral, if the choke has enough induc-
tance so that it passes only a very small

Y
QO

current and the condensers have sufficient

G I3 capacity to present no ap{))rcciable imped-

T ance to the currents which they carry, the

circuit will operate satisfactonly. here

Fio. 41.—Colpitts oscillator, B¢ certain refinements to be considered

- A p © if thc best design practice is to be
followed, but consideration of these will be deferred.

238. Design of Colpitts Oscillator. Figurc 41 shows a form of the
Colpitts circuit which differs from the Hartley circuit in that the plate
and grid alternating voltages are obtained by taking the voltage drop
across two condensers instead of across two inductances. The oscillating
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circuit, therefore, consists of the plate condenser C,, the grid condenser
Cy, the inductance Li, and effective resistance r.. A plate choke L.
and blocking condenser Cp are used as in the Hartley circuit. The
capacity C, serves also as the grid-leak condenser. In order to prevent a
loss in the grid-leak resistance r,, due to the alternating voltage across
the condenser, the former has in series with it a substantial choke coil
L,. The Colpitts circuit offers practically the same design problems as
the Hartley circuit and will therefore not be considered separately.

24. Design Calculations. An example will serve to illustrate the
methods of calculation just described. Assume a Hartley circuit, as in
Fig. 40, driven by a one-kilowatt triode operating at 15,000 volts direct

tential. The curves of optimum operating conditions are given in

ig. 39. The output is to be one kilowatt at 10¢ cycles.

For an output of one kilowatt, the circulating volt-amperes immedi-
ately available in the oscillating circuit will be 4x, or about 12.5 kva.

From Fig. 39 the minimum 1nstantaneous plate volts should be 630.
Deducting this from 15,000 volts leaves 14,370 for the peak value of the
g‘late alternating voltage, which corresponds to 10,160 volts r-m-s.

igure 39 gives also the grid alternating voltage, which is 2,690 volts
in this case. Adding the plate and grid voltages together gives 12,850
volts as the total a-c drop across the oscillating circuit.

TasLE |
Element of circuit ‘ Volts ‘ Amperes [Impedance(Value at 10¢ cycles
Platecoil Lp... .............. 10,160 1.23 8,270 1.32 mh
Grideoil Lg.................. 2,690 1.23 2,185 0.348 mh
Tuning condenser C'y.......... 12,850 1.23 10,450 0.000,152 uf

To be conservative, it will be assumed that only that part of the energy
stored in the oscillating circuit which corresponds to the volt-amperes
in the plate coil i8 coupled closely enough with the vacuum tube to be
useful as flywheel effect. This means that the plate coil must carry
a current corresponding to the 12,500 volt-amp. at 10,160 volts, or
1.23 amp., and this is the circulating current of the osciilating circuit.
Hence, there results the accumulation of the data in Table I.

The grid-leak resistance should be approximately 165,000 ohms,
and a condenser of a few thousandths of a microfarad capacity repre-
senting an imﬁedance of less than a hundred ohms should operate nicely
as a grid-leak condenser Cs. A condenser of similar capacity, but
insulated for a higher voltage, should be satisfactory as a plate-blocking
condenser Ca. It is very desirable to kce(i) the high-frequency current
out of the supply source because of the damage it can do there. As
far as the r. f. is concerned, the choke coil L. is in parallel with the plate
coil Ly, for there will be enough capacity in the leads and windings of
the generator G to make sure that 1t will present very little impedance
to high frequency. Hence, if the choke coi? has an inductance of several
hundred or a thousand times that of the plate coil the operation will
probably be altogether satisfactory. As a practical precaution, how-
ever, it is advisable to shunt G with a condenser to by-pass any high-
frequency current reaching its terminals.
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26. Effect of Load Resistance, A point of the greatest importance,
which is sometimes overlooked, is the fact that the effective resistance
of the oscillating circuit is absolutely fixed. Since the voltages in the
circuit permit only slight variation without greatly disturbing the effi-
cieney, it is necessary that the load absorb the correct power at the cur-
rent fixed by this condition. In this case in hand, the current is 1.23 amp.
and the output 1 kw, which means the efiective resistance of the oscillating
circuit must be 660 ohms. If the load itself does not have this actual
resistance, it must be coupled into the oscillating circuit in such a way
that it presents the effective resistance. Considerations which follow,
dealing with more complicated circuits, will illustrate some of the ways in
which this can he accomplished.

+

Fru. 42.—Grid-circuit oscillator. Fia. 43.—Plate-circuit oscillator.

The two simple circuits of Figs. 42 and 43 are calculated as in the
foregoing cases but require the calculation of mutual inductance in
determining the anode voltage in Fig. 42 and the grid voltage in Fig. 43,

26. Grid Phase-angle Corrections. In dealing with the design of
oscillating circuits the cffects of the load resistance, the plate choke, and
the blocking condenser were described as though only their primary
functions were fulfilled and, this accomplished, they exerted no other
influence on the circuit. All three parts of the circuit can, however,
affect its operation; and, though the changes produced are usually small,
it is satisfying to know just what may be expected. In general, the
effects consist of the introduction of small voltages or currents into the
simple scheme of things first described. This results in a small change
in magnitude of practically all of the various quantities, combined with
a slight change in the phase relations.

To simplify the discussion, only the fundamental frequency component
of the current supplied to the oscillating circuit through the hlocking
condenser will be considered. The harmonics are relatively much less
important, and their omission will entail no serious error. The value of
the fundamental component can be obtained by dividing the watts
input to the oscillating circuit by the voltage between the %eads to the
plate and filament of the tube.

Figure 44 illustrates the effect of the load resistance in a Hartley
circuit. The oscillating circuit itself AOBC is drawn in such a way that
the angles between various parts of the circuit correspond to the electrical
phase giﬁ'ercnces of the voltages across them. Thus the grid coil OB and
the condenser AC are in geometrically parallel sections of circuit, for they
carry the same current, and both are pure reactances. The load resist-
ance is drawn at right angles to them for similar reasons. Part of the
load resistance mig%lt be located in the plate coil section AQ, but this
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would not affect the diagram, so far as the object in hand is concerned,
which is to show the relation between plate and grid voltages. It will be
observed that the grid current has been neglected. This is not the case
with the plate current, which may be represented by a sinusoidal current
flowing between the leads to the circuit at A and O. For this reason
the plate coil in Fig. 44 is not drawn parallel with the grid coil, but

F1a. 44.—Effect of load resistance in Hartley circuit.

instead there is a phase difference between their voltages. For the
present it will be assumed that there is no drop across the blocking con-
denser and no current passed by the plate choke. Hence, OA will be the
alternating component of the plate voltage.

The grig voltage will be represented by the dotted line OC in Fig. 44
and the plate current will be in phase with it. Thus, in the vector
diagram the plate current ¢, is drawn parallel with OC. The currents
through the condenser and plate coil are 90 deg. out of phase with the
corresponding voltages and are rcpresented by i and i, perpendicular
to AC and OA respectively. Adding the two vectorially results in 1’
which must be equal and opposite to the alternating component of the
plate current 5. It will be seen that 1,’ must always lag behind e,, or, in

. A

Fiag. 45.—Colpitts circuit.

other words, the oscillating circuit absorbs power not as a perfect resist-
ance but as a resistance in connection with an inductance. The circuit
itself produces this effect by running slightly below the resonant fre-

uency, thus drawing the lagging component of current by increasing
the current through the inductance and decreasing the current through
the capacity. The deviation of the frequency from that corresponding
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made opposite to t, and e, t.e.,, by control of the drop in the blocking
condenser.

To make a complete calculation of a circuit including the points just
discussed, the circuit OBCA is treated as though the choke and blocking
condenser were not present. This circuit may be equivalent cither to a
pure resistance between A and O (as shown in the vector diagram) or the
equivalent load may contain somec reactance. Let it be so proportioned
that it will be equivalent to a resistance. The angle COA and its
supplement AOD can then bc calculated. The equivalent resistance
between A and O is known since it rcpresents a given load at a given
voltage. The capacity reactance A D can, therefore, be sclected so that
AD/(%A = tan (180° — AOC). :

The alternating voltage is impressed at D and the circuit DAO will
draw some leading current, the amount being easily ascertainable. It is
then only necessary to choose the choke DO of such a value that it will
draw the same amount of lagging current.

28. Absolute Values of Choke and Condensers. The procedure in
arriving at the proper values of blocking condenser and line choke will
be clearcr if the solution of a numerical example is carried through. The
first item to be dctermined is the ratio of the inductances on which the
alternating components of the plate and grid voltage depend. In Fig.
46 the plate voltage is represented by OD and the drop across the induc-
tance by OA, and it will be noticed that the two may be considered equal
in magnitude unless the circuit is far from normal in design. The effect
of the resistance in the grid inductance on the magnitude of the grid
voltage can also be neglected. The two inductances will then be in the
same ratio as the alternating components of plate and grid potentials
E, and E, respcctively, as determined from the data on optimum oper-
ating conditions.

Assume that this gives

E, _o4 _,
E, OC
Let OA = 100 ohms inductance with 5 ohms resistance
B = 25 ohms inductive reactance

BC = 2.5 ohms resistance

CA = 125 ohms capacity reactance
Then angle OAC = sin-! %5 = 1 deg. 27 min.

If 100 volts be impressed across OA,

1, watts in 04 = (&)* X § =5.0

i
J 1, watts in BC = (i)? X 2.5 = 2.5

1

Total watts =—7:’;
= = 1oo® = 1,333 ohms. It will be arranged to
w 7.5 :

have this circuit operate at the resonant points 8o that its reactance between
O and A4 is zero.

Equivalent resistance =
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In the triangle AOC

oA __oc _ 4C
sin ACO sin OAC sin AOC
100 25 .
3in ACO — 0.025 sin ACO = 0.1
Angle ACO = 4° 45 min.

angle OAC + angle ACO = 7 deg. 12 min.
impedance between A and O X tan AOD
1,333 X 0.126 = 168 ohms capacitance.

The total impedance between () and D through A is 1,343 ohms, 8o that
the ratio between the plate and grid voltages suffers no appreciable change due
to the presence of the plate-blocking condenser. If 100 volts are impressed
between D and O, the current is

100
1,343

and the wattless volt-ampere component is, then,
0.0745? X 168 = 0.933 volt amp.

In order to correct for these leading volt amperes, the choke should draw
the same amount lagging, thus giving
1002

DO = 0933 = 10,700 ohms

Angle AOD
AD

= 0.0745 amp.

If the impedance of the plate-blocking condenser had been high, the
desired ratio between grid and plate voltages would not have been
obtained. It would then have gccn necessary to assume an initial
value somewhat larger than desired for the final result, proceeding by a
series of approximations. However, for other reasons, it is not likely
that a high-impedance blocking condenser would be desirable. A high-
impedance blocking condenser corresponds to a low-impedance choke
which would allow radio-frequency currents to flow in circuits with
high cffective resistance and thus, possibly damage power gencrating
apparatus. .

9. To Secure Proper Phase Relations. Proportioning the plate-
blocking condenser and line choke is not the only method of bringing
plate voltage and current into the 180-deg. phase rclation. The angle
OAC may be compensated for by de-phasing the grid in such a way as
to cause the oscillations to occur at the natural resonant frequency and
the plate current and voltage to be properly related.

In Fig. 47 diagrams of two methods are shown by which a Hartley
circuit may be restored to operation at the natural resonant frequency
of the circuit with proper phase relations, while at the right are two
equivalent methods for the Colpitts circuit. In the first diagram the
phasing is accomplished by connecting resistance CG and inductance
GOinscrics. Thegrid isattached at C.  The same result is accomplished
in the second drawing by a resistance from O to G and a condenser from
@ to C. The clements are reversed in the third and fourth to produce
lag instead of lead.

Although grid phasing may correct the various angles, it is probable
that adjustments of the choke and the blocking condenser are to be
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voltage is equal to —e,/u the tube is at the point of cut-off. Letting 6, be
the corresponding phase angle gives

G(l —cosm) =Y +%‘—’
or
Y +£(Z + (X = Z)(1 — cos &)l
1 — cos 6
B=G-Y

83. Adjustment and Control. The main considerations in the adjust-
ment of an oscillator circuit are those which make for maximum power
output and, except in the casc of oscillators used as harmonic generators,
the reduction orelimination of allfrequencies other than the fundamental.!

Article 32, above, discussed the output and efficiency of operation,
and it will be necessary only to point out that, once the tuned circuit
has been adjusted to the operating frequency, the coupling of this
resonant circuit to the plate circuit of the tube is varied until the desired
value of oscillating current is obtained in the resonant circuit. Very
frequently this adjustment of the coupling results in a change of funda-
mental frequency, which change must, of course, be compensated for by
retuning the resonant circuit; the adjustment of the oscillator then
becomes a matter of ‘‘cut and try” to find the point of maximum oscil-
lating current at the desired frequency. Occasionally it will be found
that, as discussed above, adjustment of the grid leak will have some effect
upon the efficiency of operation.

In the conventional oscillator the power output is under control within
the limits set by the maximum permissible tube voltages. Obviously
at the maximum tube voltages, the greatest power output will be obtained
at an optimum value of coupling between the plate and grid circuits of
the tube and between the oscillator and the load.

Power can be taken from the oscillating circuit by either direct or
indirect coupling; however, it must be kept in mind that the effective
resistance of the load circuit is reflected into the oscillatory circuit to a
degree determined by the coupling factor between the two circuits, and
this reflected resistance must be considered in the design of the oscillatory
circuit.

Operation of the oscillator tube at reduced voltages (plate and grid)
is another method of controlling the power output, although this results
in a loss of efficiency, especially when it is remembered that the operating
voltages are design parameters of great significance.

rnd, of course,
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SECTION 10
DETECTION AND MODULATION

By KenNNETH W. JARVIS!
DETECTION

1. Demodulation, usually called detection, is the process necessary to
obtain from the incoming signal the initial modulation frequency. The
instantaneous signal voltage for the detection processes discussed in this
chapter, unless otherwise noted, is as follows:

Instantaneous signal voltage =

e = E4(1 + m cos Bt) cos At 1)
This may also be written as
e = Ea cos At + mE4 cos At cos Bt 2)
or as
mEa mEa
e = E4cos Al + 5 cos (A + Bt + 2 co8 (A — B)t 3)
where E4 peak value of the carrier-frequency voltage

m modulation factor
B = 2zfs, where f» i8 the low-modulation frequency
A 2xf4, where f4 i8 the carrier frequency

(1) is the expression derived as the standard type of modulation signal by
customary modulation processes.

(2) represents the normal carrier voltage plus a voltage of the carrier fre-
quency which varies at the modulation frequency. .

(3) represents the sum of three individual frequencies termed the carrier
and the side bands respectively, which adds to give (at least mathematically)
the standard signal.

In the analysis of detection (or demodulation) all three types of
equations are occasionally used. For simplicity of expression and
case and accuracy of calculation (3) is customarily employed. The
problem of detection is to obtain, from the standard-type signal, currents
and voltages of frequency fs.

2. Detection Characteristic. An asymmetrical current voltage char-
acteristic is necessary for detection. Figure 1 shows a standard-type
signal applied to such a characteristic and the resulting current wave
form. For illustration some of the more important frequency com-
r;\onenta of the current are shown in approximately correct amplitude.

he subscripts refer to corresponding frequencies. Such asymmetrical
characteristics may be obtained in certain mineral crystals, both natural

! The author's indebtedness to Marvin Hobbe f id i i
arasaain thor's ':l etfged. ess in Ho or considerable mathematical work is
320
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and artificial. Electronic devices, such as vacuum tubes, are more
commonly used due to greater stability and sensitivity. Figure 2 shows

Current

=]
]

\4 o.-I.f s
F1a. 1.—Standard detection characteristic.
such a characteristic of a crystal detector, and Figure 3 that of a vacuum

tube. In the use of crystals much depends on the pressure of the
metallic contact. Galena (PbS) re-

quires a fine contact with light pressure B
and a scnsitive operating point. Under Vi
these condit.ions it 13 & very sensitive [ "
detector. Silicon crystals require 1
2014 Type Vocuum Tube
k / | Aok wons =138 711 g
6 8.s
. n3
? £
£ /
g / 53
E3 L5
2, /4 / s
= B
s
4+ r/ / ?
o005 005 1015 20 75 R EEEREEEEERE
Volts 6rid Bias Voits
F1a. 2.—" Perikon" Crystal F1a. 3.—Characteristic suitable
detector characteristic. for detection.

greater contact pressure but are somewhat less sensitive. Carborundum,
requiring a high-pressure contact, is less sensitive than silicon but is very
stable in operation. The maximum sensitivity is obtained at the point
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of g‘reateet change in curvature. With some crystals, such as carbor-
undum, a biasing potential is necessary to bring the operating point to this
maximum sensitivity.

Copper oxide rectifiers exhibit such a curve as Fig. 1 but have
not been commonly used as detectors owing to the action of the rectifier
capacity at high carrier frequencies. They are used in Europe to some
extent.

3. Detector Equations. The equations relating to the asymmetrical
characteristic of Fig. 1 are developed as follows:

1 = J(E) @,

1=lo+f=P.+P,e+”2;f’+’%;"+ ®)

where P, P, etc., are the first, second, etc., derivatives of I with respect to
E evaluated under the circuit operating conditions and at the chosen oper-
ating point. Substituting Eq. (1) into (5) and reducing to first-order terms
to determine the amplitude of the various frequency components resulting
gives a series of terms representing d-c, fundamental, second, third, etc.,
harmonics of both carrier and modulation frequencies as well as combinations
of carrier and side band of the form of

PiE 2 PEa¢ )
I =P+ ( Tt~ -
Pim2Ea? 3Pm2E ¢ 3Pm*Eat )
+( gt 88 T sz
+(P|E4 +P'§"+&’l’%§£ + .- ) cos At
PimEs? | PmEat | 3PomEat | )
+ ( 2z t— 16 T e T cos Bt

+ (terms) cos 2A¢ + (terms) cos 2Bt
+ (terms) cos 3A¢ + (terms) cos 3Bt + - - -
+ (terms) {cos (A + B)t + cos (A — B){] (8)

The coefficient of any term in (6) may be found from the double summation
indicated below:

p—gq+2s
pmP—at2s
3= x 2
. - 2 2 (p + 23)! Ppess matir Eqpen
Hpamad) ‘ v TR 2 — g - 20! + g + Nl
8= r=

cos (pA + ¢B)t (7)

Whenp =g =0,n = 0. For all other values of porqg,n = 1. The expres-
sion (7) 11 values of p and g including zero. The _{(:n%y restriction
P —a 8

=
=5
A
@
-
=]
5
®

is in the term In case

2,92,42, the values of p, q. and the chosen s
32.50724724 make this term a fraction, the next
2“"9Z5*Z25’Zy integer below the fraction is used to
terminate the r summation.

—=

— i ircui 4, Detector Derivative. The

Fia. 4.—Detection .ireuit. series in Art. 3 is given in termsof P,,

the derivative of I with respect to E, for the entire circuit. This is
often difficult to evaluate, especially when a complex wave such as
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If +* 8 circuit conditions ahead of the detector input do not change the initial
side- 1d ratio (due to asymmetrical amplification or side-band cutting),

Eaip = Eup = Z—'EA (10)

and if the radio frequency is by-passed so that
Za = Zasb =248 =0

the audio currents and resulting voltages /Z are

P,y P3Zs

18 = W”‘E"; es = T+ PIZBMEA’ .
irp = P, E PiZ2» —"L’E . Gn
28 1 +PiZw 4 4% e = 1 4+ P12 4 4

If good fidelity is required so that Zs = Z:s, the ratio between second har-
monic and fundamental is

! fI Percentage distortion = ;"—' (12)
EZ where g‘ R+ jXa
Zia =R —jXa
al 1
P =3 "%
&I dR, ,
Fia. 5.—Triode as detector. Py =5 dl; =Ry

R, = detector resistance while detecting

8. Triode as Detector. The three-elcment tube also may serve as a
detector, and its performance in terms of the tube parameters and
circuit constants developed exactly as in the previous paragraph. More
complicated expressions result, for grid current and grid impedances
affect the plate current as well as plate impedances. ’Ishe plate voltage
affects the grid current; the grid voltage affects the plate current. Figure
5 shows the circuit condmons. The plate current at any frequency may
be determined by substituting the a and b coefficients given by (14) and
(15) into (13).

to = 34[(1 — b1 Qa)(1 — b_l(A)Q—A)al(OA) — G1004)Qob20a)]| Ea?

+ 3[(1 = brasmQuea) (1 = Bia+n,Qavs)ar0ca -8y — acota +8,Qo
brou+an]Etuen

+ %[(1 — biu-8Qu-8)(1 — bica-5Qa-8)axoa -8y — aroun-8yQo
20a-8NE4-s

ia = [@aio(l — 5i1Qa)]Ea cos A

[ Hﬁ i2a = ¥[(1 — brrQ4a)lasaay — al(u)Qubuu)]EA’ cos 2At

18 =[(1 = bruedrQuas8)(1 — buarQa)as+s — G1ta+mQca +mbrca +m)

EasEa.ncos Bt

+ [(1 — h1a-5Qa-8)(1 ~ bra-8Qa-8)az-8) — B1ta-51Q(4-mb2ta-5)
EsE4-8cos Bt

f = [(1 = biasmQuas8)(1 — bra-»Qa-s)azimy — a1:8)Q28b228)]
EassEa-8cos 2Bt (13.

u H . -t
ana) = R’ + Za' aa-8) = R, + Zas' Q14 +8) R’ + Zaod
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Substituting the P terms of (12) in (10) gives an ip of the form in the
brackets of (22), which is the a-f current of a two-element detector.
Multiplying this current by the a-f grid impedance Qg gives the audio
voltage impressed on the grid of the tube, which as an amplifier pro-
duces a plate current u(Rp + Zp) times the grid voltage. Grid-leak and
condenser detectors are more sensitive than the plate curvature detectors
because d*/,/dE,? is greater than d2/,/dE,?, and because of the additional
audioamplification. Sevcraldisadvantagesare evident. The finite value
of R, forms an undcsired load on the circuit ahcad. The additional
audio amplification adds to microphonic and filter problems. To gain
sensitivity a low plate voltage is used, with a resulting high value of
R5 and poor fidelity if using reactive loads.
Substituting the impedance of the leak-condenser combination Qp, Q4,
Qa+8, Qa_p in (22) enables the a-f
7 current to be calculated for any
value of A and B. If R, is the leak
/ resistance and C, the shunt capacity,
24 Characteristic the maximum current tp is approxi-
?. 50 / mately obtained when

sg_ /00 \/_
_ V2R, + R,)
C = “ABRRp P

,prRq=l()‘,R,,=5X10‘,A=
2r X 105, B'= 2xr X 103, then C, =
7 5 125 uuf. Decrease of R, (as due to
, greater signal or lower plate voltage)
/ b means a larger condenser is desirable.
V Increasing the a. f. means decreasing
L/ C, for maximum tg. Occasionally
7 | the equivalent grid impedance due
_ to tube capacitics and circuit ele-
~~ 1 ments is more important than R,.
-0 9 8 -1 -6 5 -4 -3 27 4 0 In this case other tube input imped-
£q ance equations will give an approxi-

mate value to use for R,.

8. High-amplitude Detectors.
The conclusions reached in Arts. 6
and 7 above are valid only for small signals. For higher amplitude signals
more than two terms of Eq. (6) must be used. The complete seriesmay he
reduced to terms containing the tube and circuit parameters, but the
computation is laborious and without value for inspection purposes.
In many cases the equation suiting the E—I curve may be obtained under
operating conditions. Consider Fig. 7. The solid curve is the I, E, of
a 24 or 57 tube under the conditions stated. The dashed line is the
equation of the hyperbola

F16. 7.—Hyperbolic detector char-
acteristic.

I = /e F (B, T +2(E, + 0 e2)

where a = 2.69, b = 1.41, ¢ = 6.35.
The two curves coincide within reasonable limits. Using Eq. (24)
and successively diffcrentiating to determine Py, P, P,, etc., gives values
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to be substituted into Eq. (6) to determine igand iss. Determining the
maximum value of i a8 a function of E, gives

Istmaxy, E; = —c¢ (25)

To determine the minimum second-harmonic distortion, the coeffi-
cient of i35 is divided by the coefficient of {5, and the minimum value
determined.

P (min), E, = —¢ (26)

The maximum sensitivity and minimum distortion are obtained with
the same bias condition, a fortunate circumstance. In case the cut-off
of the tube docs not match the assumed hyperbola as in Fig. 7 (hyperbola
above tube characteristic) the best operating point is with a slightly
greater negative bias. If the straight-line portion of the curve be
extended, as shown by the light line of Fig. 7, the intercept on the E,
axis provides approximately the correct operating point. In this case
E, = —¢ = 6.35 volts, while the intercept gives E, = —7.0 volts.
Experimentally this tube gave a maximum sensitivity with £, = —6.5
volts, the values not being critical to +1 volt.

The straight-line extension method has been used in various com-
arisons and gives a uniformly satisfactory means of determining the
est bias voltage. It should be

noted that Fig. 7 is determined
under the operating conditions.
The value of E4 will affect the shape
of the characteristic curve, givin

an intercept indicating a require

higher bias for large values of Ej4.
It can be shown that the distortion
decreases for increasing values of E 4.

— 07—

As this case is merely intermediate - £ <+
between the restricted input square- 8.—Li detecti har-
law detector and the linear detector, a. s m:;:ﬁmec. ction  char

no discussion is necessary. o

9. The linear detector characteristic shown in Fig. 8 is ideal for
detector operation. This exact characteristic has never been produced,
yet a study of its detection operation leads to helpful conclusions. The
curve itself may be expressed by a Fourier series.

. c 6 2 0 2¢ 30 2c 0
""K[Z +§—'—lcos?—§,:,cos poll _mcos(2n—l)—c-](27)

where
8 = ¢y = Ea(l 4+ m cos Bt) cos At (1)

Substituting (1) in (27) gives a series involving Bessel functions. For

detection purposes the i.. ts. and 1:s components of 1 only need be considered.

Tabulating the Bessel functions for these frequencies shows that for all

values of E« and m

KE.

L g

(28)

1o =
KmE
in = A o8 Bt (29)

L g

11 =0 (30)
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Equation (29) shows the linear detector to be truly linear in output, both
with respect to m and with respect to E«. Equation (30) shows the entire
lack of distortion. (Calculations for tis, s, etc., show all harmonic terms
to be zero.) In the current is of (29) is the short-circuit audio-frequency
plate current of the tube. The equivalent plate-circuit audio-frequency
generator voltage is isRp, and therefore the voltage across an external
impedance Zs, assuming Z« = Ziea =0, is

KmE+ R,Zs
es r R, +2Zs
Assuming u holds constant over the entire operating range,

2
Ry = 3¢ 32)

cos Bt 31)

and therefore
_ 2uKmEa Zs
e = r 2u + KZs

In case the operating point is not at the cut-off point but is biased below
cut-off, these equations may be written

s = [K":E‘ sin a] cos Bt (34)
l' KmEiZsu
s = | ——5—

cos Bt (33)

pr + KZpa sin «
where a is one-half the angle during which current flows. If Eq. 31 is used,

Rp must be measured, as previously, with Eu, or the equivalent, on the grid
and with other operating conditions normal.

The theorctical advantages of linear dctection have led to many
attempts to make such a device. The simplest expedient is to operate
at the point indicated in Fig. 7 and apply such a large value of E4 that
the device is operating on the straight-line portions the major part of the
cycle. Linear detection mcthods need not be confined to the plate
circuit, as the inrut to a grid current curvature detector may be sufficient
to approximate linear grid rectification.

10. The heterodyne detector is more properly a modulation device,
although in this, as in other similar units, the distinction is a matter of
viewpoint. A signal of the type of Eq. (1) is impressed simultaneously
with a heterodyne voltage Ey of a frequency H /2x upon an asymmetrical
device. New frequencies are produced, each of which may be considered
as a new carrier frequency. These new carrier frequencies are all
e{])ssible sum and difference combinations of integer multiples of A and H.

ith each of these carriers are associated other frequencies differing
therefrom by the modulation frequency B (and for higher-order curva-
ture, +2B, £3B, ctc.). Thus the heterodyne'voltage e = 4) is of the form

enany = P,E‘f"(l + m cos Br) cos (H + A)t (36)

] cos Bt (35)

The voltage Ew-4, is the one commonly used. In general the external
impedance of the heterodyne detector is zero to both frequencies A and
and finite at the frequency (H — A4). Asin (10) the heterodyne voltage may
directly be written. For a square-law characteristic, { = KE?, and operation
above cut-off,

- wKZn-a - 7
en [“——+ 2KZ("_‘)E.]EAEM(1 + m cos Bt] cos (H At 37)
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indicated in the preceding table were obtained from the infinite-series
solution.

The voltage e impressed on the detector is of the form
e = Ea(l + M cos Bt) cos At + Ea(l + m cos bt) cos at (40)

where 4, 1?, M refer to the desired station signal and a, b, m refer to the inter-
fering station signal. For simplicity of representationlet A —a = D. The
various important frequency components and their amplitudes are noted
in the table on page 255. The first terms of the infinite series given may be
considered as representing almost completely the amplitude of the frequency
components under the following restrictions:

E.20.1E4,0.1<m<0.5, 01< M<0.5
The constants in the table are
Mkt Mkt

do=l+ 2 +—8_‘ bo=]+3ﬂl’k’
3M3k3  S5Msks
a1 = Mk + —a + g
Mkt Mk E.
“="3 +3 k=EitE-
12. Demodulation of One Signal by Another. The audio component
b of the undesircd signal is reduced due to the presence of E 4. his is

an important and interesting phenomenon. The linear detector in the
[;‘resence of more than one signal discriminates against the weaker signal.

his ratio has been investigated by means of Bessel functions. Assum-
ing a low and equal percentage of modulation, for convenience in cal-
culation, this gives tﬁe following ratio of thc audio components of b

and B.
Carrier ratio Acoustic ratio’ l Carrier ratio Acoustic ratio
1.0 1.0 0.5 0.137
0.9 0.630 0.4 0.0956
0.8 0.430 0.3 0.0470
0.7 0.308 0.2 0.0202
0.6 0.209 0.1 0.0052

13. Rectification diagrams are ecxperimentally determined curves
very useful in deriving detector characteristics. For a two-clement
detector?(including such devices as grid-lcak and condenser detectorin a
screen-grid tube or in a neutralized triode) the only variables considered
are direct current, direct voltage, and alternating voltage, and the resulting
series of curves is called a rectification diagram. For triodes, etc., where the
signal is applied to the grid circuit of a plate-current curvature detector, the
series of curves is known as a lransrectification diagram. Figure 9is a
transrectification diagram for a 201-A tube. The plate current is shown
as a function of plate voltage for various r-f voltages (r-m-s valucs)
on the grid. Two load-resistance lines for 100,000 and 200,000 ohms
are shown. The d-c voltage change across the load resistance for values
of r-f voltage is shown in Fig. 10. These curves are derived from Fig. 9.
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voltage on the tube plate electrode decreases. When the instantaneous
plate potential reaches a value as low as the screen potential serious
distortion results. Actual design must insure high plate voltage in
addition to correct bias conditions as portrayed in Ligs. 17 and 18.

16. Values of C Bias for Various Tubes as Detectors.

27 or 56 77 6C6 or 67
E» E., Ey E., E., Rimegs. Ey E., E., Rrmegs.
45 - 5.0 100 36 —1.95 0.25 250 30 -—1.95 0.25
90 -10.0 250 5 -—-1.95 0.25 250 33 —1.7 0.50
135 -15.0 250 100 —4.3 0.50 250 100 -3.86 0.25
180 -—20.0 Input signal = 1.18 to 1.88 250 100 —4.3 0.5
250 —-30.0 Output signal = 14 to 17 volts Input signal = 1.18 to 1.38
276 -—-33 Modulation percentage = 20 Ouot&)ut signal = 17 volts
Modulation percentage = 20
30 37

E» Ee, Ey E.,

45 - 3.5 90 -—10

90 -9 135 -18

135 -—13.58 180 —-20

180 -—20 250 -28

E,, control-grid voltage; Ec,, screen-grid voltage.

These bias values are all slightly higher than those required for opti-
mum sensitivity. Greater output can be obtained using these values,
however.

17. Modern Detector Practice. It has become common practice to
use diodes as detectors, either by connecting two or more elements of a
triode or pentode together to form a two-element tube or to use diodes in
tubes especially made for this purpose. Frequently these are com-
bination tubes, as diode-triodes, J)io e-pentodes, or they may be simply
diodes. The all-metal diode of 1935, for example, contained two diodes
with segamte cathodes, each distinct from the other.

The diodes may be used in parallel, or one of the plates may be used
to supply a.v.c. voltage, or both may be used as detectors in a push-pull
cireuit. The latter delivers half the voltage from a given input that is
delivered by a single diode, but hecause of the balaneed input delivers
no r-f voltage to the grid of the following amplifier.

The output load of a diode is a resistor. A-c voltages developed across
this resistor are applied to the grid of a following tube or to the econtrol
grid of the triode, tetrode, or pentode contained in the saine envelope
with the diodes. Across this resistor also appears a d-c voltage. Tﬁe
end of the resistor nearest the diode plate is negative. This negative
voltage is utilized directly, or after amplification, as the a.v.c. control
voltage and is applied to the grid of amplifiers or frequency changers.

The input-output characteristics of a typical diode-tetrode are showr
in Fig. 19a. The d-c voltages developed in another typical tube (6B%
are shown in Fig. 19b.

The diode makes a good detector because of its low resistance in the
condueting direction, making it easy to provide a load that gives linearity.
Care must be taken, however, not to shunt down this load resistance with
the grid-leak resistances of the following tube so that a low a-c resistance
load is worked into.

If the triode, tetrode, or pentode in the combination tubes is biased by
the voltage developed by the diode, there will be zero (or nearly zero)
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grid circuit by means of a third circuit resonant at the frequency of
the applied signal plus the intermediate frequency. The result is
that an oscillator voltage Ey (at the frequency H/2r) is simultanecously
applied on the grid with the signal E 4, and a heterodyne voltage E i _4) will
be developed across the resonant
plate circuit. A typical circuit I
18 shown in Fig. 21b. Several limi- Ey-a
tations are necessary in practice.
The heterodyne voltage Ey applied
to the grid should not be high
enough to draw grid current, or
distortion will result. This calls
for low oscillation voltages. Satis-
factory operation to date has result-
ed from use of a 24-type and
similar tubes. The actual voltage
conditions vary with design. Bins  Fii.  215.—Combined detector-os-
voltages may range from 5 to 10 cillator circuit.

volts with the r-m-s heterodyne

voltages on the grid about one half of this bias voltage. Translation
ratios from 15 to 50 may bhe obtained.

Electron-coupled Frequency Converters. Introduction of tubes
known as pentagrid converters simplified the problem of the first detector
in superheterodynes. Unwanted couplings in the circuits described
above cause trouble between oscillator, signal, and mixer circuits. The
newer converter tubes eliminate this difficulty by eliminating capacitive
or inductive feedback as the means of coupling the oscillator and mixer
circuits. Instcad the electron stream is used as the mixing agent.

In these tubes the electrons, first, come under the influence of a grid
acting as control grid of an oscillator, then they are accelerated toward a

rid on which are the incoming signal voltages. The electrons, there-
ore, are further modulated by this grid. Thus, on arrival at the plate,
they carry components of the two frequencies as well as sum and differ-
ence frequencies. The plate circuit is tuned to the desired (usually the
difference) frequency as in any other frequency changer. There are
5- and 6-grid tubes of this type.

MODULATION

19. Modulation is the process or result of modifying an energy carrier,
the changes conforming to the modulating signal. The simplest form
of modulation consists in the intermittent transmission of energy, pro-
ducing an instantancous change in energy from zero to maximum ampli-
tude. Such a modulation process is customarily produced by keying
and breaks the power supply, disconnects the carrier medium, or diverts
the energy carrier into a power-dissipating unit when transmission is
undesireg. The energy carrier might be direct current in the case of a
telegraph wire line, medium or high frequency currents in the cases of
carrier current or radio telegraphy transmission. Suitable devices
responsive to the modulation are assumed to be at the receiving end
of the system.

20. Absorption modulation is typical of modulation processes. With
a given impressed voltage in a circuit the current is determined by the
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resistance of the circuit. In an absorption modulation circuit the
resistance comprises the load impedance R. and a resistance K, which
varies in amplitude at the modulation frequency and to a degrce repre-
sented by m and determined by circuit conditions.

The frequency of the impressed voltage is A/2r and that of the modulation
frequency B/2r. The voltage across the load impedance R. is

EoR. 8in At

® = R Re(1 + m sin BY) (41

Expanded, this gives
e = Eo%ain At — %:(l + m sin Bt) sin At + - - . 2 (42)

The successive terms dropped from this expansion represent _harmonic or
distortion terms and may be neglected for this analysis. Combining,

ee = FEol(1 — Re sin At — Re m sin At sin Bt (43)
RL R

Equation (43) represents a voltage Eo(l - %’) sin At at the impressed

frequency, and a second voltage E"l%m sin A¢ sin Bt at the frequcncy;;

w
but modulated by the frequency B/2x. The amplitude of the modulated
component is proportional to the variation in resistance Ko as expressed by
m and the ratio Ro/Kv..

21. Circuits for Absorption Modulation. The absorption-modulation
circuits of Fig. 22 a, b, c are illustrative of common methods. a is a
telcphone transmitter modulating a current of zcro (d-¢) frequency;
b and ¢ are methods applied to low-power r-f transmitters for voice-
frequency modulation. The coupling ratios used are such as to provide
the maximum modulation within the power capacity of the microphone.

22. The power rating of the device used to produce the resistance
variation largely determines the modulated output. The greater R,
with respect to R. the greater will be the modulated output component,

but a smaller percentage of total

%ower supplied will be transmitted.

} % g i g he current of carrier frequency
flowing through the modulating

. gk: Egj unit causes power loss and resultant

(a) b 3 heat. In the case of a carbon-
Fia. 22.—Absorption modulation grain transmitter as shown in Fig.
circuits. 22, sticking and poor operation

will result. The correct relation-

ship betwcen R, and R, is rather a compromise betwcen oppos-
ing factors of decrecased modulation and increased transmission.
Maximum modulated output (maximum signal response) will gen-
erally be obtained between the values R, equals R, and R, equals YR,
depending somewhat on m. The power rating of well designed carbon-
grain type microphones is approximately 5 watts, giving reasonable
modulation control of from § to 20 watts. Special water-cooled micro-
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a(E4 gin At + Es gin Bt) + aE4sin At + aE» sin Bt +
2 2
Y(Ea sin At + Es sin Bt + SEa 4 BEnt VB4 oar -
2 4 4 2
2
{’%B— cos 2Bt + bE4E5sgin At sin Bt
:
%(EA sin At + Es sin Bt)? + ‘% %— + E—sﬁ) sin At +
cEsfEs? | Ea?\ .
T T T sin Bt —
cEa cEs? .
4 oin 3At — g 8in 3Bt —
2
°E;2£”(1 — cos 2A¢) sin Bt —
3
g%'i(l — cos 2Bt) sin At
d . . _ ) dEa¢ dEa?
-2—4(E4 s8in Al + Eswin Bt)4 + | = Wcos 4At — 18 (Eat + 3E»3) 47)
cos 24t + 6;‘;(5‘4 + EsY) +
“EgE'(Eu + Es?) sin At sin Bt —
LE;‘;ﬂ' sin 3AT sin Bt —
‘”’2;?-' gin 3Bt sin At —
2
df; (E»s? + 3E4? cos 2Bt +
%E"El’ cos 2AT cos 2Bt +
dl—Eg—;—‘ cos 4Bt
o e B T

The values of a, b, c, d, etc., represent successive differentials of the function
y with respect to z, evaluated at the operating point z. It is to be noted
that the functional relationship between z and y is based on the complete
operating circuit and not merely the asymmetrical characteristic of the modu-
lating device. Due to load impedances straightening out the curve between
z and y of the modulating device itself, the differentials indicated will in
general be smaller in magnitude than those based upon the z, y characteristic
of the modulating device. If the actual value of this function is known, the
values of these differentials may be obtained. Two typical curvesof y = f(z)
are expressed below and the differentials evaluated:

y = C1 + Kizo? v = Cs + KXo%
a =:—§ = 2K1Xa =gK:Xa”
dyy 3 -
b i 7= = 2K\ =3K:Xo )
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dy 3 -
¢ =I5 =0 = —§K1Xo 34

dy =3 -3¢
d = I =0 = 16K:Xo

In the equations the product of two trigonometric values such as
8in rA( sin sBt represents a carrier of frequency r4/2x modulated by a
signal of sB/2x. If s is not unity, higher frequencies than the desired
modulation signal frequency are transmitted and in general distortion
results. If r is not unity, the modulation signal is also transmitted as a
modulated carrier of higher frequency than that desired. The magni-
tudes of such undesired components may be reduced by keeping E4
and Eg small (in comparison with the operating characteristic of the
z, ¥ function) or by using such a function as indicated above where all
differentials beyond the second have a value of zero.

For analytical purposes, the instantaneous amplitude of y may be expressed
as an equation and written as follows:

3 1 2
y = aE.4 sin At + aEs 8in Bt + bE;’ + bi”’ - b—i—‘ cos 24t — bi’ cos 2Bt

+ bE4Es sin At sin Bt (48)
The desired transmission is at a frequency A/2». Dropping other terms,
y = aEasin At + bE4Es sin At sin Bt 49

The second component of Eq. (49) represents a variable amplitude carrier
at the frequency A/2» and varying in amplitude at the frequency B/2r.
This variable amplitude adds to and subtracts from the first term of Eq.
(49), giving an average peak value of aE4.. The percentage of modulation
may be expressed as a percentage change in value of this average peak, due
to the second term of Eq. (49).

bE»

m 2 (50)
where m is the modulation factor. The percentage of modulation is usually
the value discussed, which is 100m. The factor b/a represents the ability
of the device to produce modulation and is termed its modulation efficiency.
The percentage of modulation varies directly as the modulation voltage Es.
Substituting (50) in (49) gives

y =aEa [sin At + ’—; cos (A — B)t — r§n_ cos (A + B)t] (51)

Equation (61) indicates that the desired result of modulation is equivalent

to three components, having frequency characteristics of %, —‘42;'1-3, izi.»é

and having corresponding amplitudes of 1, m/2, m/2 and initial corresponding
phases of 0, +90, —90 deg. respectively. The frequency A/2r is referred
B A+ B

to as the carrier frequency and the frequencies A—2:— and 2
L

as the lower

and upper side bands.

24. Carrier and Side Band Physical Picture. Three viewpoints may
be taken of the relations between the carrier and the side bands. The
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Maximum modulated power in R. is obtained when
=R dp _ '
R. = 5 (when(—ﬁ;:' = 0) (60)
Fiffective voltage E; of modulated carrier is
E; = YiEaVm? + 2 (61)
where E. is the peak voltage of the unmodulated carrier and m is the modu-

lation factor.
Maximum peak voltage of modulated carrier is

E| ux=Ea(1 +m) (62)
Minimum peak voltage of modulated carrier is
E, qio. = Ea1 = m) (63)

Mazximum peak voltage of modulated carrier is

2(m + 1)
E =g4m )

28. Heising modulation, named after its inventor, is based on the
relationship between the amplitude of the carrier frequency voltage
from an oscillator and the voltage of the plate power sup[)ly to that
oscillator. Figure 27 shows the relationship between the voltage across
the tuned circuit in a low-power oscillator with respect to the suppl
voltage applied to the plate. The output is practically linear wit
reegect, to the surply voltage. In operation the modulatm% voltage is
added to and subtracted from the plate supply voltage. If the peak

of the modulating voltage is equal
% to the plate supply voltage the
oscillator carrier voltage varies
between zero and twice the aver-
pd age value, which is equivalent to
100 per cent modulation. The
transmitted power from the oscil-
lator varies as the square of the
A voltage and, therefore, during this
" maximum voltage period is four
A times its normal value. At the
minimum VOh"It‘l}%e period ng power
0 3 is radiated. e increased power
o0 ‘°&,,, m,ng,m B suppl;;_taothti oscillst(l)rtt‘ube rpustl
Fi. 27.—Voltage across tuned cir- COME ITom the modulation signa
cuit as function gol’ oscillator plate Source. The modulation supply
voltage. is generally from a vacuum tube
used as a modulation-frequency
amplifier. For 100 per cent modulation the undistorted power output of
this modulation amplifier must be twice the normal power rating of the
oscillator.

29. Oscillator-modulator System. Figure 28 shows a complete oscil-
lator-modulator system comprised of a Hartley oscillator and a Heising
modulator. The plate power supply for the oscillator and modulator

-

N

Effective Volts (1000Ke)
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The modulation signal modulates an oscillator of approximately 50,000
cycles. If the modulation frequencies range between 100 and 3,000
cycles, filters arc arranged in the output of the modulated oscillator
to pass only those frequencies between 47,000 and 49,900 cycles. The
frequencies in this selected range are made to heterodyne with an oscil-
lator at a frequency of 42,000 cycles. A sccond filter system is arranged
to pass only those frequencies between 5,000 and 7,900 cycles, which
are the resulting beat frequencies. It may be observed that the original
3,000-cycle modulation signal frequency now has a corresponding ampli-
tude at 5,000 cycles. The original 100-cycle modulation frequency
signal now has a corresponding amplitude at a frequency of 7,900 cycles.
T%le frequency scale of the original modulation signal has been inverted
by the process. These frequencies may, if desired, be further lowered
by a seeond heterodyning step against a 4,900-cycle oscillator which
would produce the inverted seale of frequencies ranging from 100 to
3,000 cycles. This inverted modulation frequency is then impressed
as the normal modulation upon a carrier-frequency oseillator. To obtain
an intelligible signal at the receiving end, it is neecessary to again invert
the modulation frequencics by the reverse process. To anyone not
having at hand the proper equipment and not knowing the correct
frequency at which the inverting was done the transmission would be
indecipherable.

METHODS OF MEASURING MODULATION

35. Inferential Methods. Percentage of modulation is a most impor-
tant factor in modulation problems. Its value may be determined in
two general ways, the first based on the process of producing the modu-
lation, and the second on measurements of the modulated carrier itself.

The factor of modulation is given in Eq. (50). Determining the
values of a and b under the opecrating conditions and measuring Ep
enables m to be calculated.

Another inferential method is based on the oscillator amplitude char-
acteristic as shown in Fig. 27. If the plate supply voltage increcased
10 per cent, the output voltage will also incrcase 10 per cent. This
simple relation indicates that

m == (65)

where Ep represents the peak value of the modulation signal voltage and
E, represents the appled plate voltage. Occasionally the function
shown in Fig. 27 will be a straight line, but its intercept on the E, axis
will not be at the point 0, 0. In this case the value of E, in Eq. (65),
will not be the actual plate voltage but the indicated voltage along the
E, axis, between the straight-line intercept and the applied plate voltage.

Another inferential method is to produce an equivalent modulated
signal, not by the actual process of modulation, but by the simultaneous
transmission of two or more frequencies differing by the desired modu-
lation signal frequency. The faetor of modulation is equal to the amp-
litude of the transmitted frequency component corresponding to the
side band divided by the amplitude of the frequency chosen as the
carrier. Independent measurement of the voltage amplitudes of these
components enables m to be calculated.
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.41, Change in Percentage Modulation. If a modulated signal such as
given in Eq. (51) be applied as z in the function of Fig. 23 and the components
at a frequency corresponding to the carrier frequency only be considered
the response will

1 1
y =ar + gcx' + 192°% + + (69)

where a, ¢, ¢, etc., are the first, third, fifth, etc., differentiale of y with respect
to z. In case of a triode,

_dip
a= deg v =i 1
. = tp
= 4% (70

- 3
Z‘: r = E4(1 4+ m sin Bt) sin .~lt§
=P

deg®

Equ}?tion (70) shows that the percentage of modulation has been increased
8o that

e

m = m(l +%z*:—; + +) (71)

This change in modulation is undesired. as it destroKa a linear input-output
relation and introduces 2nd and higher harmonics of the modulation frequency
and consequent distortion. It may be reduced by decreasing the value of c.
Vacuum tubes having a value of ¢ small under any voltage conditions are
used for variable gain control amplifier tubes. The 235 type is such a tube.

42. Cross modulation results when two modulated signals are impressed
simultaneously upon an asymmetrical amplifier. This means that the
modulation of both signals may be obtained when tuned on either
carrier. The cficctive percentage of modulation for the interfering signal
with respect to the desired carrier is

Eic
mi5 g (72)
where m’ is the effective modulation of the desired carrier E., by the
undesired modulation frequency, m, is the modulation factor of the inter-
fering carrier E:, ¢ and a are the third and first differcntials of the z, y
function (see Fig. 23) respectively, evaluated under operating con-
ditions. In the case both signals are impressed on the grid of a triode,

di, dd,
=2, €= da,

43. Band Width Necessary. The transmission of intelligence by
modulated carrier frequencies requires a definite portion of the frequency
spectrum and implies a limit to the number of such carrier channels
available. In the case of wire lines the total number of channels is given
by the available frequency spectrum divided by the band width, times the
number of pairs of wires, times the multiplexing factor. In the caseof a
radiated wave the total hand width required 18 the sum of three items:
(1) the total band width requircd by the side bands necessary to the
type of transmission being used; (2) a certain tolerance to allow for
(ﬁ"lft of transmitter frequencies; and (3) a guard band required by the
limitations of practical receivers which have frequency charactenstics
which are more trapezoidal than rectangular in shape.

=

m
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SECTION 11
AUDIO-FREQUENCY AMPLIFIERS

By GLENN KOEHLER!'

1. Classification of A-F Amplifiers. An a-f amplifier is usually defined
as one which is to work in the range of frequencies from 20 to 20,000 cps.
Amplifiers for this purpose may be either sclective or non-selective; t.e.,
they may be made to amplify substantially a single frequency or a range
of frequencies. Ordinarily the terminology implies that the amplifier
will work over a range of trequencics.

There are four general classifications of vacuum-tube amplifiers. These
classifications relate to the manner in which the tube is operated with
respect to its I,-E, characteristics. They are class A, class AB, class B,
and class C.

A class A amplifier operates in such a manner that the output wave
form for a single tube and any kind of output impedance is substantially
the same as the input wave form. In a class A amplifier, operation must
take place such that the dynamic characteristic is nearly a straight line
over the complete cycle of the input e.m.f. Ordinarily the grid in a class
A amplifier i8 not driven positive.

A class AB amplifier is opcrated with more grid bias than a class A,
and the grid is driven positive with respect to the cathode. In this
class of amplifiers the a-c plate current for each tube flows for less than the
full 360 electrical degrees of the input cyele. This type usually requires
some driving power. It requires two tubes in push-puﬁ to give an output
wave form that is nearly like the input wave form.

A class B amplifier is operated with sufficient grid bias to reduce the
plate current almost to zero when no input voltage is arplicd. For a
single tube the a-c plate current flows for only 180 electrical degrees of the
input cycle. It requires two tubes in push-pull to produce an output
wave form that is nearly like the input wave form.

A class C amplifier is operated with more than sufficient grid bias to
reduce the plate current to zero when no input voltage is applied. Plate
current flows for less than 180 electrical degrees of the input cycle. Tt
requires the use of a selective circuit in the plate circuit in order to give
an output wave form that is comparatively free from distortion.

2. General Requirements of an A-F Amplifier. An a-f amplifier must
satisfy the following general requircments:

1. The gain of the amplifier must conform to a certain amplification-
frequency characteristic.

2. The output wave form must not contain more than a certain amount of
distortion that is generated in the amplifier itself.

1 Department of Electrical Engineering, University of Wisconsin.
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3. The gain of the amplifier must be such that a certain output power is
obtained from a given input voltage.

4. The noise and ““hum” level of the amplifier should he within a pre-
assigned limit.

5. The gain should not vary much with the usual variations in d-c oper-
ating voltage, temperature of filaments, etc. .

6. The input and output conditions should be such as to work the amplifier
out of a certain source impedance into a certain load impedance.

8. Elements of an A-F Amplifier. The a-f amplifier tube acts as a
wer converter taking continuous power fromn the battery or d-c source
in the plate circuit and converting this power into a-c power. The
converted power is used to set up a voltage across an impedance in the
late circuit for the case of a voltage amplifier, or to supply power to a
ﬁ)ad for the case of a power amplifier. For carrying out this function,
each stage of an amplifier must be furnished with an input coupling
device, an output coupling device, and the necessary sources of power to
actuate the tube. For the case of a multistage amplifier the input
coupling device of one tube may be the output coupling device of the
tube ahead of it.

CLASS A AMPLIFIERS

4. Voltage Amplification per Stage. a. Simple Theory. A single
triode amplifier is shown in Fig. 1. The volt-
age-amplification thcory given below applies
to a tube of three clements or more when oper-
ated as a class A amplifier without external
impedances in any of the elenicnts other than
the anode or plate circuit. In the simple
theory the interelectrode capacitances of the
tube and socket arc ncglected.

The two important constants of the amplifier
tube are the amplification constant u and the
plate resistance r,. The tube acts as a source
of alternating e.m.f. which is controlled by the
input voltage e¢,. This equivalent source which
has a voltage —ue, and an internal jmpedance
rpsets up a.c. in the externalimpedance Z,. Thea.c. through Z, produces
an alternating voltage across Z, which is the output voltage e,. The
voltage amplification, or voltage gain of the amplificr is

Figc. 1.—Triode ampli-
fier.

b, _ -,
A= F = 5% M

In this expression Z, = R, + jX.,and E, and E, are the vector values of
e, and ¢,. Voltage amplification is also a vector quantity. The voltage
E, is used as the reference vector. Figure 2 shows the voltage amplifica-
tion in per cent of u plotted against ratios of output impedance to plate
resistance: for cases where, Z, 1s a resistance R,, or a reactance X,.
Because of the approximate way in which the ear responds to sound,
t.e., logarithmically, it is convenient to express the gain of an amplifier
logarithmically. The unit is the decibel, which is equal to 20 times the
common logarithm of the absolute value of the voltage ratio. Hence the
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gain in decibels is 20 logio IAd. The power gain in decibels can be deter-
mined from the voltage in decibels, only when the input and output
impedances arc known. Strictly spcaking the power gain in decibels is
the more fundamental quantity.

b. Effects of the Interelectrode Capacitance. The location of the inter-
electrode capacitances for a triode are shown in Fig. 3. These capacitances
should include the tube itself and the socket. The capacitances given in
the tube handbooks and manuals are usually for the tube alone. In
many cases the socket interclectrode capacitances are as large as for the
tube alone. When the socket capacitances are not known it is good
practice to add about 4 uuf for adjacent electrodes and 3 uuf for all
others except in the case where the grid comes out the top which requires
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F1i. 2.~ Voltage amplification of a Fig. 3.—Triode amplifier
triode. showing interelectrode ca-

pacitances.

no change from that given in the handbook. Multigrid tubes used as
class A triode amplifiers are treated similar to the triode when there are no
impedances in any of the other grid circuits.

The voltage nmpliﬁcntiqn A, for the circuit of Fig. 3 is
d=Z o wCop — Gro @
‘0 Gp + Vo +Jjw(Cop + Cpi)

in which ¥, =1/2,, Gy = p/rp, and G, = 1/rp. .

Usually the interelectrode capacitances are not very effective upon A, over
the a-f range and the susceptances jw(y, and jwCp; are negligible. Under
these conditions Eqs. (2) and (1) are identical.

6. The Input Impedance. The input impedance of the tube shown in
Fig. 3 is the voltage E, divided by th current /, that would flow in the
external grid circuit. For a high vacuum tube, when operated so that
the grid never goes positive, the current /, would be the vector sum of the
currents through the capacitances Cyp and Coi.  Since these two branches
are effectively in parancl, it is better to consider input admittances.
The expression for the input admittance is

Yi = jwCor + jwCop(l — 4,) @)



362 THE RADIO ENGINEERING IIANDBOOK [Sec. 11

The impedance Z; is the reciprocal of ¥;. The voltage amplification 4,
is a vector quantity and is ogtnined from Eq. (2) or (1) when the inter-
electrode capacitances are negligible in their effects upon 4,. When the
output impedance is a resistance, the value of 4, is usually a negative
real quantity, and the capacitance C,, is multiplied by (1 + |4.|). nder
certain conditions when the impedance ;., has an inductive reactance,
the input img‘edance Z; is made up of a capacitive reactance and negative
resistance. Thisisan important consideration in an a-f amplifier because
ilt may cause sustained oscillations which in turn may cause very bad
istortion.
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F1a. 4.—Load characteristics of a triode.
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The input impedance of an amplifier tube is an important consideration
when designing multistage amplifiers. As a general rule this impedance
plays a part in the performance of a voltage amplifier for all frequencies
above about 3,000 cps.

6. The Power Amplifier. The tube that is used to deliver power to a
utilization device such as a loud-speaker is generally called a power
amplifier. For this tube the voltage amplification is not a consideration,
but the power sensitivity and the amount of power that can be converted
without appreciable distortion are important. The power sensitivity is
the power output in watts for a unit volt impressed on the grid.

The power sensitivity is given by the expression,
cas s wR,
Power sensitivity ®e F 1)t 4)

when the output impedance is a pure resistance R,. The power sensitivity
is a maximum and equal to u*/4r, when R, = r,. However, this is not the
best value of R, for maximum undistorted power output. From theoretical
considerations maximum undistorted power output is obtained when R, = 2rp
and when the peak a-c input voltage is equal to the grid-bias voltage. When
Ry = 2rp,

M’Ea’

P, = 9rp
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relation between C. and G.’ for various decibel losses at a frequency of
10,000 cps. For a frequency éf,. multiply the present ordinates by 10,000//:
and locate the capacitance C, on the new scale. Suppose C, is equal to
84 upuf, then for the values given in the example aboveG,’ = 17 X 10~¢ and
the loss at 10,000 cps is about 0.5 db.

.In an amplifier of this type there is some phase distortion at both the
hxghesg and the lowest frequencies which the amplifier will pass without
apprecxable loss. Th.e change in the phase angle of the voltage amplification
with the frequency is, at low frequencies 6. = tan™! G,/wC, and at high
frequencies it is 9» = tan™! wC,/G,’.

9. Design of a Resistance-capacitance Coupled Amplifier. When
considering the proposition of using a certain tube in stage 1 (Fig. 8), to
drive tube 2 an(f also give a preassigned amount of gain for stage 1, the
first question is what will be the response at the highest frequency to be
amplified. This question is gettled by determining the effective capaci-
tance C, (it is assumed that 4.2 is known) and using the curves of Fig. 10
to find the value of G,/ for the allowable loss at the highest frequency.
This value of G,’ will determine the medium-frequency gain of stage 1
[see Eq. (7)). In calculating C, the interelectrode capacitances given in
the tube handbooks and manuals must be increased by 3 to § uuf to
include the interelectrode socket and other stray capacitances except for
the electrode that comes out the top of the tube.

To determine the size of the coupling condenser C for a preassigned
resggnse at the lowest frequency, it is necessary at this point in the design
to fix the size of G,2, or R,2, and G,, or R,. The following considerations
are pertinent to fixing the sizes of these resistors. It is always well to
use ag small a coupling condenser as possible. Hence, because of the way
that C depends upon G,2, R,2 should be as large as possible but should not
exceed the maximum recommended value given in the tube tables. In
any event the product of R,.C should not exceed approximately 0.05
because of the tendency of C to become charged from a very small grid
current and thereby cause the grid bias to become shifted. For a given
value of G, + G2, and this is fixed when G,’ is fixed for a given tube, it is
well to make R, somewhat higher than the plate resistance 7, to reduce
distortion if the tube is worked very hard. On the other hand R, con-
sumes d-c voltage which must be supplied by the plate-voltage source.

10. Impedance-capacitance Coupled Amplifier. %nder this classifica-
tion of multistage amplifiers would fall almost any type of coupling
except transformer coupling. Resistance-capacitance coupling has
special characteristics and is therefore treated under Art. 8. The usual
accepted types of the classification herein discussed are the two shown
in Figs. 11a and 11b. The type shown in Fig. 11b is sometimes called
double impedance coupled. Tﬂese types have frequency characteristics
inferior to the resistance-capacitance coupled amplifier but possess
some other advantages. For example, it requires less B supply voltage
to give the same plate voltage because of the much lower g—c voltage
drop in the plate circuit. By a double-impedance scheme the gain at
the low frequencies can be made higher than the gain at intermediate
frequencies. Thisis sometimes useful in frequency-response equalization.

For the type shown in Fig. 11a the voltage amplification for stage 1 at
medium frequencies is
E,: - Gpat - mR,2 10)
Epn  Gpi +Goz  rp1 + Ry2

Au =
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The type of amplifier illustrated in Fig. 115 has some interesting charac-
teristics. The medium-frequency nmphﬁcauon is Ax = m, neglecting the
core losses of the two coils. For the case in which wL, is several times
Rio: and is at least three times rp1, the a.mphﬁcatlon per stage at low fre-
quencies in terms of that at medium frequency is

= 7, 1\? A £\t (14
\/ f(;) + (1 - ,—,)
. . _ 1 - w,Lg2 . N
in which fr = Y s VLG and Q r———’l ¥ Rir Using the medium-frequency

I :) + (l —J}—;—’),nsordinates

and f/f, as abascissas for various values of Q the curves of Fig. 12 result.

gain as the reference and plotting 20 logm\/
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Fia. 12.—Low-frequency characteristic of a double impedance-capacitance
coupled amplifier.

These curves explain the characteristics of this type of coupling and furnish
quantitative information on how to fix the values of L,z and C for a particular
performance at the low frequencies. At the frequency f;, the gmn, or loss, in
decibels is equal to 20 logic Q. The curves also show how the gain, or loss,
varies with the frequency f for a particular case. The phase distortion at
low frequencies would be very bad for an amplifier of this type.

At the high frequencies the amplification per stage, Au, is

Awv
An = T F e Gy s

in which G,' = 1/rp; plus the conductances due to the core losses in the two
chokes, and C. = Cpt + Cop1 + Cotz + Cgp2(1 + 'A.al) plus the effective
distributed capacitances of the two ch oﬁ( e quantitative relation
between C. and G, for different decibel losses at 10 000 cps can be obtained
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from the curves of Fig. 10. (See explanation in Art. 8 far extending the
ranges or finding values at another frequency.)

11. Design of Impedance-capacitance Coupled Amplifiers. The appli-
cation of the type of coupling shown in Fig. 11la to tubes of high plate
resistance is limited principally by the amount of inductance that can
be obtained in choke Lo without a large amount of distributed capaci-
tance. The distributed capacitance of the choke adds to the tube
capacitance and therefore helps to lower the amplification at the high
frequencies. Chokes for this purpose are sometimes wound in pie
sections in order to reduce the distributed capacitance. Of course for
tubes having high plate resistance some of the maximum possible gain
can be sacriﬁcccfby lowering R, to have a small variation in gain over
the frequency range. This will make it easier to satisfy the requirements
at both the highest and lowest frequency.

For tubes t%mt have low plate resistance, the design procedure is to
fix the value of R;: so that it will not be greater than the maximum
recommended value or the value which will keep the highest frequency
response with the desired limit. The curves ot Fig. 10 are useful for
determining the limit to R, so far as frequency response is concerned. In
this figure for this purpose G. is equal to G, + G, plus a conductance
allowed for the core loss of Loi. After R;: is fixed the value of Lo, is
determined tentatively by the use of the curves in Fig. 19. For this
purpose R, on the graph becomes r,R,2/(rp + Ry2). The last step
18 to determine C such that the loss due to it is not more than 0.25 db.
In st()me)a cases it may be necessary to check the results by applying

. (11).

or tubes that have high plate resistance, the design procedure is
about the same as the above except it may be necessary to work bhack
and forth from high-frequency consideration to low-frequency considera-
tion in order to obtain the desired characteristics.

In designing an amplifier of the type shown in Fig. 11b the general
procedure is the same as ahove. In some cases the medium-frequency
amplification may be less than u; because of the core losses of the two
chokes. These core losses are equivalent to two resistances in parallel
%rom the grid to the cathode of tube 2 and their effect is similar to R,:in

ig. 1la.

ﬁ‘he following example will illustrate how to apply Eq. (14) and the
curves of Fig. 12. The plate resistance r,; of the tube is 10,000 ohms,
the allowed resistance for R,z is 1,000 ohms, the desired gain at 50 cps
i8 3 db over the gain at mnedium frequencies. From the curves of Fig. 12,

Q must be v/2 to give the desired gain. From the expression for Q,
(rer + Rio2)

wr

Lys is equal to 11,000/2x50 which gives 35 henrys. The size of the
coupling condenser is given by C = 1/w,2L,2 and is equal to 0.29 uf.

12. The Equivalent Circuit of a Transformer-coupled Amplifier.
The complete equivalent circuit of one stage of a transformer-coupled
amplifier comprises the plate resistance of the tube ahead of the trans-
former, the input capacitance of the tube after the transformer, and
the equivalent circuit of the transformer itself. Figure 13 illustrates

L = Q
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f 11 . )
Then 20 logie\J1 + Gﬁm; is the loss due to the leakage inductance.

Figure 20 shows the relation between the total leakage inductance
Ll = Lp + N ’Ln

and the resistance R: + R; for different decibel losses at 10,000 cps. For any
other frequency f:, multiply the ordinates by 10,000/f; and read L: on the new
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F1a. 19.—Loss at low frequency due to magnetizing inductance.
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F1u. 20.—Loss at high frequency due to leakage inductance.

scale. Also both scales may be changed simultaneously by a factor z in order
to provide a more convenient range for Ri + Ra.

The procedure in designing a transformer of this kind is to first deter-
mine the size of core and number of primary turns in order to obtain a
value of L. which will limit the loss to a preassigned amount. In this

rocedure it is necessary to allow for the winding resistances R, and R..
he expression for L. is given in Art. 13. The next step is to fix the
ratio of turns and the number of secondary turns for the desired value
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For push-pull operation the plate supply does not need to be so well
filtered. Disturbances coming from this source cancel out in the output
transformer.

It is usually more difficult to design an input transformer for a push-
pull amplifier than for a single tube. The difficulty arises in keeping
the secondary voltages equal in magnitude and opposite in phase for
all frequencies. At the high frequencies one side may deliver a higher
voltage than the other. This effect can be reduced by winding the
transformer so that the two secondaries are symmetrical in their leakage
inductance, winding resistances, and distributed capacitances.

18. The Pentode Power Amplifier. The power sensitivity and the
efficiency of power conversion for a power pentode tube are usually
much higher than for a triode. For example a tvpe 89 tube as a pentode
will deliver 3.4 watts for a peak grid voltage of 25 whereas it wilrdeliver
only 0.9 watt for a peak voltage of 31 when used as a triode. The
efficiency of conversion for the pentode connection is 32 per cent and
only 8.9 per cent for the triode connection. The expression for the
power sensitivity of a pentode power amplifier is the same as the expres-
sion for the triode amplifier as given in Art. 6. A method for determining
the power output and distortion from the E,-/, characteristics is
given in Sec. 8, Art. 52.

The load resistor for a pentode power amplifier should be such that
the instantancous plate current docs not fall below the knee of the
1,-E, curve taken for the grid voltage reached on the maximum
value of the positive half of the input cycle. If the load resistor is
higher than this value there will be serious distortion for the maximum
grid swing. This limits the load resistor to a value considerably below
the plate resistance of the tube. Consequently for load impedances
that change with the frequency there is apt to be distortion, unless
care is taken to insure that the impedance never rises above the optimum
value for a limited amount of distortion. For this reason pentode tubes
should be used to deliver power to devices that have a fairly constant
impedance. The optimum load resistor for a pentode amplifier is
that which results in the sinallest amount of second-harmonic distortion.
Because of the greater sensitivity and greater efficiency of the pentode
over the triode some of the power output possible can be sacrificed in
order to obtain good wave form.

19. Frequency-response Equalization in Amplifier Systems. By the
use of certain expedients it is possible to construct multistage amplifiers
that will work with certain kinds of input and output devices and give
an over-all frequency-response characteristic of a desired type. Much
can be done along this line when phase distortion is not a consideration.
A stage of transformer coupling with a specially designed transformer
may be used to raise the high-frequency response of the amplifier to
compensate for a loss at the high frequencies in a given input or output
device. A stage of double impedance coupling may be used to raise
the low-frequency response of the amplifier. Condensers shunted
across a part of the plate-coupling resistors in a resistance-capacitance
coupled amplifier wilrresult in higher gain at the low than at the high
frequencies. Shunting the same resistors with choke coils will lower
the low-frequency response. Simple and more complicated networks
in the form of series and shunt combinations of coils and condensers are
used to raise, or lower, the gain over a band of frequencies. There are
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which would be the gain had there been no choke in the circuit. If we make
R, = ry, the gain at low frequencies will be nearly one-half the corresponding
value at high frequencies, and the effect of duplicating this circuit in two of
the stages will make the net ratio between low- and high-frequency gain
nearly four, or 12 db. The value of the inductance L: should be such that
wL, will be sensibly equal to Ry + rp at the frequency at which it is desired
to begin the boosting, for example, foo cycles.

There is nothing to prevent the combination of both low- and high-
frequency boosting in each stage; all that is necessary is to substitute
the resistance R oFFig. 25 for an inductance of the proper value according
to previous discussion and Eq. (26). .

2. Frequency-band Suppression. There are cases where it is
desirable to amplify the low frequencies, the high frequencies, or some
intermediate-frequency band to a smaller extent than the rest or even
to eliminate them altogether. Low-, high-, and band-elimination filters
can be employed, but in the majority of cases a simple device is quite

) T°
or n r; v G L L
H Cl E Zo Ry Zo
t =€ 1 ¥ H H
F1a. 26.—Series equalizing circuits. F1u. 27.—Shunt-connected equalizing

circuits.

suitable, and it may be secured at hand from standard parts. A com-
bination of a variable resistance of about 100 to 100,000 ohms, a fixed
condenser, and a multi-tap inductance, such as commercial variable-
ratio transformers, will be quite effective in reducing a frequency band.
The resistance with:- the condenser only will reduce high frequencies;
and the resistance with the inductance alone, the low. The place to
connect these elements may be either the grid or the anode circuit of
any of the stages, according to the values of the resistance, inductance
and capacity of these garts and the impedance of the circuit to which
they are to be attached. They may be connected in series or in shunt
as per Figs. 26 and 27. If the output impedance Z; is infinite, as when
connecting the circuit to the grid of a tube, the calculation for the voltage
reduction at various frequencies is very simple. Representing by Q, as
in previous sections, the ratio of the reactance to the resistance of the
source (vacuum tube or phonograph pick-up, etc.) and ¢ the ratio of the
r%actaz%c)e of the coil to the total resistance of the shunt circuit r, I, ¢
(Fig. :

Q=% and ¢ -2t
where
1 w
wo_\/ITc and ;:—N

The gain will be

v = u\[ e et NV = N7 (28)

@ +¢ ")+ (N — N






384 THE RADIO ENGINEERING HANDBOOK [Sec. 11

impedances and condensers to avoid regeneration through the common
impedance of the platesupply. Figure 29 illustrates the use of decouplin

resistors and comfensers. These are the resistors and condensers marke

Rs, R,, C,; and C,. Decoupling resistor R, and condenser C; may
not be necessary. The voltage set up across the common impedance
of the B supply by the third tube is of the same phase as the voltage
output of the first tube. Hence decoupling resistor R, and capacitance
C, should at least he of such size that the voltage set-up across the grid
of the second tube by the current in the plate of the third tube is less
than the voltage required to produce the same %!ate current when there
is no regenerative effect at any frequency. The reactance of Ca at
the lowest frequency should be small compared to R, so that the voltage

1 2 3
4 - Hh
o 22
601,000, LAl s [ e
2 SR, Ry== 3R, Rs
T ! z ‘ JT b3 T : B

P
T -+B
Fia. 29.—The use of decoupling circuits to prevent feed-back.

amplification of the first stage will not vary appreciably with the fre-
quency. Resistance R: may also be a choke or a combination of choke
and resistance in series.

Self-bias resistors must be by-passed by condensers that have a react-
ance, at the lowest frequency to be amplified, small compared to the
resistor, or otherwise degeneration will result and the gain of the stage
will be reduced.

24. Direct-coupled Amplifiers. Under this classification are included
all types of amplifiers in which the grid of one tube is connected to the
plate of the preceding tube in such a manner that changes in d-c potential
on the grid of the input tube will be amplified through the system.
There are two important applications of such amplifiers. One applica-
tion i8 an amplifying system for d-c purposes. The other application is
an amplifier for a-c purposes when phase distortion at low ﬁ'equencies
is a consideration. It is difficult to obtain much amplification at low
frequencies without phase distortion by the usual types of a-¢c amplifiers.
* Direct-coupled amplifiers have high-frequency characteristics like
a well-designed resistance-capacitance coupled amplifier. The tube
capacitances shunt the coupling resistor and cause the amplification
to decrease with increase in frequency above the frequency at which
the effective shunt-capacitance susceptance is about three times the
combined conductance of the coupling resistor and plate conductance.

The one common fault with many of the direct-coupled amplifiers
when used for d-c work is instability. Small changes in the filament-,
E‘late- and grid-supply voltages cause false results in the outputdevice.

or amplifying low-frequency a.c. this particular characteristic is not
80 objectionable. Another common objection is the nature of the plate-
and filament-supply voltages that are required.
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CLASS B AMPLIFIERS

26. Class B Amplifier. This type of audio amplifier is a power
amplifier which is operated at such a grid bias that there is practically
no d-¢ plate current when the signal voltage is zero. It requires two
tubes as shown in Fig. 32 to give a wave form in the load resistor R,
that is nearly like the input wave form to the grids of the tubes. The
two tubes working in a balanced system as class B produce in some
respects what a single larger tube would do as class A. The only differ-
ence of any importance 18 that in the class B amplifier there is a very
small d-c plate current with no signal voltage compared to the d-¢
plate current in a class A circuit. This results in higher cfficiency and
much lower energy consumption from the plate suppfy. Also the grids
of class B amplifiers are driven positive whereas they are not in class A.
Because of grid current a class B amplifier requires some power to drive
1t.

—3 S
= '§~§/
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F1a. 32.—Class B amplifier unit.

Uﬁon carrying out the analogy with a class A amplificr and referring
to the circuit diagram of Fig. 32 the following points are hrought out.
The two windings of the primary of the output transformer serve the
same purpose as a single winding for a class A amplifier. One of the
windings carries a.c. in one direction during one half of the input cycle
and the other winding carries current in the opposite direction during
the other half of the ingut cycle. The effect is the same as one winding
of the same number of turns carrying currents in alternate dircctions
during the two halves of the cycle. %‘his is exactly the same state of
affairs except for d-c current that would result if the two class B tubes
were reﬂaced by one larger class A tube and only one primnary winding
used. ence the two tubes are considered as a unit, and, hecause of
the similarity to class A conditions, the power output in the fundamental
wave can be calculated approximately under certain conditions.

For an ideal transformer, if N is the ratio of the turns of the primary wind-
ing to the secondary winding, the load resistance R. acts as a resistance
RLN? to the two tubes as a unit or to the equivalent class A tube. This is
the impedance that determines the dynamic characteristics and the power
output of the unit and not the so-called plate-to-plate impedance. To
calculate the power delivered to the load by the unit it is convenient to replace
the effect of the tubes by a generator which has an equivalent voltage and
internal impedance. This procedure is exactly similar to the way in which
it is done for the analogous class A tube because it takes two tubes as class B
to simulate one tube as class A. Hence by analogy to the class A amplifier
the power in the fundamental wave is
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26. Design of Input and Output Transformers for Class B Amplifiers.
The design of either of these transformers is essentially the design of
an impedance-matching transformer which is treated in Art. 16. For
the input transformer there is one feature that must be given special
attention. For those tubes which do not draw grid current over the
complete positive half of the cycle the magnetizing inductance of the
transformer must be determined on the basis that the secondary is
open. Because of the non-linear character of the grid current, 1t is
essential that the drop in voltage through the input transformer be
very small. This means low resistances for the windings and low leakage
inductance. Because only one half of the secondary is active at a time,
the two secondary windings should be interspaced betwecen the two
halves of the primary.

The maximum grid voltage divided by the maximum grid current
as obtained from the I,-E, characteristics of one tube is a measure of
the load impedance for which the input transformer is designed. The
load impedance transferred from one secondary to the primary should
be two or more times the plate resistance of the driver tube in order
that the grid voltage may not be distorted because of the variable nature
of the load on the transformer. The exact ratio of the transformer is
determined largely by experiment because of the non-linear character
of the grid current.

The theory in Art. 25 gives the conditions as to the source impedance
to be met in designing the output transformer. This transforiner must
be large enough to handle the power that is transferred. The resistances
of the windings and the leakage inductance must be made as small as
possible. The ratio of turns of one primary winding to the turns of
the secondary winding must be such as to transfer the load resistance
to whatever resistance is necessary for the class B unit. This resistance
is determined largely by experiment and depends upon the allowable
harmonic distortion. Because it takes two windings on the primary for
the class B unit to simulate a single primary winding in a class A amplifier
and since only one of these windings carries current at a time, it is good
practice to interspace these two windings with each other as much as
possible so that they will be balanced as to resistance and leakage
inductance. The more detailed procedure in the design of the output
transformer is the same as an impedance-matching transformer and is
given in Art. 16.

CLASS AB AMPLIFIERS

27. Class AB Amplifiers. This type of amplifier is essentially a
power amplifier. It 1s operated with grid bias intermediate to class A
and class B and so driven that plate current in each tube flows for
more than 180 deg but less than 360 deg. of the input cycle. Hence
it requires two tubes in a balanced push-pull circuit to give a wave form
in the load nearly like the input wave form. Since the grids of the tubes
are driven positive it requires some driving power for the amplifier.

Referring to Art. 25 on the class B amplifiers and Fig. 32, the same
analogy may be carried out between class AB and class A.  For a class B
amplifier the power output is given by Eq. (29). If the quantity r,
in Eq. (29) is divided by 2, the resulting expression can be used for
determining the power output of a class A push-pull amplifier. The power
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output for a class AB amplifier is intermediate to class A and class B, for
the same tubes and driving voltages. Consequently, on a unit basis,
a8 explained in Art. 25, the two class AB tubes may be replaced by a
single source having uE, volts and an internal impedance somewhere in
between the values r, and r,/2 depending upon the angle of the input
cycle at which the plate current ceases flowing in either tube when its

\ ED-C Current

a
Fia. 34.—Graphical analysis of class AB unit.

input grid voltage is negative. If this angle is known or can he pre-
determined the power output in the fundamental wave is approximately

P, = (—“E“—r—>’1em* (30)
R, + —T

I+

in which R, is the load resistance, N is the ratio of the turns of one
primary winding to the secondary turns, and k is the ratio /ueg.//pos.
Ioee. is the peak value of the fundamental component of the plate current
for the two tubes as a unit when their grids swing negative with respect
to the cathode, and /.. i8 taken in a similar manner for the positive
swing of the grid potential. Figure 34 gives a picture of the plate
currents in the two tubes as derived from the /,-E, dynamic character-
istics. The equivalent sine values of the fundamental components of
current are shown in full line. The instantaneous fundamental com-
ponent of current in the load resistor is N (Jpoe. + foeg.) 8in wi.

In terms of a, the angle in radians at which plate-current cut-off takes place
on the negative half of the cycle
2 sin 2a
Ineg./Ipos. ‘;(d + 2 )
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The value of a is determined by drawing the load line on the I,-E, character-
istic after the scale of I, has been changed by the quantity 1 + k. Obviously
this requires a cut-and-try process because k is not known until « is known.
However, since k lies between 0 and 1, two load lines can be drawn on the
original curves, one for k = 0 and one for k = 1. Then an estimate of the
angle for cut-off can be made. From this estimated value of a, k is deter-
mined. The I, scale is then changed by 1 + k and the new load line drawn,
and the corrected value of a is obtained. In determining the cut-off point,
straight lines coinciding with most of I,-E; characteristica should be extended
to the plate-voltage axis.

28. Design of Input and Output Transformers for Class AB Amplifiers.
The input-transformer requirements for a class AB amplifier are not
quite so scvere as they are for class B. However, since the grids swing

sitive on the highest input voltage, it is necessary to design the trans-

ormer on the bhasis that power is delivered to the secondary. Because
of the non-linear character of the load current, the transformer should
have low resistance and low leakage inductance. The ratio of transforma-
tion should be such that the load resistance transferred to the primary
should be somewhat higher than the optimum load resistance for the
particular driver tube. An approximate value for the equivalent
mmpedance of the load is the peak grid voltage divided by the grid
current as determined from the /,-E, characteristic for the peak grid
voltage. The ratio of primary turns to the turns of one secondary
winding can be determined for this approximate value of impedance.
The exact ratio is determined largely by experiment because of the
difficulty in estimating the anfount of distortion due to grid current.
The magnetizing inductance is determined on the basis that the secondary
is open, or that there is no load impedance. This is necessary to insure
low-frequency response when the input voltage is not sufficient to
drive the grids of the class AB tubes positive. %‘he magnetizing induc-
tance for a given low-frequency response can be determined by the
method given in Art. 16 by assuming an infinite load resistance.

The output transformer should have low resistance and low leakage
inductance. The impedance of the equivalent source r,/(l1 + k) is
explained in Art. 27. The impedance into which the tubes should
work as a unit is determined mainly by experiment because of the
limitation placed on the harmonic distortion. Then, for a given load,
the ratio of the primary turns to the turns of one secondary winding
should be such as to transfer the load impedance equal to the experi-
mentally determined impedance. The effect of the magnetizing induc-
tance and leakage inductance can be determined for a given amount
of response at the lowest and highest frequency by using the material
in Art. 16.

TESTING AND MEASUREMENTS

29. Frequency-response ‘Measurements. A universal arrangement
of equipment for naking gain, or loss, measurements over a range
of frequencies is shown in Fig. 35. The method is simply one of measur-
ing the ratio of the output voltage to the input voltage. A calibrated
potential divider or two calibrated resistors R, and R, so arranged
that R, plus R, is constant, facilitates in making these measurements.
For mnkmgf %ain measurements, S, is thrown in the position indicated

by the full lines; for loss measurcinents in the dotted-line position.
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When the divider is so adjusted that the reading of the vacuum-tube
voltmeter is the same for the two positions of S,

Gain, or loss, in db = 20,0 &Ri@’
2

For the full-line position of S, the resistance R: must always be small
compared to the input impedance of the qqm?men_t under test plus R,.
To get the true gain, or loss, characteristic of a piece of equipment as

Sz
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:o%ia’
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&

Amplifier or
Equipment
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Fta. 35.—Method for making frequency-response measurements.

it is actually used, it must be terminated as used and the termination
included in the test. For example R, and R, represent the input and
outgut resistance of the amplifier under test. These may also be any
kind of impedances. When testing an input or interstage transformer
it should be terminated in the tubes for which it is intended. Care must
alslo be taken to limit the voltage applied to the equipment to the proper
value.

80. Measuring Distortion in Amplifiers. The simplest method for
measuring the total harmonic distortion in the voltage across the output
impedance in a power amplifier is shown in Fig. 36. For a given voltage
impressed upon the grid of the amplifier, the vacuum-tube voltmeter
is made to read a minimum by adjusting slide C of R: and the mutual
inductance M. Then the reading of V.T.M. is a measure of the square

F1a. 36.—Circuit for measuring distortion.

root of sums of the squares of all the harmonic voltages across R..
Mutual inductance M provides for a phase shift from 180 deg. through
the amplifier tube. The vacuum-tuge voltmeter must be as nearly
an r-m-s meter as possible. The source should be rcasonably free
from harmonics. Switch S provides for measuring the total a-¢ voltage
across R, when V.T.M. has a multiplier to extend its range. A vacuum-
tube voltmeter using a type 56 or 76 tube and operated over a region
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in which the square root of the plate current plotted against grid voltage
is nearly a straight line makes an excellent meter for this purpose.

When it is desired to know the separate harmonics in the output
impedance a voltage having a frequency nf almost equal to the harmonic
sought may be introduced into the connection up to contact d, as illus-
trated. The voltage of nf will be equal to the particular harmonic
voltage when the swing of the needle of V.T.M. is a maximum. The
measurements may be carried out by means of a laboratory oscillator
for nf and some filtering for the voltage obtained from the 60-cycle
lighting circuit for f.

For the more refined measurements of distortion there are various
types of wave analyzers on the market. These have a wider range of
application than the simple method described above.

1. Measuring the Impedances of a Transformer and an Iron-core
Reactance.! One of the simplest methods for measuring the impedance
of an iron-core reactance at low frequencies and preferably the power
frequency of 60 cycles is illustrated in
"Z Fig. 37. The circuit is arranged, when

x necessary, so that d.c. can be sent through
the iron-core coil. When R, is so adjusted
that the reading of the vacuum-tube
voltmeter is the same for both positions,
VT.Vm.| a and b, of switch S, the absolute value
F of the impedance Z, is equal to R,, pro-
. vided R, is at least 20 times R. The
in F’&j?"g,‘:"‘c‘: 0‘?‘};{)‘:?&‘)‘; error is less than 5 per cent. Oftentimes,
co%ls impedan it is necessary to use an amplifier ahead

. of the vacuum-tube voltineter. It is
essential that the vacuum-tube voltmeter or amplifier be connected as
shown, or false readings may result if the meter places too much stray
shunt capacitance across Z,.

The method of Fig. 36 may be used for measuring the impedances
of the priinary and secondary of a transforiner. It is not possible,
of course, to obtain the resistance and reactance separately by this
method. Methods that place the standard resistance R, in series with
Z, and require balancing the voltage droi) across R, against that across
Z, for the same current are objectionable except for quite low values
of impedance. By such a method the d.c. through and a-c potential
across Z, are disturbed while adjusting R,.

It is not generally safe to use the method described to measure the
leakage inductance of a transformer. Leakage inductance is measured
lé);shorting the secondary and measuring the impedance of the primary.

nerally this measurement requires an inductance bridge because of
the high value of R compared with X.

! See also Art. 29, Sec, 2.
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amplification can be readily obtained for a wide band at the lower radio
frequencies. This is shown by curve 1 in Fig. 5. In order to secure the
high inductance needed at the lower frequencies without unduly increas-
ing the distributed capacity a multilayer winding of ‘‘honeycomb’’ type
is often used. Another mcthod is to subdivide the coil into a number of
thin, closely adjacent, random-wound pancake sections by using a coil
form with a number of narrow grooves turned in it. Such coils can
be madec astatic by reversing the direction of the winding in each alternate
section so that their magnetic ficlds are in opposition. This form of
construction requires a greater number of turns to sccure a given induc-
tance, but it possesscs the advantage of being immune from stray
magnetic couplings with the other coils in the amplificr.

At the lower radio frequencies suitable iron cores can be profitably
employed, enabling high values of inductance to be obtained with a
nominal number of turns on the coil. The iron must be very well
laminated to reduce the eddy currents, or an objectionable increase in the
resistance of thc coil will result. The iron commonly used for this
purpose has a thickness of only one to two mils. Dust cores of iron and
1ts magnetic alloys! are very satisfactory for this purpose. However, as
the frequency increases the advantages of an iron core diminish. The
resistance of the coil rapidly inercascs while the apparent permeability
of the iron becomes less, so that at high frequencics the iron contributes
comparatively little to the inductance. This results in a ratio of wL/R,
which is lower than would be obtained with a suitable air core inductance.
For this reason iron cores are seldom used for frequencies above 500 ke.

In 1931, Polydorofi* developed-a method for tuning a circuit’ by vari-
ations in the inductance by inserting a core of finely powdered iron.
Because of the high specific resistance of the corc matcrial, the losses in
the tuned circuit were kept low, and sufficient change in permeability
of the core was secured to tune a circuit over a 3 to 1 variation in
frequency.

8. Transformer-coupled Amplifiers. The problems in an untuned
transformer-coupled amplifier arc much the same as those just discussed.
The primary of the transformer is merely a choke coil in the plate circuit
of the tube so that the secondary voltage may be obtained by multiplying
the primary voltage by the ratio of transformation. The expression for
the voltage amplification can then be obtained by multiplying (4) or (6)
by this ratio.

If the impedance into which the transformer is working is enormously
large so that the secondary may be assumed to be on open circuit the
ratio of transformation is given by

M L,
a=p = K\/E; (14)

where M = mutual inductance
L, = primary inductance
L, = secondary inductance
K = coeflicient of coupling = M /+/L,L,

From (14) it is seen that the ratio of transformation is only equal to the
turns ratio if the coupling between primary and secondary 18 unity and if
18HAcxELTON and Bamrszr, Compressed Powered Permalloy, Trans. A.I.E.E.,

pPp. 429-436, April, 1928.
? Ferro-inductors and Permeability Tuning, Proc. I.R.E., p. 600, May, 1933.
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8o that L,, in conjunction with its distributed capacity and the output
capacity of the tube used, has a resonant frequency somewhat helow
the tuning range of the circuit. A similar result may be had by using
a smaller primary coil shunted by a fixed condenser. The capacity
between primary and secondary coils functions in a manner similar to
Cn in Fig. 13a. Response curves for a transformer-coupled amplifier
of this type are shown in Fig. 14. The variation in selectivity is con-
siderably less over the tuning range than in Fig. 12.

The use of a primary operated above its resonant frequency results
in a plate-load impedance which has capacitive reactance. A load
of this nature results in negative feed-back in the case of triodes, so that
neutralizing circuits have to be employed to prevent the gain from being
reduced to a fraction of its theoretical value. Ordinarily, these circuits
are used to balance out the effects of positive feed-back and prevent
oscillation. Screen-grid tubes arc free from these troubles.
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F1a. 16.—Increase in selectivity with cascading.

10. Cascade Amplifiers. If two or more identical stages of amplifica-
tion arc connected in cascade the over-all voltage amplification is given by

G =Gr (28)

where n = number of stages
= amplification per stage

This expression presumes that the various stages do not react on each
other, which is not always the case in practice due to small unavoidable
couplings between input and output circuits. If the various stages are
not all identical the over-all amplification will be the product of the
individual values of G per stage. The response curve of a multi-stage
amplifier composed of identical stages is readily obtained from the curve
of an individual stage by raising its ordinates to the nth power, where n
is the number of stages.

The use of several stages of cascade tuned r-f amplification enables
both the selectivity and fidelity of the amplifier to be increased, provided
the tuning of each stage is made broader as the number of stages is
increased. This i8s illustrated in Fig. 15 where A is the response curve
of a four-stage amplifier, each stage having the constants of the top curve
of Fig. 11. urve B is a single stage and 18 the bottom curve of this same
figure. The necessity for broader tuning per stage in multi-stage
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amplifiers in order to avoid too great a sacrifice in fidelity permits the use
of coils of rather compact dimensions wound with relatively small wire.
The increased coil resistance thus produced will reduce the gain per
stage but this can be offset if necessary by increasing the mutual induc-
tance to more nearly the optimum value. At frequencies sufficiently
remote from resonance such that the gain per stage becomes less than
unity a cascade amplifier acts as an attenuator of the signal. An increase
in the number of stages will therefore actually decrease the strength of
interfering signals whose frequencies are above or below the band where
the gain per stage is equal to or greater than one. All signals whose
frequencies lie within this band will be strengthened by an increase in the
number of stages. For this reason two types of selectivity may be recog-
nized; the adjacent-channel selectivity, and the distant-channel selectivity.
It is therefore possible in a comparative test of two amplifiers of equal
sensitivity to find that the first will produce less interference from
interfering signal of, say, 30 kc away from resonance than the sccond;
while for a signal of, say, 60 kc away there may be more interference
present than in the second amplifier.

The attenuation of signals remote from the resonant frequency requires
that the amplifier be well shielded in order to prevent short portions of
the lead wires and circuits of the outﬁut stage from acting as aerials and
picking up energy. Thus a few inches of exposed wire running to the
grid 0? the detector tube might have a voltage induced in it from an
interfering powerful local station which is much greater in magnitude

than these same signals after passing through

the amplifier.
11. Band-pass Filters. A rectangular
P response curve would be ideal for the radio-
C> 12 frequency amplifier of a receiving set designed
- for entertainment purposes. The use of a
air of tuned circuits as a coupling means

Fi1e. 16—Transformer Detween stages results in a flatter response
with primary and secondary curve with stecper sides than can be obtained

tuned. with a single tuned circuit. Suchanarrange-
ment is shown in Fig. 16 and the general
appearance of the resultant response curves is given in Fig. 17. e to

the more uniform amplification obtained over a wider band of frequencies,
these circuits are often referred to as band-pass filters. This form of
circuit is commonly used in the i-f amplifier of superheterodynes.

When the primary and seconda? are both tuned to the same fre-
quency the width of the transmitted band depends upon the magnitude
of the coupling between them. A double-humped response curve results
if M is greater than the critical value, and, as M is increased, the two
peaks move farther apart and the hollow between them becomes deeper,
particularly if the resistance of the two coils is low.

The expression for the voltage amplification is rather complicated and
is given by

wM
VAT T B (29)

where
A = RiR: + rp(1 — @LiCh)} — w(L1 + rpRICY) (ng - .Té,) + WM
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where S is the fraction of the output which is fed back into the input circuit
and G is the gain of the amplifier if feed-back were absent. If the quan-
tity GS is unity, the total amplification becomes infinite and a continuous
oscillation will result. In addition to feed-back due to C,, which almost
always has to be balanced out to secure stability, feed-back due to cou-
pling resulting from the use of a common B or C battery may be sufficient
to cause instability. Small electrostatic or electromagnetic couplings
between the input and output circuits of the amplifier can also give rise
to oscillation even if each stage has been perfectly neutralized. For
example, a four-stage amplifier having a gain of 10 per stage will oscillate
if a8 much as 0.01 per cent of the output voltage succeeds in getting into
the in?ut circuit in the proper phase. Consequently multi-stage ampli-
fiers of high over-all gain must be carefully shielded to avoid instability,
particularly at the higher frequencies.

The oscillation of a single stage amplifier can occur only if the plate circuit
is sufficiently inductive. If the impedance in the plate circuit is pure resist-
ance or a condensive reactance, no oscillations can take place, although
in the latter case anti-regenerative feed-back may occur of sufficient magnitude
to greatly reduce the resultant gain. The effect of feed-back may be looked
upon as being due to the input impedance Z, of the grid-filament terminals
of the tube. This impedance is of the form

Z, = +r, — (.TIG (32)

When the plate circuit is inductive the sign of r, is negative so that the tube
is then capable of annulling part or all of the positive resistance of the asso-
ciated input circuit. In the latter event, oscillations occur. The effect of the
various circuit elements of Fig. 18 on Z, is given by

Z, =
. .1 1 1
(gp + Cp/ _J;(&_+ 7Xs +"—,)

(33)
C 1 1 .
'-‘T:-? + (Cor + Cop) (m + r—,) + Jw(CorCop + CopCps + CprCor)

When Z, is capacitive and has sufficient resistance associated with it, r, is
positive and the tube may introduce rather large losses into the input circuit,
even though the grid is biased sufficiently negative so that no conductive grid
current flows.

13. Methods of Avoiding Oscillation. Circuits designed to combat the
effects of regeneration are of two general types. Either sufficient resist-
ance i8 introduced into the input circuit to offset the negative resist-
ance introduced by the tube, or else a suitable network of circuit elements
is employed so as to electrically isolate the input and output circuits
by making them two pairs of opposite points of an a-c bridge. The
most common method of the first mentioned group is to insert a resist-
ance of several hundred ohms in series with the grid of the tube. In
a tuned amplifier designed to cover a range of frequencies this resist-
ance must be sufficiently large to secure stability at the highest fre-
quency, which means that it i8 much larger than necessary at the lower
frequencies. This results in loss of amplification at these frequencies.
In a number of instances where this method was used in commercial
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receiving sets, onlg a part of the stability was secured in this fashion—
the balance was obtained by utilizing some stray coupling, between the .
parts so that a bridge circuit in effect was produced. Another, although
rather inefficient method, applies an adjustable positive bias to the gnd
of the tube by connecting the grid return lead to the arm of a poten-
tiomcter connected across the filament-heating battery.

w
ACh

<-——es/nput -----e--e

Fia. 19.—Rice neutralized amplifier.

14. Neutralizing Circuits. One form of bridge circuit due to C. W.
Rice is shown in Fig. 19 where are given the actual circuit and the elec-
trical equivalent with the tube electrodes omitted. The filament
terminal of the tube, instead of being connected to the lower end of the
input circuit, is connccted to an intermediate point which divides the
inductance into two parts, Lo and Ls. The lower terminal n of the input
circuit is connected to the plate through a small balancing condenser Ca.
The terminals g and n of the input circuit and f and p of the output
circuit constitute two pairs of opposite points of a bridge. An inspection
of the latter figure indicates that no voltage can exist across the input
terminals gn due to a voltage between fp if the arms are balanced.
Hence the energy which is fed back through C,, is opposed in phasc
by that which flows through C.. The conditions for a balance are

La Ca
L = ¢, (34)

This balance is not entirely independent of frequency as (34) would indi-
cate unless the coupling between L, and L, is substantially unity. This

L, G L g
| L,
L
Cn

F1a. 20.—Hazeltine neutralized amplifier.

is because L, is shunted by the input capacity of the tube. With certain
arrangements a high-frequency parasitic oscillation may take place
which will impair the performance of the amplificr at the frequencies
for which it was designed. A small capacity of about the size of Ca
shunted across L; will often prevent such parasites in receiving circuits.
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and balance by proper adjustment of the mutual inductance between
L, and Ls.

16. Neutralizing Adjustments. The most convenient method of
neutralizing the above circuits is to tune the amplifier to a signal in the
high-frequency range of the receiving set. The tube filament of the
stage to be neutralized is then opened, usually by slipping a piece of
paper between the filament pin and the filament terminal in the tube
socket. This destrovs the repeater action of the tube and converts
that portion of the circuit into its equivalent electrical network. The
neutralizing condenser is then adjusted until the signal disappears.
The filament is then lighted and the procedure is repeated with the next
stage.
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Fia. 23.—Broadcast transmitter power amplifier.

When stray couplings are present the value of balancing capacity
required may vary with the frequency so that when exact neutralization
is obtained at one frequency the stage may be sufficiently unbalanced
at some other frequency so that oscillations occur. In this case a com-
promise adjustment of C. must be found which will hold the stage out
of oscillation for the entire tuning range. This may not be possible
if considerable stray coupling is present together with high gain per
stage.

16. Neutralizing Power Amplifiers. Radio-frequency power amplifiers
such as are used in transmitting sets where sufficient power is available
can be neutralized by means of a suitable r-f ammeter in the output tank
circuit. In these circuits provision is usually made to remove the plate
g]oltage from the tube to be neutralized rather than to switch off the

ament.

Figure 23 shows the last two stages of power amplification of a typical
1-kw broadcast transmitter. The first stage consists of two 75-watt screen-
grid tubes in parallel which require no neutralization. The second stage is
neutralized by means of the condenser Ca which connects to the input tank
circuit L1C at the point shown. The principle is the same as that of Fig. 17.
The turns to which the various taps on L; are connected are indicated by the
numbers. A 30-ohm resistance R: is connected in series with C, to secure
a more exact phase balance, since C,, of the tube will have some losses asso-
ciated with it and will therefore have a phase angle of less than 90 degrees.

The neutralizing adjustment is made as follows: The switch S: is thrown
to the top position inserting a low-range thermocouple Th; in the output
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tank circuit L:C:. At the same time the galvanometer A« is connected to

the thermocouple and the glate circuit is opened by S: which is mechanically

connected with Si. With excitation applied to the grid the balancing

condenser C, is then adjusted until A« reads zero. The switch S, is then

thrown to the lower position, closing the plate circuit and inserting a high

rAange thermocouple Thi in the tank circuit, and at the same time transferring
[N

17. Pentodes as Radio-frequency Amplifiers. The triode was
superseded by the screen-grid tetrode,
Control S¢creen Grid due to the higher gains per stage obtain-
Grid, ;H"’c able with%ut" t}?ehneed of neut}x;alizing
; circuits. Still higher gains on the part
c’.’.’p"." \;\r’;{ Oufpu?| of the pentode have enabled it to replace
ireuit Circuit | the tetrode in this field. The freedom
{f-,ya,,,,,,, from oscillation in these tubes is due to
Fra. 24.—Elimination of cou- the reduction in the capacity between
pling between input and output plate and control grid. This capacity
circuits by means of screen- 13 broken up in effect into two scries
grid tube. condensers with the mid-point grounded
to the filament, so far as r-f potentials

are concerned, as will be seen from Fig. 24.

In r-f pentodes the suppressor grid 1s of further assistance in reducing
this capacity and values of C,, of 0.01 upuf, or less, are ohtained. Feed-
back of amplified output energy through the tube is therehy reduced
to the point where stable operation with fair gain can be obtained at
wave lengths of a few meters. These tubes may oscillate, if too high a
value of gain per stage is attempted. Capacitive coupling hetween
grid and plate leads external to the tube must be carefully avoided by
the use of adequate shielding.

The majority of these tubes for receiving purposes are of the remote
cut-off or variable-mu type.? This feature enables a variable negative
bias to be impressed on the control grid as a means of volume control
without producing cross-modulation and distortion when strong local
signals are being received. With the conventional type of tube on -
strong signals the bias would have to be adjusted almost to cut-off in
order to reduce the mutual conduetance sufficiently to avoid overloadin
the last stage. Serious distortion of the modulated envelope woul
result if the tube were operated in this region of high curvature.

18. Radio-frequency Power Amplifiers. The low output and plate
efficiency of class A amplifiers preclude their use in transmitters, and
class B or class C operation is employed.

Class B amplifiers are operated with a negative bias approximately
equal to cut-oft s0 that the plate current is almost zero when the alternat-
ing grid excitation is removed. With a sinusoidal voltage applied
to the grid the plate current consists of a series of half-sine waves,
similar to the output of a half-wave rectifier. The load impedance is
adjusted so as to obtain an approximately linear dynamic characteristic,
as shown in Fig. 25. The grid swings positive on excitation peaks,
causing grid current to flow. Class B amplifiers are used in radio-
telephone transmitters following the modulated stage. The power
output obtainable from a given tube is much greater than with class A

1 BALLANTINE and SNow, Reduction of Distortion and Cross-talk in Radio Receivers
by Means of Variable-mu Tetrodes. Proc. I.R.E., 18, 2102, December, 1930.




Sec. 12] RADIO-FREQUENCY AMPLIFIERS 413

operation and the plate efficiency is much higher, having a theoretical
maximum value of 78.54 per cent. As with a-f power amplifiers, tubes
operating as class B r-f amplifiers may also be operated in push-pull.

A class C amplifier is one in which high output and plate efficiency
are the primary considerations. The grid is negatively biased to a
L
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Cgrutler/:lit, "

/ \
4 \
v 6rid Swing -4y — =~ = 7v —x / .
1 ] \
| Cut OFF, \
[ y | h\
| =28 rero Lo-100%
Ze o= A
lC:‘&aZ/:M; Modulahon
] L 1
Pad :5\\ !
PR —enmmm— N
’, :D‘
—— )
N —
—— ] i

F1a. 25.—Characteristics of class B amplification.

point considerably beyond cut-off, as shown in Fig. 26, so that the plate
current is zero with no grid excitation. The latter is quite large and is
often sufficient to cause the plate current to reach saturation on positive
swings. Plate efficiencies in the vicinity of 90 per cent may be obtained
with the larger tubes. These high efficiencies are made possible by
allowing the plate current to flow during less than 180 deg. of the cycle,
and only at a time when the plate potential is comparatively low. In
radio-telegraph transmitters aﬁ stages are operated class C, while with
radio telephony only the modulated amplifier and the stages preceding
it are so operated.

Cut OFF, p Dynamic Characteristic
Eciy? ﬂn ﬂ

[ “Eg*
Ve----Grad Swing g---—{
I

| —
D;
|
F1a. 26.—Class C operation. Fi1a. 27.—Schematic circuit of r-f
power amplifier.

The plate-current wave shapes in both cases are bad}y distorted,
particularly with class C operation, and the output contains both odd
and even harmonics. However, the tank circuit LoCo in Fig. 27 is
resonant to the fundamental to which it offers a high impedance of the
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the grid voltage are then selected, also the angle 1. The required grid-
excitation voltage will be

§£ + 1 (Eymin. cos 01
M 1 — cos g1 M

The required C bias will be

Eg = + ¢ mx.) (37)

E, = E; — € mas. (38)
and the voltage across the tank circuit is given by
Ey, = Ey — Epmln. (39)

Corresponding pairs of plate and grid voltages can then be computed for
increments of 5 or 10 deg. over the time interval 26: during which plate
current flows. Since the various current and voltage waves are symmetrical
on either side of the vertical axis, it is only necessary to do this from zero to
8:. A suitable table for this purpose is given below.

TasLE I

Given data: Assumed values: Computed values:
Tube.............cooonnn PmiMe. ..o Eq .............. Eq. (37
Bee e i, € MAX.. .ottt Ee.............. Eq. 238
1 L7 T Eo..ooo.ivvvoul Eq. (39

1 '] 0° 10° ° 30° 40° [

2 coa 8 1 0.9848 | 0.9397 | 0.8660 | 0.7660

3 Ey cos 8

4 ep = Ey — Eocos 8

5 58, cos 8

] e = Eg cos 0 — E.

7 ip Yo ”n 2] » v 0

8 L [ E T O e N 0

9 tp cos 8 v’ w’ v’ w' v’ 0

10 T N S O R TP N (1]

The values of plate and grid currents in lines 7 and 8 are obtained from the
static characteristics of the tube for the computed pairs of instantaneous
values of e, and ¢; in lines 4 and 6. The grid-current characteristic will also
be necessary if the power required for grid excitation is to be determined.

The d-c component of plate current /s will be the average value of ¢, over a
complete cycle and is given by

PR VT + 1) 40

using the trapezoidal rule to determine the area under the curve for i,. If
5-deg. intervals are used in Table I the coefficient of Eq. (40) would be }4¢.
The d-c component of grid current e can be found in a similar manner by
substituting as ordinates the items of line 8 in Eq. (40).
The maximum amplitude of the fundamental component of the plate cur-

rent is given by
In = fj;'i, cos 6df

- é(y—; +u' +y' + -+ lln-l') (40a)

using the trapezoidal rule to evaluate the definite integral. If 5-deg. intervals
are used in Table I the coefficient of Eq. (40a) becomes ¥ g.
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The maximum amplitude of the fundamental component I, of the grid
puréent(z(a):)be obtained in the same way by substituting the items of line 10
in Eq. .

21. Power Relations. The d-c power supplied to the circuit from
the source of E is

Pioput = Ebls (41)
The power output to the tank circuit at the fundamental frequency is
Eol
Puak = =5 (42)

since the tank impedance is of the nature of a pure resistance R, at resonance.
The required value of Rs is evidently

Eo
=T (43)
and is related to the constants of the tank circuit by
Lo
R =t (4

where Rq is the apparent resistance of the tank coil and includes coupled
resistance introduced by the useful load which is either inductively or con-
ductively coupled to the tank coil. In the circuit of Fig. 27 the value of
coupled resistance reflected into the tank
coil would be the power absorbed from the
tank divided by the square of the oscilla-
tory tank current.

The resistance of the load required
to fulfill the assumed operating condi-
tions, as given by Eq. (43), will bear no

N S simple relation to the plate resistance r,
Ec Ep of the tube as used in computations

Fie. 29.—Tank-circuit induc- relating to class A power amplifiers,
tance used as autotransformer to sSince r, is infinite during the greater
vary load impedance. portion of the cycle under class Copera-

tion. From Eq. (44) it is seen that load
impedance of the tank circuit may be varied by varying the ratio of L, to
Co. Asthelatteritem isoften a mica condenser of fixed capacity, a varia-
tion may be made in the value of R, by using the tank inductance as an
autotransformer, as illustrated in Fig. 29. The ratio of transformation
will be approximately the turns ratio P/S, and, by moving the plate
tap so as to alter the number of turns included in P, it is possible to
change the load impedance as viewed from the tube by the square of the
transformation ratio.

The power input to the grid is

P:rid input = % (45)

The power amplification will be Eq. (42) divided by Eq. (45) and is

By
G = il

(46)
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sE,
2rp + Ry

to a fair degree of approximation. The d-c component of plate current
will then be

I, = (52)

I, = ?rl" = 0.6371,, (53)
The plate efficiency, from Eq. (49), becomes
. _ Eolm _r E)
Plate efficiency = 3EI, ~ 4 E, (54)

Since E, approaches E, as a limiting value, it follows that the plate
efficiency of a class B amplifier approaches 78.54 per cent as a limiting
value. In actual practice it is usually about 70 per cent on excitation
peaks at 100 per cent modulation, and falls to about 33 per cent when
the applied excitation voltage is unmodulated.

23. Tuning Adjustments. The tank circuit should always be adjusted
to unity power factor so that minimum plate voltage may coincide
with maximum plate current. A departure from this relation will
lower the plate efficiency. This adjustment is usuallé made by tuning
the tank circuit for minimum d-c plate current. Strictly speaking,
minimum /, may be used as an accurate measure of unity power factor
only when C, of the tank is the element varied. The usual tuning
adjustment is Lo, which is varied by means of a copper or aluminum
disk rotated within the tank coil and acts as a single short-circuited
turn. In this case maximum impedance will not occur at unity power
factor, and L, should be adjusted to a value slightly lower than that
which produces minimum I,. If the effective value of Q for the tank is
fairly high, the adjustments for maximum impedance and unity power
factor practically coincide, in which case the circuit may be adjusted
for minimum plate current with either tuning element the variable.

24. Modulated Amplifiers. If an a-f voltage is superimposed upon
the d-c plate-supply voltage E, of a class C amplifier having constant
r-f excitation applied to its grid, the tank current /, may be made to
rise and fall in amplitude as illustrated in Fig. 30. The schematic
diagram of the circuit is shown in Fig. 31. A linear relation must exist
between tank current and plate voltage if distortion is to be avoided.
The relation between the plate voltage and I, should also he fairly
linear so that the modulator tube suprlying the a-f power shall work into
a constant load resistance, which will be equal to E,/I,, or, in general,
AEy/AlL.

The grid excitation, grid bias, and tank-circuit impedance are adjusted
80 as to obtain the desired linear relations. The adjustments may be
checked by varying E, from zero to twice normal value and plotting
I, and I, against E, as in Fig. 30. The value of plate-supply voltage
impressed upon the modulated amplifier is somewhat lower than the
normal value used for unmodulated operation in order to avoid excessive
plate heating on modulation peaks. The grid bias E. required is approxi-
mately twice the value of cut-off for the tube and the tank impedance
is usually higher than with unmodulated operation. The plate efficiency
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is lower than with unmodulated amplifiers and is usually in the neighhor-
hood of 60 per cent, depending upon the size of the tube used. Either
triodes or tetrodes may be used.

The continuous power output with 100 per cent modulation is 1.5
times the power at zero modulation. The output on modulation peaks

2
4 1.5 /Z— ________ ST Instantaneous
% L ! N 7onk Current
8 [o Vi \
510 -
3 A
c 0.5

> L

= . / J/3 - il
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Superimposed on Ep,

F1a. 30.—Modulation of Class C amplifier by superimposing a-f signal-
voltage on plate-supply voltage.

will be four times the unmodulated carrier output. This increase in
the power output when modulated must be furnished by the a-f input
from the modulator tubes. The amount of a-f power required varies
with the square of the modulating factor, so that the modulator tubes
must be capable of furnishing a sizable amount of audio power if 100 per
cent modulation is to be attained.

While the plate-modulated amplifier has been the most widely used,
other methods requiring very much less audio power can be employed.
Instead of varying the voltage
applied to the plate of the modu- Iy RFEChoke C
lated amplifier, it is possible to
secure similar results by varying
the magnitude of the C bias at an
a-f rate. The schematic circuit is
shown in Fig. 32, together with the
details of operation. The signal
voltage cyclically adds to and sub-
tracts from the fixed biasing volt- g, 31 _ plae-modulated Class C
age E., causing the amplitude of amplifier.
the plate-eurrent impulses to rise
and tall. The plate-current waveshapes will be similar to those of the class
B amplifier of Fig. 25, except that the angle 26, during which plate current
flows will vary with the modulation. The mode of operation changes from
an underexcited class C amplifier when unmodulated to a class B amplifier










SECTION 13

RECEIVING SYSTEMS
By G. L. Beers, B.S!!

1. Classification. The following is a classification of radio receivers
according to their operating principle.

1. Tuned-radio-frequency.

2. Superheterodyne.

3. Regenerative.

4. Superrcgenerative.

2. Tuned-radio-frequency Receivers. Tuned-radio-frequency (t-r-f)
receivers are those which obtain their selectivity and r-f amplification
through the use of circuits which function at the frequency of the incom-
ing signal.

uned r-f receivers use from two to six circuits which are tuned
simultaneously by means of a single tuning control. A gang condenser
which consists of several variable condensers assembled in a single unit
is used to vary the frequency of the tuned circuits. The series resistance
of a conventional tuned circuit, whose frequency is varied by means of a
variable condenser, increases with frequency. The selectivity of t-r-f
broadcast receivers varies in a ratio of about three to one from one end
of the broadcast range to the other. One or two of the tuned circuits
in a t-r-f receiver are generally used in the antenna-input system and
the remainder are use(? to provide the coupling between the stages of
the radio-frequency amplifier. Screen-grid tubes are used almost
universally in the r-f amplifier. A grid-leak and condenser detector or
negatively biased detector and one or two stages of audio-frequency
amplification are used in the audio portion of the receiver. Tuned r-f
receivers are best suited for use where the selectivity requirements are
not extreme.

3. Superheterodyne Receivers. In the superheterodyne recciver
the received voltage is combined with a voltage from a local oscillator and
converted into a voltage of a lower or intermediate frequency which is
then amplified and detected to reproduce the original signal wave.

The superheterodyne receiver utilizes the essential components of
a t-r-f receiver, and in addition, a frequency converter and intermediate-
frequency (i-f) amplifier. The frequency converter consists of a vari-
able-frequency oscillator and a detector. The function of the frequency
converter is to change the frequency of the reccived signal to the inter-
mediate frequency. The oscillator and t-r-f circuits in superheterodyne
receivers are usually tuned simultancously by means of a gang con-

! Engineering Department, RCA Manufacturing Company, RCA Victor Division,
Camden, .
422
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denser. Through the use of a combination of fixed shunt and scries
condensers the oscillator is made to maintain a constant-frequency
difference from the r-f circuits although the variable condensers for
tuning each of these circuits are identical in capacity. The i-f amplifier
uses two or three transformers, which usually contain two coupled circuits
with the coupling adjusted to provide the so-called band-pass filter
characteristics. he i-f amplifier provides the major portion of the
amplification and selectivity. Since the characteristics of this amplifier
are independent of the frequency to which the receiver is tuned, the
sensitivity and selectivity of a superheterodyne receiver are usually
very uniform throughout its tuning range. The r-f circuits are used
primarily for eliminating certain types of interference which are common
to this type of receiver. The performance of the superheterodyne
refleiver i8 1n general superior to that of any other type of receiver in use
today.

4. Regenerative Receivers. In a regenerative receiver the following
action takes place: The received voltage is impressed on the grid of a
vacuum tube. A portion of the resultant voltage which appears in the
plate circuit of the tube is fed back to the grd circuit in the proper
phase relation to increase the applied grid voltage. The effect of this
action is to reduce the effective resistance of the resonant circuit to which
the signal is applied and, thercby, provide considerable amplification
of the reccived signal.

Regenerative receivers are usually provided with two controls, one
for tuning the receiver and the other for controlling the amount of feed-
back energy. If the feed-back is increased beyond a certain value,
sustained oscillations are produced. It is coinmon practice to tune
regenerative receivers while sustained oscillations are being produced,
as the beat frequency produced between the carrier wave of the trans-
mitting station and the locally produced oscillations indicates when
the receiver is proger]y tuned. This method of tuning is called the
‘‘zero-beat” method as the tuning of the receiver is adjusted so that the
beat note decreases in frequency till it is no longer audible. When a
conventional regenerative receiver is tuned in this way interference is
produced in nearby receivers which are tuned to the same station. A
stage of tuned r-f amplification is sometimes used between the antenna
and the regenerative circuit to reduce the possibility of producing this
type of interference. The regenerative receiver is quite sensitive con-
sidering the number of tubes which are used. It is not very sclective
since only a single tuned circuit is generally used. They are now dpmc-
tically obsolcte as broadcast receivers, although they are still used to a
limited extent in short-wave work.

6. Superregenerative Receivers. A superregenerative receiver is a
regencrative receiver in which sustained oscillations are prevented by
the periodic variation of the effective resistance of the resonant circuit
to which the received signal is applied.

In the superregenerative receiver oscillations are permitted to build
up at a periodic rate in a resonant circuit tuned to the frequency of the
received signal wave. Sustained oscillations in this circuit are pre-
vented by the application of a quenching frequency potential to the
grid of the superregenerative tube which periodically affects the tube
characteristics in such a way as to stop the oscillations. The quenching
frequency may he supplied either by a separate oscillator or hy the super-
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regenerative tube itself. The audio system of this type of receiver is
usually provided with an a-f filter to remove the quenching frequency
from the audio output. An r-f stage is frequently used ahead of the
detector to prevent energy being transferred ?rom the superregenerative
circuit to the antenna. The superregencrator is used in police auto-
mobile rececivers for frequencies near 30 Mc. A signal input of 50 to
100 uv will give an intelligible signal, although an input of 500 to 1000 uv
is generally necessary to reduce the noise to a satisfactory value. Har-
monics of the quench frequency beating with the received signal make a
source of inter?erence if the ratio between signal and quench frequencies
18 not 100:1 or more.

6. Method of Rating. Receiving sets are generally rated on the basis
of the following characteristics: (1) sensitivity; (2) selectivity; (3)
fidelity; (4) overload level; (5) power consumed.

1. The sensitinity is that characteristic which determines to how weak a
signal it is capable of responding. It is measured quantitatively in terms of
the input voltage required to give a standard output.

2. The selectivity is the degree to which the receiver is capable of differenti-
ating between the desired signal and signals of other carrier frequencies.
This characteristic i8 not expressible by a single numerical value but requires
one or more graphs for its expression.

3. The fidelity of a radio receiver is the degree to which it accurately repro-
duces at its output terminals the signal which is8 impressed upon it. As
applied to a radio receiver, fidelity is measured by the accuracy of reproduc-
tion at the output terminals of the modulation of the received wave.

4. The overload level of a receiver is the maximum power output which can
be obtained from it when the output voltage does not contain more than ten
per cent of total harmonics.

7. Method of Testing. A standardized method of testing radio
receivers has been established by the Institute of Radio Engineers
and is described in detail in the Year Book of the Institute. The follow-
ing is a brief summary of the procedure.

1. Definition of Terms.

a. Sensitivity, selectivity, fidelity and maximum undistorted output (see
Method of Rating).

b. Normal test output: An a-f power output of 0.05 watt in a non-inductive
resistor connected across the output terminals of the receiver is the normal
test output for a broadcast radio receiver. The output resistor should have
the value recommended bi\lr the tube manufacturer to obtain maximum undis-
torted output power for the type of output tube used.

¢. Normal radio-input voltage: This term represents the r-m-s r-f voltage
modulated 30 per cent at 400 cycles which results in normal test output at
resonance.

d. Standard test frequencies: In the testing of a broadcast radio receiver,
the five standard carrier frequencies are 600, 800, 1,000, 1,200, and 1,400 kc.
When tests at only three carrier frequencies are required, the carrier fre-
quencies of 600, 1,000, and 1,400 kc are used.

2. Equipment Required.

a. A signal generator: This consists of a shielded vacuum-tube oscillator
whose frequency can be varied from 500 to 1,500 kec. An a-f oscillator is
provided to modulate the r-f oscillator by a known amount at any frequency
from 40 to 10,000 cycles. A calibrated resistance-type attenuator is used to
impress a known potential on the standard antenna connected to the receiver.
The attenuator system should be such as to allow a range of voltage impressed
on the standard antenna unit from 1 uv to 200,000 uv.
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b. Standard antenna: The standard antenna for a broadcast radio receiver
not having a self-contained antenna is an antenna having in series a capacity
of 200 uuf and a self-inductance of 20 uh and a resistance of 25 ohms.

¢. Output-measuring circuit: This consists of a load resistor, output filter
and vacuum-tube voltmeter. The output resistor should be adjustable to
any desired value between 1 and 20,000 ohms and capable of dissipating 10
watts. An output filter is provided for preventing the flow of d.c. through
the load resistor when testing sets which normally have d.c. in their output
circuit. A vacuum-tube voltmeter or equivalent device is used for determin-
ing accurately the r-m-s voltage across the load resistor.

d. Harmonic-measuring circuit: For this purpose a harmonic analyzer
capable of measuring frequencies up to 15,000 cycles is recommended. The
instrument should have sufficient frequency discrimination to measure
harm%‘nics which are 0.5 per cent or less of the fundamental.

ests.

a. Sensitivity: The sensitivity is determined by impressing an r-f voltage,
with 400 cycles. 30 per cent modulation, in series with a standard antenna
and adjusting the intensity of the input voltage until normal test output is
obtained for carrier frequencies between 550 and 1.500 kc.

b. Selectivity: The selectivity of a receiver is determined by tuning it to
each test frequency in succession with the receiver in the same condition as in
the sensitivity test and measuring the r-f input necessary to give normal test
output at steps not gRreater than 10 kc at least up to 100 kc on either side of
resonance or until the radio-input voltage has increased to ten thousand times
or more if the measuring cquipment permits.

d. Fidelity: This is determined by tuning the radio receiver to each stand-
ard test frequency in succession with the receiver in the same condition as in
the sensitivity and selectivity tests, adjusting the impressed voltage to the
normal radio-input voltage and then varying the modulation frequency from
40 to 10,000 cycles at 30 per cent modulation and constant r-f input voltage
throughout, taking readings of relative output voltage at convenient modula-
tion frequencies.

4. Addiional Tests.

a. Determination of the overload level: This is determined by increasing
in successive steps the r-f input to the receiver (with modulation adjusted
to 30 per cent at 400 cycles) and measuring both the power output and the
percentage harmonics. The overload level of the receiver is the maximum
power output obtained from it when the output voltage does not contain
more than 10 per cent of total harmonics.

b. Volume-control tests: This test is a determination of the effect of the
volume control on the sensitivity, selectivity, and fidelity.

c. Test for hum: For determining the hum voltage, a filter is connected
between the output of the receiver and the voltmeter. This filter has a
characteristic which evaluates the various hum components according to their
quantitative effect on the human ear.

8. Design of Receiving Systems. The majority of receiving sets in
use today are broadcast rcceivers designed to cover the frequency range
of from 550 to 1,500 ke. The essential electrical elements of a modern
broadcast rcceiver may be classified as follows:

1. Radio-frequency system.
2. Audio-frequency system.
3. Volume-control system.
4. Power-supply system.

5. Loud-speaker.

9. Radio-frequency System. Anlenna-input Systems. The antenna-
input system transfers the signal wave intercepted by the antenna to
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the grid of the first tube in the receiver. The antenna-input system also
contributes to the over-all performance as follows:

1. One or more t-r-f circuits in the antenna-input system provide selectiv-
ity for the separation of stations as well as the prevention of cross modulation.
2. A reduction in tube noise for a given sensitivity
is obtained through the step-upin voltage provided by

the use of tuned circuits in antenna-input systems.

3R A typical antenna-input system is illustrated in
¥§5, Fig. 1. Since there is considerable variation in the
S characteristics of receiving antennas used the value
M of the antenna-coupling inductance is chosen so

Bias that the antenna system is always tuned to a

Fia. 1.—Antenna-in- frequency below the tuning range of the receiver.
put system. If the antenna circuit becomes resonant in the

tuning range of the receiver, the first tuned cir-
cuit in a unicontrolled receiver will be thrown out of alignment with the
remainder of the receiver and the over-all performance will be seriously
affected. Figure 2 shows the voltage step-up between the antenna and the

Ld
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F1a. 2.—Amplification of input system of Fig. 1.

grid of the first tube which is obtained from such an arrangement. Two
cougled tuned circuits are sometimes used between theantenna and the grid
of the first tube. This reduces the voltage gain to approximately half that
obtained with the single tuned circuit

but increascs the sclectivity and
therefore reduces the possibility of

cross modulation in the first tube of

the receiver. An antenna-input sys-

tem is shown in Fig. 3, which pro-

vides considerably greater coupling

between the antenna and the fist Q006uf | 4 =

tuned circuit. This system is 0.0012peF
[-

employed in automobile receivers
where the signal intercepted by the
antenna is usually ?uite small. By
cor}nectil} a small inductance in F1a. 3.—Closely coupled antenna-
series with the antenna so that a input system.
geries-tuned circuit is formed which
is resonant at approximately 2,000 k¢ this system will provide a voltage
gain which varies from 10 at 600 kc to 20 at 1,400 ke.

10. Radio-frequency Amplifiers. The (tiypes of r-f amplifiers in use
in bro?idcast receivers may be classified as tuned, fixed-tuned, and
untuned.
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tive resistance of the tuned circuits. By using slightly greater than
critical coupling at the low-frequency end of the broadcast range and less
at the high-frequency end of the range, the selectivity of this type of
transformer can be made more uniform over the broadcast range than
one using a single tuned circuit. Figure 7 shows the selectivity character-
istic obtained from a transformer of this type. The

voltage gain provided by a coupled tuned-circuit t-r-f ma ]
transformer is approximately one-half that which can &
be obtained from a transformer using a single tuned . o

circuit.

14. Untuned R-F Amplifiers. A stage of fixed-tuned
r-f amplification is sometimes used in receivers where
additional gain is desired without the need for the
additional sclectivity which would be provided by a = Fia. 8.—Un-
stage of t-r-f amplification. A transformer of this tuned trans-
type is frequently used to provide a receiver with mer.

a more uniform over-all sensitivity characteristic throughout its tuning
range.

Figure 8 shows a fixed-tuned r-f transformer which provides a fair
degree of amplification over the broadcast band. The transformer
consists of a primary of 160 turns and secondary of 130 turns of No. 40
E.C. wire. Both windings are wound on a se;ﬁratc picce of Y4-in. paper
tubing. Each winding 18 assembled on an L-shaped core built up of
120 three-mil silicon-steel laminations. The air gap between the two
sections of the core shown in Fig. 10 is }{s in. The secondary of the
transformer is tuned by a capacity of 25 uuf. The voltage gain provided
by a stage of fixed-tuned r-f amplification using this transformer and an
r-f pentode is shown in Fig. 9.
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Fi1g. 9.—Amplification characteristic of untuned r-f transformer.

16. The i-f amplifier in a superhcterodyne is the major factor in
determining the receiver sensitivity and selectivity.

Modern superheterodyne receivers use an intermediate frequency at
or near either 175 or 460 ke. One hundred seventy-five kilocycles is
generally used in receivers which are designed to cover only the tuning
range from 550 to 1,500 ke, while 460 ke is used in receivers whose tuning
range includes the international short-wave bands. Nearly all i-f
amplifiers make use of transformers employing two coupled tuned cir-
cuits. The selectivity characteristic proviged y a transformer of this
type may be made su{stantially flat-topped if the coupling between the
two tuned circuits is adjusted to near the critical value.

The two characteristics which are given the most consideration in the
design of an i-f amplifier are gain and selectivity. These characteristics may
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either be calculated or determined experimentally. The gain in a coupled
tuned-circuit i-f stage with both circuits tuned to resonance is equal to

Ef _g wM 1
E, — " X + wiM? X w('1C:

The selectivity characteristic may he determined by

Ei s wM 1
By = 9 X Anll —4QiG:BT ¥ 1@ + @Bl T il X 5T,

where E, is the voltage developed across the secondary of the transformer;
E: is the voltage applied to the grid of the amplifier tube; S. is the trans-
conductance of the amplifier tube; )/ is the mutual inductance between
primary and secondary; r; and r: are the effective series resistances of the
primary and secondary; Q: and Q: are the wL/r of the primary and secondary,

respectively; B is °. where fo is the common resonant frequency and f is
any other frequency; and C: and C: are the primary and secondary capacities.

To obtain maximum gain in an i-f amplifier stage, the L/C ratio should
be the maximum which will give the desired frequency stability and the
Q necessary to give the required selectivity charactenstic. If the L/C
ratio of the tuned circuits is made too high, the variations in the inter-
electrode capacity of the tubes may cause a serious misalignment of the
tuned circuits. %he capacity used to tune the intermcdiate frequency
circuits is therefore seldom less than 30 or 40 uuf.

The width of the frequency band which a coupled tuned-circuit trans-
former will pass is controlled by the coupling between the two tuned
circuits and the effective resistance of the circuits. If increasing the
coupling between the circuits until the transformer passes the desired
frequency band causes the top of the selectivity characteristic to become
double-peaked it can be made flat by increasing the effective resistance
of one or both of the tuned circuits. To ohtain the same sclectivity
characteristic in kilocycles at 460 kc as at 175 ke the Q of the tuned
circuits must be approximately 2.5 times as great. To sccurc compact
tuned circuits hdving the @ required (80 to 100) to give satisfactory
selectivity at 460 kc the coils are frequently wound in sections using
Litz wire. A two-to-onc improvement in the Q of coils suitable for a
460-kc i-f transformer can generally be obtained through the use of cores
molded of finely divided iron particles and an insulating binder.

A typical i-f transformer consists of two universal-wound coils assem-
bled on an insulating support such as a wooden rod or piece of bakelite
tubing. These two coils constitute the inductive elements of two tuned
coupled circuits. One of the tuned circuits is connected in the plate
circuit of the amplifier tube and the other in the grid circuit of the
succeeding tube. The electromagnetic coupling between these circuits
is determined by the spacing between the coils. The tubing or rod
on which the coils are wound is mounted on a plate of insulatin
material such as porcelain or isolantite. On this plate are also mountes
the two small adjustable condensers which are used to tune the two
coupled tuned circuits. Care must be excrcised in the design of these
condensers to insure that the capacity of the condensers remains constant
after adjustment. The cntire transformer assembly is enclosed in a
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metal container which serves both to protect the unit and shield it
electrically. The two adjustable condensers are usually so located that
the screws for adjusting their capacity are accessible through holes in
cither the top or bottom of the container.

The selectivity characteristic provided by a typical i-f transformer
isshown in curve A (Fig. 10). A voltage amplification of several hundred
can readily be obtained with a single i-f transformer and a modern r-f
pentode having a transconductance in excess of 1,500. The voltage
gain for the usual i-f amplifier consisting of three transformers and two
amplifier tubes “31? measured fro]r]n }he grid of the first detector to the
grid of the second detector is usually from ,

15,000 to 30,000. The voltage gain in the 5 | o'.’:;‘”ﬁ;“‘.': l&‘,’f,';’m 95
amplifiers using two transformers and one
amplifier tube is 5,000 or less. The ampli-
fication in the three-transformer amplifiers
is usually held considerably below the
optimum value to prevent instability.

16. Frequency Converters. In a super-
heterodyne receiver the received signal
wave i8 changed to a signal wave of an
intermediate frequency. This change is
accomplished through the medium of a
frequency converter, which consists of a
detcctor and variable-frequency oscillator.
The detector is frequently called the first
detector due to its position in the circuit.

In some receivers the first detector is a
negatively biased r-f pentode and opcrates
due to the curvature of the E,I, charac-
teristic. The received signal voltage and 1 \
a voltage from the local oscillator are both 3
impressed on the grid of thisdetector. The ufr"‘:' ;3;%&‘:’"::3:2‘;&:
beat-frequency potential produced by the faercy e % icd stage: curve
rectification of these two currents is B three stages.
impressed on a tuned circuit connected in
the plate circuit of the detector. The majority of receivers, however,
employ a 'Fentagrid converter as the combined oscillator and first
detector. he coupling between the oscillator and first detector,
when this tube is used, is obtained through the electron stream
in the tube. The reaction which is frequently encountered with
two-tube frequency converters which employ electromagnetic or electro-
static coupling between the oscillator and first detector circuits is thus
avoided. This frecedom from direct coupling between the oscillator
and first detector resulting from the use of a pentagrid converter makes
it possible to prevent the radiation of the oscillator energy by the antenna
system without employing an r-f amplificr stage ahead of the first
detector. The efficiency of a frequency converter is a function of the
conversion transconductance of the tube employed as the first detector.
Conversion transconductance is defined as the ratio of the i-f current
through the i-f transformer primary in the plate circuit of the first
detector to the r-f signal applied to its grid. he conversion transcon-
ductance of a typical pentagrid converter is generally somewhat higher
than that obtained from an r-f pentode used as a first detector and may
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vary from 300 to 500 micromhos, depending on the potentials applied
to the several electrodes.

In several reccivers a separate oscillator tube is used in conjunction
with a pentagrid converter. Greater flexibility in the design of the
oscillator circuits is thus permitted since the scparate tube has a con-
siderably higher transconductance than the triode portion of the penta-

rid converter. This advantage is particularly important in receivers

esigned to cover frequency ranges up to 30 Me, owing to the difficulty
of obtaining a stable oscillator with the desired output and frequency
stability at such frequencies.

The major problems in the design of the frequency converter for a unicon-
trolled superheterodyne receiver are:

1. To maintain a constant-frequency difference between the oscillator and
radio-frequency circuits.

2. To minimize variations in the oscillator frequency with variations in
the supply voltage and variations in tubes, etc.

To maintain a constant oscillator voltage on the detector grid throughout

the tuning range of the receiver.

4. To minimize radiation from the oscillator in order to prevent interfer-
ence in nearby receivers.

17. Methods of Maintaining Constant-frequency Difference. Three
methods have been used to maintain a constant-frequency difference
between the oscillator and first detector in unicontrolled superheterodyne
receivers,

The first method makes use of straight-line-frequency condensers and
requires that the oscillator rotor be displaced with respect to the radio-fre-
quency circuit rotors by an amount sufficient to give the proper frequency
difference. This arrangement has the disadvantage that the useful tuning
range of the condensers is reduced by the amount that the rotors are dis-
placed. For this reason this method cannot be used where the intermediate
frequency is high.

The second method uses a gang condenser in which the oscillator condenser
plates have a special shape. The problem of test and alignment for con-
densers of this type is somewhat complicated and more costly than for
condensers in which all the elements are alike.

The third method which is the one in general use makes use of condensers of
equal capacity for both the t-r-f and oscillator circuits. The constant-fre-
quency £ﬂerence between the t-r-f and oscillator circuits is obtained through
the use of a combination of shunt and series condensers in the oscillator cir-
cuit. The oscillator in superheterodyne receivers is generally tuned to a
higher frequency than the t-r-f circuits, since a smaller percentage change in
frequency 18 required and a smaller change in capacity is therefore necessary
to produce the desired variation in the oscillator frequency. The oscillator
tuning inductance is therefore smaller than that of the r-f circuits and its
value is such that the correct frequency diffcrence between the oscillator
and t-r-f is obtained at the middle of the tuning range with equal capacity
in each circuit. The combination of shunt and series condensers used in the
tuned oscillator circuit maintains the frequency difference constant through-
out the tuning range of the receiver.

These condensers are shown in Fig. 11. Condenser A is the main
tuning condenser. Condenser B is the fixed-series capacity. Condenser
C is a small adjustable condenser for accurately adjusting the total serieg
capacity. Condenser D is the small adjustabf; shunt condenser.
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compensated volume control was devised to correct this effect. Figure
15 shows one of the arrangements which has been used to accomplish
this result. This volume-control systcm makes use of a resonant circuit
which attenuates the middle frequency range more than the high and
low frequencies when the audio output is reduced. The effect of this

Ist.AF

-
- 24000 ohms

To Grids of
Output Tubes

+B 05uf ]

F1a. 15.—Tone-compensated volume control.

type of control is illustrated by the curves in Fig. 14, which show the
relation between the audio output and frequency-response characteristic
of the receiver. The low-frequency compensation shown by these curves
was used not only to compensate for the variation in the frequency-
response characteristic of the ear with amplitude, but also to correct for
the acoustic deficiencies of the cabinet in which the receiver was installed.
Since a definite rclation should exist between the audio output level and
the frequency-response characteristic of a recciver equipped with an
acoustically compensated volume control, it is necessary that the audio
output for a given setting of the volume control be independent of the
strength of the received signal.

Some form of a.v.c. is necessary to
meet this requirement.
19. Volume-control System. # Cothook) fo Other iiome

The two types of volume control Bias |Controlled Tubes

which are used in broadcast receiv-

ers are manual and automatic. I Volume
The control of volume in both 3 Canfrol

types is generally accomplished by

varying the transconductance of

the amplifier tubes through a . _____ _ .5

change in the potential applied to

the control grids. This method

makes it possible to apply volume

control to a number of tubes simul-

p-

Cathode T Other bokime

Socket Power Unit

taneously using a single potenti- T

ometer or variable resistor. The 3 T —— Bias rolled Tubes
source of the variable-control grid > ome

potential does not need to supply Conrol

power which is a prercquisite of any Fia. 16.—Volume-control circuits.
simple a.v.c. system.

Serious distortion and cross-modulation may be introduced through
the use of this type of volume control if an amplifier tube is biased near
the cut-off point and the applied signal potential is large. This distortion
and cross-modulation are gmctions of the third and higher derivatives
of the E,-I, characteristic of the tube. To minimize this distortion it is
advisable to proportion the volume-control potential applied to the grid
of the individual tubes inversely with the signal voltage on each tube.
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The use of ‘“variable-mu’ or “exponential-type"’ amgliﬁer tubes is

desirable in a control-grid-bias volume-control system which must take

care of a wide variation in the strength of received signals. Two arrange-

ments which are frequently used to obtain manual volume control are
illustrated by Fig. 16. .

20. Automatic Volume Control. Automatic volume control is used

almost universally in broadcast receivers. It has the advantage that

practically the same audio output is

Audio Detector obtained from the receiver irrespective

of the input. This is an advantage

in tuning from one station to another
/npufg E Ovtput where a considerable difference exists

LU

in the relative field strength of the
stations. It also has the advantage
of compensating for some of the more
( )v\ v )} serious effects of fading. Automatic

+ volume control also makes the manual

= n adjustment of volume less critical since

Volume / the entire range of the manual control

ControlTube g ¢\ twocke Piate is used only to vary the actual audio

Amplifier Tubes output. With the manual type of

Flo. 17.—Automatic volume-con- volume control only a small fraction

’ trol cireuit. of the total variation of the control

may be required to change the sound

output from minimum to maximum. The manual type of control is
therefore likely to be very critical to adjust.

Figures 17 and 18 show two a.v.c. arrangements. In each system the
d-¢ component of the rectified output of a detector is used as additional
control grid bias for the r-f and i-f amplifier tubes. In the first arrange-
ment a separate volume-control tube provides the additional bias
voltage. In the second system a single tube performs the dual function
of providing the control grid bias and demodulating the received signal.

Bias

Detand AVC. Ist A-F
Cathode <
Amplifrer

?}ng
a2l

F1a. 18.—Combination detector—volume-control tube circuit.

In the first arrangement the output level is controlled by varying the
bias on the grid of the control tube. In the second system the output
level is controlled by varying the audio amplification. For the receiver
to reproduce faithfully the dynamic range of a reccived program the
rectifier from which the a.v.c. control potential is derived must have a
substantially linear input-output characteristic. A diode rectifier, with
a load resistance of several hundred thousand ohms, provides a rectifier .
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thus be used which will give a d-c component which is independent of the
percentage modulation of the received signal. In Fig. the control
grid of the double-diode triode is directly connected to the diode output
resistor so that its bias becomes more negative with an increase in the
amplitude of the signal applied to the diode. When no signal is applied
to the diode the control grid is at cathode potential, and a d-c drop of
between 50 and 100 volts occurs across the cathode resistor. The diode
anode A is connected through a suitable resistor to the plate-supply
system at a point sufficiently negative with respect to the cathode to
give the desired delay. When a signal is applied to the signal diode, the
control grid becomes negative and the drop across the cathode resistor
decreases. When the amplitude of the received signal excceds the pre-
determined level, the cathode of the tube becomes negative with respect
to the anode A and current flows through resistor K causing an increase
in the negative bias on the amgliﬁer gnds.

22. Selectivity Ahead of A.V.C. System. In some receivers employing
a separate a.v.c. rectifier this rectifier is connected to a point in the
receiver which is ’Frecedcd by less selectivity than is used ahead of the
audio detector. The advantagc of this system is that, when the receiver
is tuned off resonance with a desired signal, the noise which is normally
encountered is reduced. Under this condition the a.v.c. potential 1s
proportionately greater than the signal potential at the audio detector,
andp the receiver sensitivity and audio output are less than would have
been obtained if the same selectivity was used ahead of the a.v.c. rectifier
and audio detector. This difference in seclectivity should not exceed 10
to 1, otherwisc the reduction in sensitivity, when tuned off resonance
from a strong signal, will be 8o great as to prevent the reception of a weak
signal on the adjacent channel.

23. Biasing the Amplifier Tubes at Different Rates. To minimize the
type of distortion frequently encountered in volume-control systems
due to the curvature of the E,-I, characteristic, it is desirable to propor-
tion the volume-control grid bias for each amplifier tube inversely as the
signal potential applied to the tube. The method generally used for
approximating this relation is to provide one or more taps on the a.v.c.
bias resistor. The r-f amplifier tube is connected to the resistor so that
the entire potential drop 18 applied to its grid. The i-f amplifier tubes
are connected to the tap or taps on the resistor so that they receive one-
half or less of the total a.v.c. voltage.

24. Separate Channel or Paralle] A.V.C. Systems. In some receivers
a separate i-f amplifier stage is used to feed the a.v.c. diode. The use of
the separate channel, which is usually designed to have higher gain than
the normal signal channel, makes it possible to provide a delayed a.v.c
having a very flat characteristic. The use of the separate channel also
makes it easy to provide less selectivity in the a.v.c. channel than in the
signal channel and still provide a high signal voltage at the a.v.c. rectifier.
Another expedient which can be used with the separate channel a.v.c.
system to give a very flat a.v.c. characteristic is to apply a part of the
a.v.c. potential to the amplifier tube in the signal channel following the
point at which the additional a.v.c. amplifier tube is connected. Care
must be exercised in determining the control potential to be applied to an
amplifier stage following the point in the normal signal channel from
which the control potential is derived. If the control potential applied
to such a stage is too great, the a.v.c. system may be overcompensated
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and the receiver output may actually decrease as the strength of a
received signal increases. Figure 21 illustrates an a.v.c. system employ-
ing a separate amplifier stage. In this arrangement a portion oF the
control potential is applied to the signal amplifier tube subsequent to the
point to which the separate a.v.c. amplifier tube is connected.

AVC. I-F AV.C.

—

B ¥ +B

Det /st A-F

2nd. -
E“ﬁ

Fig. 21.—Amplified a.v.c. arrangement.

Manual Oulput Control. The manual control of the output of an a.v.c.
receiver is usually obtained by varying the gain in the a-{ portion of the
receiver.

25. Noise Suppressor or Tuning Silencer. Two of the objectionable
characteristics of a receiver equipped with a conventional a.v.c. system
are the accentuation of noise when tuning betwecn stations and the seem-
ing lack of selectivity when a station is being tuned in.  Several arrange-
ments have been devised to overcome these objections. One of the
systems is illustrated in Fig. 23. This a.v.c. system makes use of a
noise-suppressor tube A4, the bias of which is controlled by the detector
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F1a. 22.—Automatic volume-control characteristic.

and a.v.c. tube B. The d-c drop across a resistor in the plate circuit of
tube A is used to control the bias on the a-f amplifier tube C. When
the receiver is tuned between stations, the bias on tube A is such that
sufficient plate current flows through the resistor in its plate circuit to
increase tge negative bias on tube %' to the point where the amplifier is
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The two chief sources of noise which are located within a receiving
system are thermal-agitation and shot effect.

Thermal-agitation noise is due to the random motion of the electrons within
a conductor. The noise voltage introduced into a circuit by this cause may
be calculated from the equation,

€e! = 5.49 X 1078TZ df

where €? = the mean square thermal-agitation voltage; 7T is the absolute
temperature of the conductor (273 + °C.); Z is the resistance of the con-
ductor or the resonant impedance of a tuned circuit; and df is the frequency
band width factor.

The number of electrons emitted by the cathode of a thermionic tube
varies from instant to instant, and this variation in emission introduces a
voltage in the circuit through which these electrons pass. This variation in
electron emission has been called shot effect.

The following equation gives the voltage introduced in a circuit by this
cause:

E* = 3.18 X 1071912 df

where E’ = the mean-square shot-effect voltage (without space charge)
I = the electron current
Z = the resonant impedance of the tuned circuit
df = the frequency band width factor.

The space charge obtained in a vacuum tube under normal operating
conditions reduces the shot-effect voltage to about onec-half the above
value.

The thermal-agitation and shot-effect noise found in the output circuit
of a receiver usually originates in the grid and plate circuits, respectively
of the first tube. Where the gain in this tube is very low, the secon
tube may also contribute to the noise.

Since both types of noise are introduced as a scries of pulses, the
circuits in which the noise is introduced arc excited at the frequency
to which they are tuned.

The shot-effect voltage developed in the Flate circuit of a tube varies
in proportion to the square root of the plate current. Changing the
plate load impedance has no direct effect on the signal-to-noise ratio
since both factors are changed in the same ratio. High gain in the first
tube with low plate current is therefore desirable to minimize shot-effect
noise.

Thermal-agitation noise varies as the square root of the impedance
across which the noise is developed. The merit of an antenna-input
system from the thermal-agitation noise standpoint may be expressed
as the ratio of g/+/Z, where g is the voltage gain between the antenna
and the grid of the first tube and Z is the efiective impedance in the grid
circuit of this tube.

27. Complete Receiving System. The usual broadcast receiver con-
sists of the following elements.

1. The receiver chassis.

2. The loud-speaker.

3. The cabinet.

In the majority of receivers the r-f, i-f, a-f and power supply circuits
are assembled as a single unit. In a few receivers the power supply
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rectifier and filter system and the power output tubes are mounted on a
separate base.

he tuning condenser in a large number of broadcast receivers is
flexibly mounted, with respect to the chassis, by means of soft rubber
washers. The complete chassis in many receivers is also flexibly mounted
in the cabinet. These precautions are used to prevent acoustic feed-
back in receivers which are capable of producing a high power output.
Acoustic feed-backs are caused by the loud-speaker vibrations being
transmitted through the cabinet to the receiver chassis and thence to
tuning condenser or some other circuit element which is caused to vibrate
sufficiently to intermittently detune the receiver at an audio-frequency
rate. If the proper phase relations exist between the loud-speaker vibra-
tions and the vanations in signal intensity which result from the vibration
of the condenser plates, sustained oscillations may be produced.

28. Shielding and Filtering. It is common practice to confine the
r-f and i-f circuits in metal containers which provide both electromagnetic
and electrostatic shielding. Tube shields are used to prevent couplin
between tubes and between the grid and plate portions of individua
tubes. In some instances shielded leads are used to provide the con-
nections to the grids or plates of amplifier tubes but in general the
necessity for such shielding is avoided by so locating these leads that they
are electrically isolated by the tube shields and the metal containers for
the r-f and i-f circuits.

Care must be exercised in locating the power transformer and filter
reactor on the receiver chassis, otherwise the electromagnetic field
produced by these units may induce an appreciable hum voltage in the
a-f circuits. It is desirable to keep these units separated from the
a-f circuits as much as gossible and it 18 frequently necessary to determine
experimentally the best location for these components by con-
necting them into the circuit with flexible leads and orienting
them until a position is established which reduces the hum to the
desired minimum.

Resistance-capacity filters are frequently used in the voltage supply
leads for the tube electrodes. These filters are employed to prevent
coupling between points in the system which differ 1n signal potential
and to provide additional filtering for the voltage fluctuations which
may exist at the output of the B supply filter. The d-c drop which can
be tolerated in a given circuit is frequently a limiting factor in the use of
such filters. When r-c filters are used in circuits in which the average
current varies during the operation of the receiver, it is essential that
the recovery characteristic of the filter be such that the voltage on the
electrode can return to its normal value in approximately 1{¢ sec., other-
wise noticeable interruptions in the received program will be obtained
when sudden changes in the average current occur. This problem is
most frequently encountered when r-c filters are used in the plate or
screen circuits of tubes which are controlled by the a.v.c. system.

29. Loud-speaker. The electrodynamic loud-speaker is used in
substantially all the broadcast reccivers which are produced today.

80. Cabinet. The cabinet for a broadcast radio receiver must fulfill
three requirements.

1. It must house and protect the receiver chassis and loud-speaker
mechanism.
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separated by the intermediate frequency and if such signals are permitted
to reach the first detector, interference will result. Tuned r-f circuits ahead
of the first detector are also used to prevent this type of interference.

4, Interference due to harmonics of the intermediate frequency produced by
the second detector: When the intermediate frequency is lower than any
frequency in the tuning range of the receiver, certain harmonics of the inter-
mediate frequency fall in the broadcast frequency band. If these harmonics,
which are produced by the second detector, are of sufficient amplitude and
are fed back to the input system of the receiver, they will cause interference
when a atation is received whose frequency is equal to a particular harmonic
of the intermediate frequency. With an intermediate frequency of 175 kc
this type of interference is likely to be encountered at 700, 875, 1,050, 1,225,
and 1,400 kc. This type of interference is eliminated by careful shielding of
the second-detector circuits.

5. Responses when the difference freﬁuency 18 less than the i-f: When the
frequency difference between the oscillator and the signal impressed on the
first detector is one-half or one-third the i-f a second or third harmonic of
the beat frequency may be produced in the first detector which will be
amplified by the I-f amplifier. Interference with a desired signal may be
produced in this way. If sufficient selectivity is used ahead of the first
detector to prevent image-frequency interference, interference of this type
will also be avoided.

87. Sources of Interference When the I-f Is Higher Than the Signal
Frequency. In some all-wave receivers the intermediate frequency is
higher than the signal frequency throughout one tuning range. hen
this condition exists the potential sources of interference differ from
those enumerated above. Interference may result from the following
causes:

1. Interference due to harmonics of the received signal. 1f the tuning range
includes a signal frequency equal to one-half or one-third the r.f., such a
signal may produce harmonics in the first detector which will be amplified
by the i-f amphfier. I-f signals are thus produced without the use of the
heterodyne oscillator. The frequency of the signals produced in this way does
not vary as the receiver is tuned. The local oscillator also heterodynes the
signal to the intermediate frequency but the i.f. thus produced varies as the
receiver is tuned. When the receiver is tuned through such a signal, a beat
note is produced by the two i-f signals. Selectivity ahead of the first detector
will restrict the tuning range over which this interference is encountered
but cannot eliminate it when the desired signal is the signal causing the
interference.

2. Interference due to two signals whose sum frequency equals the 1.f. When
two signals are impressed on the first detector and produce a sum frequency
equal to the i.f., a beat note ia produced as the receiver is tuned through a
desired signal. Under this conrfition two i-f signals are produced, one of
which remains fixed in frequency while the other varies as the receiver tuning
is changed. Since the signals which can produce this interference may be on
adjacent channels, the selectivity which must be used ahead of the firat
detector to entirely avoid this interference is equivalent to that normally
used in the complete receiver.

88. Choice of the Intermediate Frequency. The choice of the inter-
mediate frequency for a superheterodyne receiver is a compromise
between the following factors:

1. With a given t-r-f system ahead of the first detector, the possibility of
encountering image-frequency interference i8 reduced as the intermediate
frequency is increased.
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detector. Image-frequency ralio has been termed the ratio between
the field strength necessary to produce standard output from a super-
heterodyne at the image frequency and that necessary to gro uce
standard output at the frequency to which the receiver is tuned. The
image-frequency ratio provided by modern broadcast receivers is usually
about 20,000 to 1 in tﬁe tuning range from 540 to 1,600 ke. With an
image frequency of 460 kc this ratio can be obtained with two tuned r-f
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Fia. 33.—"Tickler'’-type regenera- Fiu. 34.—Regenerative circuit with
tive receiver. resistance control.

circuits. This combination providesTan image-frequency ratio of
between 100 to 1 and 200 to 1 in the tuning range from 10 to 20 Me.
Care must be exercised in the design of a superheterodyne receiver to
use sufficient shielding so that the actual selectivity of the t-r-f circuits
is realized. If a reasonable amount of shielding is not used, signals which
will cause image-frequency interference may be picked up directly on the
first detector circuits and the benefit of the t-r-f circuits between the
antenna and this detector will be lost.

40. Regenerative Receivers. Two typical regenerative-receiver cir-
cuits are shown in Figs. 33 and 34. In the first arrangement the regenera-
tion is controlled by varying the coupling between the *tickler’” coil,
which is connected in the plate circuit of the regenerated tube, and the
inductance of the tuned grid circuit. A variable resistance is used in
the plate circuit of the regenerated tube in the second receiver. This
variable resistance i8 used to vary the plate potential on the tube and
thereby control the regeneration. The coupling between the tickler
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Fia. 35.—Single-tube su-  Fia. 36.—Superregenerative circuit with
perregenerator. separate quenching tube.

coil and the i