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CHAPTER 4 

NETWORKS 

i. INTRODVOLION 

Im all radar circuits involving the transmission of electrical 
energy, examination of the circuit behaviour at any stage requires the 
division of the system into "source" and "load", as shown in Pig. 49. 
if the system is linear it is conveniently described in terms of ideal 

S,O--—t-0 L 

SUPPLY vu LOAD 

$0 Ly 

Pig.49.- Division of system into source and load. 

generators and input and output impedances, as shown in Chap. 1, Sec.12 
The voltage vy developed across the load, the current iv through it, 
-and the phase relation between them specify the load or input impedance 
zy to a sinusoidal BMF of given frequency. The source may be represented 
by a generator of EMF equal to the voltage v, between the output terminals 
5,5, when open-circuited, in series with the equivalent source impedance 
Z,» called its output impedances Alternatively the source may be 

N, N30 
5, ON, N,o OL; 

SUPPLY LOAD = 

$30 No Ny OL, Vs 
ON, N 

Fig.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 
impedance £, (or output admittance ys = 2) 

Zs 

An elenent in the chain between source and load may usually be 
represented as a fow~terminal network (Fig. 50). Such a network may 
contain linear or non-linear 
elements, ¢.g. tranmission 
lines, valve smplifiers, etc. 
For simplicity, only those 
networks will be considered 
in eny detail which do not 
contain sources of EMF and 
which are formed of resist- 
ive (R), inductive (L) and 
capacitive (C) elements. Fig.51.- Hepresentation of 4- 
For one-way transmission of terminal network for one-way 
energy, from source to load, transmission, 

such a network may be 
represented by a potential divider 
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Chap 3, Sect.1 

followed by an ideal 1:1 transformer, (Fig. 51); whilst if two- wy 
transmission is to be considered the fow~terminal network may be re- 
presented by either a T-section or a Tl -section followed by an ideal 1:1 

transformer, as shown in Fig. 52. 

OR 

Pig.52,- Representation of a 4-terminal network. 

The input end output conditions so far described have ignored 
any connections between source and load except through the network. In 
practice, the relations between the potentials at the input terminals and 
of neighbouring conductors ("earth") are important, and must correspond to 
the relations between the potentials at the output terminals and “earth", 
In general, this is equivalent to adding extra terminals to the network, 
as shown in Fig. 53(a). ‘Two cases are commanly encountered :- 

Lh We et 

(a) (b) (Cc) 

-O — —T ; 
Lo fon a hy Io 

o~ “ly orl 
vf ah 

—— 6
0
6
 

9
9
 9

? 

Pig.53.- Effect of earth: balanced and unbalanced networks. 

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

(44) Unbalanced networks: in these, one each of the input and 
output terminals is earthed (Fig. 53(c)). 

The properties of balanced netwerks cam readily be derived from 
those of unbalanced networks, and only tne latter will be considered in 
subsequent paragraphs. For example, the fundamental properties (ic. 
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 Fige 55(a) provided that the total shunt impedance z> and the total 
series impedance z, are the same for the two networks, as indicated, 

(a) 

(a) (b) 

Pig. 54. -Balanced and unbalanced Fig.55.- Symmetrical T- and T- 
networks, 9 8 networks,



Chap. 3, Sect. 1,2 

Analysis and design are very much simplified if the network 
can be made symmetrical. This means that if the network is reversed, and 
its “output terminals" connected to the source and its "input terminals* 
connected to the load its properties remain the seme, whatever the nature 
of the source or load. The advantage is particularly marked in the case 
of iterative networks of the types shown in Fig. 56. If many.aections 
are used, with a particular termination, the behaviour of the network as 
a whole can be described in terms of the change of phase and attenuation 
due to each section, irrespective of whether the network is split up 

into T- or J{ ~sections, symmetrical or unsymmetrical, The type that is 
most simply described, namely the symoctrical section, is thus the most 
useful to consider and is. of sufficiently general application. An 
unsymmetrical network can always be considered as a symmetrical one with 
an extra series or shunt casponent added at the input or output terminals, 
or both. Symmetrical T- end 7{ -sections are illustrated in Fig. 55. 

Pig.56.- Iterative networks. 

Some of the properties of unbelenced symmetrical networks will 
pe considered in subsequent sections; only the simplest types will be 
dealt with in any detail. 

2. MEASUREMENT OF INPUT AND OUTPUT IMPEDANCES 

In the circuit of Fig. 49(a) the input impedance of the load 
may be determined by direct measurement of the magnitudes of w and iy 
and their phase relationship. Theoretically, the output impedance of 
the source is determined by measuring the input impedance between 5) and 
S, with the generator suppressed (i.e., prevented fran generrting but 

thout change of its internal impedance.) The remainder of the 
circuit must be wmaltered. From a practical point of view this 
experiment is one which cannot be performed in the majority of cases: 
if, through any cause, the actual génerator ceases to generate, its 
interne] impedance is almost ‘ 
inevitably altered by this f Rs Cs 

change in the physical conditions. j—o—o—* 
A method which is capable of LL ‘Vip 
practical application will now be 
described, vel Ve Rg 

O-—— 
Suppose that the output 

impédanes of the source is 
capacitive, A variable load is 
connected as show in Fig. 57, X7 Pig. 57.- Cireuit for meas< 
in this case being the reactance uring generator voltage and 
of a variable inductance. As the impedance. 
load inductance is varied the 
magnitude of the alternating voltage 
Vp developed across the load 
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Chap. 3, Sects 2,3 

resistance will vary, and will reach ea maximm 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 inductive. 

The resistive component of the output impedance may then be 
determined by varying the load resistance, and comparing the voltage VR 
developed across it with the current ip, through it. This variation is 
shom in Fig. 58. The L-C 

combination may be considered 
as a shortecircuit as far as 
Vg and ip are concerned, When 
sufficient points on the graph 

have been obtained, . and 7, 

and hence Rg, may be determined 
from the intercepts on the axes, 

since R, = ad 
8 

A 

ts 

Alternatively, the 
method shown in Fige 59 may be 
employed, a similar graph being 
derived (Fig. 60). It should 
be noted that igs Vas Ge 3 By 7] 

are not the seme as ip, v2.1, 1 
Re 

(See Chap.1, Sec. t7) 

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. 
fo 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-SECIIONS AND 
Tl -SECLIONS 

Whatever the actual 
arrangements of the elements 
forming an unbalanced fours 
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 op#n-circuit 
voltage. 

Pig.59.- Circuit for measuring 

generator current and admittance. 

A 

Ve a 

Ms 

Pig.60.- Determination of output 
coaductance and short-circuit 

current,



Chap 3, Sect. 3 

The input impedance fe of a symmetrical T-net work depends on 

the mamner of its termination z. according to the formula :- 

2 oh + 72 (Gb + *) 
s 3° 

72+ + 4, 
2 

(Fige61(a)) 
. 

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

three other impedancesare frequently 

used:= 

(4) circuit dance: Pig, 6t,- Input impedance of 
Tenetwork for various stand- 

ard terminations, 

2503 with the output terminals openecircuited, 

Zee= se * 2 (Pig, 61(b)) T N 

(41) Short—circuit impedance : 

203 with the output terminals short-circuited, 

VA 7 

pZsc= 3 + 72 2 
a wee oO) 
2+ 

(343) Characteristic impedance: 

qZos this is a particular impedance such thet 
when the network is terminated in ,,.z, its input impedance 

is nz 
Co 

Py Zg 
woo ae te Ge 

(Fig. 61(4)) 
to + ob + T5 

This equation for T%o reduces to to = tf ™ Zo 5 m2 

& 

The ambiguity of the = sign is important in the case of reactive 

impedances, and must be resolved by further consideration of the particular 

circuit. 
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Chap 3, Sect. 3,4 

ylé “network 

Corresponding expressions 

for the JT -network of Fig. 62 are . S- 

(i) Open-circuit admittance seocses 

222,72 7 
yoo™ 2 + 3 

72 
—_~ + 
2 Y1 

(44) Shortecircuit admittance «se. 

yac = 2 + ¥y 

(iii) Characteristic admittance ... 
+ 

MR¥o=rv Vy Y¥o+ 8 Fig.62,— Input impedances of 
wenetwork for various stand- 
ard terminations, 

General 

Results frequently useful are 

“9 = / tse 2, ° both for T- and HK -networka; and 

T2o . J{%o = 1. 22, where 71 and 22 are the same for both 
networks. 

Propagation constant 

When the network is temminated in its characteristic impedance, 
the ratio between input and output voltages and currents is the seme. 

This ratio is expressed 

ig = Ys =¢% where % is called the Propagation 
i v 

r r 
Constant of the network. 

In general, $ poss&sses real and imaginary parts, and is equal 
to & + 38% , where @ corresponds to the attenuation, and (3 the phase~ 
shift introduced by the properly terminated section, 

The magnitude of &° will be denoted by k, so thata = loge ke 

It may be shown that for any symmetrical T~ or TI 
Y satisfies the relation 

ete ge = 2+ 3 

29 

network, 

he MATCHING 

Consider a tranaission system divided into souroe and load as 
in Fig. 49. For a given source the load may be designed to satisfy one 
of many requirements. The three principal requirements are i- 

(i) Maximum current supplied to the load; 

(ii) Maximun voltage applied to the load; 

(iii) Maximum power transferred to the load, 

In transmission lines and waveguides a further requirement is 
the avoidance of reflections and standing weves; this will be dealt with 
in the appropriate chapters. The load impedances which satisfy the three 
principal requirements for linear networks are, respectively :s- 
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Chap 3, Sect. 4 

(i) Ry =0,%¢ = ai 

(ii) Gao, By = -B,; (i.e. By = 0, Xy = & + de ) 

. ° 8 

(iit) By= Ry, Xe =-Kg; or alternatively, Gp = Gy, By = ~B,. 

When the conditions (iii) are satisified, the load and source 
impedances are said to be conjugate, and the load is said to be matched to 
the source, and vice versa, 

For nomelinear networks other criteria must be employed. The 
power delivered to the load, for instance, may be plotted against the load 
resistance, and a series of curves obtained for different values of load 
reactance, The optimm values of Ry and Xy are obtained as shown in 
Fige 63. Where the regulation of the source with changes in loading is 
an important consideration, it may be deatrable not to choose the load 
input impedance for maximun power, but to take the stability into account 
(Bog. Chap. 8 Seo. 40), : 

POWER OPTIMUM Rg& Xp 
If source and load are not OUTPUT AT THIS POINT 

variable, and the ideal matching 1 to 
conditions not realised, a matching sf 
section may be inserted in the line \. 
between source and load, Ideally, / \ 
this will consist of reactiveselements, 
designed to provide maximum power 
transfer from source to load with- 
out iteelf ab rbing energy. (Since 
the input impedance of the load is 
fixed, the conditions for maximun wm Re 
power also ensure that both maximum 

voltage and current ere delivered : Pig.63.- Method of determin 
to the load). The output impedance of ing correct matching oondit- 
the network, fed by the source, will ions when system is not 
be the conjugate of z¢ » Whilst linear, 
the input impedance of the network, 
terminated in sy , will be the 
conjugate of z,, as indicated in 
Pige 64. In gemeral it will not 
be possible to satisfy these 
conditions exactly except at one or 
two frequencies, altheugh approximate 
matching may be obtained over a 
pand of frequencies, oO oe 

For resiative impedances at Zs] MATCHING [Ze 
sudio frequencies an iron-cored’ 
transformer is a suitable matching Bu o 
device. .This has the advantage +. 
that its matching properties for zs, 7si7e24 ARE CONJUGATE IMPEDANCES. 

Low frequencies are reasonably 
independent of frequency, and Fig. 64,~ Uee of matchi 

depend only on the ratio of R, to & section. & 
R¢. For use at higher frequencies 
various types of matching sections 
are used, all suffering more or 
leas from the disadvantage of being 
sensitive to frequency changes. Some of these are described in Chaps, 
4 amt 5, : 

5» GAIN AND LOSS 

In general tlie 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 

magnitude | of the sinusoidal input voltage is Th and of the output voltage 

Fos then t/ F vi, is the voltage amplification of the network. Similerly 

4 P 

a and. a are the current and power amplifications. 
1 i 

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

Power ratio The Power Gain is defined as 

& = logig Fo bels 
uo
 

ty
 

10 logy, 9 decibels (db.) 

w
t
 | 

Voltage ratio 

The Voltage Gain is defined as 

A 

&, = log Yo nepers 
“A g 
V4 

Current ratio The Current Gain is defined as gy = 10g, ip/f, nepers. 

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

appropriate definitions are :- 

q
d
 

= 20 lo ° decibels &y 10 re 

&, = 20 logo x2 decibels Pig.65.- Iterative netvorks. 
i 

These definitions imply thet if the input and load impedances are identical 
the voltage, current and power gains give the same mmerical value in 
decibels. 

Similarly the power gain may be quoted in nepers, in which case 

4 Pp Sp = g log “Oo nepers 
& 5 

These equivalences can be summarised by the statements 

1 neper = 8°69 decibels 

or L decibel = 0°115 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 

Vv. 
eege the voltage loss is 20 logio = secibels 

° 
6 ITERATIVE SECTIONS 

Four-terminal networks are frequently used in Cascade (or Tanda) 
to form a line. Such a line is shown in Fig. 65 and may be called an 
Artificial Line, as distinct from a uniform transmission line which it 
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Chap. 3, Sect. 6 

may be desired to simulate, It may be considered as an iterative 
sequence of either T- or J{ -sections, according to the mode of termination, 

as illustrated in Fig. 66. In the mechanical construction of the complete 
network no distinction is made between T- and JC -sections except at the 
output and input terminals, Since it is usual to match the input to the 

source by a matching section, it is convenient to consider the output 

termination only asdsterminingthe manner in which the line is divided into 
its constituent networks for purposes of analysis. Thus the network of 
Fig. 67(a) may be split into two parts, as in Pig.67(b), the iterative 
portion terminated in its characteristic impedance 7z,., and the non~ 
iterative portion at the input, each part being considered separately. 

Pig.66.- Dividing an iterative Pig.6]7.- Dissection of network for 
network into symmetrical T- and purposes of analysis, 

TW-sections, 

If an artificial 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 number of sections 

may be inserted between the output terminals and the load without inter— 

fering with the input conditions. It follows that although the character~ 

istic impedance depends on the mode of termination and division, the 

propagation constant of a single section is the same provided the 

artificial line is properly terminated, For example, in the network of 

Fige 68 the attenuation and phase shift per section are characteristic of 
the infinite artificial line (b) and are therefore the same for the 
iterative T-network 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 verious 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 networks, and the particular properties of these will be described 

in subsequent sections, 

7e 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 7 » the propagation constent,is real, 
so that @= 0 (See Sec. 3); also the characteristic impedance 1s inde- 
pendent of frequency. To meet the requirements with the symnetrical 
networks described above, 2, and Z5 must be the same kind of impedance 
(i.e. the phase angles must be the same), and should be chosen to suit the 
load. Since the load is normally resistive, 2, and 2, are usually 
resistances, and, particularly when the ettenuator is lised 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 

extracting power, inductive attenuators may be preferadle. Only the 
resistive type will be considered here; the formulae for these are given 
below. The corresponding formulae for the cases where 2, 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 Ry and 
divided into symmetrical sections as shown in Fig, 69, 

T- SECTION ™~SECTION 

Pig.69.- Matched attenuators. 

pRo = VR, + Ri? ; qo = TON + v2 

h 

i 
(Note: Go = Ros = 

and Go =i) 

2 

and to ° gtB = Ry + Ro 

Putting (3= 0 im the formula for given in Sec, 3, and writing 
Et™= EX = , we have 

LL Ry 
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Chap. 3, Sect 7 

The following useful formulae may be deduced :~ 

ka By a AB « + 2 Bo 

Roa” Ph 
. 
’ 

R#2-k=-1. and Ros 2k : 1 cL plo a Ry 3 

a aes RB sd Bp Ll ESL. qr Bo. 

These formulae enable »K, or q¢ Ry and k to be determined from 

Ry and Ro, or vice versa. 

The attenuation in db per section is 20 logig k. 

Examples 

(2) Construct a T- section attenuator to provide 14 db loss per 
section and to match to a 2000 olms line, 

We have 2010819 k= 1k. 

Bence k w= 5 

Also ro = 

Henoe R, = 2 (k~1) Ry 
E+ 

2 2 & 2000 

==z 2670 ohms 

AlseoR, = 2k 
a" ey re 

= 10 2000 
2h, 

a=: 830 ohms 

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

(2) A W-section attenuator has shunt resistances 4000 ohms and series 
resistance 1000 ohms. To find the characteristic resistance and db loss 
per section. 

We have Ry 1000 &. Ro = 2000 @. 

Hence gG = /V1.d4 (4)2- 4 millinhos, 

= J millimhos, 

i.e. R, = & & obns 
3 
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= 1330 .ohms , 

Alsok+ Lb = 2+ RF 
kK Ro 

= 2¢e*41 
2 

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

FILTERS 

8. Ideal Requirements 

The ideal requirements for a filter network are illustrated in 
Fig. 70. The frequency spectrum is divided into pass bands and attenua- 
tion bands. In the former, no attenuation is desired, and any unavoid - 
able phase shift should be proportional to frequency. Outside the pass 
pands there should be infinite attenuation of signals at ali frequencies. 

PHASE SHIFT 
1 

| 
| A PePonTioNA 

1 TO FREQUENCY 

i 
i) 

o! t 
1 
t 

ATTENUATION 

ass] cur ears CUT-OFF 
Lf FREQUENCIES 

>f 
is) fl 

HARACTERISTIC 
IMPEDANCE | ! 

! 
i 
i 

1 
— 

1 
I i 

\ 
| i 
! i 
| t 

i af 
o 

Pig.70,- Ideal characteristics for a filter. 

Since the load is normally resistive, the characteristic 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 from its cut-off value. 

9. Simple High-Pass and L c 

Low-Pass Filters ee eT o-4 -0 

In the ideal c L 

networks about to be JT [i] 

described it is assumed o-- -0 O@--- -0 

that reactive elements (9) , (b) 

are devoid of resistance. . The results obt a in Fig.Ji.- Simple filter networks. 
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practice agree closely with those derived from this assumption provided 
high-Q components are used. 

LO 

L b L 2c ac c 
2 2 of to 

q TE 
rr a ©) @) 

Pig.72.- Symmetrical T-section and f-section filter networks. 

To provide frequency discrimination without attenuation, both 
capacitive and inductive reactances must be used, The simplest, or 
prototype, filters are show in Fig. 71, and the symmetrical T- and 7{: 
~section acrangements in Fig. 72. For, certain filter applications the 
resistance-capacitance networks of Fig. 73 may be used. In these the usual 
object is to make the capacitive impedances sufficiently low compared 
with the resistance, at 
all frequencies Likely to 
be present. a c 

o- -o o-4 ---0 

R 

Li... 
(0) ®) 

O---- 

10. Simple Low-Pass Filter 
Formed of Purely 

Reactive Elements Fig. 73.° RO filters, 

Fig. 74(a) 
represents an iterative 
network of any mumber of 
identical sections formed ep te pg Mt, 

of perfect coils and BI 0D 0D pg = or 
condensers; the network e il | il 

is properly terminated so ty. valmee vf vf 
that, at the input Ig f Is Hf ly f __ 
terminals PO, it looks like ° (@) 
an infinite line. 

Nl 

The letters Q, 
8; U, denote the meshes 

of the networks, and the 
currents, dos i, ete. the 

coraesponding series 
currents. Vg and Yo etc. 

are the voltages developed 
across the series 
impedances, 

The subseript m 
denotes the electrical 
centre of a series reactance 
(eege Qn is the electrical 
centre ot) or the space Fig.74.- Alternative representations of en 8 B. sus- & properly matched iterative ceptance into two equal 1 0 9 network, 
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susceptances (e.g. Ry divides wC into two susceptances each we ) 
2 

The sign =—— implies that those portions of the various figures 

which are similarly lettered carry identical currents and voltages. 

In the associated diagrams of Figs. 75 = 77 OP, OR etc. 
denote the voltages between the corresponding points of Fig. 74, whilst 
OQ, OS etc. denote the currents in the corresponding branches. 

As shown in Section 6, the phase-shift, @ radians, and attenua- 
tion constant k, for each section, are independent of the manner in 
which the network is divided into T- or ft = sectiona, ‘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 
Pige 74(b), where the inductance L between P and R is bisected at Qn 
For a symmetrical Jl-section each of the shunt capacitances is split into 

two equal parts'as shom in Fig. 74(d), so that the line appears as in 
Fig. 7h(e). For either method of division there is no change in any 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 geanetry of the vector diagrams. fhe data upon which 
these diagrams are based are s~ 

fi} The phase shift @ radians per secrion; 

is@e, Vg iags Yqo Vp iags Vg, Vy 

Lags Vg etc., all by @ radians. 

(ii) The atcenustion k yer section; i.¢., 
Nn A n A A AC 

k = \P i ‘R ZS eee es = Yau Yg wooves = ig = ig ..ete 

A A “ a “A A 

Ye Y ig iy 

where Vp », ete., are the amplitudes of the alternating voltages 
and currentas 

(iii) The voltage vector leads the current vector by TN radians 
2 

for an inductance, end lags by TK radians for a capacit= 
anc, 2 

There are two types of vector diagram consistent with there 
relationships, relating to the pass bend and attenuation bend respectively. 

Pig.75.~- Vector diagram, 
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Pass Band 

The relationships (i) and (114) above are plausibly 
illustrated in the vector diagrams of Pig. 75. It will now be 
shown that (ii) implies that 

OP = OR = OF, etc and 0Q = 0S = OU, etc. 

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

[PRO = [890+ 

Hence tke triangles PRO, 5QO and, similarly, all the other triangles, are 
equiangular, so that their corresponding sides are proportional. 

Therefore 

PO = 30 
RO Qo 
A 

i.e. YP = so errr ard GB) 
% =H 
A A . 

But wEo= Xv = QC = k from (ii) 

% Fy 8° 

hh $0; da.e. SO = gO andk = 4 

a0 
hence ae 

henee there is ne attenuation in the pass band. 

Pig. 76 shows the true vector diagrams supsrimposed, with these 
rélationships satisfied, ; 

Referring to this figure 

* n fay A 
sin 6 at = z¥ = vy, * gpk * Sta / pi 

ig ‘R 139 ‘R 

A : A 

but “g swh,end "YR = 1 ; 
ras A wo 

JQ ig 

hence sin B/o = @W* Lo = w = £ 

re an A 
where ® = 27€ f and W, 2m f, 8 J & 3 

LC 

4 the cut-off frequency) 1. fy = X / Le (which will later be known as q 

It follows that, as dram, the vector diagram is valid for only 
one value of f,, and that similar diagrams can be drawn only for values of 
f = fo, since sin 8 cannot be greater than L 
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to is called the Cut-Off Frequenc. 
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Pig.76.- Pass-band vector tiagram Fig.7].- Attenuation band vector 
for low-pass filter, diagram for a low-pass 

filter, 

Characteristic Impedance 

The T -section cheracteristic impedance is the ratio of the 
potential differenos, between Q,, and 0 to the current dg (Fig. 74(c)). 

Thiv is the ratio QO (Fig. 76). 
20 

Thus T70 = QO = QO . KO 
QO RO QO 

A 

= Ged, SR 
2 A 

tg 

But, in the triangles PRO, Q50, 

"Q@ = *R =/'R'Q = /oE = fi 
A an $ A we G 
ip tg Reig 

Hence p% = /k oo & 
G 2 

Also Qn0 and QO are collinear, showing that the impedance is purely resistive. 
(Similarly, from RmO end RO, corres to the f{- division of Fig. 74(¢), 
it may be shown that qo 2 / iL” sec @ , and is purely resistive). 

[7 2 . 

Attenuation Band 

At frequencies higher than the cut-off frequency, the phase~shift 
@ remains et its cut-off value, TK radians per section. The vector 
diagrams collapse into single lines, as show in Pig. 77, so that equation 
(1) in the analysis of the pass band no longer holds. All the currents 
are in quadrature with the corresponding voltages, and the characteristio 
impedence for the T- section is an inductive reactance. 
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Attenuation per section 

Referring to Fig. 77 

a A n 4 
ig = 1g + dg = (k + 1) ig; 

A A 
Ya = %p * va = (xk + 2) VR evevevescvcescsevee(2) 

Hence 

A A 

“a = (k+1)"R 
A an . 

(k+1) ig in 

ise. k . ? 
s = (k + 1) R 

(k + 1) q 3 
R 

2 Therefore kWL = k+l. tee (kal) =e = ,w 7 
kei wc k Ww, 

Hence k+l = 20 

/k ws, 

or JE + 1 = 2¢ 
Jk fo 

Prom this it may be deduced that the attenuation per section is given by: 

J‘ + (£)*-2, 
f 

(The propagation constant, § , is @+ je » Where B® = Tl snda= loge R 
nepers per section). 

Characteristic Impedance 

In the attenuation band 

Tio = = QO 
Qo 

A A 
= ‘“p- %R 

219 

A 

= YR (kel 

2 

= % (K-13) oii tceeccoeessceeees from (2) above 

(xk +1) 2% 

= ab ,ien=d 
2 kel 

= wL for k large; 
2 

i.e forf >>, . 
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This gives the magnitude of the characteristic impedance. 

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

ll, Graphical Representation of Properties of a Simple Low-Pass Filter 

T-Section 

For a network contain- 

ing the ideal components of 
Fig. 74(a) the characteristic 
impedance and attenuation vary a 

with frequency as shown in a 

Fig. 78. These variations are +Zo . 

obtained from the formulae 

derived above, 
“a 

rele weg of 17 0, 
PURELY | 7,7 PURELY REACTIVE 

I é . 

_ RESISTIVE 7 ( (DOTTED CURVE GIVES 
| ¢ THE REACTANCE WHICH 

| la 1§ INDUCTIVE) 

It is common practice - 
to draw the Loss-Frequency fe 
curve, instead of the , 
attenuation frequency curve. i“ 
The loss may be plotted on an a 

inverted axis, as shown in (a) 
Fig. 78(c), and is 20 logig k 
decibels per section. k 

Effect of imoorrect termination 3 -t ' 

It is not general); 

possible to terminate such a Q, 

network by its characteristic 
impedance at all freyuencies, 
because of the inconvenient 
form of the variations which 
occur in this quanti'y with 

changes cf frequency. In 
practice, the cimplest com- 
promise available iz to make 

db 
the load a resistance of Loss 
value fe - The filter is (<) 

C 
then properly terminated at 
zero frequency, and the effect 

of dnoorrest sonntaation i Pig.78.- Characteristic properties of 
pronounced wy & low-pass filter (T-section). 

frequenoy is approached, 
particularly if the output 
impedance of the source is 
alao « resistance of value . 

L. The effect is illustrated in Fig. 79, where the loss-frequenaqy 
G ; 

cheracteristic is plotted for a single T-network terminated in / L. 
; C 

The input impedance is not purely resistive except at zero frequency, and 
some loss (3 db. at f,) is introduced into the_pass band, If several 
sections are used in Sascade, terminated in /L , or if a matching 
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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. 79 

mZo \ 

° ~ t 
i 

{ === LOSS DUE TO SINGLE i 
, SECTION PROPERLY 

10 \ TERMINATED AT ALL i 
\ FREQUENCIES im Va Zo PURELY. 

\\. LOSS DUE TO SAME a REACTIVE 
‘\ SINGLE SECTION x26 1 (DOTTED CURVE GIVES 

20 ‘ TERMINATED IN ale PURELY { THE REACTANCE, WHICH 
A RESISTIVE Ne (S CAPACITIVE) 

n 1 === 

“s Psy 1 ae 

30 ~ss ! va 
> | / 

i} f 
we Ll o¢ 

404 5 | H 

H i 
LOSS if 
IN db it 

! 

Pig.79.~ Loss for single low Pig.60.- Characteristic impedance 

pass filter secti of a low~pase filter, 
terminated in q at 

all frequencies. 

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

The attenuation due to a filter formed of Tl -sections is the 
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 Jt -section becoming infinite at the cut~ 
off frequency, and becoming a capasitive reactance in the attenuation 
pand (Fige 805 

fey fe f 

(a) 
LOSS 

120 nZo 

1 
I 
| 
I | 129 _ —. fo 

PURELY "T _ PURELY RESISTIVE 
REACTIVE | 

\ lo. 
l MBURELY 

| 
} 

{ 

——- r ' 
’ 

L ; 
° f apo 

o
n
l
 

(b) (c) 

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

high=pass filter, 
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the two characteristic impedances are related by the formula 

. ; ~~ x 
mo N% = 4:47 = | 

13. Proverties of Simple High-Pass, Band-Pass and Bend-stop Filters 

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

«a band-pass filter may 
be formed of a high-pass and a 

low-pass filter in cascade, (FOR HIGH-PASS (FOR LOW-PASS 
Tdealised loss curves for ° FILTER) fife FILTER) 
such a filter are shown in 
Fig. 82, but these are not 
attainable in practice due to 
unavoidable resistive losses and 
also to the impossibility of 
teminating both filters 
correctiy at 911 frequencies 
within the pass bend, 

u Pr
 

“i
 

g
t
 

a ; 

[fe(HIGH PASS) <fe(LOW PASS)] 
Similarly a band~stop Loss 

filter may be formed by bridging 
a high-pass and low-pass Pig.82.- Loss for band-pass filter 
filter, as shown in Fig. 93, formed by high-pass and 

low-pass filters in 
The types of band-pass cascade. 

and band-stop filters commonly 
met with in radio receivers are 
simpler in thet they involve 
fewer components then are 
required by the bridge or cas- HIGH-PAsS} 
cade connections just described, Lo TTER 
but the analysis and design are INPUT ouTpUT 
more complicated and the  ow-pase 
attenuation-frequency character= (a) PUTER 
iatics are usually much inferior ad 2] 
to the idealised curves of [fc(HiGH-Pass) > fc (Low-Pass}] 
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 
enpirically. 

14. Other Types of Filters 

Networks more 
complicated than those 

described above are frequently 
used as filters. ‘Some 

arrangements are shown in Fig.83,- Band-stop filter formed by 
Figs. 8, to 87, with ideal bri h _ 

attenuation characteristics, vase riite and low 

These are examples of 
tm-derived" sections, and 
reference should be made to more advanced texts for a discussion of 

their properties. The provision of a parallel anti-resonant circuit 

in the series arm, or a series resonant circuit in the shunt arm 

introduces infinite attenuation at the resonant frequency of the tuned 

circuit. 
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FREQUENCY 
OF INFINITE 

oO ALTENUATION fe f 
T 

i 

! 
\ 
I 
| 
I 
{ 

HN 
{ 
! 

i 

1 
l 
i 

(a) 

LOSS 
(b) 

Pig.84.- High-pass m-derived Wesection filter. 

In practice, resistive losses modify the idealised curves, 
introducing a certain smount of attenuation in the pass-band, and generally 
decreasing the sharpness 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 piezo-electric ¢rystals 
are frequently used in place of tumed circuits in bend-stop and band-pass 

filters, but the use of these is limited by their very narrow tuning range. 

FREQUENCY 
OF INF:NITE 

t [ATTENUATION 
fo) r t— f 

| 
! 
| 
| 
| 

° t —o 
t 

(a) I 
! (b) 

LOSS 

Fig.85.- Low-pasa m-derived T-section filter, 

15. Delay Networks 

It is show in Chap. 4. Sec. 6 how the change of phase prodnoed 
in a tranemission line depends on the time taken for an electromagnetic 

Wave to pass along the line. The seme is true for an artificial line 
or Delay Network, If this time of transit is T, then the phase angle 2. 
by which the output lags the input, is connected with T and f, the 
frequency, by the relation ; 

o = 2net 
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CUT-OFF 
FREQUENCIES 

o H | 

on 000 HLHIEA000 0 } ! 
{ j 

{ { 
| i 

| | 
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H { 
| FREQUENCIES | | 
) TOF INFINITE |! 
| | ATTENUATION 
i} 

' i 
- 1 

o- ° LOss 
(a) (b) 

Fig, 86.— Band-pase m-derived T-section filter. 

x 

For a simple low-pass network of nm sections properly terminated, 
the time of transit for a wave of frequency £<< £, may be taken as 

= AO 
Te ae 2K?’ where sin @ =f = TEAC. 

“ Co. 

Hence, for ® < < f,, when sin B = pf, 
2 

T be sate’ 2 fr /iC 

Kx 

= n /ic (This result is independent of f, provided 

f£<<¢ t 

For higher values of f (but still within the pass-band), the 
value of T increases, until at f = f,, the time cof transit isT = nt. 

= AE. AG. The variation of ond T with frequency 
Cc 

CUT-OFF FREQUENCIES 

FREQUENCIES 
OF INFINITE 
( TENUATION 
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Pig.87.- Band-step m-derived 1 —section filter. 

is illustrated in Fig. 88. 
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This increase in B 
time-delay with rising 
frequency causes distortion 

of non-sinusoidal waves, 
this distortion being 
superimposed on that due 

to the attenuation of 
components whose frequency 
is higher than the cut- (a) 
off frequency. Where t 

such a network is used to 
delay a rectangular pulse 
the cut-off frequency 
should be high compared n 
with 1 , where T. is the 

t, P 
pulse width, This 
determines the maxinun ao ; 
permissible value of / LC , * (b) 
so that the number of 
sections necessary may be 
determined from the formula:- 

T 

FOR f<fe FORT > fe 

p= 2sin"(L) pon 
fc 

ni
t 2
 

a
)
 

a
i
n
 

i 
4 + 

\
 

1 \ | J 1 1 t 1 

7 fig.88.- Variation of phase shift and 
as JG » T being the delay time with frequency. 

total delay required, 

The actual values of L and C needed are determined from the 
chosen cut-off frequency and the value Rg of the resistive termination 
of the network. Thus s- 

fi, 5 1 and Ry = fk 

T Jie 

whence 0 = 2 ” fareds » andil= Reo henries, 
rt fo2e KE, 

Rg being measured in olms and f, in o/s. 

16. Use of Delay Line for prog: Ee se8 

It is show in Chap. 4, Sec. 12 that a length of transmission 
line may be used to produce narrow, rectangular pulses. The advantage 
of using a uniform cable 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 cable 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= 4, the design requirements for the network given in 
Sec, 15 include the relations 

1. 1 
? > wm and gt = n, / LC 

Tt LG P Fp 

so that 1 >> 1 ; 

Nt Jie 2n fic 
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or -A>> iS : 

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

Examples 

(i) To construct 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. 

We have L = 600 and 1 = 4.10° 
Cc Nie 

Hence C = i 

vie 49% 10 

ee L = 600 6 

49 10 

= 150 #£microhenries 
n 

== 47°? #£=xmicrohenries . 

Similarly C = 1 . 1 
Ae 10° 600 

= 1 

24 7 108 

== 133 pP. 

Hence the T-section has two series inductances each of 2). microhenries and 

a shunt capacitance of 133 pF. 

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

We make f, = 1 = 310° oa /E = 2000. 
K/L C 

As for the previous example we obtain 

va = 5715 
Whence we obtain L = 212 /- 

C = 53 pr. 

The total delay is 6 [ss whilst the delay per section is 

i 
JuG = 3m /** 

Hence the number of sections required is 

62. Hh = == 57 
- oR mr 
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Hence 57 sections are required,each with total series 
inductance 212 PH and total shunt capacitence 53 pF. 

(444) To construct @ pulse-forming network of 6 sections to 
match to a 800 ohm load and to have a double delay 
time of 1.0 Ps 

We have /L = 80. 
C 

6 fie = 05.108 

Hence 6L = 800. 0*5. 1076 

“. Ls ue microhenrles 

= 67 microhenries . 

Similarly 6¢ = 0-5 .10 © 
800 

Hence C = O15 4106 i» 
6. 800 

= 104 pF. 

Hence each section has total series inductance 67 va and 
shunt capacitance 101. pF.
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RESOLVING NETWORKS 

l7. 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 measurement of range. In any case there are three principal types 
of resolver that are used in practice; these are :~ 

(4) the Resistive Resolver (Sine Potentioneter), 

(ii) the Inductive Resolver (Magslip Resolver), 

(114) The Capacitive Resolver. 

Type (i) may be used with AC or DC supplies; types (14) and (444) can be used 
only with AC supplies. Type (iii) is not encountered as a resolver alone, 
being employed only in the capacity phase-shifting network described in 
Sec. 22. It will not be described separately. 

18. Resistive Resolver 

The basis of this device is illustrated in Fig, 89. A wire-wound 
resistor OP is made into a non-linear potentiometer so that for movement 
@ of the slider the resistance tapped between 0 and Q is proportional 
to sin 6. 

(a) (b) 

Pig.89.- Resistive resolver (sino potentioneter), 

Since R oc sin @ 

dR of cos 90, 

so that if §R is the incremental resistance for each tum of the wire 
on the former, corresponding to a length §¢ , and provided the resistence 
per wit length of the wire is uniform, 

§2 o¢ cos 0. 

This means that the wire may be wound on a former having the shape of 
& cosine function as shom (Pig. 89(b)). 

A group of four such cosine-law resistors may be arranged as 
shown in Fig, 90(a) to give continuous resolution. As the potentiometer 
arm turns through an angle @ the direct voltage tapped from the resolver 
varies as show at (b). If an alternating supply is used, as shown in 
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as for the DC circuit. 

Such a resolver, 
although accurate for 
direct or low-frequency 
alternating currents, is 
not often used for 
frequencies of several 
Kilecycles or more because 
of the effect of stray 
capacitance, and because 
inductive resolvers are 
more suitable at such 
frequencies. Instead of 
the accurately wound 
sinusoidal potentiometers, 
linear resistances may be 
used to give a rough type of 
resolution as shown in 
Fige 92. The eight feed 
points are taken to the 
supply voltages as shown 
at(a) and as @ varies the 
voltage 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~shift 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 (Pig.93) 

The inductive 
resolver consists funda- 
mentally of two coils, a 
stator and a rotor, the 
alternating supply normally 
being fed 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 induced in 
the output coil is proportional 
to the product of the input 
voltage and cos @; Fige 93(b). 

Fig. 91 the input voltage being Vy9 the output voltage is Vo = Vy sin 0, 

(b) 

Pig.90.- Sine potentiometer arranged to 
give continuous resolution, 

Fig.91.- Sine potentiometers used with 
AC supply. 
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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 appreciably 
affect the primary current and 

introduce errors whose magnitude 

would vary with the secondary 
load. (a) 

Vo 

If the supply is fed 
to the rotor, and two identical. : Vy 
stators are used, perpendicular cad a 
to each other, voltages 8 
proportional to sin @ and cos 

may be obtained simultan~ ~oM—— f———-O7 Vy 
eously from the two stators, 7M 
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 potentiometers, 
Sects, 7 and 9}. 

vf 2 \ 

{e} 
(A NEGATIVE VALUE OF TF, INDICATES AN 

ANTIPHASE RELATIONSHIP) 

(b) 

e 
I Vbee¥, SIN @ 

(¢) 

i, Vee V, COS 8 

| 

Fig.93.- Inductive resolver, 
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CONTINUOUSLY VARIABLE PHASE-SHIFTING 

DEVICES 

20. General 

In sections 8 - 11 it was show how, in an iterative filter 
network, there is a progressively increasing phasé¢ delay between output 

and input terminals as the number of sections is increased, If the 

mumber of sections is varied it is possible to choose a voltage with 
any 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 
sinusoidal voltage vatiation in the required phase relation with a 
fixed-frequency input woltage. This process 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 handling signals of pulse form; although the latter method is 
applicable to the production of phase delays in sinusoidal oscillations,, 
the circuits are usually more clumsy and of wider application than is 
necessary. For example, where this method is employed, 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 common method of providing 0 - 360° continuously 
variable phase-shift is to start with two sinusoidal 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 given by 

YyOF A sinWt and Vp = A cos Wt 

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

Vo = A sin Wt.cos(h — A cos Wt. sings 

=sAsin (wt -f) 

is@s, @ signal delayed by a phase anglefS with respect to the input volt- 
age Vy° 

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

The Inductive Phase~Shifting Network Goniometer and the 

Capacitive Phase-Shifting Network both provide smoothly variable out- 
puts, rely for their accuracy on manufecturing tolerences, and do not 
need adjustment (save, perhaps, for an overall adjustment equivalent 

to ensuring that the input voltages v1 and vo are of equal amplitude and 

truly in quadrature). The Potentioneter 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 variable may be made negligible, 

The potenticmeter circuit is substemtially independent of 

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

This device resembles the inductive resolver, The two quadrature input 

voltages v, and vo 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 Fige94. 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 Vie< Vycos of 
such a four-stator goniometer from a 
single-phase supply is shown in Fig. 
95. The simplified circuit is given 
at (b). In this circuit L, the U3 Vo sine f g 
inductance of a pair of coils in series, 
is the same for each stator group. 
If Ry, Rp 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 frequency the goniometer can be Fig.94. =~ Goniometer, 

made accurate to a fraction of a 

degree. 

22, The Capacity Phase-Shifter (Fig. 96) 

fv 

‘This device is 
closely analogous to the 

goniometer, relying for 
its operation oninduced 
electric, instead of 

induced magnetic fields, 
It takes the form of a 
split-stator condenser, the 
lower stator plate being 
earthed and the upper 
stator plate being divided APPLIED 

into four equal sectors. VOLTAGE 
Opposite pairs of plates 
are fed with the balanced 

quadrature input voltages (Q)SCHEMATIC DIAGRAM OF A GONIOMETER (4 STATORS) 
v, and v5, and an unbalanced 
obtput is taken between the 
rotor and the earthed lower 
plate. If the stator and 
rotor plates are made to the 
correct shapes reasonably 
accurate resolution is 
obtained by this method, 
errors being normally of 
the order of one degree. 

(b) SIMPLIFIED ELECTRICAL CIRCUIT OF (a) 
The method of 

feeding the input voltages 

in the correct phase from 
a single-phase supply is . : . . 
the pete — for the v otent= Fig. 95.- Feeding a four-stator goniometer. 

dometer arrangement given 
below, 
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23. The Potentiometer Phase-Shifting Network 

This device incorporates 
the approximate type of resolver 

described in Sec, 18. 

In theory, accurate 
resolution could be obtained 
using tapered resistors as 
Gescribea in Sec. 17, and 
arranged as indicated in Fig.97. 
Balanced sinusoidal input 
voltages V,,» Vo are applied in 

quadrature™as shown,and the 
balenced output voltage is 
obtained from the two tapping 
points. In practice the 

necessity for accurate winding 
of the sinusoidal potentiometers 
is a drawback and linear 
potentiometer arrangements are 
used, In these a slight 
veriation in output amplitude 
With phase is inevitable, but 
this is not usually important. 

Pig. 98 gives the 
schematic layout of a 4~feed~ 
point phase-shifting network, 
whilst the vector diagrem of 
Fige 99 illustrates the 
action. As P, Q move from 
A to B and from C to D 
respectively, the output 
voltage vector P'Q' changes 
from A'G' to B'D', equal 
resistance changes correspond- 

ing to equal movements along 
the sides a‘B', C'D' of the 
square. It follows that if 

the resistances between 
adjacent studs are all equal, 

equal movements of th: output 
arm FO do not correspond to equal increments of phase B . 

UNBALANCED CUTPUT 
FROM ROTATING VANE 

OV 

ROTATING VANE 

network, 

Fig.9].- Resistive phase-shifting 

network, using sine- 

potentiometers, 

The graph show= 

ing errors due to using equal resistances in this four-feed~point network 

is shown in Fig, 100. To obtain a better approximation whilst avoiding 
the use of resistors of different values the eight-feed-point arrangement 

— 
Ve 

Rab = Rrao=Rea = Rea 

Fig.98.- 4-feed-point potentiometer 
phase~shifting circuit, 
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Fig.99.- Variation of outout 
voltage with movement 

of P.



Chap. 3, Sect. 23 

shown in Fig. 101 may be employed. 
If the feed resistors between the 

input terminals and the circular €RROR 
resistor chain are suitably chosen \ 
the vector diagram takes the form 
given in Fig. 102. The output 
phase ® is then the same as the 
angular rotation © at 16 points 
instead of 8, as in the four-feed= 0 A « 2r @ 

point arrangement, and the inter~ 
mediate errors sre correspond~ . 
ingly reduced (Fig. 103). 

One method of feeding the 

four points (ABCD) of Fig, 98 is MAXIMUM ERROR = 4° 
shown in Fige 10h. A circnit 
similar to that of Fig. 104 may 
also be used to supply the four Fig.100,- Error curve for 4-feed-point 
primary feed-points (ABCD) of “pe 
Pig. 101. If the input resist- potentiometer, 
ance of the potentiometer tetween 
A and B or any corresponding pair 

al
a 

x 
H &! 

By 

u J 

G! F 
Y 

THE PRIMED LETTERS INDICATE THE 
POTENTIALS AT THE CORRESPONDING 

POINTS IN FIG {Ol 

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

of points is Rp then unless 

Ro > > R PCCH SHS SHEESH HTH SEFTOHOESEHREDET SESH RH EHRHASES (1) 

the phase-shift circuit will be appreciably affected, 

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

WR = il, 

since then the voltage at B olags that at A, whilst the.voltage at D 
leads that at A, both by 45°, as indicated in the vector diagram of 
Fig. 104(c), The voltages v, (between A and C) and vp (between B and D) 
are then equal and in quadrature. 
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ERROR 

AAAAAAAL.. 
mvavalaratavatats 

MAXIMUM ERROR 0-5? 

Pig. 103.- rror curve for 8-feed-point potentiometer circuit, 

If the input resistance Rp between each pair of the feedpoints of 
the potentiometer is not negligible, the error thereby introduced can be 
minimised by inserting a small coil L, shown dotted in Fig. lO4(a), in 
series with each resistor R. It can be shown from the geometry of the 
veotor diagram (d) or by any other method of analysis thet if the 
relations 

Ls R 

wc (R + R,) 

and W C RR, = l 

R+R 
Pp 

are satisfied,the figure formed by the points a'B!C’ and D' of Fig. 104(d) 
is very nearly a perfect square, so that Wy, and Vp are again equal and 
in quadrature, 

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

2he O_- 180° Phase Shifting Network 

The method described in Sec. 23 of feeding the four points 
from a single-phase supply mav readily be adapted to provide variable 
phase-shift from Oto nearly 180°. The circuit arrangement is indicated 

in Fige 105(a), and the vector diagram (b) shows the action of the 
network. Provided the output impedance of the transformer is snail 
compared with the input impedance of the network, the voltage developed 

between X and Y is constant, and is represented by X'¥' in (b). 
X'Z' and ¥'Z* represent the quadrature voltages developed across C and 
R respectively.
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5 OUTPUT 
7 VOLTAGE 

(a) SCHEMATIC DIAGRAM OF QUADRATURE FEED NETWORK 
FOR POTENTIOMETER PHASE SHIFTING CIRCUIT 
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3 (C) VECTOR DIAGRAM 

(b) SIMPLIFIED ELECTRICAL CIRCUIT 
OF FIG. (a) 
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(d) EFFECT OF INTRODUCING SERIES INDUCTANCE L 
TO COMPENSATE FOR RESISTANCE Rp SHUNTING C 

Fig. 104.- Quadrature feed network for potentiometer 
phase-shifting circuit. 
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Chap 3, Sect, 24 

The vector 0'2' represents the output voltage in magnitude and 
phase. As the value of R is varied the point Z' moves on a semi~ 
circle on X'Y' as diameter with centre O0', since angle X'Z'Y' is always 
arighteangle. The output voltage, represented by 0'Z', therefore 
remains constant in magnitude, as the value of R (ar C) is varied, ana 
its phase relative to that of the voltage across the transformer secondary 
winding can be changed through about U,0° with practical values of R 
and C. 
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Fig. 105.- 180° phase~shifting network 
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