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NETWORKS

1. INTRODUCTION
In all redar circuits involving the transmission of electrical
energy, exsmination of the circuit behaviour at any stage requires the

division of the gystem into "source" and "load", as shown in Fig. 49.
if the system is linear it is conveniently described in terms of ideal

i
o—¥—o
5,0 oL
SUPPLY vef LOAD VJ =
5,0 oL, T

Fig.49.- Division of system into source and load.
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&

generators snd input and output impedances, as shown in Chap. 1, Sec .12

The voltage vy developed acroas the load, the current iy through it,
-and the phase relation betwsen them specify the loed or input impedance

zy to a sinusoidal EMF of given frequency. The source may be represented
by a generator of EMF equal to the voltage v, between the output terminals
8,8, when open-circuited, in series with the equivalent source impedanoce
2, called its output impedances Alternatively the source may be

ON, N,0—
5,0 ON, N, oL,
SUPPLY LOAD = 1
$,0 ON, N, oL, Vs

—ON2 N, O~

Pig.50. - Network interposed between source and load.

represented by a generator of current i equal to the current through
the short=circuited output terminals, in perallel with its output
impedanoe z5 (or output admittance yg = 1

Zg

An element in the chain between source and load may usually be
represented as a four-terminel network (Fig, 50). Such a network may
contein linear or non-linesr
elements, e.g. transmission
lines, valve amplifiers, etc.

For simplicity, only those

networks will be comsidered =
in eny deteil which do not 2| <
contein sources of RMF and

which are formed of resist-

ive (R), inductive (L) and

capacitive (C) elements. Pig.51.- Be

51, presentation of 4-
For one-way transmission of terminal network for one-way
energy, from source to load, transmission.

such a network may be
reprezsented by a potential divider
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Chaps 3, Sectel

followed by an ideal 1:1 transformer, (PFig. 51); whilst if two- way
transmission id to be considered the fowr-terminal network may be re-
presented by either a T-section or a T -section followed by an ideal 1l:1
transformer, as shown in Fig. 52.

OR

Pig.52,~ Representation of a 4<terminal network.

The input end output conditions so far dsscribed have lgnored
any connections between source and load except through the network. In
practice, the relations between the potentials at the input terwminals and
of neighbouring conductors ("esrth®) are important, and must correspond to
the relations between the potentials at the output terminsls and “earth",
In general, this is equivalent to adding extra terminals to the network,

as shown in Fig. 53(a). Two cases are commanly sncountered :-
o}— —to g
&4]1-% *“’1 T\ro

O
O- -Ill*TvognQ—
O — O~ -+ O

@ (b) «©)
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Pig.53.~ Effect of earth: balanoced and unbalanoed networks,

(1) Balanced networks: in these, the potentials at the input
and output terminals are symmetrically disposed with
reference to earth (Pig. 53(b))

(11) Unbalanced networks: in these, ome each of the input and
output terminals is earthed (Fig. 53(o)).

The properties of balanced networks cem readily be derived frem
those of unbalanced networks, and only the latter will be considered in
subsequent paragraphs. For example, the fundsmental properties (ie.
Characteristic Impedance, Propagation Constant, etc. as deduced in Sect.3)
of the balanced H-network of Fig, 5, are the same as those of the T-network
of Figs55(a) provided thet the total shunt impedance z, and the total
series impedance z; are the same for the two networks, as indicated,

Q) by

{3} (b)

Fig.54, -Balanced and unbalanced Pig.55.- Symmetrical T- and T-
networks, 98 networks,



Chap. 3, Sect.1,2

Analysis snd design are very much simplified if the network
can be made symmetrical., This mesns that if the network is reversed, and
its “output terminals" connected to the souroe and its “input terminals®
connected to the load its properties remain the seme, whatever the nature
of the source or loades The advantage is partiowlarly msrked in the case
of iterative networks of the types shown in Pig. 56. If many.sections
are used, with a particular termination, the behaviour ef the network as
a whole can be described in terms of the change of phase and attenuation
due to each sectiom, irrespective of whether the network ias split wp
into T- or 71 =-sections, symmetrical or unsymmetrical, The type thet is
most simply described, namely the symmetrical sectiem, is thus the most
useful to consider and is of sufficiently gemeral spplication. An
wnsymmetrical network can always be considered as a symmetrical ome with
sn extra series or shunt camponent added at the input or output terminals,
or both, Symmetricel T- andf{ -sections are illustrated im Fig. 55.

Pig.56.- Iterative networks.

Some of the properties of wnbelenced symmetrical networks will
be considered in subsequent sections; omly the simplest types will be
deslt with in any detall,

2, MEASUREMENT OF INPUT ARD OUTPUT IMPREDANCES

In the circuit of Pig. 49(a) the input impedsnce of the load
may be determined by direct measurement of the magnitudes of vy and i,
snd their phase relaticmship, Theoretiocally, the output impedance of
the source is determined by measuring the input impedance between 5; and
S, with the gemerator suppressed (i.e., prevented from generrting dut
thout change of its imternal impedance.) The remainder of the
circuit must be wmaltered. From a practical peint of view this
experiment is one which cannot be performed in the majority of cases:
if, through any caise, the actusl génerator ceases to generate, its
internsl impedsneoe is almost '
inevitably altered by this Rs
chenge in the physical conditicns.
A method which is capable of
practical application will now be
desoribed. vsf

capacitive. A wariable load is

connected as shown in Fig. 57, Xy Pig. 57.-Circuit for meas-
in this case being the resctance uring generator wvoltage and
of a variable inductance. As the impedance.

load inductance is varied the
magnituds of the alternating voltage
v developed across the load
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Chap. 3, Sect. 2,3

resistance will very, and will reach & maximum value when the inductive

reactance Xy = w Lyof the load exactly nullifies the capacitive react-

ance = 1 of the source, A similar method is applicable if the
W Cs

output impedance is imductive,

The resistive component of the output impedance may then be

detemined by varying the load resistence; and comparing the voltage Yr
developed across it with the current ip through it. This variation is

shown in Fig. 58. The 1L-C
cambinetion mey be considered
as a short-circuit as far as
vR and ip are concerned, When
sufficient pointe on the graph
bave been obtained, ’;’ and 3,

and heace Rg, may be determined
fram the intercepts on the axes,
since Ry = Gs

is

Alternatively, the
method shown in Pig. 59 may be
employed, & similar graph being
derived (Pig, €0). It should
be noted that i, vg, Gz , B

mmtmmea-'j-n,vnglgl_
Re Xy

(See Chap.1, Sec.17)

Practical difficulties
arise because, where the
generator is an inherent part
of the source, changes in load
affect its frequency as well as
its output voltage and impedance.
To reduce these effects to
negligible magnitudes, the changes
in load impedance should be made
very small compared with the
total impedance of the circuit.

3, SYMMETRICAL T-SECTIONS AND
=SECTIONS

Whatever the actual
arrangements of the elements
forming sn unbalanced foure
terminal network, it is
convenient to describe the
behaviour of the network in terms
of the equivalent T« or Il -net-
work of Fig, 55.

100

Pig.58.=~ Determination of out-
put resistance and oppn-circuit
voltage.

Fig.59. = Circuit for measuring
genarator current and admittance.

Ve

G‘S

Fig.60.- Determination of output
oco.aductance and short-circuit
current,



Chap 3, Secte3

The input impedance z_ of a symmetrical T-network depends on
the manner of its termination z, sccording to the formula :-

RS P 2 (G + %)
2+3 o+,
2

(Pig.€1(a))

It is not always desirable
to work in terms of 2y and 2,, and

three other impedancesare frequently
uged:—

(1) ciroult impedance: #ig.61. - Input impedance of
T-network for various stand-
ard terminations,

2.'00’. with the output terminals opem~-circuited,

tZe B T2 (Pig Qb))

(i1) Short-circuit impedance :
B,o With the output terminals short-circuited,
Zse= ;_1_ + B2z
= (Pig. 61(c))
% 4k
(iii) Characteristic impe dance:

wZys this is a particular impedsnce such that
when the network is terminated in .z, its input impedance

is.rz.o
B A
T 7 (Pig. 61(a))
524-_;,1_ + o2

This equation for pz, reduces to g7 = *om sy, n?2
L

The ambiguity of the — sign is important in the case of reactive
impedances, snd must be resolved by further consideration of the particular
odrmit.
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Chap 3, Sect.3,4
‘IT =network

Corresponding expressions
for the TU -network of Fig. 62 are :-
(i) Opmmuit .-th sssses
2,72 W
2 * 2
72
- +
2 1
(ii) Shortecircuit admittance ....

yec = 32_2 +7

yoo =

(iii) Characteristic admittence ...
11'.70=:s/ hik 3’2"'3"5 Fig.62,~ Input iwpedancss of
I

w-network for various stand-
ard terminations,

General
Results frequently useful are i= _
% =/ Tsc 2o, ° both for T- and T -networks; and
1% , % = AL . 22, where Z1 and %2 sre the same for both
networks.

Propagetion constant

When the network i's_ temminated in its characteristic impedance,
the ratio between input and output voltages and currents is the same,
This ratio is expressed

iz = fg=a"' where ¥  is called the Propagation

i > Ve Constant of the network,

In general, ¥ possdsses real end imaginary parts, and is equal
to &« + JB , where & corresponds to the attenuation, snd f3 the phase-
shift introduced by the properly terminated sectiom.

The magnitude of £ will be denoted by k, 80 that & = logg ke

IfmbeshomthatfbramfmctﬂmlT-orﬂ ~network,
¥ satisfies the relation

Er*e—a' = 2+ 5
%2

o MATCHING

Consider a transmission system divided inte souroe and loed as
in Fige 49. For a given source the load may be designed to satisfy ome
of many requirements. The three principel requirements are i~

(1) Maximm current supplied to the load;
(ii) Maximum voltage applied to the load;

(ii1) Maximum power transferred to the load.
In transmission lines snd waveguides a further requirenent is
the avoidance of reflections and stending waves; this will be dealt with

in the appropriate cheapters. The load impedances which satisfy the three
principel requirements for linear networks are, respectively :=
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Chap 3. Sect.l
1) Ry =0,Xy = =Xg;
(1) Gp=o,B = -B.; (i,e. By =o, Xy =~_§£,i )
. - B

(111) By = Ry Xp = =l,; or alternatively, Gp = Gg, By = ~Bge

When the conditions (1ii) are satisified, the loed and source
impedances are said to Pe omjugate, and the load is said to be matched to
the source, and vioce versa,

For nop-linear networks other criteria must be employed. The
power delivered to the load, for instance, may be plotted agsinst the load
resistance, and a series of curves obtained for different values of load
reactance, The optimum velues of R/ and X/ are obtained s shown in
Fig. 63. ~Where the regulation of the source with changes in losading is
an important consideration, it may be desirable not to choose the load
input impedsnoe for maximum power, but to teke the stability into account
(E.g. Chap, 8 Seoc. 40).

POWER OPTIMUM Rg& X,

If source and load are not OUTPUT AT THIS POINT
varisble, and the idesal matching J 1o
conditions not realised, a matching 2
section may be inserted in the line N
between sowrce and load, Ideally, / \

this will consist of resctiveaclements,
designed to provide maximum power
transfer from source to leoad with-

out itself ab rbing emsrgy. (Since
the input impedsnce of the load is

fixed, the conditions for maximum =Ry
power alsc ensure that both maximum

voltage and current are delivered ~ Pig,63.- Method of determin—
to the load). The output impedance of ing correct matohing ocondit-
the network, fed by the source, will ions when system is not

be the conjugate of g2 s whilst linear.

the input impedsnce of the network,
temi.nsted in s, , will be the

te of 3., u indioated in
Pig. In gemeral it will not
be possible to satisfy these
conditions exactly except at one or
two frequencies, altheugh approximate
matching may be obteined over a

band of fregquencies. -0 o
For resistive impedances at () Z—| ‘WSAS [

audio frequencies an iron-cored’

transformer is a sultable matching -0 o

device, .This has the advantage - =
that its matching properties for g, Zg:2p. 1 fa)mc CONJUGATE mpemnciz)

independent of frequenqgy, and Pig.64, - Use ohi
depend only on the ratio of R to e uat.:il:“

R¢ . For use at higher !‘requanod.en '

various types of matching sections

are used, all suffering more or

less from the disadvantage of being

sensitive to frequency changese Some of thege are described in Chaps,
L and 5, -

5. GAIN AND L0SS

In genersl the network of Fig, 50 will involve either smplifi-
cation or attenuation of the input voltage, current and power., If the
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Chap 3, Sect. 5,6

mngutude of thc sinusoidal input voltage is vi and of the output voltage
vo, then vo/ vy is the voltage smplification of the network. Similerly

:.'. P
-ggi and. i;:- are the current and power amplifications.

It is customary to define quantities lnown as "Gains and Losses"
in terms of the logarithms of these ratios.

Power ratio The Power Gain is defined as

P
= logl __g bels

Py

Voltage ratio
The Voltage Gain is defined as

N

k'S
;
Vi

& = log nepers

Current ratio The Current Gain ie defined as gj = legf_figffi napars.

Other terms are also used, Thus, voltage and current gains axe
camonly quoted in decibels. The

spproprieste definitions are :-
A

v
20 lo, o  decibela
& = £10 5

i

|

20  decibels Pig.65.~ Iterative networks.
i

These definitions imply thet if the input and losd impedances are identical
the voltage, current and power geins give the same mumerical wvalue in
decibels,

Similarly the powsr gain may be quoted in nepers, in which case
F,
o

g = 20 logg

[

gp=7% 1038 nepers

These equivalences can be gwma:rised by the statements
1 neper = 8+69 decibels
or 1 decibel = 0°1l5 nepers,
Where attenuation instead of amplification occurs the corresponding formula
for the decibel or neper loss may be obtained from the above by inter-
changing the subscripts i and o. A
V.
e.g. the voltage loss is 20 logip ;?ki Gecibels
o
6. ITERATIVE SECTIONS

Four-terminal networks are frequently used in Cascade (or Tandem)
to form a Line. Such a line is shown in Fig, 65 and may be called an
Artificial Line, as distinct from & uniform trsnsmission line which it
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Chap 3, Secte6

may be desired to simulate, It mey be considered as sn iterative

sequence of either T- or JU -sectlons, according to the mode of termination,
a8 illustrated in Fig, 66. In the mechanical construction of the complete
network no distinction is made between T- and T( -sections except at the
output and input términela, Since it is usuel to match the input to the
source by a matching section, it is convenient to consider the output
termination only asdeterminirgthe manner in which the line is divided into
i‘!:s constituent networks for purposes of analysis. Thus the network of
Fige 67(a) may be split into two parts, as in Fig.67(b), the iterative
portion terminated in its characteristic impedance 4z,, and the non-
iterative portion at the input, each part being considered separately.

Yo ————m O —

1

(b}

Pig.66.~ Dividing an iterative Fig,67.~ Dissection of network for
network into symmetrical T- and purposes of analysisa,
TC-sections.

If an ertificial line is terminated in its characteristic
impedance appropriate to the mode of division, it exhibits the -input
properties of an infinite artificial line, since any mumber of sections
may be inserted between the output terminals and the load without inter-
fering with the input conditions. It follows that although the cheracter-
istic impedance depends on the mode of termination and division, the
propagation constant of a single seotion is the same provided the
artificial line is properly terminated. For example, in the network of
Fig. 68 the attenuation end phass shift per section are characteristic of
the infinite artificisl line (b) and ere therefore the same for the
iterative T-netwark of (a) as for the equivalent  -network of (d).

( The Sign = used in this snd other diagrams signifies that
corresponding voltage and currents in the wverious networks
are the same )

Pig.68.- Alternative representations of a properly matched iterative network,
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Chap. 3, Sect.7

Iterative networks are commonly used as attenuators, filters or
delay netwcrks, and the particular properties of these will be described
in subsequent sections.

7+ ATTENUATORS

An attenuator is required to yield without distortion at its
output terminals a predetermined fraction of the input power or voltage.

For an ideal attenuator ¥ , the propagation constant,is real,
so that (= O (See Sec. 3),also the characteristic impedance 1s inde-
pendent of frequency. To meet the requirements with the symmetricel
networks described above, and 2z, must be the same kind of impedance
(i.e. the phase angles mu.s:lbe the same), and should be chosen to suit the
load, Since the load is normally resistive, 2z, and Z, are usually
resistances, and, particularly when the pttenun%osr is used for high
frequency measurements, special care must be taken to avoid stray react-
ance. Under certain circumstances, such as for attenuating a large
alternating voltage to apply to the deflector plates of a CRT a capacitive
attenuator may be used; whilst for monitoring RF weveforms without
extraocting power, inductive attenuators may be preferavle, Only the
resistive type will be considered here; the formulae for these are given
below, The corresponding formulae for the cases where z) "and 29 are pure
reactances of like kind may be obtained by substituting X for R through-
out,

+ Properties of a symmetrical resistive attenuator network

For a network of given type, determined by R; and R, and
divided into symmetricsl sections as showmn in Fig. 69,

L

> >

< 2R < 2R,
> ey > =
< < ‘HRE

T - SECTICN T-SECT.ON

Pig.69. - Katched attenuators.

TRO = ./% R2 + 312 ’ -ngD = /Gle' + E.ga
L 4
P 1
(Note.ﬂG-o fRo » Gl = Ri_
and G, :1%_ )
2
end TRo * ')'(Ro“Rl‘R2

Putting (B = 0 in the formula for ¥ given in Sec. 3, and writing
E¥= €% =1 , we have
: R
k + %z 2 + %‘
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Chap. 3, ‘Sects 7

The following useful formulae may be deduoced :-
k= 314%30 = $5+2ﬂg 3

SEE R CTh
Rluz.:-:l..rﬂo and 3.2- i_zf_l_ TRO;
Bt Ef am ma m slikel. qw

These formulase enable R, or qr B and k to be determined from
Ry and R, or vice versa.

The attenuation in db per sectiom is 20 logip k.

Exsmples

(1) Construct & T- section attentator to provide 14 db loss per
section and to match to a 2000 olms line,

We have 20log; k = lk.
Hence kK == 5
Also pfo = 2000

PP

n2.% 2000

Henoe Ry

== 2670 ohms

AlsoR, = 2k
2= AL pHo

= 10 2000
2L
== 830 ohms

Hence each section is formed of two series resistanoces, each 1335 olms and
a shunt resistance 830 olms.

(2) A T =-seotion attenuator has shunt resistances LO00 ohms and series
resistance 1000 olms. To find the characteristic resistsnce and db loss
per section.

We have By 1000 &. Ry =2000 f.

V1.%+ (32 1 millinhos,

/? millimhos,

i.ee R, =4 kohms
3
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Chep 3, Sect.8,9

5-? 1330 chms .

Alsok+ 1 = 2 + R
% Rz

= 2 + 1

2

Hence k = 2 end the db, loss per section is 6.

FILTERS

8. Ideal Requirements

The ideal requirements for a filter network are illustrated in
Fige 70, The frequency spectrum is divided into pass bands and attenua-
tion bands, In the former, no attenuation is demired, and any uwnavoid -
sble phage shift should be proportiomal to frequency. Outside the pass
bands there should be infinite attenuation of signels at all frequemcies,

PHASE SHIFT
..
£

%—E—mmnrrmt
1 TO FREQUENCY

f

]
1
1
]
9 i
ATTENUATION

S5 cyr-ore
54 f9.1 | FREQUENCIES

> f

o
HARACTERISTIC t
IMPEDAKCE i 1

' 1

]

-
f

o]

Pig.70, - Ideal charasteristics for a filter.

Since the load is normelly resistive, the characteristio imped-
ance in the pass band should be a resistance of constant value,

In practice it is impossible to make the phase shift proportional
to frequency over the whole of the pass band, and the transition from pass
band to attenuation band at the Cut-Off Frequency, as the bordering
frequency is called, involves a more or less gradual increase in attenua-
tion as the frequency recedes fram its cut-off value,

9. Simple High-Pass and L c

Low-Pasg Filters o--.\_g_q_Q,Ig_o_a_I_m,I-o o-- -0
In the ideal c L
networks about to be I | ]
desoribed it is assumed o--- - Q=== -0

that reactive elements (a) ' (b)

are devoid of resistance.
Phe results obt 4 ¥a Fig.71.- Simple filter networks.
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practice agree aluul;y with those derived from this assumption provided
high-Q components are used.

L L L
i oo
@ () ©) (@

Pig.72. - Symmetrical T-section and Tf-section filter networks,

To provide frequency discrimination without attenuation, both
capacitive and inductive reactances must be used, The simplest, or
prototype, filters are shown in Fig, 71, and the symmetrical T- and U
-section ssrangements in Pig, 72, For certain filter applications the
resistance-capacitance networks of Fig. 73 may be used, In these the usunl
object is to make the capacitive impedances sufficiently low compered
with the resistance, at
all frequencies likely to
be present. a €

o--- < O~- -
(a)

10. Simple Low-Pass Filter
Formed of Purely

Reactive Elements Pig.73.= R-C filters,

Pig. 7h(a)
represents an iterative
network of any mmber of
identiocal sections formed
of perfect coils and
condensers; the network
is properly terminated so
thet, at the input
terminals PO, it looks like
an infinite line.

The letters Q,
S, U, denote the meshes
of the networks, and the
currents, iq, 15 etc.the

corcesponding serdes
currents. vq and 'S eto.

are the voltages developed
across the series

impedances.

The subsaript m
denotes the electrical
centre of & series reactance
(eege Qq is the electrical

m dgf FR) or the space Fig.74.~ Alternative representations of
vides a shunt sus- & properly matched iterative
oeptance into two equal 109 network,




Chap, 3; Sects 10

susceptances (e.g. Ry divides wC into two susceptances each wC )
2
The sign —— implies that those portions of the vardious figures

which are similarly lettered carry identical currentz and voltages.

In the asscciated diagrams of Figs. 75 - 77 OP, OR eto.
denote the voltages between the corresponding points of Fige 74, whilst
0Q, 0S etc. denote the currents in the corresponding branches.

As shown in Section 6, the phuse-shift, (3 radians, and attenua-
tion constent k, for each section, are independent of the manner in
wihich the ne‘work is divided into T= or TI{ = secticna. To consider the
properties of the symmetrical T- network of this type of filter, the line
is divided at the middle of one of the series inductances, as shown in
Pig. 74(b), where the inductance L between P and R is bisected at Qp
For a symmetrical T{-section each of the shunt capacitances is split into
two equal parte as shown in Pig. 74(d), so that the line appears as in
Fig. 74(e). For either method of division there is no change in sny of
the voltages or currents to the right of the chosen input terminals,

The properties of the low-pass filter will be derived by
considering the gecmetry of the vector diagrams. The data upon which
theye diegrams sre based sre :-

fi} The phase shift (3 redians per section;
is€o, Vg lugs Q¢ Vp lags v, vy
lags vg etc,, 81l by 4 radians.
(i1) fThe sttenusilon k per sectlon; 3d.¢.,
" A ~ A "~ ~
'vi’. = :I_{_ = esa.tas =fﬂ-:§ sssran =& = _1§..etc
A

~ ~ A n
R ip s Vg ig

where QP » otcs, are the amplitudes of the altermating voltages
and currents.
(44i) The voltage vector leads the current vector by N radians

for an inductance, and lags by N radians for a capacite
ance. -2.—

k=

5-)

There are two types of vector diagram oconsistent with these
relationships, relating to the pass band and attenvation band respectively.

Pig,75.~ Veotor diagram,
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Chap. 3, Sect. 10

Pass Band

The relationships (i) and (iii) above are plausibly
illustrated in the vector diagrams of Fig, 75. It will now be
shown that (ii) implies that

OP = OR = OF, etc and 0Q = OS5 = QU, etc.

Since FR is perpendicular to 0Q (voltage snd current vectors
for coil PR) and RO is perpendicular to QS (voltage and current vectors
for condenser RO).

(R0 =[5Q0,

Hence the tiriangles PRO, SQO0 and, similarly, all the other triangles, sre
equiangular, so that their corresponding sides are proportional.

Therefore
R = 50
R O
A
ibE. VP = §9 ---------- ] seen e o-.--..--u(")
Y 3]
% .4 (55
But P = = QC = k from (ii)
?R ;1‘1 50

hence §%=SO; i.e, S0 =Q0 and k = 1
) -

henge there is no sttenuation in the pass band.

Pig. 76 showa the true vector dhgrm supsrimposed, with these
relationships satisfied,

Referring to this figure

m{ﬂ_gﬁui‘%, “;‘3?;

2 ~ ~

ia R Y
Q A
but =wL, and = 1 ;
ik ,ﬁ o3

iQ
hence sin B/, = - -
oe P /wim /:_%2_' Tf"c’
where W = 2% fand W, = 20 £, -/Es

(which will later be known as the cut=off frequency)

S
il.e. rc ‘)‘(/TC—

It follows that, as drawm, the vector diasgram is valid far only
om value of f;, and that similar diagrems can be drawn only for values of
f £ f,, since ain% cannot be greater than L

111



Chape 3, Sect. 10
fo is called the Cut-Off Frequenc..

e}
T
|
!

o
I
|
|
|

e | [t - :-—-—-‘\tﬂ- ----- ——
E ¥ G - I R
---——-——-——n—-—-—'\%——-— i e e e —
! I
L |
BRLE
w1
| |
L 5 ¥
Pig.76.- Pass-band vector Giagram Fig.7].- Attennation band vector
for low-pass filter. disgram for a low~pass
filter,

Characteristic dance

The T ~-section characteristic impedance is the ratio of the
potential difference,between Q; and O to the current i, (Fig. 74(c)).

This is the ratio Qu0  (Fig. 76).
o)

Thus T%0 = Q0 = KO

0

-

QO
u(bs@
2

A*)lg’ BE

But, in the triangles FPRO, Q30,
A

R AV

5

Hence n% = /L oos B8

[ 2
Also Q0 and QO are collinsar, showing that the impedance is purely resistive.
(Similarly, from Rm0 and RO, corre to the Y~ division of Fig. 7i(e),

it may be shown that q% a / L sec , and is purely resistive),
[¢] 2 ’

Attenustion Band

At frequencies higher than the cut-off frequency, the phase-shif't
@ remsins at its cut-off valus, W radians per section. The vector
diagrams collapse into single lines, as shown in Pig. 77, so that equation
(1) in the analysis of the pass band no longer holds. All the currents
are in quedrature with the corresponding voltages, and the characterdstio
impedance for the T- section is an inductive reactance.
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Attenuation per section
Referring to Fig. 77

A A A N
in = iq + 13 = (k + 1) is;
A

N A
vq = ?P -+ .an = (k + 1) m oo.....t.o-.al....‘(z)

Hence
A

AN
Vg = (k+1) R

M
(k+1) ig ip
: ¢
i.e. k VS - (k'l' 1] B
(k + 1) T5 2 :
R
Therefore kwl = k+ 1. i,e, ‘kil!zauzw = LW 2
k+1 we k mic
Hence k+1 = 2w
vk <]
or ,/F. + _J. = 2f
JE fo

From this it may be deduced that the attenustion per section is given by:-

£

VR ":?o* (;_)2-1_

(The propagation constent, § , is @+ J@ svhere B =N ad = loggh
nepers per section).

Characteristio Impedance
In the attenuatlion band

™0 = Qw0
Q

K
PN

23
A
= VR

= ?ﬂ_ﬁi:_&)_ cerstscessssscsssaces fram (2) above
(x+1) 2g

WL | (k-1

2 k+1

== WL for k large;
2

i.e. for £ >>1‘° -

i13

[ =]

-1

N
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Thias gives the megnitude of the characteristio impedance,

The above results may be obtained more resdily by the use of the
theory of complex numbers, applied to the formulae given in Sectlon 3.

11, & cal R
T-Section

sentation of

For a network comtain-
ing the ideal components of
Fig. 74(a) the characteristic
impedance and attenuation vary
with frequency as shown in
obtained from the formulae
derived above,

It is common practioe
to draw the Loss-Freguency
curve, instead of the
attenuation frequency curve.
The loss may be plotted on an
inverted axis;, as shown in
Fig. 78(c), ard is 20 logjg k
decibels per ssciion.

Effect of inocorrect terminatian

It is not generall;
possible to terminate such a
network by its characteristic
impedance &t &ll fregusmoiea,
becanse of the incomvenient
form of the variatioms which
occur in this gquanti’y with
changes of frequency. In
practice, the rimplest com=
promise availsble iz to make
the load & resistance of
value ﬁ « The filter is

c

then properly terminated at
gero frequenoy, and the effect
of incorreoct terwmination is
not pronounced until cut-off
frequenoy is sapproached,
perticularly if the output
impedance of the source is
also a resistsnce of value

s of a 8 e Low-Pass ter

1o | 9
]
' I
|
20 e TR —
PURELY | ,'/’, PURELY REACTIVE
! .
T RESSTIVE L7 ¢ (poTTED cuRvE GIVES
c) ,’} /' THE REACTANCE WHICH
I

L IS INDUCTIVE )
|1
I

o fc
(a)

y

————

ik

>
e
-

db
LCsS
(€)

Fig.78.- Charactaristic propertiss of

a low-pass filter (T-sestion).

L . The efféct is illustrated in Fig. 79, where the loss-frequency
C ;

cheracteristic is plotted for a single T-network terminated in / L.
o]

The input impedance is not purely resistive except at zero frequenscy, and

some loss (3 dbe at f,) is introduced into
cade, terminated in '5’ or if a matching

sections are used in das

s band, If several
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section is inserted between the T-network and the load, the loss~frequency
characteristic for each section will lie generally between the two curves

of Fig. 7%
o . - f
!\ === L0SS DUE TO SINGLE
h SECTION PROPERLY
o \ TERMINATED AT ALL
\ FREQUENCIES
%\ — LOSS DUE TO SAME
\ SINGLE s:crroa; F
20 pJ TERMINATED INR=
. =
Ry
\\
‘\
30 R
407 \"“-»
LOSS
INdb
Fig.79.- Loss for single low-

pass filter sec
terminated in
all frequencies.

c&‘t

nlo

-2
PURELY
RESISTIVE

|
I
|
1
|
I
I

] Z. PURELY _ .
pee =700 pEACTIVE

1 (DOTTED CURVE GIVES

! THE REACTANCE,WHICH

l IS CAPACITIVE}
Ifc -------

s

s
!

]
|
]
|
i
[
[
'
|
i
1
|

]

!
I
1
|

Fig.80.~ Characteristic impedance

of a low-pass filter,

12. Properties of Simple Low-Pass Filter T -sections

The attenuation due to a filter formed of
same as for the corresponding T-section network, as described in Sec, 6.
The principal difference between the two types lies in their character-
istic impedances, that of the N -section becoming infinite at the cut~
off frequency, snd becoming a capasitive reactance in the attenuation

band (Figs 80).

fe

R -sections is the

{a)

2o

1

i 1Zg 2o
PURELY "1+ PURELY RESKTIVE
REACTIVE

[llm

o)

]

I

]

]

]

]
\T

s
\\\
S
A

-

I
[l
s
L

[
r
H
| (b}
1
1
]

nilo

et

nle

RELV )|
REACTIVES |

| .

(<)

Pig.81.- Loss and characteristic impedance curves for a simple

high~pass filter,
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Chap. 3, Sects13,14

The two charescteristic impedances are related by the formula

2% M% =7-%

13« Eryerties of Simple High-Pess, Band-Pass and Bend-stop Filters

The loss curves and characteristic impedances of the simple
high-pass filters of Fig,72(c) and (d) are shown in Fig. 81

s band~pass filter may
be formed of a high-pass and a
low-pass filter in cascade,
Idealised loss curves for
such a filter are shown in
Pig. 82, but these are not
attainable in practice due to
unavoidable resistive losses and
also to the impossibility of
terminating botb filters
correctly at all frequencies
within the pass band,

Similarly a bande~stop
filter may be formed by bridging
& high-pass and low-pass
filter, as shown in Fig. 83,

The types of band~-pass
and band-stop filters commonly
met with "in radio receivers are
simpler in that they involve
fewer components then are
required by the bridge or cas-
cade cormedtions Just described,
but the analysis and design are
more complicated and the
attenuation-frequency character-
isties are usually much inferior
to the ideslised curves of
Figs. 82 and 83. For RF and IF
circuits of a radio receiver
such filters are generally made
adjustable, and the final
sizes of components chosen
aapiricallyo

l4e Qther Types of Filters

Networks more
complicated than those
described above are frequently
used as filters. Some
arrangements are shown in
Figs. 84 to 87, with ideal
attenuation cheracteristics.
These are examples of
*mederived" sections, and

FOR LOW-PASS

(FOR HIGH-PASS {
fc FILTER] _ ¢

FILTER) fo

el
b3
[
1

I
]
b
i
b
]

i
[fo(an Pass) <f.(LOW PASS)]

LOSsS

Loss for bend-pass filter
formed by high-pass and
low-pass filters in
casgcade,

318032. -

(b)

LOSS

Fig.83,~ Band-stop filter formed by

bridging high-pass and low-
pass filter,

reference should be mede %o more advanced texts for a discussion of
their properties. The provision of a parallel enti-resonant circuit
in the series arm, or a series resonant circuit in the shunt arm
introduces infinite attenuation at the resonant frequency of the tumed

circuit.
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Chep. 3, Sects 14,315

FREGUENCY
OF INFINITE

o ATTENUATION fc f
T

(a) !

tb)

Fig.84. - High-pass m-derived N-section filter,

In practiocs, resistive losses modify the idealised curves,
introducing a certain smownt of attenustion in the pass~band, and generally
decreasing the sharpnesa of the distinction between pass and attenuation
bands, High-Q circuits and components are required if the ideal curves
are to be approached closely; for this reason pieso-electric ¢rystals
are frequently used in place of tuned circuits in band-stop and band-pass
filters, but the use of these is limited by their very nasrrow tuning range.

FREQUENCY
OF INFINITE
A ‘ATTENUATION
o — - f
|
© T -0 :
(a)
| | (b)
LOSS

Fig.85.- Low-pass m-derived T-seotion filter,

i5. Delay Networks

It is shown in Chap. 4. Sec. 6 how the change of phase produced
in e transmission line depends on the time teken for an electromasgnetic
wave to pass slong the line, The ssme is true for an artificisl line
or Delay Network, If this time of transit 1s T, then the phase angls §.
bywhiohtheou&p\tthg:themp\w,ismeotodwith'rmdf,tha
frequency, by the relation

g = owee
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CUT-OFF

Arnzoumcms
o

FREQUENCIES
CF INFINITE
ATTENUATION

I
|
1
|
|
I
I
|
|

|
1
f
!

(a) (b)
Fig, 86. - Band-pass m-derived T-section filter.

For a simple low=pass network of n aeciions propsrly terminated,
the time of transit for a wave of frequengy £<< £, may be taken as

= B8 ;
T= E%f_f 2R f ° ﬂared.n% =r£ = Ifﬁ—.
a o.

Henoe, for f <<f0,mmg S %,

T = n « 2T ¢ JLC
2w ¢t

= n ‘/ LG, (This result is independent of £, provided

f((fc.)

For higher values of £ (but still within the pass-band), the
value of T increases, until at £ = £, the time of transit isT = n .
: 2??7‘0

= B = B . AT The verlation of  and T with frequency
c

r]CIJT -OFF FREQUENCIES

FREQUENCIES
OF INFINITE
AT TENUATION
o 1 1

o o]

(a)

e e o o . e e Al

e i it sl £ i a2

LOSS

Fig.87.- Band-stop m-derived T —section filter.

is 1llustrated in Fig, 88.
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Chap. 3, Sect. 15,16

This increase in A
time-delsy with rising
frequency causes distortion
of non-sinuesoidal waves,

s

FoRrf<f. FoRf =fe

this distortion being pe2sn’ (L) =7
superimposed on that due !

to the attenuation of : f
components whose frequency e fe

is higher than the cut=- (@

off frequency. Where T
such a network is used to
delay a rectangular pulse
the cut~off frequency

should be high compared n
withl,where!lfpisthe
T

LXTE]
EH‘ET?I
\:

]

]

1

|

]

pulse 'gidth. This
determines the maximum °
permissible value of / LC , (b)
80 that the number of

sections necessary may be
determined from the formula:=-

- f

T Fig.88.= Variation of phase shift and
n = ﬁ s T being the delay time with frequency.

total delay required.
The actual vslues of L snd C needed are determined from the

chosen cut-off frequency and the value Ry of the resistive termination
of the network. Thus :-—

£, = 1 malyg/g',

nJ/ic
whence C = 1 i fareds, snd L = 2/ henries,
£ R, nE,

Ry being measured in obms and £, in o/s.

It is shown in Chap. 4, Sec, 12 that a length of transmission
line msy be used to produce nerrow, rectangular pulses. The sdvantage
of using a uniform csble for such purposes is that it passes all
waveforms without distortion. As described in Chap. 4, the pulse is
produced by a wave travelling to the end of the cable and back agein, so
that the csble delay time must be half the desired pulse width.

. An artificial line formed of from two to eight low—pass filter
sections may be used in place of the cable, with considerable saving of
both space and weight.

Since T = £ T_, the des:.gp requirements for the network given in
Sec, 15 include the a

1.
> and T = v LG

/oo L z% o

s0 that 1 >>

1
" /Ic 2n /iC




Chap. 3, Sect. 16

or n>>1§_ .

For values of n greater than 6, or theresbouts, the pulse can be made
substantially rectangular,
Exsmples

(1) To comstruct a low-pass filter T-section whose characteris-
tic impedance at zero frequency is 600 olms and whose cut=
off frequency is 4 Mc/s.

Wehav‘e\/_k = 60 end _1 = L.10°

Hence /IC = 1 6

47 10

a.. L— = GJO 6
L 10

= 1.%)' microhenries
=== L7+7 microhenries .

Similarly C = 1 .1
L% 10° &0
= 1

245 108

Hence the T-section has two series inductances eacH of 24 microhenries and
& shunt capacitance of 133 pF.

(i) To construct a delay line to pass signals of all frequencies
up to 3 Mo/s and to provide a total delay of 6 ms. It
must match a 2000 ohm line,

Ve make £, = 1 = B-NGmVE = 2000.
"/ILC c
As for the previous example we obtain
& TR
Whence we obtedn L = 212 /uB.
C = 53 P,

The total delay is 6 /85 whilst the delay per section is
L
\/ﬁ = 35e /-‘LE.
Hence the number of sections required is
6 —~ A = = 57
T 3R s® =
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Chap: 3, Sect. 16

Hence 57 sections are required,each with total series
inductance 212 /uH and total shunt capacitance 53 pF.

(111) To construct a pulse-forming network of 6 sections to

match to & 800 ohm load and to have a double delay
time of 'I.o/us.

We have & = &O.
c
6 /it = 05.10°
Hence 6 L = 800 . 0'5 . 10‘6

+fe L o= .‘.I%Q microhenries

== 67 microhenries .

Similarly 6C = 0.5 .10 6
800
Hemoe © = 05 , 108 5
6. 800
= 104 pP.

Hence eech section has total series inductance 67 /vH and
shunt cepacitance 104 pF,
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Chap 3, Sects 17,18
RESOLVING _NETWCRKS

17. General

In radar circuits it is often required to produce a voltage
proportional to the sine or cosine vf some variable angle, This
angle may be an angle of azimuth or elevation, or it may be a
phase angle corresponding to a time-delay, such as is involved in
the messurement of range. In any case there are three principal types

of resolver that sre used in practice; these are :-
(i) the Resistive Resolver (Sine Potenticmeter),

(ii) the Inductive Resolver (Magslip Resolver),

(14i) The Capacitive Resolver.

Type (i) may be used with AC or IC supplies; types (11) and (1i3) can be used
only with AC supplies. Type (iii) is not encountered as a resolver slone,

being employed only in the capacity phase-shifting network described in
Sec, 22, It will not be described separatsly.

18. Resistive Resolver

The basis of this devioe is illustrated in Fig, 89. A wire-wourd
resistor OP is made into a non~linesr potentiometer so that for movement
© of the slider the resistance tapped between 0 and Q is proportional

to sin @.

POTENTDOMETT‘I ARM
@) (b)
Fig.B89. - Besistive resolver (sino potenticmetar),

Since R o< ain @

& R oz cos 040,
80 that if §R is the incremental resistance for each turn oftheﬁro
on the former, corresponding to a length §{ , and provided the resistance

per wit length of the wire is uniform,
§4 oc cos 6.

This means that theﬂnwbewtmdonafomerhaﬁngtheuhqpeor
& cosine function as shown (Pig. 89(b)).

A group of four such cosine-lew resistora mey be srrenged as
shown in Pig, 90(a) to give continuous resolution. As the potentiometer
arm turns through an angle © the direct voltage tapped from the resolver
varies as shomn at (b)., If an alternating supply is used, as shown in
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Chap 3, Sect. 18,19

Fig. 91 the input voltage being Vis the output voltage is Vo = V4 8in @,

as for the DC circuit,

Such a resolver,
although accurate for
direct or low-frequency
slternsting currents, is
not often used for
frequencies of several
kilocycles or more because
of the effect of stray
capacitance, and because
inductive resclvers are
more suitable at such
frequencies. Instead of
the accurately wound
sinusoidal potenticmeters,
linesr resistances may be
used to give a rough type of
resclution as shown in
Fig. 92. The eight feed
points are taken to the
supply voltagesss shown
at (a) and as © varies the
voltege tapped from the
resolver follows the graph
shown at (b). Although
such a device is inaccurate
as a straightforward resolver,
it finds a useful application
in the resistive type of
phase~ghift network described
in Sec. 23, where the in-
accuracies of the method do
not matter greatly because
of the special requirements
of the system,

19, Inductive Resolver !Fig.g})

The inductive
resolver consists funda-
mentally of two colls, a
statar and a rotar, the
elternating supply normally
being f'ed to the former and
the output being taken from the
latter via sliprings.
Alternatively the roles of the
two coils may be reversed,

The coils are mounted on a

- common diameter and wound in
such a manner that the mutual
inductance between them is
proportional to the cosine

of the angle © between

the coil positions.

.Hence the voltage inducéd in
the output coil is proportional
to the product of the input
voltage and cos @; Fige 93(b).

Vi

-V

(b)

Pig.90.- Sine potentiometsr arranged to

‘give continuous resolution,

Fig.91. - Sine potentiometers used with

123

AC supply.



Chap. 3, Sect 19

There is a large leak-
age inductance, so that there is
very little effect of the output
circuit on the input, the
reflected impedance being small
compared with the impedance of the
primary circuit. This is
important, since otherwise the
variation of the reflected
impedance with the position of
the rotor would appreciebly
affect the primary current and
introduce errors whose magnitude
would vary with the secondary
10&&:

If the supply is fed
to the rotor, and two identical
stators are used, perpendicular
to each other, voltages
proportional to sin @ and cosP

may be obtained simultan~
eously from the two stators,
as indicated at (c).

Magslip transmitter
elements designed to operate in this
way are commonly known as Fig.92.- Approximate resolution using
Magslip resolvers (See Chap. 19, linear potentiomsters,
Sects, 7 and 9).

A ANS
/X

Vg
(A NEGATIVE VALUE OF 7, INDICATES AN
ANTIPHASE RELATIONSHIF )

{1

l 1 Vo<V, COS @

nf’ ’

Fig.93.~- Inductive resolver.
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OONTINUQUSLY VARTAELE PHASE-SHIFTING
DEVICES

20, General

In sections 8 - 11 it was shown how, in an iterative filter
network, there is a progressively increasing phasé¢ delsy between outpub
and input terminals as the mmber of sections is increased. If the
number of sections is varied it is possible to choose a voltage with
eny desired phase relationship to the input, within the limits of the
phase-step from one section to the next. In radar it is often
necessary to be able to perform this process of phase variation through-
out the range 0 - 360° continuously, for the purpose of obtaining a
sinusoidsl voltage variation in the required phase relation with a
fixed-frequency input wltage. This proceas is not concerned with
time-delays and should not be confused with the more general problem of
the use of delay lines, usually employed to introduce time-delays into
circuits hendling signals of pulse form; although the latter method is
applicable to the production of phase delays in sinuscidal oscillations,.
the circuits are usually more clumsy and of wider application than is
necessary. For example, where this method is emplouyed, for. the sake of
accuracy the phase-change per section must be kept small, so that a
large number of sections must be used.

The more comon method of providing O - 3600 oontinuously
variable phase-shift is to start with two simmsoidal voltages of the
required frequency, in quadrature., If these are added or subtracted in
the correct proportions an output voltage may be obtained with any de-
sired phase relation to the input.

Thus, suppose the input voltages are glven by
Vi = A sinWtandvysAcos Wt

respectively. If a fraction sin ‘3 of the second is subtracted from a
fraction cos 3 of the first, an output voltage is provided given by

Vo= A sin@t.cosd — A cos wt.sinfP
=4Asin (Wt -P)

i.e., 2 signal delayed by a phase anglefb with respect to the input volt-
..ge Vl.

A description is given below of three types of network used to
provide continuously variable phase-ghift by this method using inductive,
capacitive and resistive resoclvers respectively.

The Ipductive Phase~-Shifting Network Gonicmeter and the
Capacitive Phase~Shifting Network both provide amoothly wariable out-
pute, rely for their accuracy on manufecturing tolersnces, and do not
need adjustment (save, pernhaps, for an overall adjusmment equivalent
to ensuring that the input voltages v1 and vp are of equal smplitude and
truly in quadrature). The Potentiameter Phase~Shifting Network is a
step=-by-step device relying for its accuracy on the tolerances of its
component resistors; any of these may be changed without upsetting the
mechanical construction of the device. By the use of a sufficiently
large number of resistive steps the errors due to the device not being
smoothly varisble may be made negligible,

The potenticmeter circuit is substautially independent of
frequency. This is not usually true of the two other circuits.
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21, The Goniometer

This deviee resembles the induotive resolver, The two quadrature input
voliages v4 and vp are applied to two stator coils whose magnetic axes inter-
sect at right angles, A rotor coil is placed so that its magnetic axis may
be rotated into coincidence with that of either stator. This is illustrated
schematically in Fig.9%. Normally
the stator coils are split into pairs
in order to generate a symmetrical
stator flux, and opposite coils are
connected in series,

A method of correctly feeding Vi=<Vsc0s & b
such a four-stator goniometer from a
single-phase supply is shown in Fig. AN
95. The simplified circuit is given
at (b)e In this circuit L, the V= Vosia | g
inductance of a pair of coils in series;
is the same for each stator group.
If Ry, R, and C are correctly adjusted
the currents in the stators are equal
in magnitude and are in quadrature,
Such an arrangement is highly sensitive
to changes of frequency. For a
single freguency the goniometer can be .94, -
made accurate to a fraction of a Fig.94.~ Goniometer,
degree,

22, The Cepacity Phase-Shifter (Fig, 96)

‘Thie device is
closely anslogous to the
gonicmeter, relying for
its operation oninduced
electric, instead of
induced magnetic fieldas.
It takes the form of &
split-stator condenser, the
lower stator plate being
earthed and the upper
stator plate being divided APPLIED
into four equal sectors. VOLIAGE
Opposite pairs of plates
sre fed with the balanced
quadrature input voltages (Q)SCHEMATIC DIAGRAM OF A GONIOMETER (4 STATORS)
v, and v,, and an unbalanced
o&tput is taken between the
rotor and the earthed lower
plate. If the stator end
rotor plates are made to the
correct shapes reasonably
esccurkte resolution is
obtsined by this method, vi
errors being normally of
the order of one degree,

The method of
feeding the input voltages
in the correct phase from
a single-phase supply is - .
the same as for the potent- Flg.50. - Peeding a four-stator goniometer,
iometer srrangement given
below,

11.'0

{b) SIMPLIFIED ELECTRICAL CIRCUIT OF (a)
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23. The Potentiometer Phase-Shifting Network

This device incorporates
the approximate type of resolver
described in Sec. 18.

UNBALANCED CUTPUT
FROM ROTATING VAME
)

Vo

In theory, accurate
resolution could be obtained
using tapered resistors as
describea in Sec, 17, and
arranged as indicated in Fig.97.

Balanced sinusoidael input "'T
voltages v., Vo, are applied in

quadrature as ,and the

balanced output voltage is

obtained from the two tapping

points, In practice the ' S

necessity for accurate winding

of the sinusoidsl potentiometers

is a drewback and linear - . g s
potentiometer arrangements are Flg.%. C&p&ciﬁ;&gﬁa se-shifting
used, In these a slight *
weariation in output amplitude
with phase is inevitable, but
this is not usually important.

Fig. 98 gives the
schematic layout of & 4-feed-
point phase-shifting network,
whilst the vector diagrsm of
Fig. 99 illustrates the
action. As P, Q move from
A to B and fram C to D
resgpectively, the output
voltage vector P'Q' chenges
from A'C' to B'D', equal
resistance changes correspond-
ing to equal'm?vanmt.s along
the sides A'B', C'D' of the _
square, Tt follows that if Fig.97. ﬁ:::;’:i“ug‘“”:i‘mm&‘
the resistances between t;nt.iinst.ema-
sdjacent studs are all equal, po OmOTOT S,
equal movements of th: output
arm P do not correspond to equal inarements of phase 5 , The graph show-
ing errore due to using equal resistances in this four-feed-point network
is shown in Fig 100. To cbtain a better approximation whilst avoiding
the use of resistors of different values the eight-feed-point arrangement

THE PRIMED LETTERS 1

INDICATE THE B
POTENTIALS AT THE
CORRESPONDING N
POINTS IN FIG 98 -
u
El o’
of ,"B AI
\(U’ 'U‘2
O!
N
N
W |

Raty = Rhe=Reg = Rea . o

Fig.98.- 4-feod-point potentiometer Fiz,99,- Variation o oatoput
phase-shifting circuit, voltage with movement
of P,
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Chap 3, Sect.23

shown in Fig. 101 may be employed.

If the feed resistors between the

input terminals and the circular ERROR
resigtor chain are suitably chosen \
the vector diagram takes the form
given in Fig. 102. The output

phase (3 ie then the ssme as the

sngular rotation @ at 16 points

instead of 8, as in the four-feed- o 2T _ o

.1
2] yie

point arrengement, and the inter-~ i

mediate errors are correspond- 4 .

ingly reduced (Fig. 1.03).

One method of feeding the
four points (ABOD) of Fig, 98 is MAXIMUM ERROR = 4°
shown in Fig, 10k. A circuit
similar to that of Fig. 104 may
also be used to supply the four Pig.100, - Error curve for 4-fes
primary feed-points (ABCD) of & potantinmeta:f d-point
Fig. 10l. If the input resist-
ance of the potentiometer tetween
A and B or any corresponding pair

H E'
P

G F
Y

Y
- —- THE PRIMED LETTERS INDICATE THE
0 /< oV 0 POTENTIALS AT THE CORRESPONDING
PONTS IN FIG 101

#ig.101. - 8-feed-point ‘potentiomster Pig. 102, - 8-feed-point
. . potentiometer
phase-shifting circuit, eireuit; variation of
output phase and amplitude
with slider movement,

of points is Rp then unless
RP >>R LA AR A RN RS AR L E RN L I N R R R R N NN YN ) (1)
the phase-shift circuit will be appreciably affected,

If this inequality (1) is satisfied, then the condition for
voltages vyand v, to be in quadrature is

WER = 1,
since then the voltage at B, lags that at A, whilst the.voltage at D
leads that at A, both by L5, as indicated in the vector disgram of

Fig. 10u(c). The voltages v, (between A and C) and v, (between B and D)
are then equal and in quadrature,
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ERROR

NANAANND.
RVATAVAVAVATAYaTa

MAXIMUM ERROR 0-5°

Fig.103. - Brror curve for 8-feed-point potentiometer circuit.

If the input resistance Rp between each pair of the feedpoints of
the potenticmeter is not negligible, the error thereby introduced can be
minimised by inserting a small coil L, shown dotted in Fig., 104(a), in
series with each resistor R. It can be shown from the gecmetry of the
vector diagram (d) or by any other method of snalysis that if the
relations

L = R
©%C (R + Ry)
and w—cEL_ = 1

R+R
P

ere patisfied,the figure formed by the points A'B!C' and D' of Fig. 104(d)
is very nearly a perfect square,so that vy and v, are again equal and
in quadrature,

Alternatively, the input reaistance of the potentiometer circuit
can be made ineffective by feeding the voltages via cathode follower
circuitas, which owing to their large input impedance do not appreciably
load the phage-shifting C-R network.

24s O = 180° Phase Shifting Network

The method described in Sec. 23 of feeding the four pointa
from a single-phase supply mav readily be adapted to provide variable
phase-shift from Oto nearly 180°  The circuit arrangement is indicated
in Fig. 105(a), and the vector diagram (b) shows the action of the
network, Provided the output impedance of the transformer is small
campared with the inplt impedance of the network, the voltage developed
between X and Y is constant, snd is represented by X'Y! in (b).
X'2' and Y'Z' represent the quadrature voltages developed across C and

R respectively.



Chape 3, Sect. 2l

OUTPUT
'_"'-1v0|.m<3£
(@) SCHEMATIC DIAGRAM OF QUADRATURE FEED NETWORK
FOR POTENTIOMETER PHASE SHIFTING CIRCUIT
. . 4
g Vas A
- \\\ - ’,_,'
VT c x” R N S/
AR -r ] N
»* A
‘Vg \,\ . // 'VT
V4
\\'__.
I[B B D vBC“ N Wap
/ \\
- // 7 \\\
én Y c 4 ~
‘vBC - < e N
Voc
2 (C) VECTOR DIAGRAM
(b) SIMPLIFIED ELECTRICAL CIRCUIT
OF FIG. (Q)
B' ;'.'éﬂ

¢ -
Veo

(d) EFFECT OF INTRODUCING SERIES INDUCTANCE L
TO COMPENSATE FOR RESISTANCE Rp SHUNTING C

Fig.104.- Quadrature feed network for potemtiometer
phase;sgit"t.ing circuit.
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Chap 3, Sects 24

The vecter 0'2' represents the output voltage in magnitude and
phase.  As the value of R 1s varisd the point Z' moves on a semi~
circle on X'Y' as diemster with centre 0', since angle X'Z'Y' is always
a right-angle. The output voltage, represented by 0'Z', therefore
remains constant in magnitude, as the valus of R (ar C) is varied, and
its phase relative to that of the voltage across the transformer secondary
winding can be changed through sbout 140° with practical values of R

and C,
NSOT +
SINUSOIDAL
OSCILLATION H '
OUTPUT

CENTRE TAPPED
SECONDARY WINDING

-
=l
N

(Q)

VOLTAGE ACROSS SECONDARY WINDING
X' 1 Q' Y!
I
1
;’
/ VOLTAGE

VOLTAGE
DEVELOPED { DEVELOPED
ACROSS C ACROSS R

Fig 105 - 180° phase-shifting network
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