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A Problem of Electromagnetic Induction

IN the Editorial of Julv 1939 we considercd
among other interesting problems that of
the e.m.(. induced in a cvlinder made up of
alternate segments of brass and iron when rotated
in an avial magnetic field. When this was
briefly described in a rccent lecture it raised some
interesting discussion, which indicated that the
problem is worth further consideration, especially
when the spaces occupied by the brass and iron
are not cqual. Fig. 1 shows such a cylinder
rotating in an axial field between two poles,
the field being produced by six agnetizing
coils. We have adopted this arrangement to
remove anv question as to whether the magnetic
ficld mav rotate. We assume that the rotating
cylinder is imuch longer than shown, so that end
¢ffects may be neglected.  Eddy currents in the
poles could be made negligible by constructing
the poles of laminated strip wound in a spiral,
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A clear picture of what happens to the magnetic
ficld can be obtained by the analogy shown in
Tig. 2, which represents a race-track made up of
alternate patches of land and water. A number
of cqually spaced runners are supposed to be

WIRELESS ENGINEER, JUNE 19350

running from right toleft ;in the water, on account
of their slow progress they are close togcther,
but on emerging from the water their speed is
greatly increased and their spacing increases.
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The number of vunners passing anv point per
minute is the same whether on land or in water,
decrease of speed being counteracted by increase
in density. If now we picture the whole track
moving to the right at the average speed of a
runner, to stationary obscrvers such as 00’
each runner will simply move to and fro and
could be fastened to the observers by “stretched
elastic threads’ as shown by the dotted line.
When in the water he will move slowly to the
right, and when on dry land, rapidly to the left.

This is exactly what happens to the lines
of magnetic induction as the cylinder rotates ;
in the iron the density is much greater than in
the brass and the lines move slowly in the direc-
tion of rotation, whereas in the brass they move
rapidly backwards, but the number of lines cut
per second is exactly the same whether the radius
considered is in the iron or in the brass. The
smaller flux density in the brass is counteracted
by the higher speed with which the lines cut
through the material.  If the total magnetic
flux along the cvlinder is @ and the speed n
revolutions per second, then the induced e.m . in
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any radius is #@®. On open circuit, assuming
the direction of the magnetic flux in Fig. 1 to
be away from us, the surface of the cylinder
will be uniformly charged positively, the equiva-
lent negative charge being uniformly distributed
throughout the material of the cylinder.

We shall now assume that the cylinder is not
made up of equal segments of brass and iron, but
that a fraction e 1s of brass and the remainder
I -z of iron of permeability u. 1f R is the radius
of the cylinder and B the flux density in the

brass, then @ = zR?[aB+4(1—o)uB| and for
the induced em.f. we have E — =R*aB x+
(t—o)u]. If o=}, the quantity in brackets

1s (1-+3u)/q, if =1, 1t 1s (I-+p)2, and if
a=3%, it is (3-+ul/4.

If we approach the problem from the more
abstract Maxwellian point of view, without the
aid of race-track analogies, we find it much
more difficult. In the brass the e.m.f. induced
In 1 ¢cm of radius due to s movement in the
magnetic field is Bv, while in the iron it is uBv.
To these we have to add the e.m.f. due to the
change of flux through any stationary path;
otherwise, although the mean value of Bv
and pBv taken round the whole cylinder gives
the correct value, the e.m.fs induced in the iron
and brass are entirely different.

If in Fig. 3 the stationary path abcd hasa
radial length of 1 ¢cm, the e.m.(. induced around
the path by the changing flux is (u — 1)Bo,
where v is the velocity with which the interface
between the brass and iron is sweeping across
the stationary path.
We now come to
the «uestion that
led to the writing
of this article ; how
is this em.f. to be
divided between a b
and c¢d?  Since
there cannot be a
discontinuity in the
resultant radial
electric force at the
interface, the ob-
vious answer is to
divide the cm.f.
(v —1)Bv into two parts such that the addition
to the motional e.m.f. in the brass, and the sub-
traction from that in the iron give equal resul-
tant e.mds.  This is where the difficulty arises,
for since (p—1)Bv is exactly equal to the differ-
cnce  between the two motional e.m.fs, uBv
and Bv, cqual resultants arc obtained however
the circuital eemd. is divided bctween the two
sides. If it is all added to Bv in the brass the
resultant everywhere is uBw, whercas if it is all
subtracted from wBv in the iron, the resultant

Tig. 3

everywhere 1s By, The correct division depends
on something quite outside this application of
Maxwell’s laws ; viz., the relative amounts of
brass and iron in the cylinder; i.e., on the value
of . W have seen that the resultant in both
brass and iron is Bv'a - (I —a)u]; hence the
portion of the circuital ean.f. in ab must be
Bvlau 4+ (r —o)u]l —Bv=Bv[(1 —«) (p—1)],
while that in ¢d must be wBv — Bv [ -
(r —o)u] = By [z{u — 1)]. Hence we see that
the circuital e.nv.f. is divided between the brass
and iron inversely as the proportion of these
materials in the cylinder.
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We fcel that the application of the race-track
analogy, and the treatment of the lines of
magnetic induction as discrete physical entities
throws more light on this problem than does the
application of Maxwell’s laws, which, in their
simple form, appear to be incapable of giving a
definite solution without the aid of the former.
A mathematical correspondent remarked that
he was not sure that theory gives a constant
e.m.t. as the cvlinder rotates, but that it is too
complicated for rigorous calculation. This e¢m-
phasizes the simplicity and the rigorous accuracy
ol the analogy, which can also be applied to the
passage of the magnetic flux across the teeth
and slots of a dynamo armature.

It 1s interesting to note that, if in Tig. 4
the narrow strips represent the cross-sections of
iron cores in which the magnetic flux is changing
at the same rate hut in opposite directions in
adjacent strips, the electric field induced in the
surrounding medium will be approximately as
shown. The values of the induced electric force
& in the spaces between the cores are inversely
proportional to the distances between the cores,
and the circuital e.n.f. is divided between the two
sides in the same way asin Fig. 3. 5 w o 1

Readers will note a slight reduction in the number of

pages in thisissue of Wireless Engineer, This reduction

has been necessitated by the withdrawal of overtime

working by a section of the printing industry and has,

in the circumstances, been unavoidable. We hope
| that it will be only temporary.

WIRELESS ENGINEER, JUNE 1950



A USEFUL NETWORK PROCEDURE

By Sidney C. Dunn, M.Se., AM.LLE.E.

(Paisley Technical Colleg:)

HE method proposed establishes a relation
between the parallel connection of quad-
ripoles and the star connection of the same
quadripoles.  While the general network is
considered first, the method is niost useful in
a particular case of frequent occurrence.
Consider the parallel connection of two T-
networks as in Fig. 1 (a) working between genera-
tor and load each of finite impedance. The
transfer response is given by

v Z.By,

.= D (1)
where D is the fourth-order determinant of the
network (see Appendix) and B,, the cofactor
formed by striking out row 1 and column 4
in D and multiplying the minor so formed by

-1. The network has been redrawn in Fig 1 (b)
to disclose the meshes involved.

Ua ) 38 (57
Ae 8 (2 3) (57 + 67 + 50) + (42
7, 68 (42
Ae 23 -+ 34)

8 (5 +6) (42

(b)

Yig. 1. Parallel-connected 1 networks (a)y and theiv

imeshes (b).
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Now replace the circuit by that of Fig. 2
which is formed by cutting through the network
at the dotted line in Iig. 1 (a) and unfolding it
so that the load resistor lies in the middle and
the circuit is fed at each end by a zero-impedance
generator of e f. de. We will now find the
value 4 must have in order that the response
of this network will be the same as that
of the previous one. It will be noted that
we have reduced the number of effective
meshes in the network from four to one since
the circuit may be further rearranged as in
Tigs. 3(a) and 3(b) where the superposition
theorem 1is invoked to find the contribution to
the resultant output voltage made by each
generator.

If, in order to save space, we use detached
suffixes mnstead of the full impedance svmbols
the partial responses wrc found to be

L 67 L 50) -
23 + 34) (85 + 86 4 57 + 56 |- 76)
- 23 - 34)

(76 +- 65 - 75) (82 + 83 - 42 + 23 |- 34)

Fig. 2.

Equivalent civcuit of Fig. 1.

If the conscquent expression for (v, -I-v,)/e 1s
compared with that for v/e obtained from Equ.
(1) it will be found that

4P (2)

D

where D’ is the dcterminant of the original
network when Z, = o. The process mav be
quite generally applied to anv number of quad-
ripoles in parallel.  The common pair of terminals
at the output side is left untouched while at the
input side each ‘ channel ’ is given its own genera-
tor of em.. calculable from Iqu. (2). The
equivalence is shown in I'ig. 4.

The device is most convenient when the genera-
tor feeding the quadripoles has zero intcrnal
impedance for then 4 = 1 and the operations
required to find the transfer response are,

() with all the partial generators chorted
except one find the partial response of the net-
work to that generator. The denominator of

171



the expression when arranged to be present
to a degree equal to the number of original meshes
is the determinant of the network and does not
need to be evaluated again.

Z, 2, Z.Z
Z 423 3<6
2z, aY Z4z,
“ ia
Zy 4
“~
242, e[
(a)
2,2, z.2,
Z, + z 5<s
PV ot Z5t+ 2,
Z b
<
Zﬂ
~ 7+ 2, Ae
(b)
Fic. 3. Reduction of cucuit of Fig. 2 by the

super-position theorem.

(b) Find the partial numerators in the same
way for each generator in turn. This can often
be done by inspection.

The overall response of the network is the
sum of the partial numerators divided by the
common determinant. The advantage of the
method lies in the fact that rearranging the net-
work as a two-rnesh circuit does not alter the
value of the determinant and the latter is now
calculable s a second-order array instcad of
the original highcer-order cxpression.

Fig. 4. IFquivalence of paralleled quadripoles lo

networks with individval 1npust
generators and a conrmoin outpuld.

Ii

I. Steady State Response

As an example of the method we will take the
parallel-T RC network of Iig. 5 (a) rearranged
according to our scheme in Fig. 5 (b). Consider-
ing fust the left-hand generator and using
Thévenin's theorem we have,

R
‘R Z
(16R? - 8RZ) (R - 7)
(R4 Z) (16R? - SRZ) 4~ (4R + 7) (Z® + 2R/)

v 16R3 -+ B8R/

r D . .. (3)
similarly for the right-hand generator,

v’ Z3 4 2RZ*

e D

16R3 + 8R*/ + 2R7% - 73
¢ 16R® 1 32RY7 A 14RZ* | 73
An alternative and possibly preferable method
is to consider Lig. 5 (b) as a two-mesh circuit
in which the numerator of the partial response
to the left-hand generator is B,,7, where Z,
is the impedance seen to the right of the dotted

whence

line. In this case, by inspection, By, — R and
Z,is given by (16R*- 8RZ)/(4R + 7).
(4R ++ Z) B,,Z, — 10R+ SRZ .. ()

R R

ﬁ‘ Fig. 5. Paiallel-T
—i ‘ RC network (a)

C C andits equivalent
Pew v circuit (b).
l R 'LC J
(a)
z z T R e
r_q I ‘ —A A QV\N\’T
}
e~ ” | =7 ~e
|
|

l

The reason for the above form is that the deter-
minant of the network is also inost ncatly
expressed when multiplied by (4& - Z). Hence
the numerator of the partial response is given by
the right-hand side of Equ. (4) and the
other partial response is found in a similar
manner.

2. Transient Response

The splitting of a network into com-
ponent channels affords a clear picture of
its behaviour under transient conditions.
Using the same example as before we can
write Equ. (3) as

v a2

e - 128 — 4222 4 J7x - /2

where » — 1/8CR is the normalized frequency

variable. If we now substitute s/w, for jr,
v'(s) B+ v/ 2w,?
e $3 4 gy 25%w, - 7sw? | 2wt

82
st 3'\/2(")0 wu2

If for e we write 1/s, the operational form of
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Unit FFunction, and consult a table of transforms,

v'(f) = 1.067 exp (— 4u4f) —

0.007 exp (— 0.25 wy)
The coefficients of wy in the above expression
are actually — (3£ 4/7)/v/2 or 3.993, 0.2500
but the approximations seem justitied on the
grounds of elegance. In the same way the
partial transient response of the other channel is
v"(f) = I + 0.007 exp (— qwyb)
1.067 exp (— 0.25wf)
The resultant transient response of the whole
circuit 15
B(f) = T+ 1135 exp (— 4wyf) —
1.135 exp (— 0.25 w,f) .. (s)
This curve and the above components are plotted
in Fig. 6. Here we have deliberately separated
the response into two components to show the
physical action within the circuit. In practice
Equ. (5) would be written down more directly
from the operational form of the complete
response.

Equ. (5) is interesting in the present example
in that although it is the response of a three-
mesh network it involves only two exponential
terms. The reason would appear to be connected
with the fact that when the network is adjusted
to give a complete null at one frequency, as
in the present case, then the high-pass and low-
pass channels must have equal time constants.

10 - - —

T T T T
08
06

04

RESPONSE TO UNIT FUNCTION

02

A1

T 1 ‘.

| PARTIAL RESPONSE OF PARALLEL T |

RC circuit(A)aND(B) o
- ‘

4} . — 1——7--—-—L- . I i_ 41 I
L L L 1 IS I SO T
0 2 ] 4 S 6 7
Wl
Lie 6. Parlial and tolal vesponses of the nelwork of

Fig. 5 o a wnit step.

The mode of operation of parallel-channel
circuits is often dilficult to cxplain and the
present  analveis gives a method of at least
describing their structure.  The overall response
of a parallel-channel network when fed from a
zero-impedance generator is the sum of the
individual vesponses of the separated channels
when each is terminated on the load side by the
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short-circuit input impedance of all the other
channels in parallel.

3. Impedance Calculations
The method may also be used for finding the
input impedance of multi-channel networks.
There is, however, one feature which should
be pointed out. While any single generator is
feeding the network it is putting current through
the temporarily passive meshes belonging to
other generators and thus rveducing their ctfec-
tiveness. JFor the previous example, in the
cquivalent circuit of Fig. 5 (b), for the left-hand
gencrator, we have for unit applied voltage,
D—=|R+7 R
1RZ
R 3R+ Z R+ 7
(4R + 7) D = 16R3+ 32R*Z ' 14RZ> +- 7°
(4R + Z) B;;—= 20R*+- 13RZ - 2
(4R + 2) By~ R (4R + )
20R? 4 13R7 + /2
D
R (4R + 7)
D
current through shorted generator loop is
R(4R + 2) & RZ I
D (4R +2) D 2
In the same way for the other gencrator,
_ 4R? - 7RZ + 22*

input current = I,

. current in second mesh -

input current = D I,
- current through shorted-generator loop
RZ
“ I,

Total input current to original network
Il+12+134—14510

input impedance
I 16R® - 32R%7 -+ 14RZ* 4- /P
I 24R* - 18RZ + 3272

It is probable that the procedure is most useful
in finding the impedance of complicated struc-
tures. Consider the network of Fig. 7 (a) which
may be thought of as a variant on the “ cube
of one ohm wires ”’ theme. In this case we have
a prism and the symmetry which aids the solu-
tion of the other problem is lacking. This
circuit has the advantage however that it can
be squashed flat as at Fig. 7 (b), rearranged as
at (c) and finally given our form in (d). In
this particular instance, with equal resistances
the problem is also fairly easy if the star-mesh
{ransformation is used but in the general case
with unequal complex impedances the trans-
formation is very laborious while our method
yemains fairly simple. In Fig. 7 () the method

173



should be noted of untwisting lattice arms and
feeding their ends from a generator of reversed
polarity.

Conclusion

The analysis of a particular class of networks,
namely those consisting of a number of channels
m parallel, fed from a common zero-impedance
generator, is simplified by the device of replacing
the one gencrator by a number of identical
generators.  Since the total current flowing
through the original generator can produce no
moditication of the voltage applied to the network
we can split off these separate generators and
allot them to cach channel. Applying the

_ 8aeky — Gighy

Ap1deg — Gy909,
and y is given by a similar expression. The denominator
of the right-hand side may be found by writing the
coefticients in an array

ie.,

an g
sy Qoo
and cross-multiplving so that products are taken
diagonally to the right, positive downwards and negative
upwards. To find the numerator we use the arrav

ky aps |
L
in which the right-hand side of the equation has been
substituted for the column containing the variable to
be found. If we now solve a third-degree equation by
the usual methods and set up an analogous array of
cocfficients we find that the rtules for expanding this

e

‘

(e)

Fig. 7. Variant of ** cube of one-ohm wires "

(a) ;

superposition theorem then reduces the problem
to adding the responses of a number of single-
mesh circuits.  The procedure has also been found
helpful in finding the input impedance of cir-
cuits which prove to be somewhat intractable
by conventional methods.

@y kot

(y1Rg90yy — Gyydoylyy

APPENDIX
The Use of Determinants in Network Amnalysis.

Network problems involve the solution of simul-
taneous equations and unless this is systematized the

work becomes very tedious. Consider the equations
A% LAy — ky . . .. s .. (6)
A%+ Aopy — hy .. ‘e - {7)

To tind » multiply (6) bv ag, (7) by ayp and subtract
(2) from (1), then

@yolty,) X

\d11taz gty — kg

cFl

squashed flat (b) .
re-arranged (c) and brought to its final form with independent generators (d).

ty1R3dag — hy@oyay

Ayotoylyy | oty boy

|____ =
| G ay | CFY

| !

() | '
] dy | dyy

= = =

Fig. 8

(d)

array are slightly more complicated but will now applyv

to an array of any order. Such an array is called a

determinant and for a third-degree cquation would be
G113 dyp gy |

Aoy Gz (pg
(g1 Az (g3 |
It the variables here are x, & and z then by the ordinary
way,
kiagiagy — ayyhyas, ay3ag,ky
303209,
We can reconcile the first and last two products in both
the numerator and denominator with our previous rules
bv thinking of them as a common factor times a second-
order determinant. This is <hown in Fig. 8 The
middle pair in cach case however need to have their
signs reversed before they can be interpreted in this
way. The *sub-arrays’ concerned here are called
minors and a rule is required to determine the sign which
must prefix them when expanded to lorm the denomina-
tor or numerator of the root of an equation. This
rule is as follows. If a minor is lorined by striking out
the ¢-th row and j-th column ol a determinant then in

EORLESUES)
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an expansion it must be multiplied by 1) it A
signed minor is called a cofactor.  To tind the denom-
inator of a root these operations are performed on the
determinant ol the original equation and for the num-
erator on the same array but with the rizht side of the
cquation substituted as in the second-order case.

In solving a nectwork problem the work is further
reduced by the fact that the various elements in the
determinant have a simple physical significance. This
enables us to write down the determinant of a network
without the necessity of setting up the equations.
In the case of Fig. y if we go through all the usual steps
with Maxwell’s cyclic currents we arrive at an array,

A Zg Z, Zy
Z, £ Zy + Ly o}
| Z a Z4 Zs <

The elements in the ‘ positive * diagonal are respectively

the mesh impedances of mesh 1, mesh 2, mesh 3. The
other clements represent common or mutual impedances
between the various meshes. For example 73, the cle-
ment common to row 1 and column 2 or to row 2 and
column 1 is the impedance common to mesh 1 and mesh
2. The negative sign is due to the fact that the current
in these two meshes flows in opposite directions. In
the majority of cases, there is only one source of c.m 1.
in this circuit, hence &) - € and the other & terms are
zero. This simplifies the numerator ol the expression
{or current : e.g.,
I ¢By,
' D
where B, is the cofactor formed by striking out row I
and column 1 and giving the minor so formed a positive
This gives a simple formula for input impedance,
Z.n= DBy

sign.

NEGATIVE-RESISTANCE
CHARACTERISTICS

Graphical Analysis

By A. W. Keen, AM.LE.E., M.IR.E.

1. Introduetion

N view of the dissipative character of resistive

components of passive electrical networks it is

approptiate that the property of negative-
resistance should be attributed to active clements.
The negative-resistance concept has been em-
ployed frequently in the literature in connection
with oscillatory circuits, and from time to time
descriptions have been given of the occurrence
of portions of negative slope in the volt-ampere
characteristics of otherwise passive devices.

The first comprehensive account of the subject
was published in 1935 by E. W. Herold!. Tt had
been demonstrated by G. Crisson? that positive
feedback over a telephone repeater gave vise to
negative-resistance etlects and that these dittered
in kind according as the feedback voltage was
directly related to the output voltage or the out-
put current of the circuit. It is of interest to
obscrve that a similar distinction was discovered
later in the behaviour of amplificrs subject to
negative feedback. Herold used this distinction
as a basis for the classification of known negative-
resistance devices and for the analysis of their
properties.

In the present paper a qualitative study of
negative-resistance characteristics will be under-
talen with the object of finding a more suitable
clement for analysis than the inadequate idealized
resistor of conventional linear-network theoty.
The clement so derived allows synthesis of

MS accepted by the Editor, March 1950
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actual characteristics by the superposition
of graphicallv simple slope functions and leads
to cquivalent networks which facilitate the under-
standing of the physical behaviour of negative-
resistance devices and their performance in actual
networks.

An approximation to the idcal untlateral
characteristic chosen is provided by the diode
valve so that, il a diode having a negative slope
in its volt-ampere characteristic existed, actual
negative resistors could be represented by net-
works containing both kinds of diode. Ncgative
resistance effects are experienced in valves having
three or more electrodes ; these are examined and
found to be accurately representable by combina-
tions of unilateral positive and negative clements
or their diode equivalents.

2. Actual
terislies
The difference between the two kinds of nega-
tive resistance is clearly illustrated in a com-
parison of their volt-ampere characteristics ;
the examples shown in Iig. 1 are repeated from
Herold’s paper.  The significant feature ot the
curves is their form, from whicn Herold deduced
that the type shown at (a) is duc to voltage con-
trol, while that at (b) indicates current as the
controlling factor. Morcover he noted that the
relationship betwecn them is analogous to that
between  resistance and  conductance e, a
reciprocal one.
It will be clear from Tig. 1 that the behaviour

Negative- Resistance Charac-
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of the two kinds of resistor differs not over the
range of negative slope but at the ends of this
part of the characteristic. \ccordingly, if the
voltage range over which the negative slope
occurs could be extended indefinitely the two
types would become indistinguishable cxcept in
the magnitude of their slope. Conversely, if this
range could be reduced to zero the negative re-
sistance property would vanish.  These two
transformations leave the resistance purely
negative and entircly positive respectively and
suggests that the actual resistance contains
both positive and negative elements which pre-
dominate alternately over the voltage axis in the
voltage-controlled type and over the current
axis in the current-controlled case : also that the
two types correspond to fundamentally different
combinations of pure pesitive and negative
portions.

A feature of both characteristics, whose im-
portance has not been adequately recognized
in the literature, is the incquality of the absolute
(E£/1) and ditterential (dE/dl) values of the
resistor.  This discrepancy implies non-linearity
of the resistor (i.e., functional dependence upon
voltage or current) and is an cssential feature of
resistors  whose characteristics contain  both
positive- and negative-going portions.  The
characteristics possessed by certain screcn-grid
valves, as illustrated by IYig. 2, shows that both
positive and negative absolute resistance may be
accompanicd by either positive or negative difier-
ential resistance (cf. points 1-4) at anv given
operating point.

(a) (b)
- -
z . = |
pri : P
& ; &
= 4 o
D 2
o /\\/ “ |
VOLTAGE VOLTAGE
Fie. 1. Negative-resistance  characlevistic due to

oltage contiol (a) and current control (b).

Over the current range occupicd by the rega-
tive slope of I'ig. 1(a) theve are, within the defined
range of the characteristic, three values of applied
voltage corresponding to each value of current.
Accordingly, stability requires that the negative
resistor be cnergized by a constant-voltage genera-
tor (ie., onc ol zero internal impedance) for, if
sufficient resistance is present in the generator,
the current drawn from it mayv cause the p.d.
developed betwceen the resistor terminals to shift
over more than cne of the permissible values.

170

The required gencrator characteristic may be
approached by application of negative voltage
feedback ; a voltage proportional to the p.d.
between the resistor terminals is applied to the
voltage source in such a manner that fluctuations
of its output voltage tend to be sclf-cancelling

ANODE CURRENT

Fig. 2. Characteristic

f a screen-grid valve at
constant contvol-grid voltage.

and the output impedance is correspondingly
reduced. Analogously, the multi-valucd nature
of the current in the characteristic of Iig. 1(b) over
the voltage range occupied by the negative slope
requires (ideally) a constant-current source (i.e.,
one of infinite internal impedance) such as may
be approximated in practical generators by the
application of heavv negative current feedback.

The foregoing brings out the need in an ideal-
ized negative resistor of the following charac-
teristics :

(1) Absence of portions in the volt-ampere
characteristic having positive slope.

(i) Possibility of inequality of absolute and
differential values of resistance.

(i) Capability of association with idealized
positive resistors in such @ manner that accurate
cquivalents of actual resistors mayv be synthesized.
On the other hand the idealized resistor should
have, at least to a fair approximation, a frequently
occurring practical equivalent. Ideally the two
types of purc resistance should be corresponding
special cases of a more general idealized resistor.

3. Modified 1deal Positive Resislor

The volt-ampere characteristic of the idealized
resistor of conventional network theory is cssen-
tially linear, the absolute and difierential re-
sistance values being identical for all values of
impressed voltage or current. Analvtically this
restriction conlines the characteristic to the first
and third quadrants of the volt-ampere plane,
for 1f 1t had a non-zevo intercept with either
axis the equality of actual and ditferential
resistances would be destroved and the resistor
would be (clectrically) non-linear. The behaviour
of the lincar resistor is bilateral (i.e., independent
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of the polarity of the impressed quantity), as
shown in Fig. 3. The graphical criterion of bi-
laterality involves successive rotation of the volt-
ampere characteristic about the axes 7 0,
e = o (in either order), which should leave the
characteristic unchanged, and is useful in the
analvsis of complex cases.

The simple characteristic just described is
inadequate for the analysis of resistors of the
type under consideration since any finite series-
parallel combination of linear elements cannot
produce a non-linear resultant. Moreover nothing
1s gained in this respect by assigning the idealized
pure negative resistor a characteristic of the
same type as lfig.

3 but with negative L+

slope, as discussed,
for example by &
D. M. Tombs3. b i
e- 24
Fig. 3. Character-
wstic of tdeal i
positive resistor.

Analytically the characteristic of Fig. 3 (or
its negative-slope cquivalent) needs only dis-
placement from the origin to introduce electrical
non-linearity but an element having such a
characteristic 1s not available i useful two-
terminal form since for physical rcasons ¢ and ¢
must pass through zero together. As a result
the intercept must be introduced etfectively.

i+ i+
(-£.0) /ed .
e/ (+£.0) e._ e,
Kl i
() (b)

Fig. 4
} positive

Svynunetrical nodified characteristic of a
resistor  (a), untlateral modified char-
acteristic ().

The obvious method of allowing ¢ to be a function
containing higher powers of e than the first
(or vice versa when ¢ is the independent variable)
will be discarded because of the difficulty, both
graphically and analyvtically, of handling scries-
parallel combinations of such elements. Instead
the characteristic of Fig. 3(a) will be modifled
by expanding the point at the origin over the
segment of the abceissa bounded Ly the points
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(— e, 0), (+e 0). It will be obvious that if this
expansion is not performed symmetrically the
bilateral property will be lost [See Fig. g(a)l.
On the other hand practical resistors generally
have characteristics that are not bilaterally
symmetrical and may even be entirely unilateral.
Accordingly the ‘broken’ characteristic of
Fig. 4(a) will be modified to the unilateral
form shown at (b) to obtain a more versatile
clement which needs two parameters for its
specification : (1) the potential at which the
discontinuity occurs and (i1) the value (magnitude
and sign) of its slope.

ANODE CURRENT

ANODE VOLTAGE

e,
AN

T
ERRR

2 3 4
(£,.8)3 (&.6)8 (£,.6)

(b)

Fig. 5. [First-order synthesis of uegative-resistance
charvacteristic (a), and equivalent civcuit (b). Where
1@ >m/2 [¢f. Ryl 1t must be regarded as the
resullant of two or snove parallel com ponents for
each of which (@< m/2 ; this case should be avoided

by faking the turi in lwo steps.

4. Analysis of Complex Resistors

It will be clear that characteristics of the form
of Fig. 1(a) are readily synthesized by the
superposition of suitably chosen slope functions
of the type shown in Fig. 4(b), while the current-
controlled case illustrated by Fig. 1(b) may be
dealt with similarlv after inversion. In both
cases the degree of approximation may be
improved without limit by increasing the number
of stope functions employed ; fortunately it is
worst at the turning points, which are avoided
in practical applications for stability reasons.
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A first approximation to the characteristic
of Iig. 2 requires four slope functions, two of
cach sign, as shown in IFig. 5(a). It will be noted
that the method of synthesis just described in-
volves only direct superposition of the basic
functions ; accordingly, actual negative resistors
may be represented by simple combinations of the
idealized unilateral resistor. In the voltage-
controlled case the clements add in parallel to
give the required resultant current, while in the
current-controlled case the elements add in series
to give the resultant voltage. The equivalent
network so derived is shown for the first case

in Fig. 5(b).

9. Analysis of Valve Characlerislics

The unilateral element derived in Section 3
is physically appropriate to electronic circuits,
since an approximate cquivalent exists in the
hard diode valve. This i1s shown in [ig. 0(a)
together with the corresponding representation
[FFig. 6(b})] of the bilateral characteristic of Fig.
4(a). The value of this equivalence is limited
from the point of view of actual synthesis from
separate elements by the fact that the negative
counterpart of the ordinary (positive) diode is
not available as a distinct element. On the
other hand, it is of importance in bringing
out the existence of such elements in association
with positive diodes in more complex valves.
Thus equivalent net- (a)
works, containing, in
general, both positive

and negative diode b--a—o
constituents, mav be \
derived for the more

complex valves and,
in reducing the latter
to combiations ol
the same basic ele-
ments, bring out
clearly their physical b--a
bchaviour and rela-
tive  characteristics
and point to the

Fig. 6. Illustrating the
use of diodes to obtaiy
the  characteristic

1ig. 4.
possiLility of replacing the more complex types
by two or more simpler types.*

-

* 1t may be mentioned that the characteristic of Fig. 4(b) has frequently
been used in the analysis of networks containing diodes, and the analyviical
dithculty of dealing with the discontinuity has been overcomne by the use
of suitable transforms. Thus, the unilateral characteristic may be re
preseuted by the product of a step voltaze of the form of Heaviside’s tuit
Function and the characteristic of Fig. 3. Alternatively, wher: the uni-
lateral resistor necd be represented over a limited voltage range the
characteristic of Fig. 3 way be multiplied by a square wave, thereby allow
ing Fourter Series rather than Fourier Integral analysis® \gain, the
discontinuity ray be taken out by Laplace transformation, which (apart
fromn a pole at zero) converts the funcrion into a relativelv simple algebraic
function cf the complex vartables.
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When a positive (with respect to cathode)
potential is applied to an electrode of a valve,
current is drawn from an interior space charge
together with corresponding components initia-
ted by other electrodes, the whole forming the
total ‘space’ current. On approaching the
electrode concerned this component may be
absorbed (1.e., collected), reflected (or effectively
so, as when sccondary emission occurs) or
transmitted (i.e., allowed to pass on to a
succeeding electrode), as illustrated by lig. 7.
In an equivalent network both reflection and
transmission require negative admittance to
be attributed to the
paths taken bv the
refleccted and trans-
mitted components.

ABSORBED
COMPONENT

ELECTRON TRANSMITTED

T OMPONENT
:EFREE’?TED ¢ Fig. 7. The components
S O] 1o 5
COMPONENT - ELECTRODE of electron ciurrent in

a valve ave showi.

It is interesting to compare the network of
Fig. 5(¢) with the actual valve whose anode
characteristic it represents. The tetrode con-
cerned may, from the point of view of the anode-
cathode terminals, be regarded as a complex
“diode '; i.e., onc whose characteristics are
modified in a (gencrally) complex manner by the
introduction of the intermediate electrodes.
Accordingly, the equivalent network of idcalized
positive and negative diodes and their associated
gencrators may be regarded as a transformation
of the actual “diode.” In this respect the slope
analvsis provides an aid to the understanding
of the phyvsical behaviour of the tetrode valve.

The possibility of extending this mecthod of
treatment to three-terminal devices mav  be
demonstrated by using the triode valve as
an cxample. Normally the grid is biased negativ-
clv to prevent grid current flow and the entire
space current is collected by the anode. To a
first approximation the currents are:

2, = (:u"/}‘a) ch (I ’la) V('u L‘a =z 0]

t, = O.
The anode current may, therefore, be resolved
into two unilateral slope functions

l-’L (g) ('lL ’,41) Vf!/ Z‘U Z)’) 2 O

o (4) = (1)) Vea ligla) 2 0
and, correspondingly, the valve contains two
positive diodes, one between cathode and grid
and the other between cathode and anode, the
former having a slope p times that of the latrer.
It has been shown? that, ignoring space-charge
considerations,

w CealCea

where ¢, — cathode-grid capacitance
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and ¢, = cathode-anode capacitance.

In addition, the failure of the grid to collect
current requires the connection of a third element,
a negative ‘image ’ of the grid-cathode diode,
between grid and anode.  The complete equiva-
lent network is shown in resistance form as
Fig. 8 It dilfers from conventienal equiva-
ents in being of transmission form.

/a

Eoc

b A =

T
i
1
]
e

Fig. 8. Diode equivalent circuit of a irviode valve.
The hvpothetical ** negative’’ diode assuines such an
impedance valie that the requived operating con-
dition (uswally zevo curvent) obtains in the grid-

cathode circuit.

When the triode is employed as an amplifier
the steady potentials (V,,, V) applied to its
electrodes are chosen to prevent grid current
flow and keep anode current from falling to the
discontinuity in the anode characteristic on
negative excursions of the input signal. More-
over the anode characteristic not being linear
[it is more accurately represented by

tg = {(:“' /’n) Ve (I ra) ca}32
than by the previous equation] and the transition
from anode curtent cut-off to the °lincar’
regime beirg, relativelv gradual, there 1is,
consequently, an optimum mean anode current
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for mmimum non-lincarity and the signal input
must be restricted in amplitude to keep distortion
to small proportions. Under these conditions
the 7, used in the above relationships will ditfet
in its absolute and diflerential values but, provided
the latter is preferred and the valve operated
substantially linearly the network of [ig. 8
may also be emploved to represent the alternating-
current bDehaviour of the valve.  Since the anode
circuit is loaded it is necessary to add in the
grid-anode branch an impedance of such a value
that the zero grid-current condition is preserved.
For the conventional amplifier (i.e., grid input—
anode output) this value will be the parallel
resultant of r, and the load impedance. This
additional clement, being characteristic of the
external network rather than of the valve itself
may be termed the ‘reflected * component of the
grid-anode impedance. Its presence may Dbe
shown to be necessary in maintaining zero
total impedance around the mesh formed by the
valve clements and the external impedances.

6. Conclusion

The methods and ideas introduced in the fore-
going are capable of extension to more complex
valve types than the triode and lead to develop-
ments which, it is hoped, will be dealt with in
subscquent papers.
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X-CUT QUARTZ CRYSTAL

Equivalent Circuit as an Ultrasonic Generalor

By F. M. Leslie, M.Se., Ph.D.

(Electrical Engineering Dept., Leeds University)

SUMMARY.—A new cquivalent circuit for a crystal driving a mechanical load is devised in terms
of an electrical transmission line instead of the usual lumped components of inductance and capacitance.

Introduction

HIZ general theoretical treatment of crystal

ultrasonic generators has received a fair

amount of attention and the presentation
of the cquivalent electrical circuit in terms of
lumped components of inductance and capaci-
tance is now well known. For understanding
the behaviour of the gencrator the usual equiva-
lent circuit is perhaps not (uite so simple as
it might be, and with this in mind a new ecquiva-
lent circuit has been devised which lends itself
very readily to the conditions under which the
crystal operates when emploved for ultrasonic
gencration.

List of Symbols

Co capacitance of the crystal when clamped.
E voltage applied to the crystal.
i fe frequency.
I current to the crvstal.
j Vo
e a constant.
S stress in the plane distance » {from one lace.
Sy, Se stress at the crystal face.
¢ crystal thickness.
v velocity of propagation.
distaunce measured from one face of the
crvstal.
Z s £ e electrical impedance.
Zo characteristic impedance of the crystal.
21, 79 mechanical load impedance.
B phase shift constant.
¢ velocity of the plane distance x {rom one face.
&, s velocity of the crystal face.

Equivalent Eleetrical Cireuit

The general theorctical treatment of crystals
is adcquately dealt with in the literature! 2 % and
the fundamental equations which will be em-
ployed in determining the cquivalent circuit
for a crystal having unit area arc as follows,
the losses in the crystal being ignored : —

& = ¢ cosBx 4 = mE\sinﬁx o (D)
.

(S +mk) = (S;+ mE) cos Sx
7€'y zgsin Bx .. o " . (2)
AlS accopted by the Editor, December 1949

150

[—jonfCE +m(E — &) .. .. (3)
IFig. 1 depicts a typical crystal, the electrodes
being on the major surfaces and the distance x
measured to the right of the left-hand face.
As 1s usual in the
development of the
equivalent lumped
circuit, the presence
of subsidiary vibra- u
tional modes will be FACE! <

ignored. If z; and :
> ¢ e

——

&"S"z' &;,Sz-zz
N

Fig. 1. Form of

typical crysial. > X

z, are the mechanical loads on the two faces then

—&, S, =2z, atx =0 and §¢,S, =z, at x = ¢,
thus equation (2) may be written

I
¢,= “ &' cos Bt - me (cos Bt — 1) —
22 2y

]’f’l?sin Bt - o o (4)
2

Putting x = £1in equation (1) and then combining
with equation (4),

mE (cos Bt — 1) +]mE sin f3
5/ o L) ) - %o o
VoI zy/z,) cos Bl J (zy/zy + 24/2,) Sin BE

_ (s)
From equation (1)
(¢1— &) =€, (1 J#1/7g sin Bi] +
.mE

7, sin Bt .. . . (6)

0

- cos f3¢)

Substituting equation (5) in equation (6),
(f/l B 5/2) -—
mE| > (cos B8 — 1) -+ j (z,/20 -+ 21/20) SIn B¢

(7)
. BB,
(zy + z,)cos Bt + 7 zg - . ) sin Bt
0/

It is seen from cquation (3) that the input im-
pedance to the crystal can be considered as made
up of two components in parallel. One com-
ponent due to the capacitance C, and the other
due to the motion of the crystal, this latter
component will be termed the motional impe-
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dance. Trom equation (7) it follows that the
motional impedance for unit area of the crystal
will be given by,
E
Zom (€, =
[( |+ 2g) cos Bt 47 (2 + 2,25/2¢) sin BtJ (8)
2(cos Bt — 1) + 7(2,/20 + z1 lzo) sin B¢

(2 + 25) +7 (Zn

- 8 _
" cosft —1 .
2z “+ (2, + 2,) tan B¢
o “oos g ) TtE1 7 :
Consider now the input impedance to an clec-
trical transmission line of length ¢ having a phase
shift constant B, characteristic impedance z,/4m?

21+ 2
4m?

)

m

or
] 1 tan IBf
Zo

m

(9)

and terminated by a load The input

impedance to the line would be,
y 2 [ (z) + z,) + jz, tan pt ]
e m2| 42y - 47 (2, + z,) tan B
Suppose now that Bf a = and further that,
B,
2o
zy > (2,4 z,) tan B¢
then equations (g) and (1o) become identical,
equation (g) reducing to
I

. (10)

Zp 2

Zn = pelles - 52) — 2d6) (x1)
where

40— 274l

v

Af =1y —/
and the resonant frequency f, is given by

Jo = w2t
With regard to the requirement that z, > z,2,/z,

this is readilv fulfilled in the case of a quartz
crystal, and for example, water loads Zy=Zy—
1.5 X Iog (cm? sec), z, I14.4 X 10° £ (cm?
)], further, as Bt~ = the second condition
1 also be satished. For an X-cut quartz

cC
wil
crystal the constant s has a value 0.528 % 107 ¢

cr
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where ¢ is in cm, expressing z,, z; and z, in
g/(cth? sec), then 7, is obtained in statohms.
Thus, from the equivalence of equations
(9) and (10) it follows that the behaviour of
the loaded crystal in the vicinity of the resonant
frequency follows very closcly that of an elec-
trical transmission line, provided the load
mmpedances are not too great. The equivalent
circuit in terms of a line is shown in [Fig. 2.

H
L?ﬁgEolu 212 CHARACTERISTIC
F am Zo
IAIADNIGE o ELECTRICAL
Comm INPUT T0
THE CRYSTAL
LOAD ON € _Z2
FACE2 Sam?
Ld— t I.
Fig. 2. Equivalent transmission-line circuit for the
crystal near resonance.
Conclusion

An approximate equivalent circuit in terms
of an electrical transmission line has been devised
for the X-cut quartz crystal as used for ultra-
sonic generation. The equivalent circuit be-
haviour is almost identical with that for the
crystal in the vicinity of resonance, provided
the crystal-face loads are small, as they would
be in the case ol liquid loads. The equivalent
circuit is considerably simpler than the usual
lumped arrangement, and the cffects of non-
resonant operation or the coating of the crystal
major surfaces with a thin metallic laver are
readily interpreted from it.
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TRANSIENT RESPONSE CALCULATION

Use of Poisson Probability Tables

By J. E. Flood, B.Sc.(Eng).

HE wusual criterion adopted for judging
the transient response of an amplifier
circuit is the response at the output of the

amplifier when the input voltage is a unit step
(i.e., a voltage which is zero when {<o and is
unity when ¢>o0).  The response to an input
waveform of any other shape can, in general,
be determined by means of Duhamel’s integral®.
The response to a unit step of some simple ampli-
fier circuits having a number of identical stages
can be expressed in terms of the Poisson exponen-
tial probability summation. Tables and charts of
this {function have
been published,
thus simplifving the
calculation of the
response of  the
amplifier circuits.

Fig. 1. Swumple ve-
A oy Zis/auce-cou[)/cd
9m/?hl(t)1 stage.

(IF1g. 2 is on page 183.)

2]

1. Resistanee-coupled Amplifier

The single-stage resistance-coupled pentcde
amplifier shown in TFig. 1 has an ancde lead
resistance R, and C is the total strav capacitance
between anode and earth.

I'he Heaviside operational expression for the
output voltage when the input voltage is a unit
step is

R o«
mR /Ll(/))l ng '%ﬁCRl Em /7)+ O(l
8 (1)
where o 1/ RC

This gives the well known result for the response
as a function of time

anR hl(ﬂ 1= ng (1 —e ﬂ) for¢-o.. (2)
The response to a unit step of an amplificr having

7 similar stages is
g'mR)nhn(/)) 1 g’mR h](ﬁ);n 1

@R (% )1 S

It is shown in Appendix I that the response as a
function of time is

(g, R)™ 1,(8) 1 where
MS accepted t:y the Editor, October 1349

af | a3t
h{ly =1= e I+ g+ b
aﬂ"lt” I
(n—1)!
H=1 oy
~alt
r—e#3 )

Equation (4) is the expansion of the incomplete
Gamma lfunction

T o
p— ol n—1 4
(n—1) !I o (o) d ()
which has been tabulated by Pearson? for values
of » up to 50. Equation (4) is also of the same
form as the Poisson exponential probability
summartion.

It is shown in Appendix 2 that the probability
{p,(a)} that an event will occur exactly » times
in a large number of trials, for which a is the
average number of occurrences, i1s

prlay =% e N

|
o)

0-9999

—_rop
oo

poso—|

TR==rS>

B

099

09

N

haly)

+
\
1

F
Ll

i

]E,#

LS
|
=

-
{

=l
3 4

Pespense to a 1nit stcp of a resistance-
coupled n-stage a . flfio

WiRLLESS ENGINEER, JUNE 19350
J 3



W A0) 3]3S 2101AnS0) B ' H0f
Pasi st [padajur a41119vqoad wuiiow iy o) puoriodosd wIs FOw St S291a4 111990 Jo aequunin 25000 2y yorym 1of sppiy Jo noas d5avp v ol saung u sy

o 40 S3INVA

D $411930 Juaaa up wig g K)11qnqoad ayi wof ,_a @ _H ;M\ s _~.N M:H @ L o noymuns (pipauodaa s wossio g Suimoys Savna ajigpqosd T g
\ / 7/// -/M maooo
o // / / // /////// N Bl | mooo.o
_ L
] // // R ///// NN ‘
AN /////,/ DN |
LN AAMIINNNAAN N |
TR LR A A AT Y _ o
[IUSITHAAAATATAIMNTNNRNNNR Y ANERN 00
AT ALV RRRN ANANEN ~
AN \ JAUERIVRRRRANY N o
AV A\ MUV N 1 ™~ o
HIAIT R R NN SR N S ]
\ / / \ /////// ///////ﬂ, /// // N i S
021 / /// ///// m
/M/ //7////////// N// N /// ////// < L = ™ 100
o5 W//, / U,/ / /////////// //V N M/ / /// ”// //// 1000
SN NN e =
LATAREN /7 AN NN N S o
oo REAVLEEAA T ), VN e RN NN R O e S U T TN

183

www.-americanradiohistorv com

Wirerrss ENGINEER, JUNE 1950



and the probability that the event will occur at
least 7 times is given by the summation

n—I

2. bila)

P(a)

the number of stages is large. IFig. 3 shows
the above equation and the response calculated
from equation (4) for different numbers of stages:
the error function expression is seen to represent
the response with increasing accuracy as the

v (o]
. g"“(I L a a® ar* >(6) number of stages is increased.
T ! e : . Qe
h A (m—1)! 2. Amplifier With Single-tuned Circuits
I'he circuit of the amplifier shown in Fig. 4
can be obtained from the circuit of Fig. 1 by
R / & means of the low-pass to band-pass transforma-
tion. The envclope of the response of the
band-pass circuit to an input of its mid-band
— ——————— 0 . 9
frequency, amplitude-modulated by a unit step,
is approximately the response to a unit step of
the equivalent low-pass circuit. It has been
shown® that the envelope of the response of
10g— -
\TI | , L]
5 08 \ . L
Fig. 4 (above). Single funed- k \ T 71
civcuit coupling. oG L
Fig. 5 (below). Resistance- \\ \ [ o == = b S,
capacilance coupling. \\ \
Fig. 6 (right). Response to a unit T o \\ ‘\" B i
step of an n-stage vesisiance- BN b L i
capacitance coupled amplifier. o \ N = | ]
: IN L o |
\| o2 ~~ i N
[ I
| i \ s .// | bt
n=3 1 [
02 = s ! *T |
, L 1] |
r 0 10 76 30 a0
o— N ot

| %/? RV (N1
©

The expression for the response to a unit step
of the m-stage resistance-coupled amplifier is
scen to be identical in form with the Poisson
exponential summation and so can be evaluated
from the tables bv Molina3 or charts by Campbell®.
Molina’s tables give the values of both p, and P,,.
The chart reproduced as Fig. 2 (on page 183).
enables the response of amplifiers to be simply
determined for any number of stages up to 150
and values of «f up to 100.

It is shown in Appendix 5 that when the num-
ber of stages is large, the response to a unit
step is approximately given by

al — n\)

() ~ b {1 4 crf< —
.

Tables of the error {function can be found in
text-books on statistics'®> 13 and ecnable the
response to Dbe calculated approximately when

—o
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an amplifier with » identical tuned circuit stages
to an input of their natural frequency, modu-
lated by a unit step, is also given by cquation
(4), where o = 1/2RC = wy/2Q. The response can
therefore be rapidly determined by means of the
tables or charts.

3. Stages of Resistance-Capacitance Coupling
It is well known that the vespornse 10 a unit step
of the coupling circuit shown in Fig. 5 isgiven by

v, () 1= \\I 7/11(1)111 'l]
b4

n(p) 1 p+alJ

where o = 1/'RC

(7)

v,(p) 1 1-—

The response of an n-stage resistance-capacitance
coupled amplifier to an input consisting of a
unit step is (g,,R)" v, () 1

where  v,(p)1 <15 Ti o

n

)1
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It is shown in Appendix 3 that

"1 2L
711([) = ¢ alz n xC,(" I)r = . (8)
r o :
-1
2 n'ICr(_I)rj)r("d) = (9)
r=o0
also v,(t) =14 >, ,C, (— 1) h(xt) (10)
I3 1
I+ 20w G (1) Po(wt) (11)
7 I
where ,,C, is the binomial coefficient
n.n—1)...(n—r41)
. 7l
Equation (9) is con-
venient for com-
putation from the
tables of the indi- L~
vidual terms p,(a)
and equation (11)
is convenient for
computation from
the curves shown in
Fig. 2. Pry® gives
tables of ‘the bi- =
Fig. 7. Critically- gmRu (D
dawniped induc- 1
tance - compen-
sated stage. o— o

nomial coetficient ,C, for values of » up to
100. Fig. 6 shows v,(t) for values of n up to 4.
0-999)

0-998

0-99

0-98]

0-95]

9

U, ()

05

01

00}

0-001

00001

Fig. 8. Response o a unit step of a critically-damped
sidiclance-comn pensaled 1-slage ainplifier.
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Equation (7) can often be used to represent the
error in the output of a servo-mechanism, such
4s an automatic gain control, when a sudden
change 1s made in the input.!' Equations (8) and
(10) therefore represent the error in the output
of the nth servo of a chain of servo-mechanisms
connected in tandem. YTor instance, if a sudden
change is made in the input level of the pilot
signal to a carrier telephone line containing =
repeaters, each fitted with a pilot-operated
automatic gain control, the change in the level
of the output signal is given by v,(f). Although
cach servo operates without any overshoot
when alone, the output from the nth servo-
mechanism overshoots #—1 times before reach-
ing the correct value.

4. Critically.damped  Induetanee-compen.
sated  Amplifier

The circuit is shown in Fig. 7. It has been
shown that the responsc to a unit step bas the
quickest build-up which is possible without
overshoot when L — 1CR? which is the condition

—
Fig. g, Filter-coupled amplifier.
for critical damping. The response to a unit step
is then?
t‘mR ul(t) l : ng I

where o

e # (1 +al)ll
1'CR —= R/4L

i.is shown in Appendix 4 that the response of an
amplifier having # identical stages 1s

(12)

D= 57T
u,(0) 1 1 g2 Z 2D, 7 ca o 0 (13)
: !
where b, 1, b0 1 2",
and L0, 2,10, 4 RN
2n i
Ly =1 — ¢ D7 b, plad) . (11)
r o

The values of p,() are readily obtainable (rom the
tables and ,2, is easily calculated. Table 1 gives
the values of ,b, for values of 7 up to 8 and Fig. 8
shows 1,(¢) for values of # up to 4.
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5. A Constant.resistance Network

When a number of valves are to be connected
together, a method of avoiding connecting all
the valve capacitances in parallel is to connect a
low-pass filter section betwecn each pair of valves,
the valve capacitances forming the shunt arms
of the filter, as shown in Fig. g. In order to make
the delay distortion fairly small within the pass
band, mutual inductance between adjacent coils
is sometimes uscd to provide a mid-series derived
type of filter®. The response to a unit step of any
practical dissipationless filter circuit is, however,
oscillatory®, and so is the response of an “ideal’
filterto.

In some applications it is necessary for the
response of the coupling network to be free from
overshoot, and a simiple way of achieving this is
to connect damping resistors across the coils of
the filter. If a resistance equal to the design
resistance of the network is connected in parallel
with each inductance, the circuit of Fig. o

P becomes equivalent
to a number of the
constant - resistance
sections shown in

I'ig. 10 connected
A T in tandem. The
i ! o __ Tesponse to a unit

step of the constant-

Fig. 10. Constant-resistance resistance network

network.

of Fig. 10 1s
1/pC I
L e R oL
p-o}--:j’l where ¢ — 1/RC

f(p) 1 (equation 1)

The response to a unit step of the constant-
resistance network is seen to be the same as the

TABLLE I
Coetficients b,
" _
I 2 3 4 5 ( 7 3
I L 22 2 2 2 2 2
2 3 4 4 4 4 4 4
3 A 7 b} 8 S 8 8
4 8 15 16 16 16 16
3 4 22 31 32 32 32
6 20 52 63 64 6.4
71 & 64 114 127 128
8 4% 168 240 255
9 16 176 396 494
10 1r2 512 876
I 32 464 1304
12 256 1488
I3 64 1134
L4 576
15 128
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response of a single-stage resistance-coupled
amplifier. The response at the end of the nth
section of the coupling network is thercfore
the same as the response of an n-stage resistance-
coupled amplificr and is readily calculated from

equation (4) by means of the tables or charts.
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APPENDIX 1
Response to a ['nit Step of a Resistance-coupled Amplifier

Let the response to a unit step of an amplifier having
n similar stages be (g.R)" A,(0) 1

! 242
Assume that i, (f) I — e ot |:I C; A,i ......
. ) a?' 1 [VV. |
o)t ]
l-l_"["
1 e 2 ] ‘4)
SRIRN S e o
272 n-1pm—1
o L 1’[1 af | off e t ] 1
P — o 1! 2! n—1)!
But f(p) e ugt) ] — exf(p —x) g(t) 1 by the shilting
theorem!
P ! 22
ol (D) e u*[ o, B
P p 1! 2l
17 ll!l 4
(n 1)!:!
2Tt o
But =3 /’rl
o N
nll — al -
b1 = 21 [f 2425 %
x)_ l
1
b
N9 3 "
L] ew [x . cx.( ...... * :! 1
Poe Py P
Yoorir
(1 —e-a)] —e=—x 5 201
tooyryr
chea) —1—e @ B2
r=o ¥

. if equation (4) is valid for » stages, it is vahd for
n 1 stages. But it is well known for n 1 and 1s
simply proved for = 2 and 3; therefore, it 1s valid
for any number of stages.

APPENDIX 2
The Poisson Exponential Probability Summation

If the probability that an event will occur in any on
trial is p; and a large number (m) of trials is made, then
the average number of events (a) occurring in s trials is
m 4
{le'he probability that the event will occur in each of v
trials is p,7 and the probability that the event will fail to
occur in the remaining m-» trials is (1—p) -2 But the
number of ways in which the event may happen exactly
min—1)m—2) .. (m-—v -1

y times in m trialsis ,C, -
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. The probability (p,) that the event will happen exactly
r times in m trials is

pr mcr Pl’ (I } pl)m r
But p, ajm

a2

mhn—1) (m-—2).
r! mr

ar L 2 y—1 a\—r a\m
1 I——)... {1 — - I— - I— -
r! » wi ni m m

Since m is very large, the terms inside cach bracket
except the last tend to unity

a" a "t
Spy = 1 — =
Pe r! m)

R a m
But when i is very large (I - ) —>ea
ar m

5 R y!e“" e = = 5 a (5)

which gives the probability that the event will occur
exactly » times out of a large number of trials for which
the average number of occurrences is a.

Let the probability that the event will occur at least
# times in a large number of trials be P,,.

Py =pat pucr b Pare F oo
o
= X p,
s
But ¥ p,, the sum of all the possible chances, is
g=0
equal to unity.
n—t n‘x ar
SPo=1— X pp=1—e0F- (6)
re=o0 reg *

APPENDIX 3
Resistance-capacitance Coupled Stages
The response to a unit step of a single coupling network

is
ni)1 = [1 =1 — e
» (7
WPl =1 h)l -, oclJ
~.The response of an zn-stage resistance-capacitance

coupled amplifier is
(gmBa)* wpid) 1

where v, (p) 1 (pffja) ' 1

But by the shifting theorem, f(p) | — ¢ 4 itp a1
o ] P (P AL
wa(p) ] = oot B
o " |l
c (I p)
e—od [l n- 161; - 1672;; b
o g
rLC w1
('I nllp, t) /)u lJl
’4‘ xrir
e,() e 2_“ w 1C, ( 1)r A .. (8)
Alternatively
)l =11 h(p)Ir]
(1 . Cih(p) 1 W Cahalp) Ceee
(— 1), Coh(p) (n(p)l
since Ay (p)r ] ($ wa;,l e ()1
L, () 1 Y O (= 1) A1) (ro)
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APPENDIX ¢
Response to a Unit Step of a Critically-damped Inductasice-
coinpensated Amplifier
The response to a unit step of the single-stage amplifier
shown in Fig. 7is g,.Ru,(f) 1 where

402 - ap
me) - el | -
uy (1) 1 I —e—2x (1 -+ af)]] ]
where [ 1 CR? o 1/RC = R/4L.
i - 40(2 C/ﬁ n
i) | Lza W] L

Assume that u,(¢) ] [1 e '211(1 W01

22 2,1
aba o';!' ------ Fouba, (*5(: 7—1,)]1 (13)
If this is so,
4u op
Uy (t) l (,1 1 P)zl
40(2 up 2n--1 i
(x T pp ¢ T b
But f(p) e—ot g(t) 1 = e~ f(p — o) g(t) ]
- 40? - ap
CaHy, 1 (t) l 2 P)gl
oot - 202 . ap 2 1 b, a’l
P* S

T e 2o (1 at) ]

201 r-2 roI
o4 o
et b, {z > Jl
o

pr 2 Pr R
201 o
L —e2 3 [2,br2 ¢ bra]
r o P
201 rir
- art
j:[Iiezwanb' 7!]1
s o
where |, 15, rand , b, 2.0, ., o

Therefore if equation (13) is valid for u stages. it is
valid for » I stages, the coefficients having the above
relationship. But the equation is valid for n = 1 (Equ.
12), so it is valid for any value of »n. The coefficient
b1 = 1, therefore, ob; = 2, ,b, 3. oby 2 and the
coefficients for larger values of »n can be similarly cal
culated.

APPENDIX 5
Response to a Unit Step of Resistance-coupled Amplifier
with Many Stages

The response of the u-stage amplifier to a unit impulse
(i.e., the limiting case of a pulse whose duration tends
to zero, the product of its amplitude and duration being
kept constant at unityl) is obtained bv dilterentiating
n,(t) and is given by

(ot) 3
. t — — —
U e
It can be shown that the mean value of af for the curve
of ¢,(f) is » and the standard deviation is /n.
al —n
Vv n
and transforming equation (13) in terms of the new
variable

v (a ¥ )
4ul) Vi

(m — 1) !
1

e ¥ {0

(15)

. Putting y

1
Viy

simnce
{ 3y
dlot) \
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If u is large, the factorial can be replaced by the
Stirling approximation
n! \ 2w e

and (1 Y )u e
\/n

where A log I:I

A
" [\/y” — %x”; ........ ]

Hence 1f 2w,

)

I
Gy ~ ——ey
V2w
which is the expression for the normal or Gaussian
law of distribution. Substituting for y,

I
4 (” = ;

[(ocf n}?]
exp
A/ 2mh 2

We have shown that the shape of the response of
a resistance-coupled amplifier to a very short pulse
tends towards a Gaussian distribution curve as the
number of stages 1s made very large.  Equation (16)
is only approximate for a finite number of stages and
is inaccurate for small values of xf: moreover, it gives
a value of g¢,(f) which is not zero for /<o, which is
physically impossible, but equation (16) represents
g.(t) with increasing accuracy as the number of stages
is increased.

The response of the amplifier to a unit step is

(16)

raf
B, (2) l g, (ot} d(xt)
v o ¥
R(3) ( 9. (y)dy J 7, ()4 [ qn(y)dv
v @ .0

But yizd 3

-
| ot
by
J_Y

A
( e—yilz dy

and \/1,271“ . 3 ert (\_j}i)
) — 31 e (\—2)}

Substituting for y,

L hg(t) = 4_,{1 erf (“’\/2:)} R (17

This result has been given by Grant.!l Tables of
the error function can be found in text books on statis-
tics!2.18 and enable the response of resistance-coupled
amplifiers to be calculated approximately when the
number of stages is large.
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C.C.LR. TELEVISION DELEGATION

Representatives of fifteen countries  were in the
delegation ol the International Radio Consultative
Committee which has been studving British television.
Iheir visit was the last of a series. for they had previously
been to France, Holland and the U S AL to see the systems
used in those countries.  Various demonstrations and
visits to manufacturers were arranged and some of the
outstanding items which they saw are bricflv described
below.

There was a demonstration of projection television on
20th April at the Odeon Cinema, Penge, by Cinema-
Television td., when the B.B.C. broadcast of the Cup
Final was shown on a screen 2o ft by 1351t The projection
tube was operated at 30kV with an average beam
current of 1-2 m\ and a Schmidt optical system was used.
The highlight brightness was stated to be 7 ft-lamberts.

A direct comparison between 405-line and 625-linc
television could be made in a closed-circuit demonstra-
tion at the EM.I. works, the bandwidths used being
respectively 3 Mc/s and 5.5 Mc/s. Two cameras were used
side by side and the pictures appeared simultancously
on adjacent 13-in c.r. tubes. It was particularly interest-
ing to observe that the improvement in picture definition
with the greater number of lines was quite small. The
importance of correct * gamma ' and its effect on picture
guality were also demonstrated.

In a visit to the Marconi Company at Great Baddow.

18

cameras in the grounds and marquee produced pictures
which were shown on sets in all parts of the building
and the high sensitivity of the camera tubes was evident
by the good pictures secured in the dusk. A large number
of demonstrations of an instructive nature were also
given and included one of *spot wobble’ by Cinema
Television.

At the B.B.C. research station 4o3-linc and 625-line
pictures were shown with a 3-Mc/s bandwidth and also
with superiinposed delay and echo distortions of known
magnitude. Tt was shown that a 625-linc picture was
degraded by the limited bandwidth to a lower level
than the j05-linc and that it sutfered much more severcly
from the distortions. .\ delay distortion of only o.02
wsec, which it is hard to prevent in cable links, produced
intolerable distortion of the 625-linc¢ picture, but per-
mitted a usable 405-line picture to be obtained.

Demonstrations of the eftect of thermal noise, and
also of single-[requency interference, on a picture were
uiven at the Post Office Research Station, Dollis Hill.
\ signal/thermal-noise ratio of about 30db was shown
to be necessary completely to avoid traces of thermal
noise, but up to Godb was needed in some cascs tor
single-frequency interference. A television microwave-
relay link was shown in operation and a method of
measuring phasc-delay on cables with a remote termin-
ation was shown and explained.

\WikkELEss ENGINEER, JUNE 1950



AMPLIFIER WITH
RESISTANCE

NEGATIVE-
LOAD

Measurement of Stage Gain

By D. M. Tombs, M.Se., AM.LE.E., and M. F. McKenna. B.Se., A.C.G.L

(Department of Electrical Engincering, Imperial College of Science and Technology, London)

SUMMARY. The vain of a single-stage amplifier with a resistive load is alwavs less than 4, the
amplification factor of the valve. Whena negative-resistance element is used as load, the gain can exceed
« and, theoretically, be made to increase indefinitely as the value of the negative-resistance approaches

the difterential anode resistance of the valve.

This paper describes experimental measurements of the stage gain up to 2.5 u for a triode amplificr
loaded with a negative-resistance element. An acccunt is also aiven of the restrictions imposed on the
operation of this tvpe of ainplifier by conditions of stability and the limitation of the gain due to the sell-

capacitance of the load.

1. Iniroduclion

IG. 1(a) represents the load-line diagram of

a triode valve amplifier having a load resis-

tance R, with a quiescent or operating
point at Q) and a grid excursion between voltages
V,, and V,,. [ is the battery supply voltage.
The intercepts of the load line with the static
characteristics give projections on the anode
voltage (17,) axis, at V,, and V5. The voltage
gain is given as (Vo — V) (Ve — V) and by
inspection the output is in antiphase with the
input. The maximum stage gain attainable is
w (i.e., when the load line is horizontal) and occurs
when R;, becomes infinite. For triode amplifiers
of this kind this is never achieved in practice

i\IS_ll(;eptg(l ljy the Iiditor, Decomber71949.

QUTPUT
WAVEFORM

Ya

()

Fig. 1. Load-line diagrams (a) with positive- and (b) with negative-resistance loads.

because of the inhinite steadyv voltage drop across
the load resistance.

Voltage gains greater than u can be obtained,
however, by using a negative-resistor as load,
the load line for this case is shown in Fig. 1 (b).
For the same grid excursion, the projections of
the intercepts on the V, axis become V', and
V',, and consequently the voltage gain is the
ratio (V'ag—V'a1) (V,o—V,1), a value which ap-
proaches infinity as the load line hecomes tangen-
tial to the valve characteristic at the point Q;
i.e., when the magnitude of the negative-resis-
tance approaches the differential anode resistance
of the valve. By inspection the output is again
in antiphase with the input, although the anode
current has changed phase by 180°.

An alternative method of achieving the same

QUTPUT
WAVEFORM

(b)

The anode currents ave in

opposite phase.

WIRELESS ENGINEEK, JUNE I950

189



result, as suggested by Dowling!, is to operate
a tetrode valve on the negative slope of its I,,/V,
characteristic in conjunction with a resistive
load. If the magnitude of the load resistance
1s adjusted to a value less than, but approaching,
the differential anode resistance of the valve
at its operating point, gains greater than p are
attainable.

The object of this paper is to confirm, by ex-
periment, that stage gains greater than p can
be obtained with a triode valve amplifier when a
negative resistance is used as load, and that the
circuit is stable.

2. Theory
2.1.  Gain of Single-stage Amplifier.
The expression for the voltage amplification
of a single-stage amplifier is
AN (1)
v,+ 2 I+ 7./l
where Z is the impedance of the anode circuit,

and r, is the differential anode resistance of the
valve.

-— REGION OF INSTABILITY ——’%‘— REGION OF STABILITY ——————>»

N REGION OF INTEREST STABLE
T GAINS GREATER THAN

| o
N s
[\2p 2
| 2

Ri=r | K

\]_LIL\

i /R,
-
|
|

REGION OF NEGATIVE

, REGION OF POSITIVE
LOAD RESISTANCE A,

LOAD RESISTANCE £,

Fig. 2. Relation of normalized amplification a to

v, Ry

Introducing a4 new symbol a, the normalized
amplification and defining it as a — 4/(—p)
equation (1) may be cxpressed in the form

I
a I—f—?’a/'Z 34 e o o (2)

For increasing values of anode load impedance,
a tends to unity, and when the anode load be-
comes resistive (i.e., for Z = R;)
I
TFrgR, - .. - (3)
The curve of 4 as a function of rqo/ Ry, 1s plotted
to the right of the origin in Fig. 2.

2.2.  Simgle Stage with Negative-resistance Load
If, however, R, is made negative, say R,
then
I I
a - - ..
IFr (—R) TRy (4)
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and evidently @ can have values greater than
unity tending to infinity as R’ tends to r,.
The effect of varying the value of R’ is shown to
the left of the origin in Iig. 2.

o

ayayrs
LSS
/ /

/

EH T

Iriple intersection.

NS

Fig. 3.

2.3.  Stability.

Now R, can approach r, in two ways, from a
larger value than 7, or from a smaller. Which
of the two, if either, is stable can be readily
determined from consideration of Fig. 1(a) and
(b). Referring to Fig. 1(a), for any given grid
potential there is a single point of intersection
between the valve characteristic and the load line.
This is the single-valued solution of the Kirchhoff
equation for the anode mesh

Eiy +Ve+Vi=0 .. oE = (5)

where V, is a non-linear function of I, given by
the curve, and V7 is a linear function of I, given
bv theload line ; viz., '), = I R,

Z, Y

Elliptical excirsioin.
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In Fig. 1(b) the intersection of the load line and
the characteristic for a given grid potential is
seen to be single valued and the circuit is stable.
This condition arises when K. > r,. When,
however, the load line ig seen to have multiple
intercepts with the characteristic as in Fig. 3,
the amplifier is unstable, a condition for which
Ry These conditions apply only to
voltage-controlled negative resistors ; the reverse
is true for the current-controlled types.

2.4. Effect of Shunt Capacitance.
The inevitable presence of the shunt capacitance
of the load means that equation (2) may be wrttten
1
— . .. . 6
1 -+ 7,/ Ry, + jwCr, ()
where C is the load self-capacitance, w = 2nf

and f the frequency of the applied signal, and
equation (4) as

)/a.ﬂ, 3

a

I

o sl EO Y
For stability under static control conditions

R, must be greater than r,, and within this

limitation, the magnitude of a cannct be greater

than 1/wCr,. For this case the excursion on the

a

IMAGINARY AXIS |
& “PLANE

| —
|

|
! LOCUS OF = FOR R, VARYING

- =
|
! .
| PI_ = f?L= oo
Ve ) REAL AXIS
VALUES 0F (1472 /R.)
1 [RL -
l
REGION OF
-~ PRESENT —
INTEREST ‘

 REGION OF £, NEGATIVE, —>-<— REGION 07 /7, POSITIVE —
~—— DECREASING DECREASING —

(e)
Fig. 5.
(stage gain is proporiional to a).

load-line diagram becomes elliptic and is shown
qualitatively in Fig. 4. The expression for a
in equation (6) may be plotted on a vector
diagram giving a locus for variations of r, Ry,
and r,/R’;. This is shown in Fig. 5(a) and (b) on
the assumption that f, C, and r, are constant.
It will be seen from Fig. 5(b) that the locus of «
is a semi-circle of diameter 1/wCr,, which is the
maximum value « can have under the assumed
conditions.
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3. Experimental

3.1.

Two forms of voltage-controlled
resistors were considered :

Negative-Resistance Elements.

negative

(a) A tetrode valve operating on the negative
slope of its 1,/V, characteristic.

(b) A cathode-coupled negative-resistance cir-
cuit.

The first of these was used initially, but was
later replaced by (b). The circuit diagram of this
device, together with the current-voltage charac-
teristic at its input terminals .\, are shown in
Fig. 6(a) and (b) respectively.*

In order to obtain the requisite variation of
resistance, a calibrated resistance R was connected
across Al3, the combination providing positive
or negative values according to the relative
magnitudes of R and the negative input-resistance
of the device :

n

R-R,
RR,
R—R,

1MAGINARY AXIS

viz., Ry ohms, for K greater than R,

or Ry, ohms, for R, greater than K

|
‘ o “PLANE
| UNIT CIRCLE

~

[,
AT
\ wCr,

,,_
>
£2
s

/

/

g
/B
7

/

/ /

/S
V7

=
V4
%//
oD
z ;;;
/
7
e

\ \\ \\“
NN \1\§
WOCR N\ :\\\\\aij\ANL\§

L OSSO
T\\\\\ TN \\\\\ \
(b)

ANNAN

(a) and (b) show sespectively the vector loct of I/a and «, jor Ry, varving and an assumed shunt capaciidice
The shaded region in (b) shows (he area in which gains greater thai y 0cCiy.

where K, is the magnitude of the negative input-
resistance.

The apparatus used for the experiment on the
stage gain is shown in Fig. 7. The negative-
resistance clement was isolated from the d.c.
circuit of the amplifier by a 1.0-uF capacitor.
As K was changed to afford the desived variation
of Ry and Ry, the h.t. supply voltage was
also changed so as to cnsure operation about

* Tor a tull discussion of the behaviour of the circuit, see reference 4.
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the same point on the valve characteristic.

The gnid circuit comprised a d.c. potential
divider for biasing the amplifying valve to the
desired operating point and a calibrated attenua-
tor permitted the adjustment of the r1,000-¢/s
input signal.

+

Fig. 6. («) 11y i
circuit and (b) static iV characteristic at imput
terminals A and B.

Cathode-coupled megative-vesistanc

Measuremnents.

3.2.

The constants u and 7, of the amplifying valve
at the quiescent point were obtained from
measurements on a Miller Bridge® and were found
to be, respectively, 14.99 and 8776 ohms.

The technique employed for the measurement
of stage gain consisted of adjusting, to a constant
value on an oscilloscope, the input voltage to the
valve so as to make the amplitude of the output
voltage equal to that across the supply points
(a) and (b) of the attenuator. The gain of the
stage expressed in decibels was then read directly
from the scale of the attenuator.

The load resistance was measured on an audio-
frequency bridge operated on the same frequency
as that of the signal applied to the amplificr ;
viz., 1,000 ¢/s. To facilitate measurements of
positive and negative values of load resistance

s
T0 0SCILLOSCOPE
NEGATIVE
\I 4 100k2 RESISTANCE
b «—-o = i R ELEMENT
[ — o— 1!-
|
|
30— +
N ATTENUATOR
b o
M
\ ” N\
AUDIO SIGNAL -[a =
INPUT -

Fig. 7. Diagram of measuving equipment.
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on the same bridge, a known resistance of 1,851
ohms was placed in shunt with the load to give
a combination whose resistance value remained
positive. The load had o shunt sclf-capacitance
of the order of 0.002 wF, the susceptance of which,
at the operating frequency, was comparable
with the conductance of the load over the range
of R’ and was included in the calculations of the
performance of the amplifier.

3.3. Experimental Results.

Detailed experimental results are given in
tabular form in the Appendix and the experiniental
curve relating a and r,/R; is shown, alongside
the theoretical one, in Fig. 8.

For values of gain above 2.5u the output wave-
form became noticeably distorted and prevented
reliable results from being obtained. Smualler
input signals were used in an attempt to over-
come this, but the pick-up voltages in the grid
circuit were sufficient to make the results in-
accurate.

The eftect of the shunt self-capacitance of the
load could be neglected for values of 7o/ Ry, greater
than 2, but for smaller values, and for values of

10
k Fig. 8. Comparison
S g of calcilated and
\ w wmeasured per-
‘ n Jormance.
&
| 3
£ 6
‘ CALCULATED CURVE
EXPERIMENTAL CURVE
Bt T ——— e e
[ 2 3 4 s 6

VALUES OF 7, /R,

7o/Ry' less than unity it had to be taken into
account. The limit of a for ro/By = 1 was
determined by the self-capacitance of the load,
as previously indicated, and was approximately 9.

4. Coneclusions

The object of this paper was to confirm experi-
mentally that stage gains in excess of ux could be
obtained with a triode amplifier using a negative-
resistance load. The experimental and theore-
tical results agree within 6% for gain of 2.5;
with a closer agrecment for smaller values.
The occurrence of distortion prevented the deter-
mination of higher values of gain, but even in the
absence of distortion the sclf-capacitance of the
load would have limited the gain to approxi-
matelv gu.
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The restrictions imposed on the amplifier for
stable operation, necessitated the magnitude of
Ry’ being greater than », and il higher gains
are required, the input must diminish if distor-
tionless output is to be maintained.
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APPENDINX

Values of ) | Calcu-  Exptl.
Stage Values Values of Values of | jated | values

gain (db) R, (Q) Ry () vl Ry, values | of a

ola

6.0 2142 1,440 6.1 0.143  0.133
9.0 2142 1,878 | 4.07 0.176 | 0.1537
13.5 2150 4,010 2.185 | 0.310 | 0.31I5
16.5 2155 6,210 1,412 | 0415 0.445
19.0 2155 10,920 8.803 | 0.552  0.594
22.0 2146 24,420 ‘ 0.2098 0.769 0.839
23.5 2145 100,200 0.088 | 0.917 0.906
24.0 2142  — 576,000 .0I5 I.0I 1.055
25.0 2140 7%,500 112 | I.I12 1.186
26.0 2145 — 46.000 191 1.22 1.330
27.0 2120 27,100 .325 1.46 1.491
28.0 2120 21,670 .405 1.65 1.672
29.5 2120 13,200 — .482 1.87 1.990
30.0 2120 17,100 514 | 2.00 2.105
31.0 2120 15,710 .560  2.20 2.360

NEW BOOKS

Leittaden der Elektrotechnik. Vol. 1.
Elektrotechnik.

By MOELLER
257 illustrations.
Leipzig.

This is the fourth edition of this textbook on the
fundamentals of electrical engineering. The authors are
professors at Brunswick and Nuremberg respectively.
The foundations of the subject are laid with great care
and thoroughness ; the mathematical treatment is very
clear, and diagrams are used wherever thev can be of
anv help. In the earlier editions coloured diagrams were
used, but this is not possible under present conditions.
An interesting innovation is the numbering of the
illustrations by the page on which they appear, thus a
diagram on p. 129 in Fig 129.1; this makes it very
casv to find any given figure, but it is difficult to see
why the .1 need be added when there is only one figure
on the page, as is nearly always the case. Many of the
vector diagrams would look much neater if the Gothic
type were replaced by Roman tvpe. As an example of
the dctailed information given, there is a table on p. 19
giving not only the resistivities and conductivities of
the various metals and alloys, but also both x and B
in the formula Ry — Ry 1 -~ a(fy — 68)) + B(y — 6;)2]
in which the initial temperature 8, is taken as 20°C.
In another columun is also given the value of 7 (235 for
copper) which, if added to the Centigrade temperature,
gives an ‘ absolute’ temperature to which, over the
ordinaryv working range, the resistance is proportional.

The subjects dealt with cover electric circuits, energy
and power, thermo-clectricity, clectrolytes and cells,
magnetic and clectric fields, alternating currents includ-
ing locus diagrams and resonance, choking coils and
air-core transtormers, waveforms, and the measurement
of three-phase power. .\ new chapter has been inserted
on the calculation of single-phasc and three-phase trans-
mission lines, but unfortunatelv the index was not
corrected and the references to subscquent items are all
eight pages wrong; thus ° Schaltzeichen’ is not on
P- 342, as stated, but on p. 350.

The magnetic field is developed on modern lines ; the

Grundlagen der

AxD Worrr. I’'p. 358 X, With
B. G. Teubner Verlagsgesellschaft,
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unit pole is not mentioned, and the wmagnetic-tield
strength H is introduced as another name and svmbol
for the ampere-turns per cun.

The system of units emploved is called the practical
system, but it is not the m.k.s. syvstem, and the name of
Giorgi is not mentioned. The centimetre is maintained
as the unit of length. The units of B, H, &and ) are
1V sec/em?, rA/cm, 1V/em and 1 C/em? respectively,
but the gauss and maxwell are also employed. The
rationalized svstem is used and the permeability ol space
is given as
e = 1.256 < 1078 H/em — 1.256

1.256 G cm/A — 1.256 M/A ¢m
where G and M stand for gauss and maxwell.

An outstanding feature of the book is the great number
of numerical examples which are worked out in detail.

This is a textbook that can be unreservedly recom-
mended to either student or teacher with a knowledge
of German. G.W.0O. H.

1078 Vsec/A cm

Electronic Valves

Book 1I, Data and Circuits of Receiver and Amplifier
Valves. Pp. 409 xii. Price 21s.

Book ITI, Data and Circuits of Modern Receiver and
Amplifier Valves (1st Supplement).  Pp. 213 X.
Price 12s. 6d.

Book 1V, Application of the Electronic Valve in Radio

Receivers and Amplifiers. Pp. 416 -+ xxiv with 256
illustrations. Price 35s.
Cleaver-Hume Press Ltd., 42a, South Audley St

London, W.I.

The first book of this series, * Fundamentals of Radio
Valve Technique,” was reviewed in Wiveless Engineer for
December 1949, p. 413. The series has the general title
“ Electronic Valves,”” and is published by N. V. Philips,
Glocilampentiabrieken, Eindhoven, Holland.

Books II and IIT chiefly comprise details of the
characteristics of Philips’ valves. In the former nearly
three-quarters of the book is devoted to this and most of
the rest to examples of typical apparatus embodying the
valves. Circuit diagrams with values ot components
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and gencral technical descriptions are given. The valves
included are mainly the E. C and K series. Book III
1s stmilar but covers the more recent Ez2o0, Uzo, D2o and
U series of Philips” Valves.

Book IVisin the nature of a wireless-receiver text book
and 1s of general application. It covers the receiver from
the aerial input to the detector ; a.f. amplification is to
be treated in Book V. which has not vet appeared.
Many matters, too, which some mav consider should have
been included in Book IV, such as noise, are not treated
here but are to be covered in a future Book VI.

Book IV opens with a general discussion of the single-
tuned circuit and then goes on to deal with the properties
of coupled circuits. Amplification is then treated. first
at radio and then at intermediate frequency and in-
cluded in this section is a detailed account of aerial-
coupling mcthods.

The frequency-changer follows and, as part of it, the
oscillator is treated in great detail. A verv detailed analv-
sis is given of the operation of a squegging oscillator.
It forms one of the best published accounts of this and
ingludes a method of predicting whether or not a given
oscillator will squeg.

The determination of circuit values for superheterodyne
tracking is covered and cross modulation and modula-
tion distortion are verv fullv treated. There is also a
section on superheterodyne whistles. The detector is
well explained and the ettect of the ratio of the a.c. to
d.c. loads of a diode is covered, not only as regards
distortion but as regards the effect on the selectivity
of the preceding tuned circuit and the modulation depth
of the signal developed across it. It is too often over-
looked in text books that a low ratio of a.c./d.c. loads so
aftects the input tuned circuit that the modulation
depth of the signal developed across it is reduced and
that, in its turn, this reduces the amount of distortion
introduced in the detcector itself by the low ratio of the
loads. This is far from new, of course, but it is not always
recognized and it is refreshing to find it fully treated.
[t is shown in one example that in a particular case
the effect results in the critical modulation depth (for the
appearance of distortion) of the incoming signal being
%1% instcad of 669% onlv.

The treatment throughout is very thorough but it is
done almost centirely from the viewpoint of the designer
of broadcast receivers. Most emphasisis given to medium-
and long-waveband problems and short-wave matters
are discussed chietfly from the point of view of the de-
signer who wants to include a single s.w. band of wide
coverage in what is primarily a medinm- and long-wave
set.

There is a good deal of mathematics in the book,
although not of a very highbrow nature. The choice of
symbols is sometimes strange to British cyes and the
elaborate subscripts cmploved sometimes make the
equations unnecessarily difficult to follow. The language
too, might be improved. The book is a translation and,
although it is a good one, the reader cannot be but aware

of it.
W.T.C.

Telecommunications and Equipment in Germany during
the period 1939-1945.

British Tntelligence Objectives Sub-comimittee Surveys,
Report No. 29. Pp. 55. H.M. Stationerv Oftice, York
House, Wingsway, London, W.C.2. Trice 1s. 6d.

This is a survey of a large number of B.1.O.S., C.1.0.5,,
F.IAT. and J.LO.\. reports which are listed individually
as a bibliography. It is concerned mainly with line
telephony and telegraphy, but there are a few pages
devoted to research (mainly on materials) and about
six pages to radio, including broadcasting, wire broad-
casting and television.
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The Williamson Amplifier

By D. T. N. WiLLiamsoN.  Pp. 28 vi with 31
illustrations. Iliffe & Sons Ltd., Dorset House, Stamford
St., London, S.E.1. Price 3s. 6d. (postage 2d.).

A collection of articles on a high-quality amplifier
reprinted from Wireless World.

CORRESPONDENCE

Differential Amplifiers

Sik,—In the April issue Dr. D. H. Parnum introduces
the term ‘ transmission factor’ as an overall measure
of performance for differential amplifiers fed at the input
with a high ratio of in-phase interference/anti-phase
signal.  Perhaps ‘differential transmission factor’ is
a better term, and one not in contlict with other types
ol communication circuits ?

There is still a place for ‘discrimination ratio ' as
a design factor, for it represents the calculable degener-
ative discrimination assuming perfect balance. The
several imperfections in balance cannot be predicted
with any certainty, but thev can be compensated for
individually as Dr. Parnum has shown, and this possi-
bihty was pointed out in the passage [rom my article*
which he has quoted.

The commercial amplifier I described was designed
for the use of medical technicians, with a ‘factor of
safety,” or margin of performance, in order that the
number of adjustments be kept to a minimum. This
was done by employing degenerative circuits in prefer-
cnce to balanced circuits throughout. The literature
on sensitive and d.c. amplifiers contains verv many
interesting and ingenious balancing circuits, but few
have found any permanent place in electronic engineering
because they have been called upon to work at the limit
of their performance.

Dr. Parnum assumes that the tolerances of unbalance
will be additive, and predicts a ¢ ditfferential transmission
factor ” of 400, where I found the measured value in my
Fig. 10(a) to be at least 3,000, I think this is because
the single zero-adjusting resistance does, in fact, tend
to equalize the amplification tactors of the two valves
as well.  In the passage he quotes I should have relerred
to an ‘ecffective ’ discrimination factor of 100,000, bhut
I now prefer the new term discussed above.

Denis L. JoHnsTON,

Aldenham, Hertfordshire.

* Wareless Engineer, Aug., Sept., Oct. 1947,

SYMPOSIUM ON INFORMATION THEORY

A symposium on Information Theory is to be held in
the rooms of the Royal Society from September 20th
2gth inclusive. The programme will discuss, in par-
ticular, the recent work of Dr. C. Shannon of the Bell
Tclephone Laboratories, N.J., who will himself present
two papers, and it will be of interest to mathematicians,
physicists, physiologists and communication engineers.
Those wishing to attend are asked to write to Drof.
Willis Jackson, Electrical Enginecring Dept., Tmperial
College, London, SAV.7.

CORRECTION

An error occurred in the caption to Fig. 0 in the
paper “ Secondary Emission Valve ™ by G. Diemer and
J. L. H. Jonker iu the May issue, p. 137. The dotted-
line curves are both for the scecondarv-emission triode
under discussion and the solid-line for a difterent valve
with greater spacing between the anode and the secondary
emitter,
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