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INTRODUCTION
l. General

We have seen in Chap, 4 that electromagnetic waves may be
propagated between a pair of parallel conducting cylinders or between
a pair of cosxial cylinders snd that the transmission line system so
formed provides a convenient means for conveying high frequency
power from & source to a loads It is also possible to pass an
electromagnetic wave along the inside of a wmetal tube and, for
various ressons which will be elaborated below, this is a desirable
proocedure at centimetre wavelengths., In place of the metal tube 2
dielectric rod is sometimes used, The tube or rod used for this
purpose is called a waveguide, VWhereas it was convenient to discuss
propagation on transmission lines in terms of the voltages and currents
associated with the wave disturbance it is more useful in the study
of waveguides to concentrate attention on the electric and magnetic
fields of the wave in the tube, It is useful, therefore, before
proceeding to a detalled discussion of waveguide,propagation to sumn-
marise the principle features of theelectromagnetic fields of waves
in free spaoce and on transmission lines,

Pige 195 - Pield distributions in a
plane polarised electromagnetic plane wave,

2. Properties of Electronagnetiz Waves in Free Space

Fige 195 depicts a sinusoidal plane-polarised electro-
magnetic plane wave travelling in an unlimited medium; its properties
sre as follows :~

(1) The wave comprises oscillations of an electric field

E and a magnetic field H in directions at right angles
to each other and to the direction of propagation,
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Chap.5, Sect.3

(ii) the waves are trensverse both in E and H and are,
therefore, of the type called 1EM (Transverse-Electro-
Magnetic); +that is, there is no component of E or H
in the direct_ion of propagation,

{141) The velocity of propagation in free space is equal to
c, the velocity of light (3 x 108 m/sec.) 1In a
medium of dielectric constant X and permeability /u
the velocity is

N

(iv) E and H oscillate in phase with each other when the
medium is non-conducting,

k]

(¥) The amplitudes of E and H are constant all over a
wave front,

3« Behaviour of sn Flectromegnetic Field at the Surface of 4 Conductor

The electromagnetic fields of waves on tranammission lineas
and in waveguides are bounded by metal surfaces; consequently, to
appreciate the forms of the field patterns it is essentisl to know
how such fields behave at a metal surface at high frequencies,

It is assumed in the first instance that the metal has
infinite electrical conddctivity. It can be shown that the electric
field E is perpendicular to the metal at its surface (as in electro-
statics), or, in other words, the tangential component of the electric
field vanishes at the surface of a perfect conductors The magnetic
Pield H of the wave is everywhere tangentiasl to the surface; that
is, there is no normal component of H at the surface., H is zero in-
side the conductor, (Pig. 196}, To support the discontinuity in H
at the surface, i.e,, to allow the magnetic field to change suddenly
from H to zero in crossing the conducting surface from without to
within the conductor, there is a current sheet at the surface of the
conductor.

Since any metal
possegses s finite conduct-
ivity the sbove description
of the electromagnetic field
idealises the actual con-
ditions, but the behaviour CURRENT_SHEET AT
in the idea.l case iB a Vel'y MACNETIC INTENSITY=H SURFACEGNTO PAPER)
close spproximation to the
actusl behaviour at a metal
surface when the frequency MACNETIC INTENSITY ZERO
of the wave ig high, At
low frequencies electro-

magnetic fields penetrate Fige 196 = Behaviour of electro-
deeply into the interior of megnetic field at conducting
a conducting medium and the surface.

corresponding currents are

distributed throughout a

volume of the medium, As the frequency is increased, however, the
currents are crowded more and more into the surface of the conductor
and the fields penetrate less and less deeply., This is the well known
phenomenon of Skin Effect.

218



Chape5, Sect+k

4. Waves guided by Pairs of Conductors (Transmission Lines)

We will now discuss the properties of a wave travelling
along a transmission line, They are very Similar to those of the
freely travelling waves in en unbounded medium already mentioneds
Figs. 197 (a) and (b) represent sections of parallel pairs of long
conducting cylinders whose contours are of arbitrary form but the
same for each cylinder along its whole length,

3

© cuRRENT ouT of ParER (O
(@) ® CURRENT INTO PAPER ( )

Fige 197 -~ Cross~-section of TEM-
wave carried by conducting cylinders.

The figures indicate the patterns formed by the lines of
E and H; {Since other types of wave-can algo be carried by the trans-
migsion lines the wave here discussed is ususlly called the Principal
Wave). The wave system has the following properties :-

(1)

(1)

(1id)

(i)
(v)

The wave is propagated parallel to the axes of the
cylinders, and is transverse both in E and H; i.e.,
the electric and magnetic fields are each perpendioular
10 the direction of travel and lie in a plane para-
1lel to the wave front as shown in Fig. 197.

The pattern formed by the electric lines of force

is that of the two-dimensional electrostatic field

obteined by maintaining the cylinders (supposed

infinitely long) et & suitable difference of

potential, Hence, each line of force arises from a ]
surface charge on one conductor and ends on a surface

charge of opposite sign on the other conduotor. The

lines alsc cut the surface of the conductors at right

angles,

(Boundary conditions, Sec, 3).

The lines of magnetic force surround one or both conw-
ductors and form a peattern which is the same as that
obtained by a suitable steady current along the
cylinders but in opposite directions in each., When
a high frequency wave is tranamitted the cwrrent in
the conductor is euntirely superficial, and the oom~
tour of each conductor in the section is followed by
the neighbouring magnetic lines.

At 81l pointes the two fields are mutually perpendicular,

The velocity of the wave is the same as that for the
unguided wave and is the same for all frequencies,
There is no limit to the frequency of the wave which
can be propagated,
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Chap.5, Secte5,6

5, Limitatione of Cebles and Adventages of Weveguides at Centimetre
Wavelengths

48 explained in Chap. 4 Secs. 41 - L5, one limitation to
the géneral use of coaxial cables at centimetre wavelengths is set by
excessive absorption of power, This absorption arises both from
omic heating of the conductors and from internal loas in the di-
electric, the former loss increasing in proportion to the square root
of the frequency snd the latter to the frequency itself, In both
oagses the loss is accentuated by tle presence of the immer conductor,
The currents regponsible for the obmic logs are equal in magnitude in
the ipner and outer conductors, but since they are forced by the skin
effect to flow in the surface lsyers of these conductors they dissi-
pate most of their energy in the inner conductor which has the smaller
surfece. The dielectric loas increases with the field strength, and
since the field is greater nesr the inner oconductor these losses also
are concentrated there,

It is to be anticipated, therefore, that when electro-
magnetic waves are propagated in tubes, in which both immer conductor
and dielectric are sbsent, the attemiation is reletively mmall and
comparable with that due to the cuter conductor of a cosxisl cable of
the same dimensions. Such tuvbes are known as Waveguides snd because
of the small attenuation suffered by electrocmagnetic waves in them
they are often preferred to cables in applications uaing centimetye
wavelengths.,. A dielectric rod or tube may also be used as a wave-
guide, but in such s case the attenuation due to the presence of the
dielectric is likely to exceed that due to the finlte conductivity of
the metal in an air-spaced cosxisl transmission line, The precise
attenuation coefficient in a waveguide depends on the wawelength,
cross~-section and form of wave, but whereas in a good cable the
attenuation coefficient for & wawe of length 10 am, ia of the order of
0°5 db/metre, in a weveguide it can be of the order of 04025 db/metre,
At wavelengths of 3 centimetres the attenuation coefficient in the
cable would exceed 1 db/metre and that in the guide would have risen
to 0.075 db/metres. It therefore follows that cables would not be
used at wavelengths of 3 centimetres except in very short lengths.

Loss of energy from a wave a8 it travels along a trans-
mission line is objectionable not only because it weakens the signel
vhich arrives at the other end, but also because of the undegirable
heating produced by the wasted energy. In the case of high power
tranamission this heating is often sufficient to soften the polythene
(softening point sbout 1000C) 4in the eable and ceuse breakdown.

6. Yaves in Waveguides compared with those in Free Space and on

Transnission Lines

The salient features of weves in guides are as follows :—

(1) The oscillations of E and H are not both trensverse
and it is convenient to classify waves in guides into
two principal types, Two different nomenclatures
are in uge for describing the waves. Sometimes the
weve is known in terms of that field component which
ig entirely transverse; it is called, for example, a
Trensverse Eleotric, or TE wave, Sometimes the same
wave is kmowm in terms of the field camponent which
has a longitudinal component, a wave with a longi-
tudinal H-component, for exemple, being called an
H-wave, The two principal types are therefore =
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(11)

(3i)

(iv)

Cmpcﬁ) Sect.6

(2) H-waves )
Transverse Flegtric }
(TE) waves, }

in which the electric
field E is entirely
transverse but the
magnetic field H
possesses s coamponent
H, in the direction
of propagation
(longitudinsl com-
ponent) as well as a
transverse component
Hy, Fig. 198(a). H, Fig. 198 - Component vectors
and H, oscillate in of E-waves and L-waves.

quadrature so that

the resultant H

vibration is ellip-

tical. Ht and E vibrate in phase,

e

b
~——> DIRECTION OF PROPAGATION

(v) E-~waves
Trensverse Magnetic (TM) }
waves,
characterised by entirely trenverse oscillations of
H but in vhich E has a longitudinal component, Ez
(Fig. 198 (b)). Eg and E; oscillate in quadrature
80 that the resulting E vibration is elliptical.

The smplitudes of E and H sre not constant over a wave
front, In the simple case of a rectangulsr tube they vary
sinusoidally across the tube,

The presence of the longitudinal component of either the
E or the H field csuses the wave front to travel faster
than the energy of the wave, The velocity of the wave
front is called the Phase Velocity Uy, whilst the speed

with which energy is transmitted elong the guide is called
the Group Velocity uge It may be shown that in all
cases -

_ .2
W, . U =
The wavelength A g of a wave in a guide exceeds the wave-

length A of the free space wave of the seme frequency
since 3-

uP=f7\g and ¢ = fA,

Electromagnetic disturbances are propagated as waves
inside a metal tube only if the free space wavelength

( A = off) is less than a critical value A ,, called
the Cut-off Wevelength, The corresponding frequency

fo = ¢/ Ao is called the Cut-off Prequency. The cut-
of f wawelength is determined by the type of wave and the
geametry and dimensions of the cross-section of the tube,
but in a given tube the greatest value of Ac is of the
order of magnitude of the larger cross-sectional dimension

of the guide.
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Ch&P05$ Secte 7

(w) The following relation exists between the wavelength
7,8 P of a wawe in a guide, its cut-off wavelength

A, and the free-space wawelength A i

1l 2 1 -

L o= X - 1

2
Ag A2 A2

multiplication by 1/£2 gives :-

1= 1 - .
u% 4,2 5 Ae

The phase welocity w, in the guide is evidently a function

of the frequency; whereas the velocity in free spoce is the same for
all frequencies.

WAVES IN A RECTANGULAR TUEE

7. Symthesis of sn B-Wave

Moet of the important festures of wawes travellinmg in
guides esn be derived quite easlly from a consideration of the case of
& rectangular guide carrying a simple form of H-wave lknown as the Hyy

wave, This derivation is so instructive thet it will be given-in
detail and the important points brought out. For more complicated
cages results only will be quoted and no detailed derivation will be
given, There are no important fundamental points which cannot be seen
from the simple treatment now to be given, and it should not be thought
thet any complicated "mathematical® analysis can give any deeper im-
sight into the phenomena.

The method of approach is as follows. We shall show that

-if & train of plane electromagnetic waves is incident obliquely en a
perfectly conducting sheet of metal then the incident and reflected
waves combine to produce outside the metal a composite weve in which
the motion sppears to take place in a direction parallel to the sur-
face of the metsl., This moving wave system can, if we wish, he
thought of as a peculiar type of wave guided by a single infinite
‘metal sheet, Precisgely the same wave disturbance is produced when a
wave is incident at an angle on to a plane surface of the earth which
can be considered to be perfectly conducting, A detailed discussion
of this case of en incident wave combining with its reflected wave
after reflection from the surface of the earth is given in Chap. 17.
We shall also show that in this type of wave the amplitudes of the
electromagnetic fields alter as we cross the wawe front and moreover
the fields sre not entirely transverse to the direction of advancement
of the wave, If now we wish to insert in the guided wave another metal
sheet parallel to the first to form sn opposite boundary of a wave-
guide we find in general that it will disturb the wave pattern, It
is found, however, that a metal sheet can be inserted without dis-
turbing the wave system in certain planes vhere the magnitudes and
directions of the fields are suitable, Under these oconditions we
have @ wave system which is guided between two parallel planes which
can be thought of as two opposite sides of a waveguide, We next show
thet the insertion of a second pair of plates perpendiculer to the
first pair will not disturb the wave, and thus we have built up a

type of wave which can travel in a rectangular guide,

We now conduct the synthesis in detail. Let AB re-
present a metal sheet of infinite conductivity and suppose that a
trein of plane waves incident upon it in air (ideally, vacuun) di~-
electric, Pig. 199 (a), gives rise to an equal reflected wave (b)e
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Chap.5, Secte?

The diagrams illustrate the distribution of fields in space at any
chosen instent. The full lines are wave fronts over which E and H
have maximum values; over the dotted lines mid-way between, E and H
are everywhere zero, The section through the wave fronts ia so chosen
that the magnetic vectors H (represented by srrows on the full lines)
lie in the plane of the paper, and the electric vectors E (represented
by circles with e dot or cross inside) stand perpendiculer to the
plane of the paper. A is the free-space wavelength, and the arrows c
indicate the directions of the incident and reflected waves. EBetween
one full line and the next there is a complete reversal of both E and
H fields, corresponding to a phase shift of 180°  Consequently, the
separation of the full lines is A,

2

©) = =—=— RESULTANT H ~FIELD
© E QUT OF PAPER
@ E INTO PAPER

}
)

Fig. 199 - Synthesis of an H  -wave,

As the time t changes the patterns move in the directions indiocated by
the arrows perpendiculer to the wave fronts and with the velocity of
light c. In Fig. 199 (¢) the two wave trains are shown passing across
the same region of space by superimposing the patterns shown at (a)

and (b). The c- arrows are moved to the extremities of the wave fronts
in order not to confuse the diagram. The resultant H-field at any
point is obtained by adding the two vector megnetic fields of the
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Chapeh, Sect.7,8

origipel wave trains, The direction of the resultant H-field is
indicated by the errows on the heavy lines. At certain points of the
pettern the direction of the resultant field may be seen by inspection.
For instance, at all points on a dotted wave front the fislds of that
wave train are zero end the resultant field is that of the other wave
train, Thus, along a dotted line the direction of H is parsllel to
the wave fronts of the other wave system, as for example at the point
P, Where two dotted lines oross there is no field whatsoever. At

& point of intersection of two full lines the resultant field H is
directed along the bisector, either of the acute, or of the obtuse
angle between the full lines according to the relative directions of
the arrows appropriate to the intersecting weve fronts. The points
Q end R of Fig. 199 (c), shown separately in Fige 199 (d), provide

examples,

When the directions of the resultant magnetic field are
indicated by arrows at a sufficient number of points it is possible
to sketch the lines of magnetic force in the pattern of the resultant
field, These are seen to be closed curves whoge precise fom is
determined by the angle of incidence of the original wave, As the
centre of each megnetic loop is a point of intersection of two dotted
lines there is zero resultant magnetic or electric field there,

Since the electric fields of the elementary plane waves
shown at (a) and (bj). are everywhere directed either up or down per—
pendiardar to the plane of the peper, the resultant electric field
in the pattern shown at {c) is also normsl to the plane of the paper
and etteins a maximm strength twice that of the field in the separate
wave trsins, The circles with a cross or dot within indicate the
sense of the local resultant electric field, It is to be understood
that the pattern extends in depth into azid out of the plane of the

papers

8. Pattern Velocity (Phese Velocity) of H-waves

4 fixed feature of the pattern shown in Fig. 199 (e}, such
as the resultant magnetic field at the point Q, is associated with a
point of intersection of two wave fronts of the wave trains shown at
(2) end (b), The two wave fronts intersecting at Q are shown as
QF and QG in Fige 200,

Ag the wave fronts ¢F end QG trawel in the ray directions
FK snd GK respectively, at velocity e¢, their point of intersection Q
travels at velocity up in the direction L'M'; moreover Q moves fram

Q to X in the time taken for F to move fram F to K or G fram G 4o K.
Let the angle FKQ (equal to GKQ) be & ; then, since the angles XFQ
and KGQ sre right angles, it follows that 3~

-“-:?—- = % = l/ms QR T - A 4 (Sec. 6 (iii)) ,
c T FK ~
or u, =ofcosd = caccd.

It is convenient at this point to suwmmearise what has already
been deduced in this section, We have geen that when a plane electro-
magnetic wave is incident obliquely on a metal sheet it combines with
its reflected wave to symthesise a new type of wave in which the
electric and magnetic field patterns are quite different from those of
the constituent plane polarised waves, The direction of propagation
of the new wave is parallel to the plane of the metal and the pattern
velocity u, is greater than the velocity o. It is shown that vy, =

c/cos & , where o is the angle of incidence of the original wave om

to the metal. 224
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Let us now examine
in more detail the nature of
the electric and magnetic fields
over the wave syatem, Over

planes such as XY and X'Y* .

Fig. 199 (c)) which separate

two layers of magnetic leops, \
the magnetic field is everywhere ‘
tangential te the plane and ®

the eleotrie field is zero at
all points of the plane. Such
planes are nodal planes of E, .
Oonversely, at the intervening
planes such as I¥, L'M' the
magnetio field is perpendioular
to these planes and the electrie
field reaches its maximum
values, The dlstance ST, con- Fig. 200 - Illustration of
taining two camplete leops as phase velocity

shown, is the wavelength ?\‘

of the campesite pattern sinee

the pattern repepts ldsmtically in a displacement of this amount
parallel te XY. The cemposite pattern shown in Fig. 199 (o) refers

to s chosen instent of time, but as the patterns of the clementary waves
shown at (a) snd () move obliquely with a velocity c, se is the
composite pattern displaced witheut distertien in the directien ef
spmetry XY at anether veloaity e

The magnetie field eomprises a system of clesed loops and
consequently pessesses in general a oompenent H in the direction ef
propagatien; tho electrie field E is entirely iransverse dut its
amplitude varies in a directien perpendiewlar te the direction of
prepagation XY snd lying im the plene ef H. This wave is of the type
celled em H-wave in See. 6.

Tho H-wave is, as yet, of wlimited extent and it is
necessary te discever whether such a wave een be caused to travel dowm
a metal tube, We preceed in stages by censiderimg first the possib-
1lity of prepagating an H~wave beiween a pair of parallel metal plates
of unlimited exteat,

9. Propagatien Betwsen Parallel Plates snd in Rectangular Tubes

As alresiy mentioned, ever the nedal E-plsnes XY, X'Y',
etc, (Fig. 199 (e)) which separate adjacent layers of magnetio leops,
the eleotriec veoter vanishes, end the magnetioc vecter is tangentisl te
these planes, Referense te !

Sec, 3 shows that over these
nodsl planes, the behaviewr
of the electremagnetie ficld x — ———- ———e Y

of the H-wave is the same as R N ~
that at the surfaec ef a per- (@ PR PAS ,®
fect conducter. If, there- = =
fere, a perfeatly cendusting (& N1 Ve Yo
plate is inserted inte the AN AN
wave pattern of Mig. 199(e) X @ i

te eeinclde with a nedal
E-plans such as XY, the
pattern abeve the plate is
wndisturbed and that beleow
may be remeved, The pattern
ebsve is cupperted by troms-
verse smfsec cwrents i a8

Fig, 201 ~ Positions of nodal
planes,
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Chayp.5, Sect.9

‘indicated in Fig, 201.

It is, therefore, pessidle to insert a seoond metal sheet
at any of these planes te form with the first a pair of sides of a
waveguide, The secend plate may be inserted so that it ceingides
with ene of the more distant nedal rlanes such as X'Y* er X"Y*, In
this way eny desired mumber of layers of leops of Fig, 199 (e) and 201,
may #e trapped between the prlates to give an H-wave Propagated at )
veleality :g tangential teo the plates but sonfined to the region between

elementery waves of Fig, 199 (a) and 199 (») may now »e
considered te underge successive refleetions at the plates, Mg, 202
depiets a three-layer H-wave propagated between a pair of parallel
Plates at a separatisn » but of unlimited lateral extent,

sfied at the wall surfaee are sonsistent with
the preservation of the wave Pattern, The walls musi evidently be
inserted as shewm in Flg., 203, that is, the wall surfaces are parallel
te the planes centeining the magnetie leops, Oensequently H is
everywhere tangential to these walls and, as indicated in the tigure,
E 1s perpendieular to them. The scparation & in thé present ingtance
otn be given any velue,

An H-wave of the
nature dessribed abeve is
net the enly type of wave that
ean »e prepagated in a rect-
sngular tube and it is there-
fore cenvenient at thiz stage
te give the H-wave unier y,
diseussien its usual designa~
tien, 4 wave of the type £
shown in Pig, 203, Wut with
& mmber n of osmplete layers

of magnetie leops in the '»' A [
dimensien iz called an Bon™ @ R.J

(er TBy,) wave, That shown

in Fig. 203 is, therefeore, an Pige 203 = HOB""" in
foy wave. rectengular guide.
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The interpretation of the suffix zerc is as follows s~
if we cheoss sny starting point or the feoe AP (Fig. 203%) and move
parallel to AD aeress to the opposite point on the wall (D, no
variation in eny component of H or E cccurse The suffix zere in-
dicates this indeperdenee of E and H of displacements parallel te the
edge 'a' of the tube section. On the.other hand, in moving parallel
te AB from the face AD to the faoe BC n layers of H-loeps are crossed
(or, more accurately, n halfecycles of variation in any ene of the
components of B or H are observed).

0f the possible H . waves in rectangular waveguides ene is
of outstanding practical importanee; it is the Hpj-wave md it will

be further discusaed below,
10. The Hpl-wave in a Rectangular Guide

This wave, as the suffixes inéicete, coniains only a
single layer of H-loops between the faces AD snéd BC (Fig. 203) and
corresponds to the case in which ocondusting pleiss are inserted at
adjacent nedal planes XY and X'Y' (Fig. 201). Fig. 204 represents
a section parallel to both the H-field and the &rection eof propagation
of an Hpj~-wave in a rectenguler waveguide,

The
wave fronts (e.g. AC)
of the elementary
plane waves reflected
from plate to plate
ere shown, as well as
e magnetic loop of
the resultant Hy;-wave.
The ray direction
cerresponding te the
wave front AC is BO and
it is supposed that
this roy makes an
angle of elevation
with the preflecting
planes, as shown. The

distence BO iz A/ ; - : ~
where A\ is the free-~ Pig. 20k = Section of H; -wave
apace wavelength ef the in a rectangular guide,

waves, and CO = 2\‘/2..,
where Ag is the wave~
length of the Hy;-wave in the guide.

From the diagram we deduce :—
sin QA = BO/A.O = 7\/& VP PRE LGOI INOIICREOI PR (1)9

("Y1 d, = BO/w = ?\/hz = c/up ssasesssecastesony (2)-

Squaring beth (1) eand (2), and adding, gives
(A2 e (Afa?=1,

1 y2_ 1 - (
———— 8 mm— L 0SSP 002200038900 000 *e 5 .
(7\5 ) A2 (2b)2 ’ )
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Equations (1), (2) and (3) are easily adapted to cover the
case of an Hy,-wave by replacing b everywhere by b/n, since the

distance b now spans n layers of magnetic loops instead of a single
layer, and OA becomes b/2n,

Thus, sin R = n l/zbllo.O.Q'.OIIOII'..n‘.o'....(la),
cos Q = ?\/7\8= C/qu ....................._(28.)9
1/?\82 = 1/7\2 - (n/23)2...n.-.-....n....(38.)-

11. Cut-Off Wavelength of the Hyj-wave

If a wave which has
a wavelength A in free space
is to ®e fitted into a tube by

reflection back and forth N
®etween faces we have seen that Z
it must be inclined so that %

N\(

the disteance between nodal
planes is equal to 1/nth of the
distance b between the faces
where n is any integer,

Pig. 205 shows that if ZAis
less than b this can be done
for n =1, As A decreases,
the stecpness of incidence of

a7 7
the wave will decrease and
all wavelengths down to zero //// \\
can be fitted into the tube, WAVE FRONTS OF
OMI El

As A tends to zero the oM ENT

original wave tends to travel

along the surface of the metal.

Incident and reflected waves

tend to coincide and the pattern Fige 205 = HOl-wave:
velocity approximates to that < . .

in free space. As the free- relative dimensions.
space wavelength increases the

original wave has to be more steeply incident on the surface of the
metal. Reference to Fig., 200 shows that the pattern velocity increases
and finelly, when the original wave is incident normslly on the metal,
the pattern velocity is infinite. Under these conditions the incid«nt
and reflected waves combine to give a standing wave system with nodal
planes at the two metal surfaces. This limit is reached when the
distence b is equal to +# A , and waves which have wavelengths greater

than

A <f

Ac = 2b (R TN R R A R A R R A R A R R R R RN A XX ] (ll-)

cannot be propagated down the guide. The corresponding frequency,
given by

£, = e = _0__ b4 904004000200 c0 00000000t 0B0 0, (5)

A c 2b

is called the Cut-Off Frequency for the guide and the corresponding
free space wavelength A, is called the Cut-Off Wavelength, The cut-

of f wavelength for an H, -wave is given by

A =22 00O PR FR PSRN ELBLPPROOLS080000RRIRIIRRINSY (4&)‘
n
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We have already deduced the following relation (3a) between
the free-space wavelength and the pattern wavelength in the guide for
an Hon-wave -

(2% (AP (=27,
Mg

and we now see that this can be written :=

1 2 1 _ 1
(Ag ) = —]—\-E 7\02 0500000000000 0800000000000s0000 0 (6),

vwhich is an expression of very general validity-

12, Evanescent Modes

It is of interest to enquire what kind of disturbance re-
sults if we put electromagnetic energy into a guide with a freguency
corresponding to a free space wavelength of greater than A c* We have

Jjust seen that no wave-motion is possible, What then does happen ?

In order to examine this problem let us write the equation
for a wave of frequency f and wavelength A; in the complex exponential

form where y is the magnitude of the disturbance at a distance x from
the origin.

. b &
Y=Y, € 2 ﬂJ(ft ’i‘;) 20000000000 0000800s000000 (7)-

In the case where the free spaoe wavelength is greater than the cut-
off wavelength (AD> A ) the equatien (6) shows us that ._3.;‘,. is
A

negative so that .7.\1; is a purely imaginary quantity which ngqy be written:-
g

-1—-8 :jdc
Ag

The wave motion of equatien (7) then beocomes :=

y=3, EZT(j(ft ;jczx)

+ 2nax j2nft

sseee 00000.‘0.0'00(8)

=y, € .€

This expression (8) represents not a travelling wawe motion but a
disturbance in which the fields at all distances (x) escillate in the

" ssmme phase with the frequenay £ (factor € J2Tft) pyut their amplitudes
die away exponentially with inareasing distances (facter pi2na. x),

A disturbanee of this type is called an Evanesoent Mode., Evanesoent
modes are important for the understanding of the behavicur of obstacles
and irregularities in waveguides, The exponential dlminutien of
emplitude with distance also finds an important practical applicetiem
in the piston attemuator (Sec. 24).

13. Cut-Off Wevelength’of Different Modes of H~Waves

Expression (4a) shows that the higher the order of mode
(i.e, the larger n) the smaller becomes its cut~off wavelength A in
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the tube of given dimension b, When A exceeds A c for a certain

mode in a given guide any electromagnetic disturbance in this mode must
be of the evanescent type.

In a given tube there are no modes with cut-off wavelengths
greater then that of the Hgj-mode. The mode is therefore of great
practical importance, for it is possible to convey power down a guide
of suitable dimensions by the Hy;-wave alome and to exclude other modes
except where they may be excited in an evanescent form by cbstacles or
at the source, It is thus possible to radiate from the end of a
guide into a mirror in a predicteble manner because the distribution
of field across the end of the guide is due to the Hgi-weve alone,
There are also other advantages, connected with switching and matching,
in retaining only a single travelling wave in the guide,

As a practical example, we consider a waveguide which has
been used in practice at a wavelength of about 9 cm. Its sectional
dimensions are a = 1"; b = 24", (Fig. 203). Thus, corresponding to
dimension a, the cut-off wavelength of the Hyj-mode is gAg = 2% =
5:'1L ane, #and to dimension b, pAg = 5" = 12:7 an. It is possible,
therefore, to propagate in this guide en Hpy--wave at A = 9 an, only
if the plane of its magnetic loops lies parallel to the edge b, since
are <A <pA,. The polarisstion of the E vector in the wave is not,
therefore, ambfgu.ous. With A= 9:1 cn. and 2b = 12*7 ome we find

A = L5° and Z\g = 13 an. The corresponding’ cut-off wavelengths
of the Hyp mode are  aAg = 1" = 2°54 am, snd pPAc = 28" = 6°35 am,
This and higher modes are, therefore, evanescent for waves of

A= 9 am,

14e Method of Lsunching an Hpj-wave in a Rectangulsr Waveguide

A £
/4 PROD

SHORT- CIRCUITING PISTON

Fig. 206 = Launching en Hyy-wave .

Fig. 206 indicetes the commonest method of launching en
Hgp-wave in a rectangular guide. A probe, usually the extension of
the inner conductor of a short length of coaxial transmission line,
protrudes through the centre of one of the broad walls of the guide a
distance A/) (not Ag/l) into the guide, It then radistes as an
aerial into the gulde space. As it is not generally required to
divide the stream of power, the guide to one side of the probe is
closed by a short-circuiting piston whose position can be adjusted
to ceuse the short length of guide between it and the probe to act as
a matching reactance, The correct peosition of the piston will be
roughly ?\g/l.. from the probe. Near the probe the electromagnetic
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field is complicated and consists of an Hgj-node with evanescent modes

superimposed, but at a sufficient distance down the guide the field
simplifies to that of a travelling Hpj-wave, as indication in Fig. 206,

15, Wall Currents in the case of the Hpy ~wave

Surface currents flow on the walls of the pguide to support
the tangential ccmponents of the magnetic field of the wave pattern at
the metal surface. We consider the case of the Hy;-wave.

————— MAGNETIC LINES

CURRENT

Fig, 207 - Wall currents: By ~wave .

Fig, 207 illustrates the instantaneous directions of flow of the surface
currents in the walls of a rectanguler guide in relation to the mag-
netic field., The current flows everywhere at right angles to the
magnetic field at the wallse Thus, on the face ADEF to which the
magnetic loops are parallel, the currents comverge on the ares around
P and diverge from Q. Thus positive charge is begimming to accumulate
around P and negative charge around Q. There are no fields, how-
ever, at P and Q. The region around R carries negative cherge and
the opposite region on the opposite face of the guide carries positive
charge, The transverse electric field of the wave is a maximm at
the section R but is zero at P and Q. The currents on the wall ABCD
and the opposite wall are entirely transverse, as shown, and the

whole current psttern is carried along with the rest of the wave
pattern at speed up.

It is importent to apureciate the pattern of current flow
in the walls when deciding where a hole or slot may be placed, In
a standing-wave indicator, for instance, it may be necessary to ct &
long slot in one of the walls parallel to the axis of the guide in
order {o insert a probe into the field. If the slot were placed in
the wall ABCD or its opposite, and ran parellel to AD, it would
clearly rumn across the currents in the wall, The flow of the currents
would be disturbed and the slot would radiate into space. The slot
may however be cut in the centre of the face ADEF slong the line FRQ N
s0 that there are no currents perpendicular to it, and if the slot is
narrow the wave within the tube is unaffected by the slot. The
radiation of energy from slots in waveguides is further considered in

Chep. 17. Secs. 5L =~ 56a

16, Byy-waves and Hp,-waves

By following the procedure of Sec., 7 we may also synthesise
an E,,-wave capable of propagation between a pair of parallel conducting
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planes from a pair of simple plane polarised electromagnetic waves,
It will suffice to indicate the procedure,

We begin with a plane wave incident obliquely on a metal as
in Fig.199 but with the E and H positions of the lines interchanged.
Thus, in Figs. 199 (a) and (b} we suppose the vectors E to lie in the
Plane of the psper and H to stand perpendicular tc the plane of the
paper., COonsequently, in the modified diagrsm the arrows along the
wavefronts represent the direction of E and the circles with a cross
or dot within represent H, With the directions of ¢ as shown, how-
ever, vwhen the arrows are also drawn as shown, it is necessary to re-
verse the sense of the H vectors from those indicated by the circles.

In the composite
diagrem Fig. 199 (o) the p

closed loops now represent - "’m"'"jg"
1(:he B-lines and the cd.relel) —~ Ht@
with their senses reversed ~*
the H~lines, The wave, E[ ° °l l]
is, therefore, sn E-wave ==

; Yo o B a—

(T¥ wave). To imprison

n loops of this wave © H oUT OF PAPER
pattern between & pair of ® H INTO PAPER
parallel cornducting plates @

it is again necesssry to
ingert the plates into the
pattern in positions such
that the electromsgnetic
boundary conditions are

not infringeds Sinoe the
closed loops sare now E-
lines and the transverse
lines those of H, the
correct positions.for the
plates are any two of the
planes 1M, L'M', etc.,

over which the tangential
component of E vanizhes and
H is entirely transwerse,
A cross—gection of an (o

B on~"ave between two

plates is showm in Pig,

208 (), and a view into Pig. 208 = E, —wave between
the advencing wave in parallel plates.

!:Lg. 208 (bjc

The formulae for cut-off wavelength A, and wavelength A g
between the plates are the ssme as those for the Hyp=wave, i.e.,
equations (la) to (4a) in sections 10.

When, howewer, sn attempt is made to transform the pair
of plates imto a tube by putting in side walls the wave system is
disturbed since H is.normel 4o these wells and E entirely tengential.
Thus, there is no Egy-wave in a rectanguler tube. The simplest E-wave
in a rectangular tube is the Ejq-wave whose pattern is shown in
Fig. 209, but is not derived, Fig, 209 (a) represents a central
section of the guide conteining the axis and parallel to one of the
walls. The electric lines of force are in the form of loops which
meet the walls perpendiocularly. Along the axis the lines are grouped
into bundles. Pig. 209 (b) is a transverse section of the wave pattern
at the position P in (&) with the wave approaching the observer. The
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centre of the section is a source of electric lines which diwerge from
en axial bundle and terminate on the walls.

The magnetic field
is entirely transverse and
consists of closed loops
surrounding the ocentral
bundle of electric lines as
shom, The pattern in the
section at @ (a) is the

UP N
same as that-shom st (b) PR A S

but with the directions of m
the fields everywhere re- e m,,\,;"f,rf,w,,,,)}:ﬁ rrrr i}

versed. The central
region of the section, @ ® H INTO PAPER
therefore, is a "sink" of O H OUT OF PAPER
eleotric lines instead of a
source,

One method (but
not the simplest) of de- €
ducing the form of the Byj;— (b) L_ TR
wave pattern is to buil @
up the wave from an originsl
plane wave sent into the
tube in & suitable direction Fige 209 - Epj-wave in a
0 that successive reflections
occur from all four wallse rectangular tube,

The plane of polarisation of
the original wave must also
be chosen appropriately.

It can be ghown that if a and b are the cross—sectional
dimensions of the gnide then the wavelength 7\g ig given by :-

2 2
A= 1 (A" s (B
7\2 7\2 g(za ) (Zb) g sssss@ensnssnEes (9)-
g
The cut-off wavelength may be deduced from equation (1), since when
A= ?‘c the wavelength in the guide is infinite.

2

Hence
=1 - L\ A
0= A2 é( 2a ) (Zb) g *
(]
2 2

i.e’ ——:I;—a = u]-'-— + -1-'—- 000 ssssB e 200 0aRROReOPOIR 10 [

L =@ G . (10)

[+4

The gener:l B -wave (TMy,) may be considered as a mumber
m of Ejj-waves sjusezed imto a single tube so that individual patterns
fit together to form a single large pattern. For instance, Fig. 210
shows & transverse section of the field pattern of an E32-wave at &

position where the E-lines are diverging from the sxiel bundles.
This takes the form of an overall pattern in which the unit is the By

- aistribution. Further, in any pair of adjacent unit patterns the
one has a source at its centre P end the other a sink Q. By inter-
posing metallic partitions these patterns oould be isolated into mm
independent E;j-waves. The suffix n is usually associated with the
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horizontal dimension a, and m with vertiocsal dimension ®, It may be
inferred frem formula (2) above that, since the equivalent sectional
dimensions of one of the consiituent Ejj-waves are a/u and b/n, the
cut—-off wavelength of the Ep-wave is given by :=
—A_lli- a(-zﬂ‘?)z +(§E‘)2 A AR I NS R EYEEE RN RN R XN ] (11).
c

Like the E -wave, the H,,-wave can also be considered as
an assemblage of unit patterns of a simpler wave, in this case the
=wave whose sectional pattern is shewn in Fig. 211, The corners of
e section are sources and sinks of H-lines which run down the tube
as bundles located in the cormers. Each magnetic line forms a clesed
loop. The electric lines are entirely transverse as shown.

ol (7.
12:"%9 S Q L yef % WAVE ADVANCING
4 N\

\
L 4 OUT OF PAPER
¢

a3

Q

LB e

"—_—E—— a ————_—ﬁ WAVE ADVANCING OUT OF PAPER
————— —c
E;z—WAVEHIN A RECTANCULAR GUIDE aem-H
Fig, 210 - E32—wave in a rect- Fige 211 = Bn—mve in
angular guide . a rectamguler guide,

The trensverse pattern of the H-wave comprises mn umits
each like Fig, 211, in which the fields in adjacent units are reversed.
The reaultant pattern is not shown.

The formula for the out-eif wavelength of an Hy,-wave is the
same as that fer an Ep,-wave, viz,, equation (11).

0f the possible Ey~ snd Hy,-weves in rectengular guides
only the Hy has found extensive practical application, for reasons

alresdy given in Sec. 13. Consequently the properties of the general
E~ or Hy~waves will not be further discussed,

NAVES IN CIRCULAR TUBES
17. General

Waves can be propagated in guides whoge cross section is
other than rectangular. The most commonly used of these other types
has a circular oross section, A more detailed treastment of the possible
modes of propagation in a circular guide is complicated, but a good
insight into the main phenomena involved is obtained by imagining the
circular guide to be built up from a deformed rectanguler guide of the
type previously considered.

18, Egl_:-ave in a Circular Guide

We begin with an Hpyy—-wave propagated between a pair of paral-
lel conducting plates as shown in Fig. 212 (a). The plates are next
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\I’ -
sodov Lt ere o
WAVE ADVANCING PRI SN L VLA,
OUT OF PAPER AC = 2/)
—_—F - ® E INTO PAPER
- M OF OUT OF PAPER

(c)

Fig.-zlz-nm-waveonacoaﬁallim.

curved to form a ooaxikl transmission line, the one plate forming the

imner cylinder and the ether the outer as shown at (») and (c): The
-wave pattern hetween the plates transforms, on ourvature, to an

Hyp-wave between the coaxial cylinders as depieted at (o). This

figure represents a type of wave which can be propagated along a

ooaxial line used as a waveguids, It should not be confused with the

entirely different pattern of the TEM wave (Sec, 2),or the principal mode

of propagation in a coaxial line,

Suppose the imner cylinder of the coaxial system of
Fig. 212 (o) were to shrink, so that it becomes en axisl wire,. The
magnetic loops now virtually touch on the axis but are in faot sepa-
rated by the wire, Since thsre is no discontinuity in H at ths su=
face of the wire, no current is needed to support the B-fleld so that
the wire is superflucus and may e removed, There remains a hollew
tube with a wave travelling aleng it. This is the Hpyy-wave for a

circular waveguide (Fig. 213). We oan obtain a2 rough ldea of the
magnitude of its cut-off wavelength es follows, The cut-off wave-
length of the wave in tiie origlnal rectangular guide is 2b and as a
result of the deformation of the rectangle the dimensien b becemes
approximately equivelent to the radius T of the circular guids,

Henoe we expect the cut-off wavelength to be approximateély Zr‘.
Exact calculation shows it to be l.64 rge
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19. Classification of Waves in Circular Guides

It is convenient at this point to remark on the significance
of the suffixes in the appellatien Hp) of the wave which has just been
degoribed, and to generalise the nomenclature to deal with
Hp~ and E n~avesa

In rectangular guides the suffix zero indicates that none
of the field components was changed in a displaocement parallel to one
of the edge (edge a) of the section (horizontal displacement in
Fig. 211). 1In genersl, each suffix indicates the mumber of repetitions
of the wnit pattern (apart from reversal of field directions) included
in the sppropriate seotional dimension.

In the case of waves in circular tubes, gylindrical oco-
ordinates are required, Thus, the position ef a point P, Fig, 212(e),
within a section of the wave pattern is given in terms of its polar
co~ordinates (r, ), A horizontal displacement across the pattern
Between the plates of Fig, 212(a) transforms to a circular displace-
ment of P on a circle of constent radius r, Thus, the suffix zero
mindioates no variation in any camponent due to a change in @ at a

ed r,

An H_-wawe hetween opaxials is similaxrly obtained by
transforming sn™ H,,-wave between plates (Fig, 202) inte a cylindrical
pattern as desoribed above. This becomes an Hgy-wave in a circular
gulde when the radius of the inner oylinder is redused to sere. The
pattern of this wave alse exhibits axial symmetry, But ocentains a
layers of H-lines in the radial direction.

We note that the suffix zero of an Hy - (or Eo;) wave be-
tween cylinders or in a clircular tube denotes that the wave possesses
axisl symmetry.

As for waves in a rectangular guide, the symbol H indiocates
that there is a lengitudinal component of H in the wave propagated
along the guide, and similarly the symbol E indicates a longitudinal
casponent of E.

An E,-wave, or an H. . -wave has 2n units of the basic
pattern in the variatien of © from 0 to 2 (i.e, it is divided by n
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—¢E
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Hiz - WAVE

WAVE ADVANCING
OUT OF PAPER

o@ %jl:L 77
Y
A | S

© H OUT OF PAPER
@® H INTO PAPER

©

Ey - WAVE

Fig. 21} -~ Waves in cironlar guides.

dismeters) and m units in the varietion of r frem O to Ty, where g is

the radius of the guide,

As exsmples of the system of classificatioen

Fig. 21k shows cross-sectional drawings of en H,-wave (a) and an Eys

wave (b) in a ciroular guide. Pig. 21L (c) shows transverse and lengi-
tudinel sections of an Ejj-wave.

20, The lor-nve in a Circular Guide

This wave is the analogue of the Ejj~-wave in a rectangular

guide shown in Pig. 209.

If the guide be given a aquare sectien

which is then distorted inte & circular section, the pattern of Fig. 209
transforms into that of Fig. 215.

A
v

WAVE ADVANCING QUT
OF PAPER
RADIUS = 7’;

—_— AP
? Q 70
O H CUT OF PAPER
@ H INTO PAPER
A =2 61%
M Q@ <t

Pige 215 =~ By ~wave in a circular

guide,
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The electric lines are loops whose longitudinal portions
form axial bundles which diverge radially to the walls as shown.
The magnetic field is entirely transverse and in the form of circular
lines about the source of divergensce of the E-lines.

The cut-off wavelength of the Ejj-wave in a square
section tube of side b is Ac = P./2, If we make the crude identifi-
cation of radius rg of the circuler section with b/2, half the side

of the square, the following approximate formuls for the cut-off in
the circular guide is obtained :~

?\c=2r¢/2’—-—;2-8rz .

The corréct formula is A, = 2.6% T,

A methed of launching the Egj-wave in
a circular guide is indicated in —’JJE‘——JJLi ;
Fig. 2.6, The wave iz radiated from N[\ {

a prebe through the centre of a
terminating plate at the end of the
guide. The Ejq-weve in a rect~
sngular guide may also be launched
in this fashien.

Fige 216 - Launching an
EOl—wave in a circular guide.

The Egi-wave is of con~
siderable practical importance
since it is commonly employed in rotating joints for use with scenners
at wavelengths of ; cms., Its importanoce lies in the fact thet of the
waves with axial symmetry jn a circular guide it possesses the greatest
cut-eff wavelength, Further, it is easily excited by an Hyj-wave in
a rectangular guide feeding through & junction in the wall of the
ciroular guide, It is, however, more convenient to disocuss the
details of rotatable joints in a separate section (Sec. 42).

2l. The Ssptate Guide

We consider an Hyj-wave in a rectangular guide polarised as
shown in Fig. 217 (a).

The guide is sagain curved into a coaxial system but this time
it is the edge b which is curved. The two original side walls are
retained snd merged into a single metalliec septum which supporte the
inner cylinder, This structure is called s Septate Waveguide, The
field of the wave is distorted as indicated in the figure, The
eriginal flat magnetic loops are bent over so that their longitudinal
portions run in opposite senszes one on either side of the septum.
There is thus & discontinuity in H in crossing the septum which
therefore carries surface currents to support this discomtinuity.
The electric field in the wave is entirely radial, It vanishes on
sach face of the septun and is a maximum diametrically epposite the

septum.

The feature of the septate guide that recommends it for
praoctical employment is its reletively large cut—off wavelength, The

cut-off wavelength of the prototype guide of Pig. 217 (a) is A, = 2b.

The dimension » transforms into the mean circumference of the septate
wkse cut-off wavelength is therefore given by :~-

?\’:—":2 w (r1+r2).
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Pig. 217 - Septate gulde.

This cut-off wavelength is spproximately twioce as great as the lengest
cut-off wavelength of any wave in a circular guide of the sasme out-
side radius Tg = Tpe

The similerity of the sectienal pattern (Fig. 217(d))of
{the septate wave to the pattern in the principal wave of a coaxial
line permits the septate wave to be cazily fed from a cosxisl trans-
missien line formed as an extension of the imner oylinder without
the septum, The septate pattern also feeds efficiently into a
cosxial line (d). Since the principal weve in a ceaxial line pos-
sesses exial symetry, the combination of a septate gulde with shert
lengths of coaxial line at esch end may be used to previds a rotat-
able joint at wavelengths of the order of 10 cms Because the Eg-wave

requires s wavegulde whose radius is inconveniently large at theass
wavelengths,

The combination of septate guide snd cosxial line is
virtuslly a coaxial line in whieh the diclectric support for the
imner is replaced by the septum. The combination is capeble of
handling higher pewers thsn a palythene cable,

22, The Hu_-'nve in a Circular Guide

The stages in the development of the Hy,-mode, Wy the

method of the preceding sections, are shown in Fig., 218, - A psir of
rectangular guides cerrying identical Eyj-waves (a) are bent until

they merge into a coaxial line with two septa, (). The progressive
distoriion of the field may also be followed from the diagrams.

Since the magnetic lines on opposite sides of each septum are in the
same direction and of equal density, the septe are superfluous and
aay be removed without affecting the field, The field pattern of
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this coaxisl mode is that shomn at (c).

The value of 2\0

for each of the prototype
guides of (a) is A, = 2b.

The anslogue of 2b in (c)
is the mean circumference,
Thus for this ocoaxial mode
we have
:—_- 1{ [ ]
Ao = (ry + rp). The

electric field is entirely
transverse and oppositely
directed at diametrically
opposite points of the
section. Of supplementary
modes in coaxial cables
this mode possesses the
greatest cat—off wave
length and is consequently
the one that is most read-
ily excited.

To obtain an
Hyy-wave in a circuler
guide the imnner cylinder
of the coaxial is allowed
to shrink to zerv.

Ao = (P, + 173)

©

SN

Y

&

i

ST,

Ac = 3421‘1?

@)

Pige 218 - Hyj-wave in a
cireular guide,

The lines of electric force join te bridge the

section and the magnetic lines move inwerds towards the diameter to give

the pattern of figure (d).

The inner of the coaxial may be dispensed

with since there is no discontinuity in the H-field at the centre snd

noc currents are required there to support the wave,

The magnetic

lines are loops whose longitudinel portions ere collected into bundles
sbove and below but which spread acroas the section where the magnetic

field is transverse,

According to the formula for A c in the opaxial line we
should expect to obtain A, io the guide by putting ry = O.

Thus, A, = T ro.

The correct formula is8A, = 342 rg vhere T is the radius of the

guide,

Fige 219 illustrates one
method of launching an Hy;-wave in

a guide, The immer conductor of
the coaxial line is carried across
the guide and terminates in another
ooaxial line with an adjustable
tuning pisten. This piston to-
gether with the movable terminating
piston in the guide itself serves
to match the guide to the line,
Ancther method employs o simple
A/l probe as indicated in Fig.206,

The Hyjy-wave is the

LINE
TUNING PISTON

> fL
f T @E
M H

-

GUIDE I
TERMINATING
PISTON

Fige 219 - Laxnching an
By -wave,
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analogue of the Hpj-wave in a rectangular guide, It ia offen used
because it possesses the largest value of A, of any mode in a
circular guide,

ATTENUATION IN WAVEGUIDES

23. Attenuation of Propageted Modes

It has been supposed, in what has preceded, that the walls
of the waveguide were perfectly conducting, and consequently that
progressive waves were propagated in it with no loss of power. 1In
practice, however, the metal walls possess a large, but finite,
electricel conductivity and the currents that flow in them when an
electromagnetic wave is propagated along the guide are accompanied
by the generaticn of heate The energy transfommed into heat is
ebstracted from the power carried by the wave whose field components
are therefore attenuated with axial distance z away from the source.
In the expressions for the amplitude of each camponent of the electric
field E and of the magnetic field H there must now be included a factor

-0z
€%, The ratio of the field amplitudes at two corresponding
positions on the cross-section at distence z and (z + d) is therefore
¢4 and the logarithm of this ratio to the base € , is .y d; this

is the loss, measured in nepers, suffered by the wave, The loss per
unit length is therefore d; nepers or ay = 8°686 7 decibels, The
loss coefficient depends on the elecirical conductivity of the

material of the walls, the frequency, the mode of wave being transmitted
and the dimensions and geometry of the waveguide, TWhen the loss

(dj Ag nepers) suffered in a distance equal to the wavelength Agis

very much less then unity, as occurs in practice in waveguides with
silver, copper or brass walls, the appropriate formulae for d; may

be derived by the following method. It should be noted that much larger
losses may arise if a film of moisture is allowed to collect on the walls.

The field pattern iz agsuned to be the same as for a wave-
guide formed of perfectly conducting material, with the exceptlon that
the amplitudes of all field components are exponentially attenuated in
passage dom the guide. In other words, apert from this longitudinal
attenuation, it is assumed that in waweguides with highly conducting
metal walls, the field components in the wave are the same as those
in a hypotheticel waveguide with perfectly conducting walls; whereas
in fact there is a smsll component of the electric intenaity &
tangential to the metal surface.

The components of E and H each contain the factor g~¥ ’z
consequently the power W transmitted over a cross section of the
waveguide, which is obtained by integrating the product of the trans-
verse components of E and H over the croas section, contains the
factor € =22

Thus,
2Pz
where Wy is the power trensmitted
and
aw
—— = 20y W,
dz 2y

aw
But the loss of power per unit length,™ "&;, is the energy dissipated
in the wells of the waveguide in ohmic heating, This energy loss per
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unit length can be calculated separately from the currents in the
walls which are directly proportionsl to the tangential components
of the magnetio field at the wall, and in terms of the conduotivity
of the metal and the frequency. Calling this energy loss per unit
length A, we have

- aw
A-" E 8201!'”.

or
’ oy = _2;;_. nepers per unit length.

Thus, the loas coefficient iz found theoreticelly by calculating the
energy lost per unit length in ohmio heating, and the flux of power W
over the corresponding oress seotion, This procedure lesds to the
following formulae for attenuation coefficients of progressive waves

in rectangulsr waveguides.

The symbols which appear in these formulae have the
following interpretations :1-

£f is the frequency of the wave in cycles per second.
t, is the cut-off frequency for the wave mode concerned.

e and b are the dlmeéengions of the waveguide aross section
measured in metres; the dimension a is assoclated
with the mode integer m and b with m.

R is the purface resistance in olms per wnit square of

the metal surface; that is, power is dissigated in
wnit area of the surface at the rate 1 Ry I< watts,

where I is the RMS value of the total surface current
in smpéres per wit length. R is found from the
following formulas:

Rg=2W (1077 pst) % ohms per wnit square....(l)
where R is the specifio resistance of the wall metal in olms per
metre cube,

For oopper, p = le6x lof'8 ohms per metre cube; con-
sequently, with oepper walls,

R, =87 x1078,/F,

The surface resistence of any other metal may be obtained
by multiplying this walue by the factor

N [ Pmetal |
p copper
Qg 1s the loss opefficient in nepers per metre, To obtain the loss

in dezg.béeln per metre it is necessary to multiply the value in nepers
by 8-686,

Pormulae for loss cosfficients in rectangulsr sir-filled Wave Guides :

The Hlo-hwe

(Electric Pield parallel to the edge b of the crosa gection)
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1 fo

OZSR . .1+2.§.__2j]
lmm[ a{f}

NEPEers Per MeLI'e ,ececescsscccosesssses (2)~

To obtain ciy for the Hyj~mode, interchange a and b in this

famula.
The E  ~Wave )
age ZRe 1 . w® (%) + =
! 1207b ~1 - (fc/f)z n? (b/‘)z + n2
nepers per MELYe ceeveveevesnccscnnee (3)-
The Hm-ﬁavo b
b 2
Aw? 2 4+ 22
o= =t RN -{1- (e, )2}%
1207b ( =%k )2 + n?) £
a

2
+ (%*1»§;_€;:| x l-l(f )
c/f

nepers Permre ssscsssssssecccvs e (li-)l

Aeserding to these formulae the attenuation in a rectanguler guide
depends on

(a) the size of the tube,
(b) the ratio of the eross~-seotional dimensions,

(e¢) the resistivity of the wall ,

() the frequency.

We shall not, however, discuss the influenee of these
factors in detail, because in radar practice the only wave that is
employed to ocexrry power through a long run of waveguide is the Hy -
wave in a rectanguler guide and it will suffice to disocuss the sttenua-
tion of this wave in the actual 2}" x 1% and 3" x 1" waveguides used
in service equipments.

The losses in oopper weveguides with these standard internal
dimengions are calculated as a function of frequency from formmla (2),
The results are exhibited in the curves of Figs.220 (2) and (b) which
give the loss 8y in decibels per metre suffered by an H;,-mave, as a

function of frequency fi.
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Fig. 220 - Loss ocoefficient ay

in stendard S-band copper wave=
guides as a funotion of frequency.

According to formula (2) the loss becomes infinite at the
frequency f = £ due to the factor 1/./ 1-(f y )2
¢/t

and also at £ = ©o due to the factor./f . We may therefore expect a
to reach a minimum value, in a given waveguide at some frequency
greater than fc. These properties of the curves are shown Figs,

220 (2) and (b). The asymptolic approach of ay to infinity as f
approaches fc and the minimum for each curve are indicated.

The values for ay relate to waveguides with copper walls,
but to obtain the loss when another metsl is used it is necessary only

to multiply the ordinates of the curve by a factor y . / P metal
J [P copper,

where P is the specific resistanoce.
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Thus =

METAL BRASS SILVER ALUMINIUM
N 2<1 097 127

With iron, the factor N is

N = P iron
p copper

Because of the high permeability of iron and steel the attenuation in
tubes of these metals is large.

X permeability of iron

The position of the band of frequencies corresponding to
wavelengths from 9 - 107 an. 1is indicated on each curve,

The smaller 23" x 1" waveguide, to which Fig. 220 (a)
relates, is used at a wave-length of about 9 centimetres, that is at
the right hand end of the band shown in the figure, where the attenuat-
ion is about 0.027 N db, per metre. For equipments working at wave-
lengths at the other end of the band, from 10 - 11 oms, this wave-
guide would be operated on the rising portion of the curve (a). Con-
sequently it is desirable to employ a guide of larger dimensions for
which the 10 - 11 cm band is nearer the loss minimum. Curve (b) shows
how this is achieved by the use of a 3" by 1" guide, The attenuation
at the operating frequencies in both waveguides is therefore approxi-
mately 0.025 N db. per metre and in a brass waveguide this is 0-025 x
2-1 =°0525 db. per metre.

The corresponding loss in the standsrd polythene cable,
Uniredio 21, is about 0+6 db per metre; that is, about ten times as

mato

Since the attenuation is proportional to the surface re-
sistance it is important to avold corrosion of the interior surface of
the guide due to weather or salt spray. For this reason waveguides
are often plated with silver or cadmium internally, or hermetically
sealed at their free ends by celophane diaphragms, the air within being
kept dry with silica-gel cells which cammunicate with the interior
through amall holes in the walls.

24+ Attenuation of Evanescent Modes

Consider an arbitrary disturbance, sinusoidal in time, to
be excited in a tube whose dimensions in cross-section are small
enough to make the longest cut-off wavelength of possible modes much
less than the free-space wavelength of the disturbance, The arbitrary
disturbance may, in principle, be represented as a set of co-existent
evanescent modes whose smplitudes and phases are appropriately chosen.
Each mode (m) decays in amplitude with distance z according to the
factor

1
€ m® here Sp=2m ____21 - 7‘1 z
e (?‘C,mn N

and is the loss coefficient of the mode of order mm. We have pos-
tulated however that A greatly exceeds A ¢ i3 consequently,
$ — 27N
T R, m
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Thus, the spaller the cut-off wavelength A ¢, the more rapidly does
the mode attenuate with distance. At a sufficient distance z from the
source of the disturbance omly the mode with the largest cut-off wave-
length persists, provided its relative amplitude is appreciable at the
souroe. This means in practice that the modes of higher order dis-
appear first,

We conclude, therefore, that at a sufficient distance z,
depending on the precise circumstances, the amplitude of all the field
components of the residual disturbence decay with distance according to
a simple exponentisl law, i.e.

-8z
£

s

whered= 2 T /A o? Mg Peing the cut~off wavelength of the most per-

sistent mode. Further, the coefficient § is independent of the free-
space wavelength A . If the magnitude of the EMF induced by the field
in a loop feeding into an output coaxial cable is V] at 2z = zl,but \/}
at 5 = z,, with the loop similarly situated with respeot to the field in
the two cases, themn

2o g8 -12),
1

The reduction of signal strength in distence (s - %) is:

V.
1 1
¢ (72")3: 8(22 = zl) nspers ,
or: v
20 logyq ?J; = 8:6866 (25 - r.l) db,
2

Thus, reduction in signal sirength measured in decibels (or nepers),
depends only on the displacement (2, - #;) of the loop in a given tube,
& being a oonstant, 27T /A o+ independent of frequenqy. This result
is in effect correct for all fregquencies which are low compared with the
cut=-off frequency.

We have, therefore, a method of reducing a signal, say that
at 2 = 21, by any desired number of decibels by a simple linear dis-

placement of a pick-up loop.

This method therefore provides & simple means of producing
& voltage which is a given fraction of the imput voltage, and this
fraction can be altered by a linear displacement of the pick-up loop.
Moreover, for wavelengths about 10 ams or leas such an attenuator is
campact and is suitable for incluasion in test equipment, A device of
this nature is called a Piston Attenuator,

GAVITY RESONATORS

25, General

It is found that electromagnetioc oscillations can be excited
within sn empty cavity bounded by conducting walls in much the seme
way as hollow gas~-filled vessels can be excited into acoustical re-
sonance. A given cavity resonator will resonate at a number of dis-
crete frequencies each corresponding to a particular mode of oscillation
with its own characteristic electromagnetic field pattern. These
field patterns, like those of progressive waves in waveguides, can be
clagsified into E and H types.
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Since the free-space wavelength that correspends to the mede
with the lowest frequency is of the order of magnitude of the greatest
linear dimension of the cavity, it follows that at centimetre wave-
lengths a cavity resonator has a mall physical size which renders it
convenient for laboratory use and for incorporatiop in equipments.

The principal uses for cavity resonators ere :

(1) tuned elements in oscillators in plase of the oon~
ventional 1~-C-R circuits which are physically unreali-
sable at centimetre wavelengths.

(11) accurate wave metres.
(iii) echo boxes, which are equivalent to ringing circuits.

The electro-magnetic oscillations in eavity resonsters in the form eof
hollow rectangular dexes or cylinders have field patterns, with one
exc¢eption, that are the ssme as those belonging to standing waves in
rectangular ard circuler waveguides and it is therefore peossible to
eaploy elementary methods to deduce many of the impertant features of
cavity reszonaters.

We begin with the simple -case of a rectangular resemator.
26, Stationary Waves in a Waveguide

Consider a rectangular waveguldé in which a complete standing
wave is produced by allowing two 'tmins of Hyj-waves with the same

wavelength A g and field strengths, to be propagated in it in eppesite

directions. The progress of the individual waves is indiecated suo-
cessively in the first twe of each of the Pigs. 221 (a), 221 (») and
221 (e)e The third diagram in each case gives the resultant field
derived by superimposing the field patterns of the two waves, Ve
take the time t = 0 to correspond to the instant at which the magnetio
loops in the twe oppositely travelling patterns superimpose exastly,
80 that at t = 0 in the standing wave the magnetic field strength is a
maximum at all points as indicated in the third of Pigs. 221 (a).

Because the constituent waves travel in epposite senses, the
eleetric fields are in opposition when the magnetic fields are additive.
Consequently, the dectric fields cancel at t = o, and at this instant
the field in the standing wave is entirely magnetic. Fig., 221 (»)
illustrates the situatien at time t = T/4, ons quarter o* a cycle later,
T being the period of the oscillations. The travelling wave patterns
in Fig. 221 (b) sre displaced one quarter wavelength ,

7\‘/4, to the right and left respectively, as can be aeen frem the
displaocement of the pair of lecps which has been diatinguished by a
horizental arrow at the eentre. When the patterns sre superimposed
the magnetie fields eancel but the electric fields add to produce a
maximum, Thus at t = T/), the field in the standing weve is emtirely
eleetrie. Similarly, frem Fig. 221 (c¢) we deduce that at t = T/5 the
electric field vanishes and that the field is again entirely magnetie
dut reversed in direction, compsred with the field at t = 0. At
t = 3T /lo- we should again find the resultant field to de entirely

electric but reversed in @irection relative to that at t = L/h. A%
time t = T the field is again that of Pig. 221 (a). At other instants
in the cycle the elestric and the magnetic ocemponents are both present.
Further, whatever the field imtensity at sny instant, the directions of
the E and H fields remain fixed and the pattern does not progress to
right or left as in the cdnstituent progressive Hy ~waves, We there-

fore note the following features of the electromagnetic field fer a
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standing wave,

(1) The field patterns of the magnetic and eleotric
fields are individually the same as those in the
progressive wmaves,

(11) Whereas in the progressive wave the field patterns
are propagated aleng the axis of the waveguids at
speed ) dut the field imtensities in the moving
patterns are unchamged, in the stationary wave the
patterns are fixed in pesition but the field inten-
sities esolillate harmenically between maximm positive
and nsgative wvalues,

%

Y Hg)-WAVE
OO TRAVELLING
t

d T e W I - Y o Hol-WAVE
@ A4\ ./ S 1O tRavELLING
£=0 RN ] )

= COMPLETE STANDING
\| WAVE , MACNETIC
1| FIELDS REINFORCE,
4 ELECTRIC FIELDS
=== CANCEL

L THE LOOPS REPRESENT MACNETIC LINES
OF FORC

E
£ ouUT OF PAPER
E @ INTO PAPER

Som g T === CORRESPONDING PATTERN
¢ ~—e o N/ oo OF(()) DISPLACED A/4
PL- 21128 TO RIGHT,

-~ CORRESPONDING PATTERN
OF ((J) DISPLACED /4
TO LEFT.

STANDING WAVE

% —-. 1 CORRESPONDING PATTERN

\ o | o OF(C]) DISPLAGED
J®I® 1 Bt e

\ CORRESPONDING PATTERN
i OF () DISPLACED A/
f TO LEFT.

=, STANDING WAVE.

!l MAGNETIC FIELDS

A REINFORCE ,ELECTRIC

/] FIELDS CANGEL

. PHASE OF MAGNETIC
FIELD 180° DIFFERENT
FROM THAT AT £ = ¢

Figs 221 - Superposition of two
oppositely travelling Hy,~waves of
equal. strength to produce a camplete
standing wave.

(1ii) In the progressive waves the transverse components of
the eleotric and magnetic fields coincide (near the ends
of the largest loops), Wut in the stationary wave the
positions at which the trensverse components of the
magnetic and electric fields have meximm itudes
are separated by a quarter of a wave-length 7‘8/#)'
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(Theelectrio field is cencentrated around the centre
of a magnetic loop).

(iv) The resultent electric and magnetic fields within each
7\‘/2 cell of the patterm oscillate in quadrature,

There is no mean flow of power along the axis of the
waveguide, but the energy stered in each oell of the
pattérn is transfermed every quarter-period frem the
magnetic to the eleetric form, and back again in the
succesding quarter-period. The osaillations of the
electro-magnetic field are therefore snalogous te the
mechanicsl vikrations of a pendulum or an escapement
wheel in which the energy is transformed alternately
from one to the other of the kinetic and petential forms.

27. Field Patterns im Cavity Resonators

We have ebtained a stationary but oscillating eleetro-
magnetioc field; we mow consider whether this field is ene that cen
exist within a closed cavity with conducting walls. At the walls the
field must satisfy the fellowing conditions: the magnetic field camnet
intersect any portien of the conducting swfaee of the cavity; i.e.
where it does not ‘vanish it must lie tangentially against the surface:
the electric field on the other hand carmot lie slong the beundary dut
where it does not vanish must stand at right angles to the surface.
Evidently, as appears from
Pig. 222, the standing-wave
pattern of Fig. 221 can be
fitted into a rectangular box,
formed by placing conducting
partitions across the wave-
guide a distanoce apart equal to
P7\¢/2 where p is an integer.
It is then possible to fit p
ocells of the pattern into the
box provided the end walls
touch but do not cut a
magnetic loop. A possible
disposition is shown in
Pig. 222 for the csse p = 2.
Figs. 222 (a) and (»)
illustrate respectively the
fields at times t = o, when
the field is entirely magnetie,

and t = T/k-’ when the field

is entirely electric.

{=0

If we choose a

set of cartesian axes of Fg, 222 = Pield patterns of
reference with the origin Q the 3012 mode in a rectanguler
at the near left-hand corner, cavity,

as shown, then with respect

to these axes the constituent

travelling waves of Fig. 221 that combine to give the stationary wave
are Hy-waves, Since p = 2, i.es, two cells of the pattern are fitted
into the resonmator, and since the mode is derived from progressive

Hy)-waves, it is designated Hoy e
It is evident that the same procedure will lead to the field

peatterns of more genersl modes of oscillation both in rectangular and
in cylindrigal resonators, We first find the standing wave pattern in
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the unclosed guide corresponding to the general Em - or Hy, ~ wave,

The guide is then converted to a resonator by the introduction of
conducting partitions, at positions such that p cells of the pattern
are enclosed within the resonator, without violation of the conditions
imposed on the behaviour of the electromagnetic field at the cavity
surface, The resulting mode is then designated, according to the type
of its constituent progressive waves, an Emnp - Oor an Hmnp - mode,

r— '/z)\q—aj
;
i 4y l — '/;)\g —1
e )
1 1
- — — . —/
t=0 i"»-//';/ﬁ e =
,"/ ‘/I -
FIELD ENTIRELY ELECTRIC FIELD ENTIRELY ELECTRIC FIELD ENTIRELY MAGNETIC
0 | r N\ \ \‘,
t=5T ! y i
_______ i A i
/,’ 1 % /
FIELD ENTIRELY MAGNETIC FIELD ENTIRELY MAGNETIC FIELD ENTIRELY ELECTRIC
£ ~MODE € 011~ MODE How —MODE
(a) b) ©)

Fig, 223 =~ Examples of modes of
osclllation in cavitiea.

Examples are shown in Fige. 223 (a), (b) and (c) respectively,
of the E,,, - mode in a rectangular cavity and the Eyjq - and Hyg -

modes in a cylindrical cavity, at times t = 0o and t = T/l... Ag shown
in the earlier example, the magnetic and electric fields oscillate in
quadrature and are displaced relatively by a distance A 3/15- in com=

parison with their positions in the corresponding patterns of the
travelling wawves,

28, gésomnt Wavelength of the Cavity

Since the Etmp - snd Hmnp ~ modes have field patterns the

sane as those of sets of p elementary cells of the corresponding
Em - and Hyyp - standing waves in a waveguide, it follows that the
length of the resonator must be p M g 7 each call ocoupying a

length 7\3/2 of the guide, If, therefore, the length of the reso-
nator is &, resonance occurs for sm nm p ~ mode when

4= P ?\‘/2’ €2 0020908008 esRRsRRIBAsLETIRIBREED (1)

where 7\3 is the guide - wavelength of the associated Epp - or Hyy -
wsve in a waveguide whose cross section is identical with that of
the resomator. Since, the wavelength A g is related to the free—

space wavelength A snd the cut-off wavelength M, by the squatiom

[ EERNERE RS RNEL NI RSN SN 2 (2),

_;.... = —1—2 +* 1 )
A2 (ap) (Ag)
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it follows from (1) and (2) that the resonant free-spasce wavelength of
the cavity is given by

i . (P )2+(1 2 tesesesssesesssctcsassacsanens (3).

We consider in turn rectangular and cylindrical rescnators.

Rectanguler Resonators

The linear dimensions of the resonator shown in Fig, 222
along Ox, Oy and Oz are respectively a, b and 4. The cut-off wave-
length 7\0 of an E, - or an Hmn ~ wave in a rectangular guide whoae
cross section has linear dimensions a and b is given by

(i‘l'F - (@2 +('%3)2 R (%

Finally, the resonant free-space wavelength 7\mup of the
Brgp - and H ., - modes is, from (3) and (4),

( A;p)z‘(é%)z + (%)2 + (%)2 ........unn(5)-

The resonant frequency is

%
- gg (.%)2 + (%)2 + (&)2 cesnsecse (6)

£ S
ap =( A anp) 2

where ¢ is the velocity of propagation in free space.

We have assumed throughout that the cavity is empty
or air-filled)

For example, the resonant frequency of the Hpyy- mode is

\
f = e 1 1 (Z
ou Egb2+?$'

end if ® > & this is the lowest frequency at which the cavity cen
resonate, Sinoe there is no Em - or E . - wave in a rectanguler
guide the E - mode of the resonator with lowest frequency is the By ;-
mode whose frequency flll is also that of the Hm-mode,

k]
£..= o (2 1 1 gy
i1 2 2‘2 + v + dz) .

The resonant wavelength of the Hyp - mode when the resonator is a
cube (a = b = d) is given by

1 = 1. 2

or Agyy = « 2 a, the diagonal of a face., This

shows, as mentioned in Sec. 25, that the fundamentel wavelength is of
the order of magnitude of the linesr dimensions of the cavity.
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The smallest cube that wili resonate at = wavelength of
10 ans (f537 = 3,000 Mc/e) has an edge length of 7+07 cm.

Qylindricel Resonators

The cut—off wavelengths A , of waves in circular guides

are not given by a simple formule such as {5) but depend on the roots
of Bessel functions., The cut-off wavelengths in a waveguide of
radius r ¢’ for some of the lower order modes are i~

Mode Hll EOl HOJ. & Ell

g 342 Ty 261 rz 16} Te

The resonent wave-lengths of these modes in a cylindrical
cavity of radius rz and length d, are therefore given by

(=2— ¥+ (5= s

32 Te 24

1 2 1 2 \
1 (5mms 1Pt (55— )% ceeeeeen oo Bqpeeo (7
A2
mip R

1 2 1 .

( _1—,_-6-,:—; ) + (—.2—6.——) sessssrasess oqq and Ell].‘
&

29. Charges and Currents on Internal Surface of Resonator

When el&ctric lines of force begin on one portion of the
boundary and end on another, they terminate on electric surface charges
of opposite sign, For instance, in the resonator shown in Fig, 222 (b)
positive charge resides on the region around A and negative charge on
that around B, with corresponding compensating charges on the opposite
wall, When the magnetic field is present skin currents flow on the
interior surface everywhere at right angles to the contiguous tangential
magnetic fields Where there is no surface field there is no current.
We consider the simple.case of the Hyjj-mode in a rectanguler resonator
at the moment when the field is entirely magnetic (Fig. 22k (a))end
later when it is entirely electric (Fig. 224 (b)). The lines of
current flow are shown running
perpendicular to the magnetic , , ,
field at the surface, The 2 . : 5 :

current is shown converging DA A ol e €
towards the central region of é%’ij*r“gm ¥ n & \’;ﬁféﬁ,m ¥
face ABD (Fig. 224 (a)) end LT

awmay from face A'B'C'D', A ‘o 8 A t

These faces become fully CURRENT

charged one quarter of a = —°°° H

cycle later, as shown in (a) (b)

Pig. 224 (bs, and electric

lines of forcoe run from the Pig. 224 - Wall currents in &
positive to the negative cavity resonator.

charges. 252
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30+ Methods of Excitation of a Cavity Resonstor

a cavity re-
sonator may be.excited
either by = loop (Fig.
225 {s))} or s probe
(Fig. 225 (®)). In the
former case the loop . . ¢
must be so introduced . ! : L

that lines of magnetic L .~ A e
force can thread through A=t \_C_,.U X A Zr’ | s
it, Fig. 225 (2) shows L i
two of seversl possible A U 8 A 8
positions for the loop. , b)
As shown, one loop could (@) (
be an inmput loop and
o e et Fig. 225 - Exitation of the

. >
coupling can be con— Hou-mode in a rectangular

resonator,

trolled by rotation of

the plane of the loop.

¥hen 8 probe is used it is introduced into a plece of maximum electrie
field strength and is set parallel to the electric field, Thus in
Fig. 199 (b) the probe is shown projecting into the cavity from the
face A'B'C'DY.

Excitation to resonance can alsc be made Dy means of &
slot cut in 8 face such as to interrupt the flow of cwurrent. This
face could be made cammon with the wall of a waveguide from which
current could be fed into the cavity.

31, The Q-factor of a Cavity

Because of the finite conductivity of the walls, power is
digsipated as heat in the walls, and free oscillations decay exponenti~
slly. The Q-factor of the cevity is defined by the expression

Energy stored 6).
Q= ZK(ED.CTW diﬂsipﬂtﬁd per c)‘cle ) senonenvense ( )

In practice the walls sre made of copper or silver and the energy
dissipated per cycle is only a small fraction of the stored energy;
consequently @ is very large.

Let W be the energy stored; +then the energy dissipated
per cycle is (dW )T end expression (6) may be written:
at

qQ = 2r |, ¥ = . cevvescescsccene (7).
T (&)
dt dat
Whence,
_@_\‘: = 2 W L ceerteceriecsecennesasconaniine (8).
dat Q
Thus,

W= wo e- Q * SeTEIEISIIIVLINSITRISIOSCEOTEIBIUORETY (9)5

where WO is the stored euergy at t = O,
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If, therefore, the resonator is shock-excited and left to oscillate
freely, the stored energy is reduced to 1/¢ of its initial value in

atimet'=g = 9 ,
&S 2w

80 that Q = 21‘[:§_’_ COBAOERBEEICONIBCLOININLIOILRNOROIBSIOOOITD (10>0
T

According to (10) an slternative interpretation of Q is
that it is 2 ¥ tires the mumber of oycles required for the stored
energy to decey to 1/¢ (approximately one-third) of its initiel
value,.

Sinece Q values of 10"’ and greater are easily achieved, it
ig evident that a cavity will ring for a great meny cycles before the
stored energy is reduced to a mmall fractlon of its imitial value.

A useful approximate rule whioh giwes the order of magnitude of Q in
terms of the skin depth & of the wall currents, and the dimensions
of the cavity is given by :-

Q iz Yolume of Cavity cesssessesesssens (11).
* b x surfaee of Cavity

A formula for & in terms of the wave length ané well
confuctivity is )

-2
8 = 2+82.,10 7, /%\.— metres.

where 5 and A are in meires and ¢ is in mhos per metre cube,

Suppose the resonator to be made of copper for which o = 5°8 x 107

mhog per metre cube. Then S = 3+7 = 206./A metres.

According to equation (6) the Q-factor for a cubical resonator of
edge a metres, is

. 6
= a = a . 10 sssesscosnncsesos (12)'
Y - TSR
For the nou—mode, A =2./2, then,
Q. 105 . /A%
2242

For A =10 am ( = i% metre), this becomes

Q = 1+1.10°

= 105 4

. = 1’7 . 10
of its initial

Such a cavity, if shock-excited, would ring for,

periods before the stored energy was reduced to
value,

Each period { A = 10 am) is oéo microsecond so that the time of

o=

ring is about 5 microseconds (or about 1 mile of radar range).
2

Because they are highly selective, cavity resonators are
used as wave-~ueters st centimetre wavelengths. This, and other
applications of importance in radar are described below,
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32. Applications of Cevity Resonators

(1) Weve Meters

Coaxial Line Wave Meter A convenient wave meter for
use at wavelengths of 9-11 centimetires is the coaxial line wawvemeter
shown in Fig. 226. It comprises a cylindrical cavity into which a rod
can be intruded axially to any desired extent by means of a rack and
pinion. The metal block
serves as a guide for the
rod and as a short-circult

to the ooaxial transmis-
sion line system formed by INDICATOR ﬂ_:;
the cavity ané the rod. A CRYSTAL
cavITY ROD _ ~ U METALBLOCKY
NTY @
The cavity is -- T it
4 RACK AND

excited by injecting an PINION

EMPF into the input loop

from the source whose

wavelength is required, Fig. 226 - (baxial line wave-meter,
end the rod is moved by

means of the pinion until

a positiom of resonance is indicated by the detecting crystal and
microsmmeter fed from the output loop, The shortest resonant length
{ of the rod within the cavity is slightly less then A/4 since the
transmission line system is open~circuited but with some small end-
capacitance., Other resonant positions correspond to ( { + n N/2) where
n is an integer, since the erd capacitance remains the same independent
of the poeition of the emd of the rod, This is because the end of the
rod never closely epproaches the closed end of the cavity.

The rack and pinion csxry a scale and vernier from which the
displacement of the rod can be measured directly in centimetres. The
displacement of the rod between successive resonances is equal to
A/2 and gives directly the wavelength on the cosxial line, which is
the seme as the free-space wavelength of the source.

The diameter of the cavity is mmall enough to ensure that
hollow cavity modes of oscillation cannot ocour.

Resgonant Cavity Wawe Meter A wavemeter suitable for
measuring changes in waveléngth with great accuracy is the cavity wave-
meter shown in Fig. 227 (a). It is a metal cylinder whose length can
be adjusted by rotation of the screwhehd to which the upper end of the
cylinder is attached, The resonant mode employed is the Hgjy-mode

which is excited by an imput loop near the middle of the cavity, as
shown, and resonance is indicated by means of an output loop, at the
same height but shifted through a quadrant, and a crystal detector and
microammeter combination. The magnetic lines of forece at resonance
are indicated in Fig. 227 (a). To prevent the excitation of the

Ell—mode, which has the ssme resonant frequency as the Hou-mode s the

movable end clears the cylinder wall with a small gep. The currents
in the HOll»-mode flow on the cavity surface in.circles stout the axis

(Pig. 227) and no flow occurs fram the flat ends to the curved surface.
The current distribution is therefore indifferent to the presence of
the gap between the movable flat end and the curved walle In all
other modes, except H,,~-modes, current is required to flow from the
flat ends to the curved wall; consequently the introduction of the
gap effectively suppresses these unwanted modes. Wire filters of
suitable form oan also be used as suppressors but they ere less con-
venient. In principle the resonant wavelength could be obteined from
the dimensions of the cavity at resonance, but in practice it is more
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SCREW HEAD
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8
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........................

MW

@ (b)
CAVITY WAVE METER CURRENT FLOW IN
AND MAGNETIC FIELD WALLS OF CAVITY

IN Hoy -MODE

Pige 227 = Cavity wave-meter and magnetic
field in Hyyq -mode (a). Oarrent flow in walls

of cavity (b).

accurate to measure dis-
placements of the lid by

means of a micrometer screw AMPLITUDE

and scele, as indicated.

This scale is then cali- MAGNETRON
brated against the harmonics SPECTRUM

of a arystal oscillator,
or,more crudely, against the

ooaxial line wavemeter de- WAVE ~ METRE
scribed above, using a Response
tunable source of EMF. The FREQUENCY (Mc/s)
wavelength scale is very 2998 2999 3000 3001 3002

open and a small change in
wavelength corresponds to a
relatively large displace~- Fig. 228 = Use of wave-meter for

ment of the movable end,
The interior of the cavity ::ﬁm? magnetron frequengy

is ususlly silvered so that
a large ¢ and sharp resonance results. The bandwidth of the wavemeter

then may be so narrow as to permit examination of suitable RF spectrua
of a magnetron pulse (Fig. 228).
(ii) Echo Boxes

It is often necessary to check the overall performance of a
centimetre wave radar equipment in situations where it is difficult to
obtain echoes from objeets at suiteble rangess For instance a redar
equipment in an aircraft may have its scanner directed downwards so
that it is impossible to obtain echoes when the aircraft is on the
ground, The echo box is a simple device for checking roughly the
overall performance of a set, It is merely a resonant cavity designed
to posseas a high Q. The a@avity is shock-excited by the tranamitter
pulse and oontinues to ring and emit a signal which is spread along the
time base for an appreciable distance after the cessation of the trane-
suitter pulse. A possible arrangement is shom in Fig. 229. The
echo box is fed via a screened low-loss cable from a pick-up probe
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fixed near the edge of the mirror., The energy abstracted from the
trensmitted pulse is stored as

a resonant mode in the box and

is re-radisted to the receiver

as an exponentially decaying AERIAL
signal. For the greater part
of its duration the Siglal TRANSM: TTER
saturates the receiver but @

finally decays to a level at
which it no longer does 80.
The sppearance on a Type A
display is illustrated in the -~ RECEIVER '

- -
—

figure, The range at which
the echo box response dis-
appears into the noise gives
an indication of the overall
performance of the set.

ECHO
BOX

Echo boxes are of TYPE A DISPLAY
two types,tuned and untuned,
Tuned echo boxes are the
same as the wave meter already Fig, 229 - Arrangement of rader
described and illustrated in system with echo box.
Fig. 227. They require
tuning to the frequengy of the
transmitter which then shock-excites the Hgyj~modes, The output loop

is not used.

Untuned echo boxes are very large cavity resonators whose
lowest modes, B35 Ejqy ete., correspond to wavelengths much greater
than the wavelength of the radar set. They are usually hollow cubes
with copper walls,

The modes that are excited by the radar tranamitter are
therefore higher order Emp—and Hlmp—modes vwhere m, n and p ere re-

latively large integers,

Consider a cubicel resonator whose edge a comprises
several wavelengtha,

It cen be shown that the spacing of the higher modes is sud
that the number of modes comprised within the wawelength range A to
(A +AA) or frequency range £ to (f ~Af) in a rectangular resonator,
is
: v AA Y Af
= 8t « (=)= BR— - (==
W ety . (A= an—tr . (4F)

where V is the volume of the resonator. Thus, for a cubiocal re-
sonator of edge a

N 8nEY BD = sn (B3 (&E

Consider the case of a resonator of edge a = 1 metre
excited by a megnetron pulse for which £ = 3000 Me/s, (A= 10 centi-
metres) and the bamdwidth is 1 Mo/s, The formula gives, for the
number of modes covered by the bandwidth ,

N —8F. 105 _ 8
A 3 . 100 3

i.e. there are 8§ modes, Thus, the transmitter pulse is able to
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excite a number of resonant modes whatever its frequency f and it is
not necessary to tune the resonators In the case discussed, the
mean frequenoy separation of the modes is %_ Mc/s = 125 kc/s.

Since the ratio of volume to surface of a cubical rew
sonator is proportional to the edge a, thege large untuned resonators
possess very high Q values and will ring for many microseconds.

(11i) Cavi‘y Resonstors in Centimetre Wave Oscillators

The ususl resonant circuits, comprising lumped inductances,
espacitances and resistances, cannot be oonstructed in e useful fom
at wmavelengtha of 10 centimetres and less, and it is necessary to
replaoe them by other resonant systems such as resonant lengths of
coaxial t{rensmission line or resonant cavities. In the klystron
oscillator,whose main application is as low—power local oscillator
in centimetre wave radar receivers, a resonant cavity is used in which
a mode of oscillation is mainteined by a bunched electron strean,

In order to bring about bunching and to sbstract power from the
bunched stresm, the electrons must pass through the oscillating fields
within the cavity against or persllel to the electric field where it
is most intense, Further, the time of transit must be small com-
pared with the period of oscillation. It is not possible to accom-
plish this in any of the resonators described so far because their
dimensions are comparable with the wavelength A and it would be
necessary for the electrons to move at speeds oomparable with the
velocity of light in-order that the transit time should be less than
the period of oscillation. What is required therefore is a
resonant cavity (Rbhwubatron) in which an intense oscillating electric
field is concentrated across a short path so that electrons can
travel the whole extent of a line of force in 2 time short compared
with the period.

In one type of reflector kKlystron, the Sutton Tube, an
exsmple of which is the (V67, the resonator (rhtmbatron) assumes the
form indicated in Fige. 230 (b). This rhwmbatron mey itself be
regarded as a distorted form of a the prototype shown in Pig. 230 (a).
In Fig. 230 (2), A and B represent a pair of coaxial conducting cones (or
dimples) with their tips removed so as to form a small gap between theme
It is knowm that when an alternating EMF is applied ncross the gap the
peir of cones forms a transmission line system and that a principel
(TEM) wave is guided along them, The lines of electric and magnetio
foree run as shown in the figure, If a conducting spheriocal surface

C of radius A/, , ooncentric with the middle of the gap, is used to
close the cones then the TEM wave is reflected without distortion and

a complete standing wave is produced ou the transmission line which
then forms & resonant system., The equivelent twin transrission line
system is shown in Pig. 230 {c). We may, however, regard the system

of Fig. 230 (a) me a hollow spherical cavity resonator with s pair of
conical rrojections. It follows from what has been said thet the
fundsmental resonant wavelength of this resomator is four times the
radius of the sphere, K voltage antinode is located at the gep AB
where the electric Tield attains its greatest intensity. It is

possible vherefore to maintain such a rhumbatron in resopsnce by passing
a bunched eleetron stream across the gap AB. In practice, in the
reflector klystron used as a local oscillator, it is necessary to
control the resonant frequency by means of extermal tuning screws;
consequently, the rhumbstron is divided in two by a glass ftubular
envelope which is ewacuated and contains the electron gun assembly and
the reflecting electrode, The portion of the resonator external to
the glass envelope carries the tuning screws. To introduce the glass
envelope it is necessery to distort the shape of the rhumbatron to that
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Pig. 230 - Conmon types of resonators.

shom in Fig, 230 (b)e One of the cones is also distorted to bring
the reflector close to the gap. Power is abstracted through a loop
placed, as shom in Fig., 230 (a) with its pleane parallelto the axis of
the cones.

The input impedance to the trenamission line system shown
in Mg, 230 (a) is large at resocnance, and it is necessary to drive the
rhumbatron from a high impedance source. Thus the power supplied by
the electron stream must be in the form of relatively high voltage
electrons and relatively small current, Thus, in the CV67, the aocele-
rating voltege is 1200 volts end the elsctron cwrrent is 6 millismps.
The maximum power output at A = 9 centimetres is 200 milliwatts which
is ample for a local oscillator.

The high operating voltage is sn inconvenience and a more
convenient form of klystron operates on a voltage of 300 and is there-
fore able to use the same power pack as the radar receiver. The
resonator here comprises a short -~ circuited ocoexial tranamission line
with a gap between the immer and the end plate of the outer at the top,
as shom in Fige 230 (@)e This end plate has a hole in its centre,
and both this hole and the end of the inner are covered by a wire
geuge through which the electron stream passes into and out of the gap.
The length of the transmission line is less than A/} and it is
brought to resonance by the capacitance between the end of the
immer conductor and the end plate.

The equivalent resonant system is shown in Pige 230 (e).
The shunting impedence of this system is much lower than that of the
double oone aystem and the power carried by the electron stream cen
be supplied at lowervdltage and larger current,

The operation of klystrons is discussed more fully in
Chap.8, Secs.22 and 23.
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Various types of cavity resonators which may be employed in
the Resonant Cevity Magnetron are illustrated in Chap. 8 Seos. 27 and
31, where the many possible modes of oacillation are discussed,

CHOICE OF WAVEGUIDE SHAPE AND DIMENSIONS

33+ Genersl Considerations

In foregoing sections we hawe reviewed the principal featwres
of electremagnetic disturbanees in metel tubes, It remains to describe
how this basic lmowledge is applied to useful ends.

The primary function of a waveguide is to convey elsctro-
magnetic power from s gemerator to an aerial or from an aerial to a
receiver, at wavelengths of ten oentimetres or less, In fact, wave-
guldes are required to perform the ssme funotions at these wavelengths
as are performed by transmlission lines at longer wawelengths,

The prineipsal problems of tranmmission line practice are, to
produce e reflectionless termination (matching), to achieve aerial
switching and a satisfectory system of ocommon serial working (common
T/R) and to measure standing wave ratios (impedence measurements).

To achiewe these objectives certain ancillary devices such as reactive

stubs, quarter-wave insulators, quarter- and half-wave transformers and
the like, are employed, In what follows we shall discuss the parallel
problems of waveguide practice and investigate the character of the

snalogues of the ancillary devioces,

When waveguides were first recognised as providing the most
suitable method of conveying large powers from a source to an aerial at
wavelengthd of 10 ans and less, it became a matter of practical import.-
anee to answer oorrectly the following questions s~

(i) what is the most suitable sise for a waveguide operating
on a specified wavelength ?

(i1) what is the best geometriocal form to give it ?
We shall consider these queries in the followling sectiona.
3ke Choice of Waveguide Dimensions

Transmission line practice is based on the faot that at the
usual frequencies progressive waves exist only in the principel or
TEX mode, all other modes being evanescent. In order to adapt trans—
mission line practice to wavegnides it is therefore necessary to ensure
that progressive waves are present in one mode alone, all other modes
in the waveguide being ewanescent, This result is achieved by so
choosing the cross-gsectional dimemsions of the guide that the free-space
wavelength of the wave to be propagated is less than the greatest of
the cut-off wavelengths of the various modes in the waveguide, but
greater than those of all other modess In this wey the mode with the
greatest cut-off wavelength is present as & progressive wave, but all
other modes are eveanescent.

: For instance, in the exsmple given in Sec. 13, the longer
cross~gsectional dimension of a rectangular waveguide designed to carry
waves whose free-space wavelength A is 9 ams, is b = 2% inches, The
cut~off wavelength of this guide for the Hpj-mode is A o = 2b = 5 inches
= 12-7 ams The Hyy-wave is therefore propagated in this waveguide,
but as the cut—off wavelengths of 21l other Eg- or Hy-modes, given
by I=
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(m) + (B

C

when a < b, are less than A = 9 cus, these modes are evanescent.

35e Geometrical Form of Waveguide Sesetlon

The choice, in prectice, lies between circular and rect-
angular sections and it is found that, except in specialiged devices
such as rotary Jjoints, circular sections are unsetisfactory.

For instance, the wave in the oircular waveguide would
normelly be an Hyy~wave since this mode possesses the greatest cutw

off wavelength. Should, the tube howewer, be slightly elliptical
over an appreciable length the Hjj-wave would then resolve into two
waves with different wvelues of Yy, 8o that on recambination where the
tube agein assumes a circuler section, the plane of polarisation in
the resulting Hn—wa.ve is rotated with respect to the original plane.

This d4f¥iculty of preserving the polarisation of the field pattern
over a long run of waveguide is a disadvantage of circuler guides,
Consequently, when circular waveguides are employed they appear only
in short and straight lengths, and in practioe long runs of waveguide
are almost invariably rectenguler in cross section.

The dimensions a and b of the rectengular cross section
are always mede unequsl in such guidese Ths smaller dimension a is
such thet 2a is less than the wawvelength of the Bol-mod.e, but the
dimensivn b accepts the Hormode ap a progressive wave but no other
modes, Thus the field pattern preserves a unique sense and can be
propagated only with the transverse electric field parallel to the
shorter edge a» The following are dimensions of typloal waveguides:w

Free~spaoe Wavelength Internsl Guide Dimensions
10 cm,. 3" x 1"
9 cm. 25 x 1
3.3 am, 1% x #* (British)

Q-9" x 0-4* (American}

1% is undesirable to operate the waveguide nesr the ocut-off
frequency of the Hy~wave since dispersion (that is, the dependence of

u, on frequency) is very marked near the cut-off frequengy (Secs 6)e

Also there is a marked increase in attenuation as the cut-off frequenay
is approached (3ec. 23).

In a long run of waveguide dispersion een affect the shape
of a pulse, The dimensions gliwen in the table above remove the cut-
off wavelength well awey from the operating wavelength; for instance,
in the 9 an, guide whose dimensions are 2i" x 1", the angle of in~
cldence (90° ~ a©) (Fig. 204) of the waves suoceasively reflected
between the walls is 45°, whereas at cut-off it is zero,

STANDING WAVES IN WAVEGUIDES

36e Wave Impedance

It is shown in Chap, 17 Sec, 7 that when a plane-polarised
electromagnetic plane wave is propagated in free space, the wave frong
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is presented with the equivalent of a resistance whose magnitude is given

by
RO = 120 Wolms. .

This iz called the Wave- or Fisld--impedance, If E is measured in volts
pexr metre and H in smps. per metre then this may be written

E= gl20ﬂ’ohml.
'ﬁ‘ [¢]

A similer result holds for weves propagated in waveguides.
Considering the Hon-weve of Sece 7, deplcted in Pigs. 199 and 200, there
are seen to be two components of the H-field, one along the guide and the
other transverse (vertical) whilst there is a single transverse component
of the E-field perpendicular to the plane of the paper. If axes x, y,
and £, are token as indicated in Fig. 195 these components are given by:-

By

2H oos o sin(z-%l . sina) cos (Wt - _Z_X_E cos )

L]

Hy = 2H sin @ cos(-z—;‘\l . sina) sin (Wt - _g{_z_ cos Q)
2K ; 2nz
B, = 2E. sin(EL . sina) oos (Wt - -SE cosal)

H, E, are the amplitudes of the He and E~fields of the
ocomponent waves ; < is the angle between the direction of propagation
of the component weves and the reflecting plates (Fig. 200).

Whereas Hy and By oscillate in phase, H, is in quadreture with

the other two, and may be considered as supplying the reactive or storage
component of the resultant fields in the guide, The other two components
convey the energy along the guide., Iy 3ivision we obtain

%. % secd,

Sinoe -fr is the ratio of E-fisld to H-field in a plane
polarised electromagnetic plens wave in free space, of the type considered
in Chap. 17 Sec. 7, its wvelue is 120 /T = 377 olms.

Hence E
ﬁ';::' = 120./T ssca = 377 sec  obms.

Since, for an H -mode, sec & - Z‘X& » this equation may be written

By _ A
5 = 120 /7 .5\5’..

" 5 E trangverse Az
In generol the eguation —o it 2 120 /K ¢ holds for all

H~weves propapaied in reccanguler guidsse The corresponding result
for Ep,-weves is

E transverse N

T transverss = 20V W Ag

(In this case it is the E-field which is resoived into two components,
whilst the Hefield is entirely iransverss, so that the effective ratio

E ip 1ess than thet ror {ree space).

B
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H transvarse

for the mode considered, and has a uniform value at all points of the
wave front of a progressive wave,

If a waveguide is terminated in a resistive film whose
resistanoe per unit area is equal to the wave impedance the de is
properly matched for the mode considered (see Sec, 37 and 58??1 For
any other termination some refleetion ococurs and standing waves are
dewveloped,

Whereas it is not usually practicable to measure the
of fective impedance of the termination, the standing wave ratio masy be
determined by means of 2 standing wave indicator, and verious means may
be asdopted of eliminating the standing waves on the main run of the
guide, Since for a single mode in a given guide the SR and the positien
of nodes and antinodes gives a sufficiently ocomplete descriptiom of
the stending wave pattern for practicsl pwrposes, it is possible to
apply the same techniques for dealing with stemding wave problems in
waveguides as are used for transmissicn lines. IR particular, circle

diagrams may be used, the value of the normalised impedance (Chap.k,
Sece48) indicating the position in the guide relative to the nearest
E-node or antinode for a given SWR. Since we are not interested in
the actual impedances in the guide it is not necessary to use any but
normalised impedances and admittances, for which the same symbols will
be used as for transmission lines.

Where circle diagrams are used to illustrate waveguide
properties it is assumed that the reader is femilisr with ths treatment
of airele disgrams given in Chap. L.

37. Reflection fran the Waveguide Termination

As in the case of tranmmission lines, unless a waveguide is
properly terminated, energy will be reflected and standing waves will
arise, Tihe ideal termination must bave an impedance equal to the
characteristic impedanoce of the guide for the mode dered. If the
normalised impedance presented by the termination is |z;| the fractiom

of the wave refleoted is given by :-
(2] 1
CE T
P is cslled the reflection coefficient (compare Tranmission Lines,
Chap. 4, Sec. 9). If Hz 1 the waveguide is properly matched and

no reflection occurs. If the guide is terminated in a perfectly oon~
dueting metal sheet, = Q and P = «1, so that the temmination acts
as a short-circuit sna at the teminstion the E-field of the reflected
wave is in opposition to the E-field of the direct wave, If = ®,

the temination aots as an open-circuit, and at the termination the
H-field of the reflected wave is in opposition to the B-field of the
direct wave, In waveguides, however, if the end of the guide is left
open, the terminating impedanoce is not infinite but possesses a
resistive oomponent, due to the radiation fram the end of the guide,
and a reactive component due to evanescent modes excited at the dis-
continuity; (see Sec. 42).

The squiwelent of an open-circuit termination is provided by
a short~circulted -7%- section of the guide (compere Chap. 4, Sec. 26).

The input impedsnoe of such s section, if losses are neglected, is
infinite,

263



Chaps.5, Sect.38

A theoreticslly perfect match is obtained for any mode if
the guide is terminsted in a resistive film whose resistance per umit
arca is egual to the wave~impedance for that particular mode in the
guide, The film must be backed by a short-circuited %B—section of

the guide so that the fimite impedance at the open end does not
appear in parallel with the terminating impedances Other methods
of correctly teminating a waveguide are discussed in the next section.

Where the gaide is improperly terminated, so that a stand-
ing wave occurs, the standing wave ratioc is given by :~

S = §=ﬁ_ l+|P|
= TEYTcF T
E H 1~ [Pl

where ﬁ, \Is and ﬁ, § are maximum and minimun values of the transverse
components of electric and magnetic fields respectively, measured at
corresponding positions of the gnide cross—-section.

38. Practicel Methods of Achieving a Reflectionless Termination

In order to test & wavegnide run for reflections at Jointa
and bends and to measure the impedance of obstacles, stubs and slots,
it is necessary to be able to terminate the waveguide in a reflection-
less termination. Any refleoted wave them sppearing in the guide must
be due to some ceuse other than the termination.

A practical form of termination that gives negligible re-
flection and iz suitable for work at low powers is the wooden load,
Wood, as a material,strongly absorbs electromagnetic radiations at
centimetre wavelengths; consequently if a wooden wedge of either of
the forms of FPig. 231 is inserted into the end of a rectangular wave-
guide which it fits closely, the two component plane waves of the H01-

wave in the guide enter the wood at the sloping face and penetrate into
its interior where they are absorbed so that there is little reflection

at the surface.

The sloping faces
of the loeds are parallel
to the electrie wector of
the incident Hy-wave,

consequently Pig, 231 re-
presents a view of the
broad face of the wave=-
guide, Thet portion of
the wawe which is re-
flected from the wood sur-
face continuesx to travel
along the guide in the Fig, 231 -~ Reflectionless terminations.
seme direcuion, obeying the

opticel law

Lugle of Ineidence = Angle of Reflection,

and undergoes successgive reflections until the energy is almost ocome
pletely absorbed. To avoid sppreciable reflection the sloping faces
ghould not be less than 2 7\.g in length; the SWR in the guide is then

of the order 1°+05:1.

In a cdircular guide the reflectionless loed is a long cone
with a cylindricsl butt-ends As an alternative to wood, a composition
of bakelite and graphite is sometimes used, and for work at high powers
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a mixture of praphite and sand is employed.

In both rectangular and circular guides there is an optimm
value for the angle between the waveguids walls and the sloping sure
fece of the load.

39. Attenuating Section

In measurements of stending wave ratios, in order to deter-
mine the réflection coefficients and impedances of waveguide elements
and loads it is essential to isolate the generator from the stending
wave indicator and the termination in order to avoid variations in
the load on the generator whioch could affect both its frequency and
power outpute This is achieved by the inclusion of en attenuating
length of waveguide which is merely a length of normal rect
guide with a thin strip of absorbing meterial, wood or bekelite im-
pregnated with graphite, fixed internally to one of the narrow faoces,
The attenuation of aome 10 db, in the signal which is thus achieved
is sufficient to isclate the generator. No reflected wave of any
appreciable amplitude then reaches it.

4O. Reflection from an Irregularity in a Waveguide

If an obstacle or irregularity is introduced into a wave-
guide, electramagnetic energy is reradiated or "scattered® from it so
that & wave is reflected back along the guide (Pig. 232). Another
wave is generally reradiated from the obstacle away from the source,
but this does not interfere with the imput admittanoe of the guide
and is, for the moment, ignored, The obstacle may thus be regarded
as introducing an additionsl impedance or admittance either in series
or in parallel with the impedance already present, Whether this
impedance must be oonsidered as a series or as a shunt impedsnoe de-
pends on the shape and position of the obstacle in relation to the
fields snd walls of the gulde,

. A theoreticel investigation, imto which we shall not enter
here, leads to the conclusion that when the discontimuity scatters
symstrically (that is, the transverse electric vectors in the wave
fronts of the two waves socattered in opposite directions are equal and
similarly directed st equal distances from the scattering seotion)
then the discontimuity dbehaves like an impedance (or admittance) placed
in shunt across a transmission line. If, however, the scattering is
anti-symetricsl (smplitudés at equal distenoes are equal but the
electric vectors are oppositely direoted) then a series representation
is required.

Cbstacles possessing geometrical symmetry when placed with
an sxis of symmetry parallel to the eleotric veotor, socatter symetri-
cally and therefore behave asshunt elements,

CYLINDRICAL
OBSTACLE

Fig, 232 = Soattering of
waves by an obstacle in

a rectangular guide,

T
REFLECTIONLESS
TERMINATION Vs

LONG ARROW - INCIDENT WAVE
SHORT ARROWS:- WAVES ORICINATING
AT OBSTACLE
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A
Determination of the Admittanoce of an Obatacle

Consider a rectangular waveguide (Pig. 232) terminated in
a reflectionless load, within which a metallioc obstacle has been placed.
The obstacle may be, for instance, a thin metal cylinder that projects
a short distance into the waveguide, with its axis parallel to the
short edge of the cross—section. -When the cylinder is withdrawn the
electromagnetic field in the guide is merely that of the Hy, -wave

travelling from the generator to the load,

When the obstacle is introduced at the dotted section it
distorts the field of the Hyj-wawe in its vicinity because the oumponent

of the electric field tangential to the surface of the cbstacle must
vanishe In the partiocular case of the oylinder the electric lines of
the Hy;~wave which themselves run parsllel to the short edge of the

cross—section are also parallel to the exis of the cylinder, The dis-
torted field near the dotted section can be resolved into the following
constituents s-

(i) The original Hpj-incident wave (indioated by the long
arrow in'Pig. 232).

(1) A pair of Hyj-waves originating at the cbstacle, the

one propagated towards the generator and the other to-
wards the losd (these waves are indicated by short
arrows in Pig. 232

(i41i) A series of evanescent modes which are prominent near
the obstacle but dissppear at a sufficient distance from
it. These form the storage field,

%he relative smplitudes and phases of the components (i), (ii) and
(1i1), of the field are such that the tangential eleotric field is zero
both over the surface of the obstacle and at the walls of the waveguide.
Take the cross~-section of the waveguide at which the oylinder is
introduoed as the section{= O, At another section at a sufficient
distanoe { away towards the generator, the evanesoent waves will have
beocme unimportent and the electromagnetioc field reduoces to that of the
incident wave, A ocos (wt + k! ) with that of the reflected wave

B oos (Wt - k¢ + @) superimposed, The resultant field E is given by
the equation

E=A00l(wt+k[)+3003 (Wt =x{ + @),
aL[c;os @t +x{ )+ |n| oos (Wt - kf +¢217,
where, B/A = |h| ama k=27 / A g Or in oomplex notation,
E=agdwt (g3 4 ne-3)
where h = Ihley,
Thus from the standpoint of the section at position {jﬁ' r section at
4

£ = O possesses a reflection coefficient h= |h|¢ en the
costacle is in position, and an associated admittance y; = (1 - h)/(1 + h)

'—'-Gt"‘ﬁt.

When the obstacle is removed the refleotion coefficiemt of
the section { = O becomes zero, and its normalised sdmittance becomes
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The coefficient h = 7h|€ ¥ is the reflection coefficient
of the obatacle for a single progressive wave incident on it.

To find the individual admittanoe ¥y of an obstacle of

srbitrary shape it would be necessary to measure it experimentally.
The most direct method is to terminate the waveguide in a metal plate
and to introduce the obstacle at an E anti-node in the standing wave

pattern. At this place the admittance of the aection is sero
and becomes Y] = when the cbstacle is imtroduceds The stand~
ing wave pattern between the obatacle and the generator is now investi-

gated with a standing wave indiocator and the admittanee determined
from 1it,

Alternstively, the waveguide can be terminated in a reflect-
ionless termination and the obstacle may be introduced at any convemient

position. The impedance of the section then beccmes 'Es 1+'§].

Qbstacles that do not themselves absord power possess
admittances that are pure susceptances, |y;|= b ;j. When the

susceptance is positlive it is termed cepacitive and when negative,
inductive,

e M Wave Indlesator

The deleterious effects of standing waves in transmission
lines have been discussed in Chap. L, Sec. 32. VWhilst standing weves
may be introduoced deliberately into short sections of waveguide for
matohing purposes, their presence in gensral is equally undesirable, and
for similar reasons, as in the case of transmission lines. It is
therefore usual to inecorporate in the guide same devioce for deteeting the
presence of standing waves so that matching systems csn be adjusted to’
minimise them.

A8 in coaxial lines, the messurement of the standing wave
ratio in a waveguide normally necessitates the insertion of a probe or
loop into a slot or series of holes in the guide, Alternatively
apertures may be made in the guide so that mmall, evanescent waves are
formed outside the guide, indicative of the field strength inside,
Care must be taken that the energy rsdisted thro the slot or aperture
is negligible, and that the irregularity int into the waveguide
does not sappreciably disturb the mode of propagstion (see Sec. 15).
The field strength is indicated by 2 suitable form of ylmmmeter,
such as a neon lemmp, valve voltmeter or crystal detector and micro-
smmeter. The variation in field strength at different points along
the guide indicates the presénce of standing waves, and the ratio of
meximue to minimum erplitudes gives the standing wave ratio,

If suitably degiprned, the stending wave indicator may be
calibrated so that it fulfils the dual role of measuring both standing
wave ratio and elso absolute fiecld strength,

A novel form of standing wave indicator, suitable for

operation at wavelengths of the order of three centimetres, is illus-
trated in Pig. 233.
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A straight
length of rectangular wave-
guide has two narrow
transverse slots cut in the
broad face 7\g/l;. epart. A

piece of curved waveguide is
fixed to the straight wave-
guide so that the slots are

comnon to both guides where
the walls are in contact, \\/’ 4
Thus power can be radiated \ -

from the straight weveguide sLots

through the slots into the L" j TTTr10 10AD
arms A and B of the curved FROM SOURCE Ham T REFURE®
guide, By this arrangement
the radietions from the slots
which are excited by the o)

; g 233 = Fixed frequency
direct wave in the main standing wave indicator.

guide {travelling from left

to right in Fig, 233)rein-

force to give a wave in the

arm B, but cancel to give

no radiation in the axm A (compare End-fire Array, Chap. 17, Sec. 39).
Conversely, the reflected wave in the main guide causes a wave to travel
in A but not in B.

Thus, weves travel in the arms A and B whose amplitudes are
proportional to the reflected and incident waves in the mein waveguide.
In principle, when A and B are terminsted in similar field~strength
meters the reflection coefficient of the load in the guide may be
obtained directly. In prectiee it is difficult to obtain meters of
equal sensitivity and a beitter arrangement is to temminate B in a
reflectionless load (Sec. 38) end to calibrate the output from A against
standard mismatches in the mein guide, Then, provided the power in
the direct wave does not vary, the stending-wave ratio may be read
directly from the meter at A, This device can be used at only orie
wavelength since the slots must be Ag/4 apart.

42. Flimination of a Reflected Wave

To eliminate a reflected wave the standing wave pattern is
first found by meens of a stending wave indicator, and the section at
which the admittance assumes the form [y7]=1 + i[B] is located from a

circle diagram. If now, an obstacle whose normalised susceptance is .
= is introduced at this section the admittance of the section

becomes =1+ j - j*z 1. (It is assumed that the obstacle may
be represented as a shunt impedance (see Sec, 40)). The reflection
coefficient pt = ( 1 - /(1 +)therefore becomes zero and no

reflected wave returns to the generator.

Pig. 234 indicates how the correct position for the obstacle
may be found relative to that of an E antinode in the standing wave.
An E antinode is a position of minimum admittanceY . The point K on

the circle diagram corresponds to this position along the guide. The
point L corresponds to the position where the admittance is(y]=1 + i(B]

It is a distance [1 =m 7\8 away fram the E entinode in the direction of
the generator where ny is the n~value of the arc ML on the circle diagram.
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It is required to add the susceptance - j at this point in order

to match the waveguide, Alternatively an admittence + j could be

added at a distance [2 =, ?\gwhich corresponds to the point N on
the diagrem with n, ag the n-value of the arc MN,

o

2
Pt Nk
(O) o %, oY m (5.0 ~
N
Ny
€ ANTINODE .
LOAD
® d L .
1
|
5:‘ Sw Se AN
W
i~ - X
.
s AN
> &>

Fige 234 - Elimination of reflected wave.

It is useful to illustrete what has been said sbowe by
actual experimentel results, obtained using a standing wave indicaton.

A 23* x 1* rectangular waveguide with an open end was fed by a 9 cn
generator under the following conditions ge

Wavslength 7\g in guide = 138 an {twice distance between
adjacent minima),
Standing wave ratio & = 2483,

mstancejl of nearest B antinode from the open end
= 66 o = 0°478 7\-8.
From the circie diagram we findie
= 2e46 = 04893 or,: 0°36 + 0135 .
Thus the impedance is, clearly, not infinite but a

resistance and a cepacitance in series, or, regarded as sn admittence,
a conductanee and a capacitive susceptance in shunt.

The equivalent circuit representation of the waveguide and
its termination is a transmission line of characterdistic im-

pedanoe R, terminated in a load camprising a resistence 246 R, and
a reactence (condenser) = J.0'89R  in series, or alternatively in a

resistance whose conductance is 0-36/R, and a condenser whose sus-
ceptance is J.0-13/R, in shunt.
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Thege loads possess the same reflection coefficient and
produce the ssme standing wave pattern on the line as does the open
end in the waveguide,

We suppose next that it is reguired to eliminate the re-
flected wave in the major portion of the waveguide, We have :-

Standing wave ratio S = 2°83 = 1.
0° 354
The admittance at an E antinode is —%— = 0354 consequently, OK in

Pig. 234 (a) is equal to 0°354. From a circle diagram it is found that,
for the point L,[7]= (1 + 5@),::1 = 0°163 and ML = 1°07.

We conclude that at a section which lies at a distance
4 = m A, = 0:163 x 13°8 = 2°25 am away on the generator side of any

E antinode, the sdmittance of the guide is there equal to |y|=
(1 + 5.1-07). At the point N we find n, = 0-337 and MN = -j.1-07.

The sdmittance at » ddstance {2 = 0°337 ., 138 = 4+65
is therefore = (1 = 3. 1°07).

It was found that 'a complete elimination of the reflected
wave could be achieved by protruding a metel sarew into the guide
through a longitudinal slot in the broad face at the position N
(Pige 234 (b))e The screw was mounted in a holder so that by turning
it slowly the extent to which it projected into the guide parallel to
the electric field cculd be comtrolled,

For a certain length of screw within the guide the standing
wave indicator showed that the reflected wave had disappeared.

It follows that, if is the normalised admittance of the
screw itself then, since,

= (1 - j.l'O'I) - = 1
= +3 « 1°07.

This length of screw therefore possesses a capacitive sus-
ceptence = 1°07. To check the value of this susceptanoe the end

of the waveguide was closed by a metal plate and the screw removed, A
stending wave indicator loceated an E antinode and the screw was placed
at this position projecting to the same extent into the guide as before.

The standing wave pattern was found to be displaced as a
whole a distance 1°8 cn, away from the generator by the introduction of
the sorew; that is, the E antinode lay 1¢8 am away from the screw on
the side away from the generator.

If we form n' = 1°8/Ag = 013 and locate the point P
(Fige 234 (2)) on the real axis at the end of the n-src whose n valueisn
= n' = 0°13 we obtain the normalised susceptance of the screw as
OP = jo1°07. This follows because a displacement of (0+5 - 0°13) Ng

from the screw towards the generator leads to a position of =zero
suseeptance (E antinode). The corresponding motion on the circle
diagram is along the imaginary axis from P upwards to plus infinity and
then from minus infinity to O,
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It is found that when the screw is short its susceptance is
positive (capacitive) but when it extends across the guide slmost to the
opposite face its susceptance beccmes negative (inductive). There is
an intermediate resonant length (approximately A/, ) at which the sus-
ceptance is gero, A wire extending across the centre of the waveguide
with its length parsllel to E behaves as an inductance in shunt.

43, Matching Devices

Verious matching devices are employed in waveguides, most of
them being of the symmetrical type which in effect introducesa suscept-
ance in parallelwith the guide, The only series obstacles in common
use are slots in the walls,used for purposes of radiation and switching
end thege are dealt with elsewhere (Aerials, Chap. 17 Sec. 54).

Although in genersl, the only method of finding the sus~
ceptance of an obstacle iz to measure it, yet the principles of eleotrow-
magnetism have been applied to calculate the susceptances of several
obstacles possessing simple geometrical forms. This makes it possible
to design a structure to have a specified susceptanos. A common form
of obstacle is the diaphragm which is formed by a thin wetal strip or
a pair of strips lying in the cross sectiom of the waveguide and
stretching from one wall to its opposite. Such devices are commonly
called irises, but this term should be reserved for diaphragms which
can be varied wmechanically.

The principal types are :=-

(i) Capacitive Diaphragm (Fig. 235)
(ii) Inductive Diaphragm (Fig. 236)
(1i1) Rescnent Diaphregm (Fig. 241)

The Capacitive Diaphragm (Hgj-mode)

In this case the astrips sre normal to the electric field as
shom in Fig. 235. The formmla for the normelised susceptance of this
Iris is =

@- jl j —%-g— 10g€ c08es (511.._6_-) .

The field in the vicinity

of the edges of the strips A A—
resembles the electro- T - g }
static field that would a ¢ (E
exist were the side walls v

- DIRECTION OF PROPACATION ——p-
of the guide to be re-

CROSS SECTION NGI TU T

moved and the upper and CROSS SE LONGITUDINAL SECTION

lower faces to become a
parallel plate condenser.

-
T

TRANSMISSION LINE ANALOGUE

This quasgi-
electrostatic storage
field can be represented
emnesoenn Bvares, | Fise 239 = Gammctting Slaphregn
However, under the in- (Hoy=wave).
fluence of the incident
Hgy-wave, oscillatory chsriing currents flow into and out of the strips

from the upper snd lower walls of the waveguide and these currents
radiate the gcattered B, —waves, The presence of the storage field
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introduces & phase difference between thess oscillatory currents and
the oscillations of the inaident E-field, so that a phase shift ¢ is
produced in the reflected wave relative o the incident wave,

The capacitive diaphragm is not employed where high powers
are to be handled since the concentration of eleciric field at the
edge tends to cause breakdown in the dielectric (air).

The Inductive Diaphragm (Hpy-mode)

Here the strips run parsllel to the elsctric field, as
lustrated in Pig, 236,

T_f‘"—‘— G ——
j_ 7 b —— rE E
(@) (b)
CROSS SECTION OF GUIDE TRANSMISSION LINE
. ANALOGUE

Fig. 236 - Inductive disphragm (Hoj~wave).

By
o
-2:0 = T T
\ ?
-us \\ } f jL* T
N Y ) O
L J L “L
[\ %“ —COTZ(’;g) ]
—!-OL‘ —
B \
EENE.ESEEEE. 1
\_
—H—1 IR S S o
]
-0-5 o
} X TH]
I —
‘IL T \
_J[ | \ T ¥%
| b o
oo-a - o4 05 o6 07 08 08 10 b

Fige 237 = Design curve for inductive
dlaphragm in rectengular guide (Hgy-wave).
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The formula for the susoeptance of this diaphragm is
Bl o] = -0 e (am) -

2b
[Bulo

Ag
A
D/bs  The currents driven in the strips by the incident E veotor
axcite a storage field resolvable into evanescent H-modes and at the
same time radiate sn Hy)-wave,part of which is reflected back along
the guide. This diaphragm behaves like an inductance shunted across
s trausmission line. T% is used in practice to eliminate the wave
reflected from the open end of a waveguide.

Pige 237 is a design curve in which

iz plotted as a function of

Inductive Wire (H,,-mods)

A cylindricsl wire stretched across the waveguide parallel
to the E field hehaves
as an inductive ghunt-
jog susceptance., The
pusceptance of the |
wire show in Fig. o i
238 ig, when the wire iy ! —
is shin (r KAL)

i
Ba = =3By G e
-3 2Ag DU — )
b
) @)

= 25
(102,22 -2)
Fig, 238 = Inductive wire (HOI-wave).

Diaphragms in Circular Waveguides (Hll-mode)

Winen a circulsr waveguide is designed to carry an Hyy-wave

but no other, then suitsble dlaphragus can be used to eliminate re~
fleotions as in reotangular waveguides.

Figse 239 (a) and 239 (b} illustrate respectively the forms
assuued by a capacitive and aa inductlve diaphragm in a circular
vavernide carrying sn Hlj-wave. The shaded regions represent thin
metal diaphragms that lie in the plane of the cross-section.

f
CURRENT | JCURRENT

(a) (b)
CAPACITIVE DIAPHRAGM INDUCTIVE DIAPHRAGM

Flge 239 = Diaphracrms in circulsr guides
{all~WW).
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Resonant Diaphrapms

We next cone~ I

sider how it is possible . }
to combine a capacitive - T
and an inductive diaphragm N
to produce a composite \
diaphragm whose admittance !

is sero and which , _j A |
therefore does not reflect the 2
wave, Consgider first Q)

the arrangement of irises P Q
indicated in Fig. 240, for .L %

an Hy)-wave in a rectangular
guide,

The waveguide, Lg__.j
which ends in & reflection-
less load, carries a )
capacitive disphragm at the
section P. The admittance
of this section is_ Fig. 240 = Resonent diaphracas
1+ g) where is the (Hol._wave)_
sugceptance of the dlaphragm,

The sdmitience ot the wave-
guide section at § & distance 7\3/2 nearer the source thsn P is also

(1 + 3iB)|) before the introduction of thLe inductive diaphragm. When an

inductive diaphragm whose susceptance ie -jEBi % is introduced at B the
adextiance of the section at ¢ becomse

[¥]=1+ 3[B- 2[By]= 2

Its reflexion cusificlent is zcro and no reflected wave
returns to the source. In fact the diaphragm at B has been used
to match the waveguide at this pointe Fig. 240 (b) shows the analogous
transmission line systeum.

There is clearly an infinity of paire of disphragus (& j@)’

that can be combired in this wey to produce s reflectionless combinas
tion. It would clearly be more canvenient however if the two diaphragms
could be coaubined at the ssme section, § for instance, instead of at
separate sections P and Q. It is, in fact, found possible to super-
impoge a capacitave aod an inductive diaphragm to produce a reflectionless
rectangular structure such as that showm in Fig, 241 (a). Such is

known as a Rescnant Diaphragme. Its adwittence is zerco. It is found that
the widths of the capacitive and inductive portions of the resonant
diaphragm are not the same as those required to give no reflection with the
arrangement of Fig, 240 (a). This is because the storage fields of

the two diaphrasms are now interningled and the inductive and capacitive
portions do not behave

independently or each By
other., A usetul, but -
&pPProxXiwate, vesign

procedure is illustrated i b o
in Fig. 241 (b}, where o e
FQRS represents the ] ST« & = R
section of the rect— -
angular wavegride, The {a, b
curves FLi and QVR are
the two b:r&:ncncs o1 & Fige 241 - Resonant diaphram
hyperbola that pagses {1__-vave) -

SorT e
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through the oorners PQRS and such that the distenoe between the poles
IM 18 Agy ( A = free-space wavelength). If the corners of the aper-
ture of the compesite diaphragm are made to fall on this hyperbola then
the diaphr is approximately resonant. The dotted rectangle in
Pige 241 (b) is an example. There is an infinity of such resonant
struotures for any waveguide section.

If b and a, and b’ and a' are the dimensions respectively
of the waveguide croas-section and of the diaphragm, then the
geowetrical construction given above is equivalent to the following
relation between these dimensions.

2 - (%)j’l's B 1-(5%7)7%

It may be socen from Fig. 241 (b) that when a'/' is small, then b!
is approximately equal to A/2; that is, the resonant length «f any
narrow alot centrally placed in a diaphrégm, with its length per-~
pendigular to the electric field, is very nearly M2,

The trensmission line anslogue of a resonant diaphragm is
shom in g, 242. At resorence the L-C circuit beéomes a rejector
circuit that places zerc shunt admittanoe aoross the line, Con-
sequently a progressive wave passes the structure without reflection.
A thin A/2 slot ocut in a motel diaphragm across a ciroular guide
carrying sn H)j-wave and placed with its léngth at right angles to

the electrio field behaves as a resonant iris that tranamits the
incident wave ocampletely.

Pig. 242 - Analogue clrouit
for resonant diaphragme

@ ® @) © G @ (non

Flg. 245 shows a set of resonant atructures that trans-
mit the progressive wave without reflection., The resonant length
of the slot in Pig, 243 (a) was found at A a 9°1 om. to be about
4% shorter than A/2, Por the composite L-C résonant iris of
Fig. 243 (o) the imer oiroumference of thé gap at resopance, when
thin, is almoat equel to A

The @-Factor of Resonant Diaphragms

Although the diaphragm at resonance is almost perfectly
transparent to the mode for which it is designed, changes in the
frequency of the wave propagated along the guide cause changes in
the admittance of the diaphragm and partial reflection occurs.
The behaviour is similar to that exhibited by a parallel resonant
circuit shunted across a transmission line.

2'75



Chap.S, Sect 015-5; M

4s shown in Chep. 1., Sec. 19 , the amplitude ¥ of the
voltage developed across a parallel resonent circuit when supplied
with a constant feed current is given by

A

¥y = Gr cos ¢,

where tan § = ZQS,S being the fractionsl detuning iéf—f-— and
. r
the

Qr the value of ¥ at resonance., It is thus possible to measure
Q of a parallel resomant circuit in terms of the reduction in the
suplitude of § for a given value of §.

A gimilar procedure ensbles the Q@ of a resonant diaphragm
to be determined experimentally. The quantity measured is the
magnitude of the voltage or current induced in a circuit coupled to
the fields developed in the guide on the side of the disphragm
farther from the generator, by means of a cable terminated in a
non-resonant loop or probe. Thus, when § is large the diaphragm
beginsg to give rise to serious reflections for a small fractional
frequency shift + f£/fy, but if Q is smell then it remains
transparent over a reasonably large range of frequencies.

As example , consider the resonsnt structures shown in
Fige 243. At e wavelength of 9°1 =m. it was found that the Q of the
slot of Fig. 243 (a) was 25 for a slot whdth of '0°S mm but equal to
50 for a width of 0°1 mme. In general, the narrower the slot the
larger is the value of Q.

The value of Q may be reduced by using the structure of
Pig.243(biinstead of a slot, With the = raight section 4°2 mm, wide
and the r=dius of the end circiss equal o 1l¢4. mn the Q was reduced
to the value 9. Such s siructure th-refores is Lranaperent over a
relatively wide range of frequencies.

The J values in teras -¢ riig wilth for the disphragm
of Fige 243 (o) were as follo-s @~
Ring width in mme| C°1 05 08

4 L0 20 ' 16

In 21l these examples the diaphrages were made of foil 0:004% thick,
When brass of thicknes: §* was used the Q factors were approximately
doubled.

4l Switches and Protective Devices.

The electric field strength at the centre of a resonant
slot is meny times greater than thet in the progressive wavesz at some
distence from the slot. Consequentiy, when high powers ere trans-
mitted an electricel discharge may occur in the dielectric across the
gape This feot is made use of in the gag~filled resomant cell.

Here the slot is encloged in a glass capsule which is filled with
commercial neon at a low pressure.

Fig' M (G.) _-COPPER
represgents a sectional
view of Fig. 243 (c), and gm)
Fig. 244 (b) a sectional _GLASS GLASS
view of Fig. 243 (a), ol =~

each representing a re-
sonant diaphragn enclosed in
a ges~filled cell. These
cells with the diaphragms Pige 244 - Simple T/R cell.
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projecting as rims can be fitted into circular waveguides. They are
quite transparent to waves of low power, such as the signal to the
receiver, but spark over and become completely reflecting when a
powerful wave from the transmitter strikes them.

A cell containing a resonant diaphragm of the form shown in
Figs 243 (b) is used at 3 om wavelengths under the neme CV,115. 1In
it, however, the circles are larger and the intervening straight
portion of the window is much shorter than as shown in the figure.

Since cells are used to provide asutomatic switching of
power in common T/R systems with waveguides, they are often referred
to as T/R cells, A disadvantage of the simple cell of the type
CV,115 is that when used for receiver protection the spark gap can-
not be relied upon to strike immediately. When lag in striking
occurs enough power may pass to the receiver to burm out the crystal.

& modified form of cell (American type 1B.24, British type
CV.221) which affords satisfactory protection of the crystsl is shown,
diagramatically, in Fig. 245. It is used at 3 ams wavelengths and
breaks down at weaker field strengths than those required for the
CV.11l5 and with no appreciable lag.

The cell is a
gas~filled resonant cavity

placed in series with the PROBE CLASS

waveguide to which it is AN 7 sea

coupled at each end by R i

slots. The cell cavity FLANGE

is separated from the two Al WAVECUIDE

vortions of the waveguide 16 T A === FROM
by glass 'indo"s. It is RECEIVER < wiNDOW — ™ A, WINDOW *—ﬁANSM‘TTER
brought to rescusnce by —_

adjusting the separation NEON CAS AT ~ T FLEXIBLE wWALL

LOW PRESSURE

of the two spikes that
project into it as shown,
the upper spike bei
holloal.) ;Phis ndju:‘%nent Fig. 245 - Adjusteble T/R cell,

is scoomplished by mesns

of a screw which works

againgt a flexible area of the wall that carries one of the spikes.
To avoid lag in the striking of the discharge when a power wave enters
the oell, a glow discharge is kept running between the proke and the
imner wall of the upper spike, This spike nas a hole in the end end
electrons diffuse from the glow discherge into the space between the
spikes to provide the imatial ionisation from which the high freguency
digcnarge is able to bulld up without lag. A high resistance 13
incliuded in series wivh the probe to limit the glow discharge, bug 1vs
value must be chosen to avoid an intemmittent discharge, for then the
protective action might be vitiated; {compare Flashing Neon,

Chape 10 Sece. 1 and Chep. 15 Sec. 10). The cell permits weak signels
to pass unaffected but blocks strong signzals.

ONTUNING SCREW

A soft rhumbstron may also be used as a T/R oell, in a
manger similar to that suployed in transmission line circuitse In-
stead of the resonant cavity being coupled by means of pick-up Loups,
as desoribed in Chap. 4; windows are used, the whole cell being
tuned by the cavity tuning adjustment., The arrangemenv 18 further
degeribed in Sec. 50.

45, Reflectors in Waveguldes

Various reflecting diaphragms are depicted in Fig. 245,
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Wien each is compared with the corresponding resonant diaphragm of Fig.243,
it will be observed that the reflectors are obtained by an interchange

of' the metal and the open portions of the diaphragms followed Dy a
rotation through a right angle., - A pair of disphregms related in this

wny are said to be complementary. Not only are their geometrical
properties camplementary, but it is found both by theory and practice

that their electramagnetic properties are complementsry also. Thus,

Igi

@)+ (b)("n) {©)Hi) (@)top

H

Fige 246 -~ Reflecting disphragms.

the eleutrical behaviowr of the thin ring in Fig. 246 (c) may be
oompared with that of* 1ts counterpart, the thin circular slot of

Fige 243 (0). When the circular slot has en inner circumference
arproximately equal to the wavelength A it is transparent and has zero
susceptance, It is found, on the other hand that when the ring of
Pig. 246 (c) is made slightly greater than A in caircumference its
susceptance becomes infinite and the section containing it becomes
completely reflecting. Similerly, the halfwave strips of Fig., 246 (a)
and (b) are reflectors to an H j-wave,

Reflecting
rings form very con-
venient mechanical
awitches for diverting

power alternately from RN N
one branch in a wave- I 5 7
guide to another., The > o b s
small inertia of the T t
switches allows them to

be turmed at high speed,

Two exsmples of the use
of ring switches are (@ ()
given in Fig., 247. The
reflectors must be
positioned as shown in
Fig. 246 in order to Fige 247 - Use of rotating

reflect almost oompletely disphrsgm for switching.

the incident wave and

must be turned through a

right angle so that they are perpendiculer to the electric field if they
are to allow the incident wave to be propagated wndisturbed, This may
be achieved if the iris is rotated sbout the horisontal transverse axis.
The mechsnical simpliclty of this arrangement makes it particularly
suitable for use as a reflecting switch. Sometimes in rectangular
waveguldes a reflecting switch is made in the form of a rectangle

(Pig. 246 (d) to fit into the waveguide cross section: Its total
perimeter is still of the order of one wavelength.
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REFLECIIONS FROM JOINTS AND EENDS IN WAVEGUIDES

z0-60 General

In radar s magnetron oscillator is often connected directly
to a waveguide so that the circuit load on the magnetron is the im-
pedance which the waveguide presents at its input ends It is explained
in Chap. 8 Sec. L1 that the freguency of oscillation of a magnetron is
peculiarly sensitive to the nature of the load. If therefore any
irregularity is present in a waveguide, 30 as tc cause a reflected wave,
it may produce an effective impedance at the magnetron end which will
cause the oscillation to take place at some undesirable frequency.
This control of the frequency of oscillation by the attached waveguide
is called Frequency Pulling. VWhen a long run of waveguide is -employed
an additional effect called Frequency Splitting is cbserved when the
termination reflects a wave down the guides This effect does mot
appear when I/AE is small,

For these reasons it is desirable to keep all waveguide
runs short and to design all Jjoints and bends so that they cause the
minimum of reflection.

47. Waveguide Joints
%&, At wavelengths of 9 and 10 centimetres coupling between two
8

ections of waveguide is achieved through flat end-flanges, as showm in
Pig. 248 (a) and (b).

FLANGES IN CONTACT

O 0O

WAVEGUIDE WALL
-——
(SHADED) WALL OF  WALL OF

LEFT HAND  RICHT HAND
WAVECUIDE WAVEGUIDE

1 QOO

r \ JUNCTION
FLANGE ggt; FOR CLAMPING

@

®

Fig, 248 - Flenges for cormecting
waveguide seotions.

Fig. 248 (a) shows the face of the flange fitting flush with
the end of the guide and 248 (b) two waveguides clamped together by
their flanges.

The principal causes of reflection at these Junctions are :-

(1) Misalignment of the walls at the junction causing &
step in the walls of the guide, To avoid this the bolt holes must be
loocated aoccursately.

(11) Gaps between the waveguide walls across the junction
either due to imperfections in the plane surfaces of the flanges or
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beseuge they sve ot Tlush with the ends of the guides, Fige 249

indicates whnt may o-cvr when the

flenge faces are ot sccurately plane.

The flanges are in aoatact at C but

have left a gap et G between the

waveguide walls. The two flange

faces between G and C may be re- FLANCE

garded as a pair of transmission :

lines of length { and short-

cirouited at C, so that if by

chance { is spproximately equal to ¢ L O e
A/, (A = free-space wavelength) B

an E antinode and an H-node occur

at the gap G. There is therefore s -

a discontinuity in the transverse gtg' tghglané::?guj'mw

component of H in the Hol—nve in -

the guide at G, and therefore elso

in the longitudinal wall current. Such a gap causes a serious re-

flection. Consequently, the faces of the flanges should be made as
nearly as possible accurately plene and parallel, Alternstively a

copper gasket fitted between the flanges may be used to ensure good

contact.

RING NUT
/ HOLE FOR

DOWEL . DOWEL
BIN ™~ o DOWEL PIN o PN
Ve /

7 y RN

£ _~JUNCTION JAVE CUID,

«f‘ l [ { WALLS, .
/ RN

WAVECUIDE H! S 0
WALL — ame —

NUT

Figs 250 =« Coupling wnit far
A = 3 ons.

At a wavelength of 3 centimetres these effects (i) and (ii)
are more difficult to avoid than at the longer wavelengths and the
design of the coupling unit is somewhat more complicated than that
described above, A suitable device is shown in Fige 250. The two
flanges shown here are of more solid construction and are clsmped to=-
gether by a ring nut which presses on the one (female) and.screws on
to the other (male). A step at the junction is avoided by accurately
placed locating pinas.

As mentioned above and illustrated in Fig. 249 a comnon
source of reflection at a joint is the existence of a gap between the
walls of the two lengths of waveguide., A fomm of coupling which is
finding increasing favour uses the electrical properties of a space
between the flanges to provide a theoretically perfect electrical
union between two lengths of waveguide,

The principle of these double quarter-wavelength joints,
commonly called choke or capacity Jjoints, is shown in Fig. 25l. 4n
L.shaped recess GBA is formed by suitably shaping the surface of one
of the flanges, the other remaining plain, This recess follows the
contour of the section of the waveguide wall end may be employed with
either circular or rectangular waveguides.
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The lengths BG and BA are
each A/4 ( A is the free-space
wave-length) as indicated, The
portions of the recess GB and BA
each form quarter-wavelengths of
transmission line; consequently,
the short-circuit at A is trans-
ferred to G where the standing

B>

wave in the recess produces an H~ —r
antinode, The transverse componw N ,%
ent of H in the wave thus remains R
continuous across the ZBPe Hence: WAVEGUIDE

equal longitudinel currents flow e @H -
into and out froam the gap as ra] ~
indicated, and no reflected wave /%/J X

is generated in the waveguide at s S

G. 0

The same principle is
used to approach the ideal of a Pig. 251 = Double A/,
perfectly reflecting piston or L
plunger in circular and rect- ooupling unit.
angular waveguides, It is
difficult to ensure, with the
normal piston, that good surface contact exists around the whole peri-
meter without at the same time rendering the piston stiff in action.

The Double 1\: Tuning Plunger indicated in Pig. 252 achieves both

easy movement and good electrical termination. The recesses AB znd
BC are both A/ lengths of transmission line systems, and ag before
ensure that across the gaps between the face of the piston and the
waveguide wall (sections at A and D) there is an antinode of H and no
component of E tangential to the

face. The whole face, in-

cluding the gap, behaves there-—

- fore as a perfectly fitting

and reflecting disc which re- WAVEGUIDE ~.
flects the wave in the guide

without generating evanescent REFLECTING
modes. PONGER

4B. Bends in Waveguides

Fige 252 = Double ?\/h_ tunimg

In practice it is plunger
necessary to introduce
corners and bends into wave-
guide runs by the insertion of sections witl the forms illustrated in
Fig. 253. The bend shown at (a) is known as an H-bend and that of
(b) an E-bend, Fortunately, it is found that provided the inner
radiusg of the bend exceeds Ag,and the section of the guide is not

distorted in the process of bending, the reflection produced as an
H..—wave enters is very small, The standing wave ratioc assoclated

01~
with a good bend is of the order of 1-05.

The wave in the bend resolves into two waves, and in the
case of waveguides with a circular section carrying an Hy; -wave these
waves travel in the bend at different speeds; consequently when they
emerge to recombine into an Hu—wave s the plane of polarisation of the
igsuing wave is rotated with respect to that entering., This is a
disadvantage of circular waveguides.
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(@) e (b)
H~-BEND E-BEND

Figes 253 « Smooth bends in
waveguldes,

When it is
necessary to economise in
space, the smooth bends
discussed above are some—
times found to be in-
convenient, especially
at the longer wavelengths;
consequently the sharp
corners depicted in
Pige. 254 are oommonly

employed, Pigs 254 (&) q b
depicts an H-corner and (@ (D)
(b) an E-corner, and it H-CORNER E-CORNER
is to be noted that in

each case the outer .

corner of the bend has Fige 254 - Right-engle cormers,

been aliced off and the

hole formed in the walis

closed by a flat plate,

Experiment shows that for each bend there is an optimum value of the
ratio ¢/ that gives negligible reflection, This value for an H-
corner was found to be

C/a = 0'65,

and for an :
E-cormer c¢/d = 0°6,

with a wavelength of 108 an.in a 7 an.x 3+25 an.waveguide.

Twists A rectangular waveguide may

be twisted so that the plane of the
E-vector is rotated through en
angle (usually 90°), and little re-

flection arises provided the length
of twist is not smell compared with
7\8. Such a twist is shown in )

Fig- 255.

49 Rotating Joints Fig, 255 - Twist in wave-guide,
The aeriel systems of

most centimetre wave equipments

comprise a reflector which is a
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portion of paraboloid or parabolic cylinder, and is capable of motion
about horizontel end/or vertical axes, Power is fed to the aerials
fram the end of a waveguide which in some instances is terminated in

a2 horne The waveguide feed must move with the mirror but must also be
coupled to the fixed waveguide run from the transmitter. The aerial
feeder must be coupled to the main waveguide so that no variation in
power or polarisation of the radiated pulse occursas the mirror moves,
This problem is solved by use of special rotary transformers, These
transformers take advantage of the fact that an Eqp-wave in a circular

guide is readily excited by an Hy)-wave in a rectanguler guide which
feeds into the wall of the circular guide so that the E vector in the
HOJ_-wave is parallel to the axis of the circular guide.

Fig. 256 illustrates the principle of this device. At (a)
we have an Hy-wave in a rectanguler guide, running into the lower end

of a closed circular guide whose radius is large enough for the guide
1o accept a progressive Eo]_-nve. It is exrranged that the electric

vector in the Hy)-wave is parsllel to the axis of the circular tube
and readily excites in it the Eol—mode as8 a progressive wave which

travels to the top of the circuler guide as shown., The longitudinal
E-vector in the circuler tube excites an Hol—vmve in the second rect-

angular guide leading to the aerial.

ROTEATSBLE 5
e =23 il L

————
TO AERIAL

DISTRENE
o SUPPORT

34— RING FILTER

MATCHING STEP INDUCTIVE DIAPHRAGM

(@) )

Fig, 256 = Rotary E-H transformer,

At (b) certsin ancillery devices are slso shown; they are,
a palr of ring filters to reflect
the H,,-mode which can also travel
in the circular tube, and
matching steps and inductive
diaphrazms to eliminate re-
flections at the junctions of
the circular guide and the
rectangular guides, both in
transmission and in reception.

ROTATING HEAD

METAL SEPTUM

If the top of the ANTI - CORONA KNOB
circular tube is made rotatable Fig. 257 - Rotating joint,
then the rectangular guide can be embodying two septate-

coaxial mode transformers.
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swng in azimuth. Since the an_dyive possesses axial symmetry it
will feed equally well into the rectsngular guide at all asimuths.

An alternative rotary joint employs a septate-coaxial com-
bination which permits a considerable reduction in the overall diameter

of the circulsr tube (Sec. 21 ). A disgrammstic representation of
this form of rotary joint is given in Fig., 257.

50. QOMMON T/R WITH WAVEGUIDES

In Chap. 4 Common T/R circuits are described, spplicable
to tranmmission lines, In radar systems employing waveguides, the
corresponding waveguide conpections must be introduced in order to pro-
vide cammon T/R working. To reduce the waveguide problem to the same
Basis as that of the tranamission line, oonsider the currents, at any
instsnt, in the walls of the guide (Fig. 207), which is taken to be
rectangular and carrying an Hy-wave.
Referring to the figure there are two
owrrent flows to be distinguished.
Some cwrrent-flow lines are emtirely
confined to the wide walls of the
guide snd are directed, generally
speaking, in the direction of props=~
gations These cwrrents are strong
slong the centre line of the wide
sides and weaken considerably for
small deviations from the centre.
Other cuwrrent-flow lines start near
the centre of a wide gide and trace
out a path over the nsrrow side snd
on to the wide side opposite to that
from which they started. Theae

ourrent~flow lines are, generally Fig. - amigai
speaking, transverse to the direct- 15:;, 3?:10 Tra:f seton
ion of propagation of power down the wavegulde %s.

guide. The first type of current

line corresponds to the current in a

twin balanced transmission line,

which may in this case, be taken as a pair of parallel ribbons, The
second, transverse, current line corresponds to the current in a shunt
short-circuited stub across a twin tranamission line. The clrouit
equivalent of a rectangular waveguide carrying an Ho]_-nve is, there~

fore, a twin transmission line modified by the addition of a large
number of shunt stubs. This is shown in Fig. 258, If the stubs
are not to upset the transmission, they must be A/L long.

It is now possible by analogy to work out the common T/R
comnections. A soft rhusbatron (Chap., 6) is employed as a switch.
This acts like a parallel tuned circuit of fairly high Q end will spark
over resdily. In Chap. 4 (Fige 182 (a)) the rhumbatron is shown with
loop coupling, but for coupling to waveguideswindows or irises are
used. 4 hole is cut in the side of the rhumbatron and a similar hole
in the guide wall; the rlambatron being then clamped firmly against
the guide ( Fig. 259). With a suitable size of hole the coupling is
practically 1:1 and the rhumbatron, or parallel tuned circuit, mey
then be considered as directly connected. Thus if a rhumbatron, with
window couplimg, is placed on the narrow side of a rectangular guide
(Pig. 259), the equivalent circuit is as shown in Fig. 260, the
parallel tuned circuit and switch being A/4 away from the transmission
line and shunt cormected. The shunt arrangements of Pigs. 180, 181
and 182 (Chap. 4) canthus be developed.
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e

OF GUIDE CUIDE AND
RHUMBATRON

|
CROSS-SECTION wu:zaws

RHUMBATRON

Fige 259 - Shunt window /

coupling between rinmbatron +

and guide, Fig, 260 -~ Circuit analogue
for rhumbatron switch.

A typical T/R
connection with rect-
angular waveguide is shown TO RECEIVER

in Fig. 261l. Two |
rhumbatrons are employed LooF
with window coupling te o

the guide, The receiver

feeder is loop-coupled 1

inte the rhumbatron AERIAL e 329 6 TRANSMITTER
nearest the serial, and
the equivalent circuit .

is shown in Fig. 262. ©
During trsnsmission,

the gas in the rhumbatrons

ionises. The tuned

circuits sre thus shorte Pige 261 -~ Side view of comnon T/R
circuiteé.? giving rise switch, employing two soft
to open circuits 7\{& rhurbatrons shunt-connected,

away on the main line

and allowing the trans-

mitter power to pass to the serial, During reception the gases are
deionised, The rhumbatron nesrer the tranmmitter acts like an open
circuit and presents zero impedance A/l awsy, on the main line.
This apparent short-circuit seen from the receiver junction 3 A 8/4

away, looks like an open-circuit. The received signals therefore find
& very high impedance, looking towards the transmitter, at the receiver
junction, and proceed through the receiver rhumbatron and into the
receiver feeder.

On very short wavelengths, the feeder comnection from the
rhumbatron to the receiver may be undesirable owing to excessive
attenustion in the feeder. In this cese a waveguide replaces the
feeder and there is window coupling both info and out of the rhumbatron.
Series conmnection to the waveguide may elso be used insteaxd of shunt.
In this case the rhumbatron is connected to the brosd face of the guide
end is usually off-set effectively A/2 from this face by interposing
suother section of waveguide (Fig., 263). This section and the guide
leading to the receiver are often circular. They carry an Hj;-wave

and so are similar to a rectangular guide carrying an Hy;-wave, The
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RECEIVER
/\ @FEEDER
.3
4

RECEIVER

AERIAL JUNCTION

MAIN  TRANSMITTER
LINE

Pig. 262 - Circuit snalogous for
fig. 261-

circular guide is wider than the
rectangular and so it is easmier

to place a orystal across it,

to form the crystal converter which
is the initisl part of the
receiver,

It is usually found
in practice that the tuning of
the rhumbatron nearer the
tranamitter is very broad and
hardly affects the performance
of the set, On very short wave-
lengths this rhumbatron is some-
times replaced by a resonant iris
of the dumbell type (Fig. 243
(b)). This has a low § and
would not be suitable as a re-
Placement for the receiver rhum-
batron.
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TO RECEIVER

|

WINDOWS
CIRCULAR
Ae/n GUIDE
feen ik
RIAL TRANSMIT
. — 3 ANSMITTER
RECTANCULAR MATCHING PIECE
GUIDE

Pig, 263 ~ Series connection
of soft rhumbatron switch.
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