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1. THZRODUCTION,

1.1 There ia an almost Infinite number of ways of conneoting resistances, industive reacte
snces and oapesitlve raactancer togesther to perfarm different functions, the differ-
ent olrouits so formed heing called Networks. From the amultiplicity of different

.+ posslble combinations, s few types are encountered agaln and again in communication

""" olroudts- so frequently s& to warrant speclal treatment. It is the purpose of this
" Paper to study two of the most fraquently enoountered typesm and to deal with some of
thelr applications.

1.2 The two types to be studied ere called T and 7 networks from their eonfigurstion.
These netwirke may be balanced or unbalanced, es shown in Fig. 1.

-
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FlG. 1. I AND 7 SECTIONS.
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2. CHARAOTERTSTIC TMEEDANCE OF NETWORKS.

2.1 If sm infinite nmbar of the slngle networks, or seotions, shown in Fig. 1 wers oom-
nected togather and the input impedance measursd or ocaloulated, ag wes done in
Paper No, 1, the same result would be obialnsd. that is. the infinite number of
ssotions would exhibit a fintte-driput invipedense, Ohis impedance le frequsntly re.
ferred to as the Iterative Impedance (to lterate meehs to repeat). In these bocks,
this impedance is called the Characteristic Impedances and designsted Z, ih-trdar to
be conaslastent wlth Peper No. 1 on Infinite Lines.

3, CHARACTERTSTICS OF T SECTIONS,

3.1 As deserlibed in Paper No. 1, terminating a T network or ssction in its chersotefistio

z 4 impedsnce mskes the input impadamo of the network
aqual to the cheracteristic’impadance. Thiz 1z shown
in Flg. 2.- ’ .
Zg I Lo 3.2 Characteristic. Inmedance of T.Beotions. The cher-
aoterietic 1mpedance of ;u.oh a stk 1eg
> 2
T SECTION TERUELN.“.TED m ZO' . 'Zo = 2122 +—~;:~ o-ovo.o.-.co..\l..om..u.c...(1)
FPIG. 2,
3.3 Attenuation Froduaed by T Becthn_s " The aitenustion of a T network oan be calculated

from the ratlo of the input and cutput currents.
Thease currsénts are shown in Fig, 3.
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FIG. 3. QURRENTS IN T SECTION. om..l—n..'ﬂ' .’;_2 ekenaserenssennsnsase(3)

4. CHARACTERTSTICS OF 7 SROTIONS,

4.1 Oheracteristic Impedance of w_Sectlons. In Fig. 4, &5 is in parallel with 2Zp, this.

combination being in merlea with 44, snd thig. combination , in turn, being in parallel
with 223, The characteristio 1mpedanoo of suck &
fidgwork 1s glven by -

2422

Zo =ﬁ -o.'ooo..-noooevqlcooo.aq.(l})

1Zp +

7 $BOTION TERMINATED IN Zg.

or Zo.=_z—1'-zz ;a-...!l..liocu"vaccl_.a.q 01-1015(5)
FIG, k. Zop

where ZgT 18 the dharacteristic impedsnoe of a T seotion, having Zq ag ite serios
impedatos and 22 as its shémb- i.mpedanoe. _

k.2 .M.te_q mation of w Natwor};_'. Thie n.ia given by = .

L Ip ==
14 . zal IZ1 218
— 2 ] e o e yespassrreerarres 6)
I 227 2 (

422
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L4.5T Beotione are frequently cslled "mid-series" sections; snd the impedance of such a
aection ia referred to am.the "mideseries impedance." 7 mections, on the other
hand, are frequently called "mid-shunt" sections, and the impedance of such a
asction is referred to as the "mideshimt impedance." The reason for these desig-
nations 1s shown in Flg., 6, which 1z termed a "ladder" network because of 1ts

conflguration.
_ 2 z z z z
2, z, z 3 F % 3 &
Zy j:z; = tZ,
B ] |

MID WD
SHUNT SERIES

FIG. 6. MID-SERINS AND MID-SHUNT DERIVATION.

5. PADS AND ATTENUATORS.

‘5.1 Sometimes it is necessary to reduce the amount 6f power input to, or output from, a
plece of equipment by a fixed amount. Thls 1& done by meane of & suitable network
having the desired fixed loas, such a network being termed = Pad.

Be 2 Again the same ltem of equipment, for example, an oscillator, may be used under
oircumstances which requirs the output power to he varded by known and veriable
smounteg. This 1is done by means of a sultable network having the deaired variable
loss, such a network being termed an Attenuator.

543 Pads and Attenuators are usually of the "T" or "Balanced T" type, depending on
whethar strlot balance is necessary or not. The peries snd ahunt slements are
purely resistlve, as they usually have to offer a losz or attenuation which ie tha
game at all frequencies, Further, the pads and atteniiators uwsually operate be-
tween simllar impedsnces, that la, their output snd input lmpedances are the same,
such networks being termed Symmetrical Networke. Whare the input end cutput imped-
ances of a network are unegual, ths networks are termed Ungymmetrical Networks.

5.11- The provlem of designing e symmetrical pad thus becomes ohe of working out values
' for the resistences in Figs. 2 and h-_, BO th._nt -

‘JRfﬂz + =l 3,12

produces. the regqulred bnpadanue botwaem whioh the pad must work, together with the
requlred amount of attenuation. In the above expression, Ry and Rp replace Z4 end
Zp, reapeotively, of sguation (f) becaume; as mentloned above, the pad elements
wpg purely nesistive., Tables are generaily avallable where networks have to be
deslgned. Lrequently, such tables eimplifying the osloulationa. Table 1 iz includ-
ed to indicate the ascuwracy required. By applying equations (1) or (&), it will
be found that tha charecteristic dances very clomsly spproximate 600 olms,
whilet an application of equatlons (3) or (6) wlll show that the attenuation is
dorrect.

/Table 1,
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TAGE L.
T SECTION r SECTICN
Loss in | Totel Series | Shunt Resist.| Total Sere Shunt .
db. Rasist. les Resiet. | Resisat.
i 69 chus 5 208 ohng 68.6 ohms 10,440 ohms
2 13746 chma-., «?&,582 ohms . | 139.4 ohms 5,232 ohms
3 205.4. ohmg 1,703 ohma 212.5 ohma 3,505 ohms
s 271.6 ohgs | 1,249 ohms 287,5 ohms 2,651 obms
.5 336,42 ohma._ . 987.6 ohms 364..5 ohms 2,941 okma

LONG LINE BQUIPMENT -T.

VALUES OF R_nglsmrcns FOR 600 OHM ATTENUATORS.

IABLE 1.

5.5 The problem of attenuators is frequently oomplicated by the fact that the input end

resistences in the attenuator change to produce the reguired smount of attenuation.
6. CHARACTERISTIC IMPEDANCE OF T NETWORKS OF FURE REACTANCES.

6.1 In order to um.erstand the operation of .f.'iltews a lmawledge of how networks having
pwrely reactive elements behave is necsssary..

6.2 As exsmples, scme T Hetwarks of reactances Will be examined. Figs. 7a and b show
T sections of pure inductence and capacitence, respectively. The charascteristie
impedance of a T network of pure inductanges i an ipdu.ct:[:ve reactance at all

frequencies, and the charecteristic impsdance’ o:f" g1 netwwk of pure ospscitances
is a capacitive reactance at all f‘requenoies. ) o

it
Ly,
L

(2) {b)

FIg, 7. T 'rmr'wonxs WITH STMILAR REACTIVE ARMS.

6.3 Figs. Ba and 8b show two other arrengements of T sectlons, these having opposite types
of resctances in the arms. The type of network shown in Pig. B8a has a charaoter—
istic impedance which is purely resistive at freguencles from zerc up to that at
which Xp _g_X and sbove that frequency the charsoteristic impedemce ie a pure
inductive reactence. The network of Fig. 8b hes a characteristic impedance which

iz a pure capacitlve resctance between zers frequency and that at which Xp -..xl.
Above thie frequenoy, 'l‘.ho characterlatle lmpedance iz a pure reslstance. - b

/g, 8.
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I, 8. T NETWORKS WITH DISSIMILAR KEACTIVE ARMS.

6.4 It is not possible to explein by physical means, sy was done for Wave Propagation in
Paper No. 1 of this book, how a network consisting of pure resctances can behave as
a pure resistance ovsr a certelin range of Trequenciea and as a pure reactance over
other freguencies, The only advice that can be given to students who have difficulty
in understanding the bshaviour 1s that caloulations indieate that the networks
benhave thie way, snd that practlcel measurements prove 1t.

7. ATTENUATION OF T NETWORKS OF PURE REACTANCES.

7.1 The networks dealt with in Fig. 7 have little or no application in these books =~ they
were dealt with because they provided o simple introduction to the slightly mors
complex behaviour of Fig., B. The networks of Fig. 8, howsver, are very important,
as they form the basic typee of low-pass and high~pass filter seotions.

7.2 Whilat the two sections of Flg. B are behaving as resistences, they are oapable of
abacrbing power from & generator comnected to them, that 1s, the networks as a whole
can take power from the genkrator. The individual reactances, however, z=ti)l
behave as pure reactances and, therefore, cannpt dlssipete any of the energy taken
by the network as a whole from the generator. All of the power teken firom the
generator, therefore, is passed on to the termination connected to the other end of
the secticns., This mesns that the attenuatlion over the band of frequencles to
which the networks offer a purely reslsbtive charscteristic impedsnce is zero. When
the networke become purely reactive, howsver, they carnot absorb power from a
generator connected to them, and the current and voltege wlll be 90° out of phese at
all points, It would be physioally possible for such a network to produce attemia-
tlon, thet is, reduce the amplitudes of the ourrent and voltage as.they pasa through
them, because & decresse in voliage and ourrent does not represent a dissipation of
power when the current and voltage are: 90°% out of phase with each other.

7.3 From the general statement above, it should be clear that the attenuation produced by
Figd. 8a and 8b ia mero whilst the charascteristic impedance is a pure resistance.
The fact that attenuatlon 1z produced when the networks are reactlve can be proved
by using equaticn (3). A mectlon, such as Fig. Ba, produces a phase shift of

" exactly 180° when the frequenoy is sbove the value at which X2 = T
8. PROTOTYCE L.P. AND H.P. FILTER SECTIONS. ‘

8.1 Paragraphs 7.2 and 7.3 above indlcate that a section of the type shown in Fig, Ba.
viggpuld be used as a low~pass fil'be;{* becaise 1t produces zero attenuation between zero
“*#requency and that at which Xp =_—hi and attenuates mll frequenoies above this. Also,
~itoprseotion of the type shown in Fig. 8b could be used as a high~pass filter, because
' ifpedduces zero attenuatdon at all frequencies above that at which Xp 5 oam
$@nuates ell frequencies below this, These sections sre ocalled the basic or
I filter seotions beoause from thede ars developed the more complicated

LBe0tlons. m&in practical filters. The two sections, as they appesr in Fig. 8,
are not metlafactory for two reasons, _

i

8.2 The £irat resson 1s that ;he attenuation does not rize sufficiently sharply beyond the
froquency at which Zg = T;L’ ealled the "cutwoff frequency" and designated fo, Thia

. | /18



is shown in Fig. 9 for both the T.P. and H.P. filter sgptiohs, e attenuation outsids
the pass bend being calculated. Leoor

A

Aahw
Cu

§ %
3
£
£ B 4
FREQUENCY
FIG. 9. ATTENUATTON VERSUS FREQUENCY CURVES.

When resistance is present, as it always im beceuse it iz not posalble to wind induct-
ances without some resilstsnce, the position is woreened because the presenos of . the
resistence produces s gradual rather than e sharp cuteoff, besides some stisrmation in
the pegr band, as shown by the dotted lines of Fig. 9.

8.3 The second reason 1s that the chai'autaristic impedence of such sections vari'és w.ld.oly
over the pass bend. This can be shown ss follows for the L.P. sectlon. -

From equatlon (1) -
) 2
" Z
Z 242 +oam
L 2 "

can be derlved the equation for Fig. 8 =

—5s .
ZO = 2 -T ‘..l.‘Il.l,l...ll’..ollli!l'."‘ll'v..to..(?)

5

An examination of equation (7) indicatea that, when the _frequ;drigy is zero, Z, 1s \@-"
w22 ' I
£ iz zero. As the frequency is incressed, howsvér )’ ridresses untll,

Toaltarld

i . .
at the cubwcff frequency, 1§/ _equalg:%,; so that over
this bapd of frequencies, the pass band for Pig. Ba,

bsoaune

L

the characteristic impedepoe veries hatween & and
zevo. Thie is Ehown in Figs 10, ~ ~ = ©

will exhibit e charsoteristic impedence which veries

between¥ 5 et lufinite frequendy and zero at the oute

off frequency. Such £lliex septlons, therefore,
sould npt be terminated in a single resistance as,

I

I

1

|

: By the seme reasoning, the HaP. sseiion of Fig. 8b
b

|

t

|

1

PREGUENCY “fc  if the resistanbe matehed tio’iharacteristic imped-
a TERESTIC ance of the msction: #t'low fréguencies, thers would
—ﬁw be savers reflsbtlon’ at high frequancies, and vice
3] DENCY . verEa. A T T
FIG, 10.

Tnoluded. in Fig. 10 is the ocurve for the chardcter—
istic impedence for a 7 sectipon lowepass filter over- ita pasa band.

/9.



PAGE 7.
9. CUT~OFF FREQUENCTES FOR L.P, AND H.D, FILTERS.

X4
9.1 The cutwaff frequency, fc, accure in both types when Xp =, a8 previously stated.

For the lLow-pass mection =

x1.-=w1.am1x2=wlc

. 1
« « a8t fc,mc =T
RS Y
eoof =k
LC
. 2 2-—.‘L.
e e =
. 2 4
« o o™ =
Wy2Lo
] i
s fo = .....e.....”.“".u-an-u.u-o..-u.-.....(a)

V10

For the high-pass seotion =

x-] =-J._ a_nd}{z:(u]:.
wo

1
» at.fc,wL=u-iro
. =
e Wl o= TG
-
e w? = i3
m2fe? = 1
Wrte” = g
e f02 = 12
167 LC
R 1
P -] =m-.00!0.!....!..'...!!Ia‘nocooolllooooltquuoovo(g)

Equationz (8) and {9) ave the cutwoff frequencles for low-pass and highepass filter
prototype gections in terms of the inductance end capacitance used,

FALR
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10, BAND-PASS FILTERS.,

10.7 A bvond-pass filter is essentially a low-pasz filter in asries with a';h'igh-paaa
filter. For example, If 1t is desired to pass only the band 8~10 kc/s from a
~band’ pontaining all frequenoies from zerc fo infinity, the lowmpass, £ilter would:
have a cutwoff frequency of 10 ko/s and the high-pass filter & out-off frequency
of 8 ke/s. The two filters are shown in Flg, 11a snd are combined together, as
they are in practice, in Fig. 11b. BmE e '

. o .

LR H.P.

(a) N %Y
.

aebie s tain o v

10.2 Fig. 12 shows the attenuation versus fraqtie'ng; ’tﬁi‘t\ﬁ!‘%t@rﬂﬂb’;ﬂ of''s band=pass

filter of the type shown
An Fig. 11b. The theoret-
4eal ourve 1s shown in
full line and the actual
values shown dotted.

10.3 As it ia imposeible
in practice to construct
Inductences and condensers
which are entirely non-
roalstive, there ls always
a glight amount of attenu-
ation in the pmss~band of
—_ a filter. In genersl,
FREQUENCY. thie doea not exceed 0.5
FIG. 12. ATTENUATICN VERSUS FREQUENCY CHARACTERISTIC. db, eéxcept in the neigh=.
- botirhood of the cuteof?
frequencles, f1 and £2, where the effect of the resistance is to cause a rounding-
off of the attenuation-fregueney characteristde, . ;. 0700 1 -

11. m-DERIVED FILTER SEQTIONS. et e
11.1 A higher atbenuation at frequencles just outside. the, .pa,agi};@ag,,;; together. with a
1

sharper cut~off, can be obtained by the uss of "m~deriv 1kér seotions. Fig.
13 shows Buch s seotion for a low-page filter, '« P

ATTENUATION —»

I STEN S Y

A Beby 974, | FREGURNGY

4s shown in Fig. 13a, the shunt element is a series circuit and is designed to be
resonant at_a frequency JuRt sbove the cutweof? frsquency. At thia frequency,
degignated feo in Pig. 13b, the ghunt element ig a shortecirouit and the attenua~
“tion 1p infindte. However, past feo the attenuation falls, so that, in practical
filters, a mumber of such mectlons 1z used, sach havlng a successively higher
value of foo and s¢ providing the necessary high attenuation throughout the atop
band. - /1.2
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11.2 These sectlons are called me=derived sectiona, because of the relationshlp between
the series elements of the prototype from which they are designed and the series
elements 1n the derived type. The different sectlone in a filter must have the
game characteristic impedance 1n order to prevent reflecticn beitween the sections.
If the characteristic impedances are the mame at all frequencies, then the differ-
ent sectlons will have the same trensmission bands as, in this band, and in this
bend alone, Zg 15 a pure reslstance. The gerles elements of s derived type will,
of course, differ in value from the prototype because of the inclusion of other
components in the shunt element. Thue, in Fig. 14, 24 and Zp are the series and
shunt elements, respectively, of the prototyps, snd 241 ang Zo! are the series
and shunt elements, respectively, for a derived type.

Z Z Z! z!
2 2 2 2
i
Zo 2 zo—r 2

FIG. 14. PROTOTYPE AND m~DERIVED SECTIONS.

As mentloned sbove, the transmizsion bends match when the characteristic impedence
match, the latter being necessary to prevent refleotion. The relation between Z4
and 211 hzs been designated -

211 = méy
Also Zo! = %o

11.3 It is pomaible to obtein a value for m for any value of fc and foo required (with
which this Paper is not concerned) and, from a prototype, to design the required
m~derived structures. This is e design problem and will not be attempted here.

#

12. PRAGTICAL FILTERS.

12.1 & practical filter consists of prototype seotions end m=derived sections designed
ta producs the required characteristio impedancs (which is the impedance between
which the filter works), together wlth a sherp cut=off and a high sttenustion in
the stop bend and e low and even attenuation in the pass band.

12.2 The variation in charaeteristic impedance over the pass band has now to bs correct-
ed, This is done by teking advantage of the fact that the characteristic imped-
ance of a gection with an m of 0.6 1s constant over practically the whale of the
pass band, From equations (4) and (7), it 1s svident that the cheracteristic
impedsnce of a prototype section L.P. fllter is =

CHARACTERISTIC IMPEDANCE L

OF m DERIVED LOW PASS FILTRR 3
o P & [4)
L _ oL
[

Bquation {10) indicates that, at zero frequency,
the cherscteristic impedance of a prototype w

sectlon of & low-pass filter is Jlé_ as 1n the

T prototype, but at the out=off frequency it is
infindty because the denominetor of equation
{10) is zerc at that frequency, By working out
the characteristic impedence at all frequencies
in the pass band for all wvalues of m for an m-
derlved m sectdon, that 1s, by experimental
G CTERISTIC IMPEDANCE VERSUS mathematics, 1t is found thai the characteristie
UENCY m~TERTVED SECTIONS. impedence of an mederived 7 seotlon with an m of
0.6 is substamtially constant over the pass band,

FIG. 19. as shown in Fig. 15. /12.3
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12,3 The prooedure now 1s to design an m~derived T. seotion with an m of 0.6, split the shunt
element into two equal perts and, with these two helf T seotione, terminate the filier
with them arranged as half m sections, as in Fig, 16,

Z Zt Zz Z " Zy
2z
( -m2 1-m 1-nz
2(Fn-) 224 {38 2Z( o zzl(%
™ TYPE NTYPE SPLIT AT MID SHUNT END SECTIONS

FIG, 16. ARRANGEMENT OF END SECTTONS.

Fig. 17 shows a 3 kilooycle lLoww~pass filter, together with ouwrves giving some 1dea of
the purpose of each unlt in a practical filler. Buch filters are frequently called
Compoaite Filters.

"0 T 1
—| &~ PROYOTYPE
50 0 B~ fl’ w300~
cC— M= -8
—— D — TOTAL LOSS D
a 40
530
= A
g 20
L
10
° 1 7 ) 4 8 e
FREQUENCY IN KILOCYCLES
19-10mH 3-93mH  31-83mAH 8:0zmH  80IpH 19-10mH
SEMmN
= 04788.uF 55 90w
00N LK bt
T ' _
END SECTION PROTOTYPE SECTH
m=-@ H.ﬁ - o-gou
80-93mH 30-85mH 27-2mh
s5a6mH 918/ Bem
» 0788ME S8 1mH. B
0053t

00448 F 0-083uF
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PAGE 11. )
13. CRYSTAL FIITERS.

13.1 Cortain materials, notably some specles af quartz, exhibit the property of develop~
ing an e.m.f. across them when subject to pressure or tenslion. For example, when
a mochanical pressure is epplied 4o such s materisl » an e.m.f'. is developed across
two opposite faces of the materdal, which is in crystaliine form. When the Pres=-
sure 18 removed, the natural elastiocity of the material allows it to resune its
former state and the directlon of the e.m.f. ig reversed. This action 1s revers-
ible in that when an alternating e.m.f. is applied to two opposlte faces, slight
changes of shape take place which cause the material to vibrate. As with all
objects, a plece of such material will exhibit a natursl frequency of vibration,
that 1, a frequency at which the applied alternating e.m.f. will cause the
materdal to execute vibrations at s masximum ampldtude,

13.2 Ag the material vibrates, tharefore, alternating woltages are developed across
opposite faces, and it would be expected that the larger the smplitude of vibra-
tion, the greater will be the amplitude of the voltage developed morcss 1t, reach-
Ing 2 maximum et the natural frequency of the specimen being used, and thls is
found to be so. 8peolmsns of different size dlsplay different naturel frequencles
80 that preperation of a specimen to display a yparticuler netural frequency econ-
eiats in cutting a mection of a large specimen to the desired dimensions. In
practice, the thicknems of the specimen largely determines its natural frequenay.
The completed specimen is called a "orystal s snd preparation of the crystal maine
1y conslats of cutting a spooimen from a larger one and grinding it 4o the mize
required to produce the required natursl frequency of vibration.

13.3 As disoussed above, when a oryatal vibrates, an altermating e.m.f, ia developed
across two of' its opposite faces. The action is haps best explained eleciron-

— ieally from Fig. 15. The cxrystel in Fig. 18 is
ogused to vibrate by means not shown s the o 1te

a faces (aoross whioh the e.m.f. 1s developed) being
connected to some cilreult. During the halfecycle
B when slde & 1a positive to szide b, side b will
CRVSTAL axhlbit a surplug of electrons that wers trans-

ferred from side a (which exhibits a deficit) via
VIBRATING CRYSTAL IN CIRUUIT. the oirouit connected to the cryetal. During the
_ other half-cysle, side a 1s negative and, there.
FIG, 18. fare, dlaplays & surplus of electrons collected
_ from side b via the cirouwdt, Thus, the alternat~
ing voliage developed acrose the crystal faces causes an alternating current to
flow through the cireuit. This alternating current will be a maxtmum at the
resonant fregquency of the crystal » that 1s, when the amplitnde of vibration of the
orystal and, therefore, the voltage doveloped across it is a maximum.

13.4 In +this respect, the crystal behaves as a series resonant circudit s the egulvalent
circult being shown in Fig. 19. L is the af'feotive
_FW'_F— mochondeal inductance due to the masa of the
R < eryetal, R is the effeotive resistance due to lLosa~
o3 produced by intermoleculsr friotion as it
llg vibrates, and C 1e the effective mechaniosl
t cepaclty due to the slasticity of the crystal. Oy

BEQUIVALENT CIRCUIT OF CRYSTAL, 4s the capaolty between the faces of the orystal

FIG, 12- due to ita !tt‘e.‘l.ght condenaer action.

/13.5
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13.5 The resctence curve of & crystal ls shown in FPlg. 20. From Fig. 20 1t will be sesn
that the orystal has a resonant frequency fr and an
anti-rescnent frequency fa. The resonant frequency
s due to the series clroult alone, whilst the antl-

+ resonant frequency is due to the shunting effect of
Y . ta CGq 3n Fig. 19. The ratio of ‘G4 to C 1s a constent
z for any given materisl; Ifor quartz 1t is 125 to 1,
fo ‘This glves an antleresonsnt-frequency which im C.1%
a PRECRIENCY higher than the resonant frequency for guartz.

13,6 The desirsble featurs of orystals is thelr low
squivalent reslstance, being near enough to zero for
most pracileal purposes. This makes arystals 1deal
REACTANC for such uses as sharply tunsd eclroults and as re=-
% CURVES OF CRYSTAL. . i1ve elements in fllters where a sharp cut-off ia
FIG. 20. required.

13,7 Pig. 21 shows a T section crystal filter with 1te associated reactence curve and atben~
uation curve. .

" -4 Zl 3 The crystel elements are so selected that
2! the resonant frequency of the serles arm
(zero reactence) acincldes with the sntl-
regcnent frequency of the shunt arm (infin-
-if?;_‘r ite readtancs). Under this condition, the
network. will have, from nersly e general
2 4  examination, meximwn atteruation at the
antd-rescnont fregquency of the merdes arm
FILTER and at the
Proquenagy of the shunt awm (zero
23500 =
7000 Za™ E As in the preceding filters, the pass ‘band
1500 ¥ erzl_ will extend over the frequency band in which
Z
§ 1000 s Zq and 2p +-£- are opposite types of react-
z ™ / 7 anoe., The curve for — + Z5 cen lzae obhteined
g ao: et e by sdding heif the values of 'bho—éi ourve of
B Ay Fig. 2% to the Zp ourve. The resultant eurve
-looo ¥ will exhibit much the same resonsnt end the
1800 z seme enti-resonent frequencies aa Zp, and will
2000 ; = exhiblt a negetive reactence below and a
p J, 4 “ positive reactance above resonafidé. 8imilarly,
2500 956 1000 004 . lood  KOk2 016 the ourve far Z1 0%1'1 be ob‘hajned. by doubling
FREQUENCY 1N KILOCYCLES all values of the =k curve in Fig. 21. Such a
REACTANCE CHARACTERISTIC CURVES 2
curve will display the seme é-esonant and anti-
120 l resonent frequencies a8 the—éi aurve.
a oo V. = Thug, the pess band is near enough to between
Q a0 \ the resonant frequency of Zy and the anti-
c 60 regonent frequency of -?1. This means that the
Z 40 pass band of such a filter is only 0.8% of the
a 20 mldefrequency, for example, in Fig. 21 the pess
o bend is only 800 o/s at 100 ke/e, which ia too
396 1000 (004 1008 1042 10I6 narrow for s volee frequency chennel. Whers
FAEGUENCY IN HILOCYCLES only a very narrow band is desired (much narrow-
KTTENUATION ~FREQ. CHARACTERISTIC er than the 125 %o 4 ratio of 0y to C can pro-
vide), the ratlo ia increased by 2 condenser
FIG, 21. T FPILTER USING CRYSTALS. phunting the crystal, as in ®ig, 21, which

/effeotively
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effectlvely reduces the band~width passed,

13.8 The oryatal filters used are usually of "Llattice® formstion » those dealt with up to

the present being of "ladder™ Fformaticn. (When T or 7 sections are conneoted one
after the other, the structure is not unlike o ladder.) Fig, 22 shows a lattlce
filter, together with 1ts reactence and atbenuation curves,

~ e} :
Lyl

zb
Zb
. {:,} -
FILTER,
2000 ——
1500
Zb
1000
-
= o - f
g -500 £ S '
|
=1000 [ ﬁ
Zh| o
~1800 =
o (]
90.6 1000 1004 1006 I10HZ 1016
FREQUENCY IN KILOCYCLES
REACTANCE CHARACTERISTIC CURYES
* 7
g 15 ’
a1 OB ¥+
g 10 \ el
z
3 .
> ° 996 1000 1004 008 10tZ 1016
e i PREQUENCY N HILOCYCLES
s ATTENUATION = FREQUENCY CHARACTERISTIC
- TIN I SV
ot ot FIG, 22, CHARACTERISTICS OF LATTICE FILTER USING CRYSTALS.

The meries arms are alike, as are the two shunt arme , but the peries and shunt arms
ot 1gdbEer a8 will be seen from the reactance curves. The pass band extends over those
soirgguencies at which the serdes and shunt arms are opposlte types of reactance.
Again;iss in Fig. 21, the pass band is only 0.86 of the mid-frequency.

BN S R . .

- Torpwoduoe the widex pass bande necessary in practloe, an inductance 18 used in series
with, fhe oryetela. Within certein limits, this series inductance does not Intxroduce
enough reslstance to lnterfere with the sharpness of cut=off produced by the crystal ,
and, by a sulteble adjustment of the shunt condenser scrose the crystals, pass banda

-of any. desired width may be obteined within the limits permlitted by the inductance.

/1he
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14 PARALIEL CONNECTION OF FILTERS.

4.7 It is frequently necessary to operate filters in parallel. In Fig. 13 of Paper No.

2, thers are three examplea of this practice. The L.P. and H.P. line filters are
parallel comnected on their line aides, the two directiohsl filters are parallel
conneated on the H.F. llne filter sides and the two groups of three bandepass
filters in the chamnel circuits are parallel connected on the slde of the
appropriate amplifier.

14.2 Generally speaking, all filters have to work into a cirewdt that displays en ilmpede-

ance which ls Independent of frequency and, therefore, is reslstive. As an example,
an aerdal line into which the lins filter group of Fig, 13 in Paper No. 2 works is
usually, for all practical purposes, near enough to a zerc angle line. This means
that the impedance lookdng into the Iine filter group from the line, that im, the
impedance of the H.P, and L.P. line filters in parallsl, should be a ecnatant re-
aistance,

14,3 Ag disoussed previcusly, a constant resistence termination is provided for a filter

by deslgning a derived meotion with an m of 0.6, splitting this sectlon down its
shunt element and terminating each end of the filter with the half mectionz so
formed arranged aa helf sectlons. This

affect is achisved in the parallel ocon-
—— neotion by using cne of the T asctions,
1O OTHER L.P. LINE elther prototype or derived, in each filter
SECTIONS to terminnte the filtars on the sides

which are to be peralleled, as in Fig. 23.

From Fig, 23 1t will be seen that the firet
—-—' |—~—— serles oapacity and shunt inductance of

the H.P, filter provide a shumt path cone
mm HP taining capacitance and inductance in
SICTIONS sorles sorosa the input to the filter and

=1 it are.equivelent, therefore, to the shunt

element of an mederived L.P. section.
L.F. AND H.P, FILTERS TN PARATLEL. - This mesne that merely connecting the two
. filters in parallsl, ag degoribed shovs,
FIG, 23. provides an mederived terminatlon for the
group. Where the components employed in
the tarminating sectlons do not provide an m of 0.6, an adjustment cen be made to
the firat ssrles Inductance of the L.P. seotlon and the firast serles capacltance
of the H.P. section to achieve this,

14,4 When paralleling a nmumber of bandepsss Ffilbers, 1t 1g necessary to ensure that the

impedance of each filter rises .sharply outeide ite pasg band. This is done hy
using a sultable design of T sectlon te terminate each filter at the end to be
parslleled. DBy this meena, emch filter in lts pass band will be shunted by the
high impedance of the remaining paralleled filters outelde their pasa banda, and
the characteristios of each filter in 1ts pass band will be unaffected by the
pregerce of the others. Where the pese bande are nct spaced widely apart, 1t 1s
nesespary to go a step further, and this is generally the case. As hefore, the
filters are connected in parallel, but there will now be a difference in that the
irpedances shunted acrosa esch filter by lts neighbours wlll be lower owing to the
nerrower gaps between the pass banda,

The fllters above and below will contribute reactlve oomponents which sare opposite
in sign and, therefors, will tend to correct one another, For exampls, shove the
pass band of filter 1 in Fig. 24, the resctive component is induetive, whilat
below the pass bend of filter 2 the reactlve component ia capaocltive, Even

these reactances be low in value they will correct cne another, as will the ine
ductive reactance above the pass band of filter 2 and the capacitive resctance
below the pass bend of filter 3.

In Fig. 24, howsver, thera is no compensating industlve reactance to correct the
low capacitlve reactance immedlately below the pass band of Tilter 1, and no

Compensating
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compensating capacitive reactance to correct the low inductive resctance immediate=-
1y above the pass band of filter 3. It is often necessary, therefore, to cormect
an awxiliery network, called a "eompensating network," across the whole filter
group to correct these residusl low reactances.

L LA/

Ned 74 7 A

! pass | | pAsS
1 BAND | BAND | | BAND |
t 2 k.
FIG. 24, B.P, FILTERS IN PARALIEL.
15. EQUALISERS.
15.1 As mentloned in Paper No. 1, one of the Pactors which tend to decrease the intel-

a3

Sy

1igibility of telephone speechr 1s unequal attenuation of the currents of different
fraquencies as they are transmitted over the circwlts. For exemple, the attenua-
tion of an open wire oirouit is greater for the higher frequencles than for the
lower frequenclen, and this difference in sttenustion 1s directly proportionsl to
the length of line. Therefore, when long circuits are employed, 1t is frequently
necesgary to employ attenuation equalisers to correct the unequal attenuation of

the Iine, These equalisers sre usually

assoclated with the repeaters or amplifi-
TOTAL LOSS OF LINE AND EQUALISER era which are included in the circult at
verious pointe, in order to provide a
uniform level of current at the recelv-
ing end over the frequency range employed,
The unequal attenuaticn of different
frequencies 1s even more marked in un-
loaded cable circuits.

LINE LOSS

e 15.2 Attenuation equalisers are networks
—— consleting of Inductances, condensers
T and resistances whlch sre so proportioned
EQUALISER LOSS \\ and srranged that their sttenuatione
frequency characteristics are complement-
. ary to the line cheracteristice that
0 FREQUENCY produce the distortion. In brief, the
total loss of the line plus the loss pro-
. 2% EPRINCIPLE OF EQUALISER. duced by the equaliser is the same far
all frequencies within the band of frequencies concerned. This is shown in Fig.
25.

One of the simplest types of equalisers, shown schematically in Fig. 26, 1s bridged

ATTENUATION LOSS

- ‘dlrectly across the oclrduit to be corrected. The impsdance of such a bridged

equallzser must be low encugh at ocertain fre-
quencies to allow sufflcient current to flow
: through 1t to produse the required losses at
EQUAL these frequencies. Accordingly, the equal~-
e ISER iger clrouit naturally changee ;‘.he oiroult
impedance, particularly at the frequencies
where the eguallser is to provide a eubstan~
* tlel loasg. Thie Infroduces an impedance
FIG. 26, SIMPLE BRIDGED FQUALISER. irvegularity of & sizesble value into the
circudt. The use of hridged equalimera of
this type, therefore, has definite limitetions in practice.

/154
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15,4 In long clrowlts equipped with telephone repeaters, the demired equelising eff'ects oen
he obtained wlithout intrgducing en spprecisble impedance irrepulaerdty by inserting
aqualleing networks at the mid-point of the primary sides of the repester input trana~
formers. Instead of changlng the net loss of the line, however, thls arrangement
changes the overall gain-frequency charscterdstic of the repaster to matoh reascnably
closely the lose-frequency characteristlc of the line. In other words, for the fre-
quencles where the line lose iz high the repeater gain is also high, end vice versa,
The overall losa=frequency characteristic of' the line and repeater together ia then
ressonsbly uwndform over ’ths 'Iz'ansmitteﬁ frequency band.

15,5 Bridged T Eguali.secr. Both of the shove metlieds of egqualisation give satlafastory
resultie where the ampunt of attenuation distgriion to be sorrected im relatlvely
small. The use of elthsr of these methods to oorrect s large attenuation distortion
might result in an lmpedance irregulerity of such a magnitude as to more than offaet
the benefits cbtained by equellsing, To equallse for these relatively large smounts
of attenuation distortion, = sorewhat more complex equalising network, in the form of
a Bridged T structure, may be uged. Thie equaliser is dssigned to have 8, constant
impedance over the entire frequency band transmitted.

4s the name {mplies, the Bridged T equeliser ds built in the genersl form of a T net=
work, but if hes an edditional impedance path bridged acrose the paries clemsntas,
This latter path controls the loms of the egualiser. The elements of the Bridged T
equaliser are connwoted in a Wieatstone tridge arrangement, and the prinaiple of its
operation may bs best grasped by firet referring tc the ordinary Wheatatone bridge
eircuit shown in Fig. 2?a.

FIG. 27. IRIIGE mmmm m ﬂUALIS‘ER

[T I

Now rearrange this bridge circuit in 'hhe form od:‘ & T«mtwwk where the garies elements
are hddged by the Impedance 3, aa shown in Fig. 270....The T network proper la formed
by A, P and B with S ae the bridging impedance, while R apd X now become the Input and
output impedances, respectively. Next, change the Impedsnoes R, A, P and X to resisti-
ances of equal value, which may then all be d,es:l.@.g.iedru R. For rea.aona to be ex~

plained later, the :I.mpeﬁ.a:nco S and B will alBO 1 rod.oaignatod as 511 and 2.21 . respeg-h..
ively. Ihen a8 11lustrated in Pig, 28, the bridgd whioh was belanoed when

SB=XLisnmrhala.medwhen-

Z41224 =R XR or R2,

/When
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1, INTRODUCRION.

1.1 Prior to the invention of the thermionic valve and the oonsequent development of the
voloa frequenoylv.v:)repoatar, the most serious hindrance to the extension of trunk
line oommunioaticn was the sxpeasive attenvation introduced by the long trunk lines.
‘This oould be partially overcome only by the costly expedients of "loading" or by
using heavy gauge ocopper oonductors, and a number of 600 1b, aserial trunk lines were
installed for this reason, Wilth the iniroduction ¢f the V,F. repeater, this limita-
tion was removed and it is now poseibles by installing repeaters at regular intervals
along the route, to sxtend trunk line communfoation over very long distances without
departing from the requirements of moderh transmlssien standards.

1.2 A2 previously referred to in Long Line Equipment I, the Overall Transmiseion Performance
Standard requires that when any two subscribers connected to two differsnt telephons
oxchanges withia the Commonwealih network are intercomnected vie junotion and trunk
linea, the maximum permissible attenuation between thase two terminal exchanges (at n
frequency of 1 kc/m) is limited to 15 ab. To ensuve that thie figure 18 not exceeded,
1% 1s pecessary, in prectice, to limit the attenuation of certain types of tzunk linee
to & dby and, Pfurtherrors, to snaure that trunk lines between Main, Primary, and
BSsoondery Trunk Gentresa are zero loss equivelent.
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1+3 Because of line attsnustion, hnwavér, the distence over which V,F, transmission of the

required  overall-equivelent may be obtaimed, im restricted. TFoar example, the
attepuation of a 200 1b. H.D.G, serial trunk line at a frequency of 1t kc/s is spproxi.
metsly 0.06 db/mile, resulting in-a limiting length of about 100 miles Por a permima-
ible transmission loss of 6 dby ;dn order te obtain tranemission within the required
stendards and over greater distances, it is necessary to use either heavier gauge line
conductors or thermionic valve anplifisr units, known es V.F. repeaters. Por ecconomic
ressons the latter method im preferred,

1.4 Thermioniec valve amplifiers are uiidiractional in operation in ﬁhat, whilst & eignal

voltage mpplied o the input terminals (that is, between grid and cathode) is ampli
fied in the output ciroult (thaﬁ@ia, between anoda.and_oathode}, 8 signal voltage
applied o the output terminale e not of amplified form in the input oiroult, When
operating as & V.F. repeaster, however, the thermlonic valve -mitit be capable of mmpli-
fying the powers tranamitted-gg;each direction over. tliv tiunk:line and this necessity,
together with other conmiderations referred to- latier,; Hae-led to the development of
three general types of V.F. repsaters, nsmely =

(1) type 21 (2-wire - one element),
{41) type 22 {2-wire - two element)and’
{i11) the 4-wire type.

Two-wire repeaters are commonly umed in aerial trunk lire clrouits, and g4=wire
repeaters in trunk cable cirecuits.

145 This Paper deals with the cperation and provision of V.P. repeaters on asriasl and cable

2. TYPE

trunk line oirouits.

21 V.F. REPEATER.

2.1 The type 21 V.P. repsater, although now obmolete, 1a brisfly mentioned here, as it

rapresents u stage in the development of the type 22°7.F. repeater in general use.

2,2 The repeater {msee Fig, 1) consista essentially of a single ithermionic walve amplifier

stage with input and output connected to a spacial three winding trensformer known as
& hybrid ool or differentisl transfommer, V.F. signsla arriving from elther line
are applied via the hybrid coil -te the input and output cireuits of +the suplifisr.,
The portion entering the input oircuit e amplified by the valve and epplied to the
midpoint of the linme windings of :the hybrid coil.. Here it divides, half returning
back along the trunk line from whigh the originsl signal was received and serving no
ugeful purposs, the other half being: appliod to the distant trunk line seotiom.

2.3 An essential condition for the aatiafﬁetory operatlon of the repeater is that the

impedances of the trunk line smections on either side of the hybrid ooil muat be
identical over the ranga of volce frejusncies transmitted over thé clrouit, When the
impedances of the lines are unequal, BpoPtion of the amplified signal voltlage applied
to the midpoint of the line windings of the hybrid occdl is reapplied back to the
input of the amplifier and further amplified, This proceae continues in a cumilative
manner until the amplifier commences to oscillate or "ging,"

2.4 Although this form of repeater has the soonomie advantage of uaing only one thermionie

valve for mmplifying both dirvections of transmlesiony 1ta application is limited-
because of the practical diffioulty of maintaining a olose balance between the trunk
line impedances, This digadvantage led to the developmert of the type 22 V.F.
repeater for use on 2-wirs trunk line cirouits. /

Fig. 1.
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(b) Eguivalent Block Schematic Clrcuit.

V.F, REPEATER - TYPE 21.

Fig, 1.

3. TYPE 22 V.F. REPRATER,

344 In the type 22 V,F, repeater two smplifier units are provided, one for emch direction
of transmission. The basic arrangement is ghown in Fig. 2.

3.2 To provent the possibility of "minging” with this arrangement, it is necessary to
ensure that the amplified signels in the output of either amplifier are not applied
- to the input of the other amplifier. This necessitates the separation of the
opposite directicns of transmission, which can be done in a V.F. repeater only by
the use of hybrid colls - filters are not matisfactory - becsuse the same frequency
rangs 1s transmitted in opposite directions.

To ensure that the hybrid coils imclate the input of esch amplifier frem the output

of the oather, the impedance of each balance network must simulate the impedance of tlhe
trunk line with which it is assoclated, over the renge of voice frequencies trans-
mitted over the cirouit.

Plg. 2n shows a typioel arrangement of the hybrid coil conneotlons. In some repeaters
the input and output connections of the amplifier to the hybrid coil are reversed.

/ 343
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3.3 With elther type of hybrid connsotion, the ¥,F. signasl from trunk line A 1z applied 1o
hybrid coil "A", where it divides, half belng dissipated in the output impedance of
the D-A amplifier and half entering the input circuit of the A-B amplifier. The
amplified output from the 4-B amplifier is applied to the midpoint of the line
windings of hybrid ceil g where 1t divides, half being dissipated in the balance
network, and half paseing to trunk line B. Iransmission in the reverse direction is
gsimilar, the signals in this case being emplified by the B-i amplifier.

A8 AMP

HYBRID,
HYBRID

colL A

= -1 : . coiL’e”

I . -t
= R0 S 1000+ pa <O00>
LA NETWORK NETWO s

R (00— FOR A LINE ‘_I_(m_(mf"_""f

i | i o winintatindes I |

| & - 1 L _1 -1 -

[

L. —/—— — — — —

B-A AMF.

(a) Schematie Cirouit,

INPUT SIGNAL AR AMPLIFIED QUTPUT
FROM A LINE ) SIGNAL TO 8 LINE
'-—_-————a———.- _h ——— i — —
' |
I V- ph *

A== BAL A
HYB HYB ft——
UNE NET Rlilf"_ A - Ll?*IE
-l———-v—-l—— 4 ] "

o

’

- - - ——

iNPUT SIGNAL
FROM B LINE

N——
AMPLIFIED QUTPUT 8-
SIGNAL TO A LINE AME

{b) Bguivalent Block Schematio Cirouit.

Y.F. REPEATER - TYPE 22.

FIG. 2.
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4'ﬁitﬁ fhis section, the operation of the hybrid coil 1s considered in more detail for
o éignals paeping through it in the various directions of tranamission.
‘:’ A .
"ﬁmQ’Ths hybrid-coil may be of the unbalanced or balanced type. In the unbslanced type,
890 whioh is the simpler arrangement, there are windings in ona side of tha line only,
oLe ;’Thls type is used in such cases as submarine cable operation., In the balanced iype,
" whieh is the type more commoenly used in practice, these windings are divided into two
hglvee, one half of the winding being in esch zide of the line to preserve balancad
##7  impedsnce oonditlons for crosstalk conmiderations., The theory of operation is similar
for both types, but for simpllicity of explanation, the desoription is given hers for
the unbalanced type.

BRBERG

4.3 Impedance Relations of Hybrid Coil. Fig, 3 shows a simplified cirouit for an unbalanced

hybrid coil in which the smplifjer ocommections, trunk line and balance network have
been represented by appropriate impedances. For the satisfactory operation of the
ciroult, certain impedance conditions must exiat. The rslative wvaluss of thess are
shown for a trunk line impedence of 600 chms.

Hotes on Fig. 3 -
Winding a~b is centre tapped at c.

21 ané Z2 = Input and Output
Impedancep of
Amplifiers,

23 = Trunk Line Impedance,

. Zy
000 44 = Belanoe Network
INPEDANCE RELATIONS OF HYBRID COIL. Impedance,
FIG.

'
H

The-impedance of 1,200 ohms shown across the a-b winding represents the impedance {zr)
tpeflopted™: from 72 when current flows through the a-b winding, and is determinsd by
the fo&ul’

Yep ar = T°(z2).
.t\-l-;: ! a-b
ht ¢ﬂ\i . where T = turns ratlo of Fary windings.,

in ﬁonpoction with the sffective impedance of the hybrid coil windings however, it im
1mwortanf 40 note the following -

(1) When the ourrents flowing in the a-c and b-c windinge are squal and
in opposite directions, no resultent flux is produced and the
windings do not possese impedance, but present only their low chmic

- resistance to the flow of an 4.C. through them,

't( i) % 'a ‘burrent flows in 22 due to sn e.m.f, induced in the d-e
A ﬁii“&;p§2f&ou the 8-0 (or b-¢} winding only, then the impedance
22 ‘iefleots” into the a-¢ {or b-o) winding 1s 300 ohms,
Ll 1pe h&lving the effective turns on a transformer winding
redudg’itha “reflacted" impedance to one gquarter.,

[ dea
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4.4 Traunsmispion from Amplifier Output {(Z1) o Trunk Line., Assume mn alternating signal
voltage applied to the hybrid coil from the output of the amplifier represented by 21
in Pig. 4. Because Z3 o %4 and the
winding a-b is centre tapped, the
rasul ting signal ourrent divides squally
between the trunk line and balance net—
d ¢ work., The directlons of the currents
£flowing in the hybrid coil windings ara
thoge existing at some instent. No
rasultant flux is produced by the currents
flowing through the a-o0 and b-o windings,
and, therefore, no reauliant veltage ls
induced in the d-e winding or applied to
the input of the amplifier represented
by 22. The power from the output of the
amplifier therefore divides equally

TRANSMISSION FROM Z1 TO TRUNK LINE. between the trunk line and the balance
network, ne power being aspplied to the
FId. A. input of the amplifier serving the

oppoplte divection of transmission.
Only half the power supplied from the output of the amplifier is applisd to the trunk
line. A power loss of one half ia equivalent to & loes of 3 db, and so the hybrid
coil at the ocutput of the amplifier produces an equivalent loss of 3 db in the desired
direction of transmission., To ensura conditions of maximum power tranefer, the
impedance of the pupply source %t (300 ohme) is correctly "matched" to its load com—
prising Z3 (600 ohme) and %4 (600 ohms) in parallel,

4.5 Tranamiesion from Amplifler Qutput (z2) to Trunk Line. In some applicaetions of the
bybrid ooil, the input and ocutput connections of the amplifiers are reversed and Z2
ropresents the output of the amplifisr mpplying an altarnating epignal voltage to the
d~e winding of the hybrid coil {Fig. 5a). The induced e,m.f, in the a-b winding
produces & ourrent flow through 23 end 24 In seriea. Wo voltege 1o applied to the
input of the amplifier repressnted by Z1 as 1t is conneoted acrose points of aqual
potential. Thip is shown in the equivalent bridge cirouit (Pig. 5b).

I

3 =« 4. .
Winding a-b lp centre tapped at .

' TRANSMTSSION FEOM 72 70 TRUNK LINE.
Fig. 5.

Aa in the previous case, therefors, the powsr from the output of the amplifier divides
equally between the trunk line and the halance natwdrk, no power being applied to tha
input of the amplifisr serving the opposite direction) and the hybrid ceil agaln
produces an eguivelsnt loes of 3 db in the desired direction of tranemiassion. By
suitable selection of the turna ratio of the coil windinge, the impedance of the supply
source (Z2) "reflects" an impedance of 1,200 ohms acroms the a~b winding and, thera-
fore, is correatly "matched” to ite load comprising 23 (600 chms) and Z4 (600 ahma)

in series.
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4.6 Trenemigsion from Trunk Line (23) to Amplifier Input. Assume now, an alternating

signel voltage applied from the trunk line (%3} tc the hybrid coil with the balance
network {Z4) tnitially dimconnected ms shown in Fig. 6a.

(&) (v)
TRANSMISSION FROM TRUNK LINE TO AMPLIFTER INFUT.
FIG. 6.

Under these oonditions the resulting signal current flows through Z1 and the a-c
winding of the hybrid coll in smeries, The flux produced by thie winding induces a
gignel voltage wcerope the d-e winding which is applied to 22, The power from the
trunk line, therefore, divides between 21 and Z2. For maximum power transfer, the
turng ratio of the .hybrld ¢oil windings must be such that Z2 "reflects" an jmpedance
of 300 ohms into:the a-o winding. This, in series with the 300 chma impedance of
21 provides the required termination of 600 ohms for the trunk line,

When a voltege iz applled to the hybrid ¢oil, therefore, helf of that voltage is
dropped across Z1, the other half being dropped across the a-c winding of the hybrid
¢oll, This oondition 1s shown in Fig, 8b at mome particular inetant, for an applied
gignal of 1 wolt. ’

The veoltage across the a-c wlnding is a voltage of self-induction, this being produced
by the current flowing through the a-o winding via Z1. Voltages of mutual induction
are induced acrope the d-s winding and the b-c winding, that acrogs the former being
responsible far the losa of half the input power. The dirsoction of the voltage mcross
the b-c winding leg indicated and is in the same directlon mg that across the a-o

- winding, because the game flux producses both voltages and the two windinge are wound
in series. The voltage across the b—c¢c winding equale that-across the a-c winding, as
the two windinge have an equal nuwber of turns. Points b and f therefore, are at the
same potential, and if the balance network is connected acrose theme points, ap it is
in practice, no current flows through that network as the necessary condition for a
current flow is a difference of potentisml.

Thue, when power from a Syunk line ie applied to a V.F., repeater, one half of that
power ie applied to the input of the appropriaste amplifier, ths othar half being
dissipated in the output of the other amplifier, The hybrid coil again produces an
equivalent loss of 3 db in the desired direction of tranemlseion. Nons of the power
from the line, however, appears in the baslance network, resulting effectively in an
infinite loss in thie direction of transmiesion.
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4.7 Balanced Hybrid Coil.

shown in Fig. 7a, the various windings are wound on the same ocore.
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In the belanced hybrid coil, a schematic clreuit of which is

The coils 1, 2,

3 apnd 4 are connected series-aiding
and are equsl in all respeots, having
the mame number of turns, resistance,
self-capacltance, eto. Coil 5 need
not have the same number of turna, eto.
ag coile 1-4, and may provide & step-
up or step-down action by suitably
choosing the turns ratioe, For correct
impedance matching, assuming a trunk
line impedanee {Z3) of 600 ohma, the
turne ratioc ip sdjusted eo that Z2
"prefiecte” an impedance of 1,200 chms
acrosa the coils 1-4 when connected
aeries-aiding.

Fig, & 1a& purely a schematic repre-
pentation of +the hybrid coil and ie not
intended to indicate that the polnta b
and & are the centre polnis of single
windings a-o and @-f respectively.
Ugually the colle 1, 2, 3 and 4 are
wound simultanecusly, four spoels of
wire being used. There are, therefore,
four "inner" mnd four "outer" connsc-
tiong, and care must be taken te inter-
connect thepe leada 1n correct phase
relationship, A number of differant
arrangemsnts sre used to connect these
coils, a typiocal arrangsment being
ahown in Fig. Tb. In PFig. Tb, the
pointe have been marked to correspond
with the previous figure,

®he operation of the balanced hybrid
goil 1a similar tc the unbalanced type
disoussed previously, and may be
followed from Fig, 7v for the various
directione of tranesmission.

4.8 Power Loes in Hybrid. Irrespective
of the oonnestion to which the input
power is applied, the hybrid produces

& minimum leoss of 3 db in the desirad
direction of transmiesion. This cone
d¢ition is summariged in Fig, 8§ in

which the bybrid coll is replaced by &
square in which are indicated the trans-
miseion pathe exieting undar perfectly
balanced conditiona. Botween each two
adjacent impsdances, the equivalent

loss of the tranamission path ie 3 &b,
whilst beiween opposite impedances the
trenamission lose is infinite.

Beoause of the 3 db loms in sach
hybrid the gain introduced by & type
22 V.PF. repeater in elther direction
of tranamission ie 6 db less than the
gain of the amplifier appropriate to
that directlon.
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