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INTRODUCTION
l. General

We have seen in Chap., 4 that electromagnetic waves may be
propagated between a pair of psrellel conducting cylinders or between
a pair of cosxial oylinders end that the transmission line system so
formed provides a oconvenient means for conveying high frequency
power from a source to a loade 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
procedure 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, Whereas it was convenient to discuss
propagation on tranmmission lines in terms of the voltages and currents
assoclated with the wave disturbance it is more useful in the study
of waveguides to concentrate attention on the electric and magnetio
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 space and on transmission lines,

Pige 195 -~ Field distributions in a
plene polarised electromagnetic plane wave,

2. Properties of Electramagnetisz Waves in Free Space

Fige 195 depicts a sirusoidsl 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 transverse both in E and H and are,
therefore, of the type cailed TEM (Transverse-Electro~
Magnetic); that is, there is no component of E or H
in the dirac‘qion of propagation,

(1131) The veloeity of propagation in f‘]B-ee space is equsl to
c, the velocity of light (3 x 10° m/sec.) In a
medium of dielectric constant K and permeability Ve
the velocity is

V7

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

k]

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

5« Behaviour of sn Flectromagnetic Field at the Surface of 4 Conductor

The electromagnetic fields of waves on transmission lines
and in waveguides are bounded by metal surfaces; consequently, to
appreciate the forms of the field patterns it is essential 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 electrico
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 conductor. The magnetic
field H of the wave is everywhere tangential 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 sllow the magnetic field to change suddenly
from H to zero in crossing the conducting surface fram without to
within the conductor, there is a current sheet at the surface of the
conductor.

Since any metal
possesses a finite conduct-
ivity the sbove description
of the electromagnetic field
idealizes the actual con-
ditions, but the behaviour CURRENT_SHEET AT
in the ideal case is a Very MACNETIC INTENSITY=H SURFACE(INTO PAPER)
close approximstion to the
actual behaviour at a metal
surface when the frequency MAGNETIG INTENSITY ZERO
of the wave is high, At
low frequencies electro-

magnetic fields penetrate Fig. 196 = of el
deeply into the interior of Behaviour eatro-
a conducting medium and the mg}:tcei? field at conducting

pcorresponding currents are

distributed throughout a

volune of the medium. As the frequency is increased, however, the
currents are orowded more and more into the surface of the conductor
and the fields penetrate less and less deeply, This is the well known

phenamenon of Skin Effect.
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ch&'po 5, Sectoll-

L. Weves guided by Pairs of Conductors (Transmission Lines)

We will now discuss the properties of a wave travelling
salong a transmission line, They are very Similar to those of the
freely travelling waves in en unbounded medium already mentioned,
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,

E
(@ g cumir sy ok seer’ ()

Figs 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 weve here discussed is ususlly called the Principal
Wave). The wave system has the following properties :=

(i) The wave is propagated parallel to the axes of the

(1)

(ii1)

(iv)
(v)

cylinders, and is transverse both in E and H; i.e.,
the electric and magnetic fields are each perpendicular
t0 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
obtained by maintaining the cylinders (supposed
infinitely long) at a sultable difference of
potential, Hence, each line of force arises fram a
surface charge on one conductor and ends on & surface
charge of opposite sign on the other conductor. 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 oon~ '
ductors and form a pettern which is the same as that

obtained by a suitable steady current along the

aylinders but in oppogite directions in each. When

a high frequency wave is transmitted the cuwrrent in

the conductor is entirely superficial, and the com~

tour of esach conductor in the section is followed by

the neighbouring magnetic lines.

At 81l pointe the two fields are mutuslly perpendicular,

The velocity of the wave is the same as that for the
unguided wave and is the same for ell frequencies,
There is no limit to the frequency of the wave which
can be propagateds
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5, Limitations of Cables and Adventages of Waveguides at Centimetre
Wavel

As explained in Chap. 4 Secs., 41 - 45, one limitation to
the general 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 loss 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
oases the loss is accentuated by tHe presence of the immer conductor.
The currents responsible for the ohmic loss are equal in magnitude in
the inner and outer conductors, but since they are forced by the skin
effect to flow in the surface layers of these conductors they dissi-
pate most of their energy in the imner conductor which has the smaller
surface, The dielectric loss increases with the field strength, snd
since the field is greater near the inner conductor these losses alsc
sre concentrated there,

It is to be anticipated, therefore, that when electro-
magnetic waves are propageated in tubes, in which both irmer conductor
and dielectric are absent, the attemiation is relatively amsll and
comparable with that due to the outer comductor of a cosxial cable of
the same dimensions. Such tubes are kmown as Waveguides snd because
of the mmall attenuation suffered by electromagnetic waves in them
they are often preferred to cables in applications using centimetre
wavelengths. A dielectric rod or tube may also be used ag 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 finite conductivity of
the metal in an air-speced coaxiel transmission line. The precise
attenuation coefficient in a waveguide depends on the wawelength,
cross~section and form of wave, but wherees in a good ceble the
attenuation coefficient for a wawe of length 10 cm, is of the order of
0°5 db/metre, in a weveguide it can be of the order of 0:025 db/netre,
At wavelengths of 3 ocentimetres 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 ocentimetres except in very short lengths.

Loss of energy from a wave as it travels along a trans—
mission line is objectionable not only because it weakens the signsl
which arrives at the other end, but slso 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 polytheme
(softening point sbout 1000C) in the eable and ocause breakdown,

6. Yaves ? an%s compared with thomse in Free Space and on
Transmis 8 .

The salient features of waves in guides are as follows :-

(1) The oscillations of E and H are not both transverse
and it is convenient to classify waves in guides into
two principal types, Two different nomenclatures
are in use for describing the waves. Sometimes the
wawe is known in terms of that field component which
is entirely tranaverse; it is called, for example, a
Trensverse Eleotric, or TE wave. Sometimes the seme
wave is kmown in terms of the field camponent which
has a longitudinal component, a wave with a longi-
tudinal H-component, for exsmple, being called an
B-wave, The two principal types are therefore i=
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(1)

(4i%)

(iv)

CG&PUE, Sect.6

(a) H-waves Z
Transverse Electric }
(TE) waves, }

in which the electric
field E is entirely
transverse but the
magnetic field H

possesses a cauponent
lil’= in the direction

of propagation
(Longitudinal com-
ponent) as well as a
transverse component
Hy, Fige 198(a). H,  pig, 198 - Oomponent veotars
and H; oscillate in of E-waves and H-waves.

quadrature so that

the resultant H

vibration is ellip-

tical. Ht and E vibrate in phase.

(b
~—— DIRECTION OF PROPAGATION

(b) E-waves )
Trensverse Magnetic (TM) )
waves,

characterised by entirely tranverse oscillations of
B but in which E has a longitudinal component, Ez
(Fige 198 (b)). Ey and Ey oscillate in quadrature
80 that the resulting E vibration is elliptical.

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

The presence of the longitudinal component of either the
E or the H field causes the wave front to travel faster
than the energy of the wave, The velocity of the wave
front is celled the FPhase Velocity Up s whilst the speed

with which energy is tranamitted along the guide is called
the Group Velocity uge It may be shown that in all
cases i~

2
up,uG= C .
The wavelength Ag of a wave in a guide exceeds the wave—

length A of the free space wave of the ssme frequency
since ;-

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 criticel value A , called
the Cut-off Wevelength, The corresponding frequency

fo = cf Ao is called the Cut-off Frequency. The cub-
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 A o is of the
order of magnitude of the larger cross-sectional dimension

of the guide.
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Ch&:{)e 5, Secte. ?

{w) The following relation exists between the wavelength
?\.g of a wawe in a guide, its ocut-off wawelength

A, and the free-aspane wawelength A 3-

1= 1 - 1

A2 A2 Ao

multiplication by 1/£% gives -

1 = 1 - _..._...._.._12 :
u? ¢2 fzhc

P

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

of the frequency; whereas the velocity in free space is the ssme for
all frequencies.

WAVES IN A RECTANGULAR TUEE

7» Symthesis of an H-Wave

Most of the important features of waves travellinmg in
guides ean be derived quite eagily from a consideration of the case of
& rectangular guide carrying a simple form of H-wave lmown ag the Hy)

wave, This derivation is so instructive that it will be given in
detail end the important points brought out. For more complicated
cases 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
that any complicated "mathematiocal® analysis can give any deeper in-
sight into the phenomena.

The method of approach ig 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 metel a composite wave in which
the motion sppears to take place in a direction parallel to the sur-
face of the metal, This moving weve system can, if we wish, be
thought of as a peculiar type of wave guided by a single infindte
-metal sheet, Precisely the same wave disturbence is produced when a
wave is inoident at an angle on to a plane surface of the earth which
can be congidered to be perfectly conducting, A detailed discussion
of this ease of an incident wave combining With its reflected wave
after reflection from the surface of the earth is given in Chap. 17.
We shell algo show that in this type of wave the amplitudes of the
electromagnetic fields alter as we cross the wawe front and moreover
the fields are 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 an opposite boundary of a wave-
guide we find in genersl 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 where the magnitudes and
directions of the fields are suitable, Under these oconditions we
have & wave system which is gulded between two parallel planes which
can be thought of as two opposite sides of a waveguide, We next show
that the insertion of a second pair of plates perpendicular 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 detall. Let AB re-
present a metal sheet of infimite conducivity and suppose that a
train of plane waves incident upon it in air (ideelly, vacuum) di-
electric, Pig, 199 (a), gives rise to an equal reflected wave (b)e
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ChIipoﬁ, Se::t.'?

The diagrams illustrate the distribution of fields in space at any
chosen instsnt. 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 is =0 chosen
that the magnetic veotors H (represented by srrows on the full lines)
lie in the plane of the paper, and the electric vectars E (represented
by circles with e dot or cross inside) stand perpendiculer to the
plane of the peper. A is the free-apace wavelength, and the arrows c
indicate the directions of the incident and reflected waves. Between
one full line and the next there is a ocomplete 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 OUT OF PAPER
® E INTO PAPER

‘
Sk =

)

Fig. 199 = Synthesis of an H  -wave,

As the time t changes the patterns move in the directions indicated by
the srrows perpendicular to the wave fronts and with the velocity of
light c» In Fig. 199 (o) the two wave trains are shown passing across
the same region of spece by superimposing the patterns showm 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 magnetic fields of the
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Chap.5, Sect.7,8

origimel wave trains, The direction of the resultant H-field is
indicated by the errows on the heavy lines. At certain points of the
pattern 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 parallel to
the wave fronts of the other wave system, as for example at the point
P, VWhere 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 wave fronts. The points
qQ and R of Fig. 199 (c), shown separately in Fig. 199 (d)}, provide
sxsmples,

When the directions of the resultant magnetic field are
indicated by arrows at a sufficient number of points it is possible
to sketch the lineg of magnetic force in the pettern of the resultant
field, These are seen to be closed curves whose precise fom is
determined by the angle of incidence of the original wave, As the
centre of each magnetic loop is a2 point of intersecticn 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 (b) are everywhere directed either up or down per-
pendicilar to the plane of the paper, the resultant electric field
in the pattern shown at (c) is also normel to the plane of the paper
and attelns a meximm strength twice that of the field in the separate
wave trains, The circles with 2 cross or dot within indicste the
sense of the local resultant electric field, It is to be understood
that the pattern extends in depth into ard out of the plane of the
paper,

8. _Pattern Velocity (Fhase Veloaity) of E~waves

4 fixed feature of the pattern shown in Fig. 199 (o}, such
ae 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
{(a) end (b). The two wave fronts intersecting at Q are shown as
QF snd QG in Pig. 200.

As the wave fronts QF and QG trawel in the ray directions
FK and GK respectively, at velocity c¢, their point of intersection q
travels at velocity up in the direction L'M!; moreover Q moves from

Q to K in the time taken for F to move fram F 4o K or G fram G to K.
Let the sngle FKQ (equal to GKQ) be & 3 +then, since the angles ¥FQ
snd KGQ are right engles, it follows that :-

o TR ljoosa = ~& (Sec. 6 (iii)),
c FK N
or w, = ofcos 0 = csecd .

Tt is convenient at this point to summarise what has already
been deduced in this section, We have seen that when a plane electro-
magnetic wave is incident obliquely on a metal sheet it combines with
its reflected wave to synthesise 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 propagetion
of the new wave is parallel to the plane of the metal and the pattern
velocity v is greater than the velocity o. It is shown that u, =

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

to the metal. 22 4
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Let us now exsmine
in more detail the nature of
the electric and magnetic fields
over the wave system, Over
planes such as XY and X'Y*

Fig. 199 (c)) which separate

all points of the plane.
plenes are nodal planes B. .
Cenversely, at the intervening

field reaches its maximm
values, The dlstance 3T, con~
taining two cemplete leops as
shown, is the wavelength 7\‘

of the camposite pattern sinee

<

Fig. 200 = Illustration of
phase velocity

the pattern repests ldmmtically in a displecement of this amount

parallel te XY.

The cemposite pattern shewn in Pig. 199 (o) refers

to a chosen instant of time, but as the patterns of the elementary waves
shomn at (a) ani (») meve obliquely with a velocity c, se is the
composite pattern displaced without distertien in the directien of
sypmetry XY at anether welooity e

The magnetie field eomprisea a system of closed loops and
consequently pessesses in general a compenent E in the direstion ef

prepagation;

called an H-wave in See. 6.

the electrie field E is entirely transverse but its
amplitude varies in a directien perpeniieular te the
prepagation XY snd lying im the plans ef H.

The H-wpve iz, as yet, of wlimited extent and it is
necessary te disesver whether such a wave ean be caused to travel dowmn

a metal tube.

We prececd in stages by

censiderimg first the possib-

ility of prepagating an H-wave betwean a pair eof parallel metal plates

of unlimited exteat.
9e tien el

in Re ubes

As alrepiy memtioned, ever the nedal E-planes XY, X'Y',
etce (Fig. 199 (¢)) which separate adjacent layers of magnetis leops,
the eleetrie vester vanishes, and the magnetic vecter is tangential te

these planes, Referense te *
Seq, 3 shews that over these
nodal planes, the behaviewr
of the electremagnetie field
of the H-wave is the same asz
that at the surfaez of a per-
feot eonducter. H’M’-
fere, a perfectly comduoting
plate iz inserted inte the
wave pattern of Pig. 199(e)
to eeincide with a pedal
E-plans such as XY, the
pattern above the plaie is
undisturbed snd that below
may be remeved, The pattern
ebeve is cupperted by troms-
verse swrfaes owrents 1 as

( v S i %
o] Ji® Jie ‘@
! e —— e o “-......_.--” '
______ . p———— ——
- ~ \1 - -
o } {0 } o Yo
X -“-—5-‘" Ml WY

Fig, 201 ~ Positions of nodal
planes,
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‘indicated in Fig. 201.

It is, therefore, pessidle to insert a secend metal sheet
atawofthsaylmestofomtiﬂltheﬂrztspairofsiinofa
waveguide, The secend plate may be inserted sc that it ceingides
ﬂ.tkmorthamﬁ-tmmhlplmu such as X'Y* er X"¥*, In
m-ww«mamammoflmaorng.ws(c)maol,
mbetrmdbmtheplstutoginmﬂ-memmat )
vehdvrhtmgmidtotheplm-bwuaﬁmdto&onmtm
them, dmntuyuuaofﬂ;.l”(a)m&lss(b)mmh
considered te underge successive refleetions at the plates. Flg. 202
m«-.tmqwnmmmm.m-rmd
plates at a separatien » but of wnlimited lateral extent.

Towmpanlmﬂnhqatninhumm
tube it is necessary te insert nb'ﬂl-inmdnwmtmbm-
moﬂﬁmhhutiltm:tthnnnrnwmmnu
mmmﬁmdmunpm !bwﬂhmtmbe
nmuumum;. 203, that is, the wall surfaces are parallel

otn be given any velue,

An H-wave of the
nature deseribed abeve is
net the enly type of wave that A I T
#an be prepagated in a rect- —5 S L
angular tube and it is there-
fore ceuvenient at this stage
te give the H-wave unier y,
diseussien its usual designa- iy
tien, 4 wave of the type ' 5 /f'.'/",-"

A

i
.

kY

A
b
Aty

S

Wi
A ]

shewn in Pig., 203, but with
a mmber n of ocsmplete layers
of magnetio leops in the '»' L_ °‘
dimension is called an Hy,- @

(or TByy) wave, That shown

in Pig. 203 is, therefore, an Fig. 203 - 503‘““ in

Hoy wave, rectangular guide,
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The interpretation of the suffix zero is as follows ie
if we cheose sny starting point on the faoe AP {Pig. 203%) and move
paraliel to AD aeress te the opposite poiat on the wall CD, no
variation in any component of H or E cccurs. The suffix zero in-
diecates this independenee of E and H ef displacements parallel te the
edge 'a' of the tube section. On the.other hand, in meving parallel
te AB from the face AD to the faoe BO n layers of H-loops are cressed
(or, more accurately, m halfecycles of variation in any ene ef the
components of E or H are observed).

Of the possible Hy.-waves in rectangular waveguides ene is
of outstanding practical importance; it is the Hy-wave md it will
be further discussed below,.

10. The Hpj-wave in a Rectsngular Guide

This wave, as the suffixes indicate, contains only a
single layer of H-loops between the faces AD snd BC (Fig. 203) and
corresponds to the case in which conducting pleics are inserted at
adjacent nodal planes XY and X'Y' (Fig. 201). Iig. 204 represents
a section parallel to both the H-field and the &rection of propagation
of an Hpj-wave in a rectanguler waveguide,

The
wave fronts (e.g. AC)
of the elementary
plane waves reflected
from plate to plate
are shown, as well as
e magnetic loop of
the resultant Hp;-wave.
The ray direction
corresponding te the
wave front AC is BO and
it is supposed that
this rsy makes an
angle of elevation

" A4

distanece BO iz A/ -
where A is the free- Fig, 20k = Section of Iy -wave
g@pace wavelength of the in a rectangular guide,

waves, end CO = Ag/h,
where P\g ie the wave-
length of the Hgj-wave in the guide,

From the diagram we deduce i=-
Sill O! = m/m = A/& XS LR LRI LR AR R L (1)9
cos O = BO/(D = A/ hz = o,’up ssassssEssanNs R (2).

Squaring both (1) eand (2), end adding, gives
(A2 (A/aR =1,

(-1—)2 = -—;—— ""'1-"'"' Y Y Y Y YT Y P Y YT YT (5)-
Ag

a2 (2v)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 megnetic loops instead of & single
layer, end QA becomes b/2n,

Th‘u.s, sin A =n 1/21).-.0-a-o.oo-o--o.o--noooco-(la)s
cos Q= a‘/;\.g = Of'-b ooca.oo000.010.00.!.!.(23)9

1/7\82 = l/,\z - (n/Z'b)z...............u.-(ja).

11l. Cut-Off Wavelength of the Hpyj-wave

If a wave which has
a wavelength A in free space
is to e fitted into a tube by
reflection back and forth
»etween faces we have seen that
it must be inclined so that
the distance between nodel
planes ie equal to 1/nth of the
distance b between the faces
where n is any integer.

Fig. 205 shows that if ZAis ‘
less than b this can be done

for n=1. As A deoreases, _

the steepness of incidence of yd

the wave will decrease and )_,/

all wavelengths down to zero /,/f/ .

can be fitted into the tubﬂo WAVE mﬂ‘{s oF )

4s A tends to zero the R ENT . Y.

original wave tends to travel

along the surface of the metal.

Incident and reflected waves

tend to coincide and the pattern Fig. 205 = HOl-mve:

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 finally, when the original wave is incident normally on the metal,
the pattern velocity is infinite. Under these conditions the incident
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 , end waves which have wavelengths greater

than

Ac = zb LR R IR EIR RIS SNSRI AN ELERE LR LR R ER LRSS (I")

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

f :_0 = _0 > R Y P Y R LY (5)

¢ Ac b

is called the Cut~Off Frequency for the guide and the corresponding
free space wavelength A, is called the Cut-0ff Wavelength, The cut-

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

Ae

- 2b X S R I R AN ISR SN AR FR R RN NE N AR LN 3 J (h&).
n
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Wie have already deduced the following relation (3a) between
the free-space wavelength and the pattern wavelength in the guide for
an Hon—nn ‘-

2 2 2
g A 2
and we now see that this can be written :-~

Ly 1 . _1
(Ag ) ? v [ FI R EEZRREN S S PR YRR R NN R TN X J (6),

which 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 thmjkc. 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 andmnlenath?\‘ in the oomplex exponential
form where y is the magnitude of the disturbance at a distance x from
the origin.

(oo - X
y = Ie € 2 ﬂJ(ﬁ ?\a) T R RS R R NI Y YRR INNY Y 23 (7)0

In the case where the free spaoce wavelength is greater than the cut=-

off wavelength (A> A)) the equatien (6) shows us that ;\L is

negative so that 'il' is a purely imaginary quantity which may de written:-
g

—;—.I :jc&.
A
The wave motion of equation (7) then becomes :=

janft
¥ € t 2rax e:.zn'f

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

" ssme phase with the frequenay £ (factor £ J2Tft) byt their amplitudes
die away exponentially with inareasing distances (facter ci2wa x),

A disturbance of this type is called an Evanescent Mode, Evanesoent
modes are important for the understanding of the behavicur of obatacles
and irregularities in waveguides. The exponential diminutien of

amplitude with distance also finds an important practicel applicatien
in the piston attenmuator (Sec. 24).

13. Cut-Off Wavelength: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 o for a certain

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

In a given tube there are no modes with cut-off wavelengths
greater than that of the Hyj-mode., The mode is therefore of great
practical importance, for it is possible to convey power down a guide
of suitable dimensions by the Hyj~wave alope and to exclude other modes
except where they may be excited in an evanescent form by obstacles or
at the source, It is thus possible to radiate from the end of a
guide into a mirror in a predictable manner because the distribution
of field across the end of the guide is due to the Hpj-wave alone,
There are also other advantages, connected with switching and metching,
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 %o
dimension a, the cut-off wavelength of the Hyj-mode is Ao = 2" =
5'1 ane, and to dimension b, pAg = 5" = 12:7 an. It is possible,
therefore, to propagate in this guide an Hpj--wave at A = 9 am, only
if the plane of its magnetic loops lies parallel to the edge b, since
are <A <pA,. The polarisation of the E vector in the wave is not,
therefore, smbiguous. With A= 9:1 an. and 2b = 12+7 om, we find

A = 45° and Ag = 13 an. The corresponding’ cut-off wavelengths
of the Hyp mode are  aAg = 1" = 2'54 an. and pAg = 23" = 6°35 am,
This and higher modes are, therefore, evanescent for waves of

A.=‘-.- 9 am,.

14s Method of Lsunching en Hoj-wave in a Rectangular Waveguide

3}4 PROBE

SHORT- CIRCUITING PISTON

Fig. 206 = Launching an Hol-mw.

Fig. 206 indicetes the cammonest method of launching sn
Hgp-wave in a rectangular guide. A probe, usually the extension of
the immer conductor of a short length of coexial transmission line,
protrudes through the centre of one of the broad walls of the guide a
distance A/) (not Ag/k) into the guide, It then radistes as an
aeriel into the guide space. As it is not generally required to
divide the stream of power, the guide to one side of the probe is
cloged by a short-cireuiting piston whose position cen be adjusted
to ceuse the short length of guide between it and the probe to act as
a matching reactance, The correct position of the piston will be
roughly Ag/l from the probe. Near the probe the electromagnetioc
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field is complicated and consists of an Hgj-mode with ewanescent modes

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

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

Surface currents flow on the walls of the guide to support
the tangential components of the magnetic field of the wave pattern at
the metal surface, We consider the case of the Hyj-wave.

----- MACNETIC LINES

CURRENT

Fig, 207 = Wall currents: Kgp-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 walls., Thus, on the face ADEF to which the
magnetic loops are parallel, the currents converge on the area 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 sround R carries negative charge 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 pasttern is carried slong with the rest of the wave
pattern at speed Uy

It is important to spureciate 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 cut a
long slot in one of the wells parallel to the axis of the guide in
order to insert a probe into the field. If the slot were placed in
the wall ABCD or its opposite, and ran parallel to AD, it would
clearly run across the currents in the wall, The flow of the curremts
would be disturbed and the slot would radiate into spaces, The slot
may however be cut in the centre of the face ADEF slong the line FRQ,
s0 that there are no currents perpendicular to it, and if the slot is
narrow the wave within th.e tube is unaffected by the slot. The
radiation of energy from slots in waveguides is further considered in

Chep. 17. Secs. 5L ~ 56,

16. Ep-waves and Hp-waves

By following the procedure of Sec, 7 we may slso synthesise
an By -wave capable of propagation between a pair of parallel conducting
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planes from s 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 (&) and (b) we suppose the vectors E to lie in the
Plene of the psper and H to stand perpendicular tc the plane of the
paper, Consequently, in the modified disagram the asrrows 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, when the arrows are also drawn as shom, it is necessary to re-
wverse the sense of the H vectors from those indicated by the circles.

In the composite
diagrem Fig. 199 (o) the —
closed loops now represent - [l Jollol
the B-lines and the cirdles
(with their senses reversed)

the H-lines, The wave,

W >

is, therefore, an E~-wave
(TM wave). To imprison
n loops of this wave
pattern between & pair of 2 T Pasen
parellel copducting plates @

it is agsin necessary to
ingert the plates into the
pattern im positions such
that the eleotromagnetic
boundary conditions are
not infringed. Sinoe the

Aip
el
closed loops are now E- P

lines snd the transverse He I A A

lines those of H, the

correct positions.for the P
plates are any two of the =
component of E vanishes and

H ias entirely transwerse,

A cross-section of am (3)]
Eon-ﬂnve between two

planes 1M, L'N', etc,,
plates is shom in Pig.

over which the tangentlal Het

‘208 (a), and a view into Fig. 208 - E, -wave between
the advencing wave in parallel plates.

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

When, howewer, an 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.normal to these walls and E entirely tengential.
Thus, there is no Egp,-wave in a rectenguler tube., The simplest E-wave
in a rectanguler tube is the E,j-wave whose pattern is shown in
Fige 209, but is not derived, Fig, 209 (a) represents a central
section of the guide containing the axis and parallel to one of the
walls. The electric lines of force are in the form of loops which

meet the walls perpendiculerly. Along the axis the lines are grouped
into bundles. PFig. 209 (b) is a transverse section of the wave pattern

at the position P in (&) with the wave approaching the obserwer., The
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centre of the section is a source of electric lines which diwerge from
en exial bundle and terminate on the wallis.

The magnetic field
is entirely transverse and
consists of closed loops
surrounding the central
bundle of electric limes as
shown, The pattern in the
section at Q (a) is the & —
same as that showm at (b)
but with the directions of
the fiélds everywhere re-
versed, The central
region of the section, (@ -
therefore, is a "sink" of © H OUT OF PAPER
electric lines instead of a
source,

One method (but
not the simplest) of de-
dueing the form of the By~
wave pattern is to buil
up the wave from an originel
plane wave sent into the
tube in a suitable direction Fig, 209 = Eyy-wave in a
s0 that successive reflections tube
occur from all four walls. rectangular *

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

It can be shown that if @ and b are the cross-sectional
dimensions of the gnide then the wavelength ?\g is given by :-

2 2
1 1
‘;\"5‘ = —?l\'é_ = E(‘é"a—) ¥ (}2-'5) ; srcsesensns Ny (9)-
g
The cut-off wavelength may be deduced from equation (1), since when
A= 7\0 the wavelength in the guide is infipite.

2 1 2

Henoce
oz - ) T @
i.e, .....-].'.- = (1‘—)2 * (]2.‘?) ‘ T T T T T T P R T T Y Y ] (10)-

Az 2a
o

The general Ep ~wave (TMy,) may be considered as a mumber
m of Ejj-waves sjusezed imto a simgle tube so that individual patterns

£it together to form a single large pattern, For ingtsnce, Fig. 210
shows 8 transverse section of the field pattern of an 332-\mve at &

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

distributions Further, in any pair of adjacent unit patterns the
one has a source at its centre P and the other a sink Qs By inter-
posing metallic pertitions these patterns oould be isolated imto mm
independent Ejj-wavess The suffix n is usually associated with the
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horizontal dimensien a, and m with vertical dimension ». It may be
inferred from formula (2) above that, since the equivalent sectional
dimensions of one of the constituent Ejj-waves are a/n and b/n, the
cut~off wavelength of the Ej-wave is given by :~

_K%f .(%2 +(%IE)2 (A E R L RS NI NS RN RN YRS R LY ] (1l)l
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 shown in Fig. 211, The corners of
e section are sources and sinks of H-lines whisch run down the tube
as bundles located in the corners. Each magnetic line forms a closed
loop. The electric lines are entirely transverse as shown.

WAVE ADVANCING
OUT OF PAPER

WAVE ADVANCING OQUT OF PAPER
—_—F

Eza—WAVE IN A RECTANCULAR CUIDE m===H

Fig, 210 - E;o-vave in a rect- Fige 211 = By, -wave in
angular gulde . a rectangulaer guide,

The transverse pattern of the H ~wave comprises mm wnits
each like Fig. 211, in which the fields in sdjacent units are reversed.
The resultant pattern is not shown.

The fermula for the out-off wavelength of an Hy,-wave ie the
same as that for an Ep,-wave, viz., equation (11).

Of the possible E~ and Hyp-weves in rectangular guides
only the Hy) has found extensive practical spplication, for reasons

slready given in Sec. 13. Ooemsequently the properties of the general
B~ o Hp~waves will not be further discussed,

NWAVES IN CIRCULAR TUBES
170G'm‘1

Waves can be propagated in guides whose cross section is
other then rectangular. The most commonly used of these other types
has & circular aross section. A more detailed treatment 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 rectangular guide of the

type previously considered,
18, _B_Q_l-mve in a Circular Guide

We begin with an Hyy-wave propagated between a2 pair of paral-
lel conducting plates as shown in Fig. 212 (a). The plates are next
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WAVE ADVANCING B T et T
OUT OF PAPER A = 21‘) s P
e E &5 ® E INTO PAPER

-——H O € OUT OF PAPER

ng.-ﬂz-nm-memamalnm.

curved to form a ovaxikl transmission line, the one plate

imner cylinder snd the ether the outer as shown at (») snd (c): The
Hy -wave pattern hetween the plates transforms, en curvature, to an

Hy -wave between the coaxial cylinders as depieted at (c). This
figure represents a type of wave which can be prepagated along a
osaxial line used as a waveguide, It should not be confused with the
entirely different pattern of the TEM wave (Seoc. 2),or the principal mode
of propagation in a coaxial line,

Suppose the immer oylinder of the coaxial system of
Fig. 212 (c) were to shrink, so that it becomes en axial wire.  The
magnetic leops now virtually touch on the axis but are in faet sepa-
rated by the wire. Sinoe there is no discontinuity in H at the su~
face of the wire, no current is needed to support the H-field so that
the wire is superflucus and may be removed.,  There remains a hollew
tube with a wave travelling aleng it. This is the Hy ~wave for a
circular wavegquide (Pig. 213). We can obtain a rough idea of the
magnitude of its cut-off wavelength es fellows, The cut-off wave-
length of the wave in the original reotangular guide is 2b and as a
result of the deformation of the rectangle the dimensien b becames
apprcﬂnatolyeqniﬁlmtuthenuur‘qrthomm.

Henoce we expect the out-off wavelength to be approximately 2r‘.
Exact calculation shows it to be 1.64 rg.
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Figs 215 - Hy ~wave in a circular
m-

19. Classification of Waves in Circular Guides

It is convenient at this point to remark on the significence
of the suffixes in the appellation Hpl of the wave which has just been
desoribed, and to generalise the nomenclature to deal with
H i~ and E ~waves.

In rectangular guides the suffix zero indloates that none
of the field components was changed in a dleplacement parallel to one
of the edge (edge a) of the section (horizontal displecement in
Fige 211). 1In general, each suffix indicates the number of repetitions
of the wnit pattern (epert from reversal of field directions) included
in the sppropriate sestional dimension.

In the onse of waves in clrcular tubes, oylindrical oe-
ordinates are required, Thus, the position of a point P, Pig. 212(e),
within a section of the wave pattern is given in terms of its polar
ce~ordinates (r, 8). A horizontal displacement across the patteran
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 zereo
indicates no variation in any camponent due to a change in @ at a
fixed r.

Anﬂumwbmm:ilm obtained by
transforming sn ~wave between plates (Fig. 202) inte a cylindrical
pettern as de above. This becomes an Hy~wave in a circular
gulde when the radiuns of the imner oylinder is redused to sere., The
pattern of this wave alse exhibitzs axial symmetry, dut ocenteains n
layers of H-lines in the radial direotion. o

We note that the suffix zero of an H, - (or Eyz) wave be-
tween oylinders or in a circular tube denotes that the wave possesses
axial symmetry.

As for waves in a rectangular guide, the symbol H indioates

that there is a lengitudinal ocompoment of H in the wave propagated
along the guide, and similarly the symbol E indicates a longitudinal

canponent of E.

An Eg -wave, or an H_ -wave has 2n unita of the basic
pattern in the variatien of @ from Q to 2 X (i.e, it is divided by n
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WAVE ADVANCING
OUT OF PAPER

b

Ezz -WAVE

[ —————— 1Y

S| ——

£
© H OUT OF PAPER
& H INTO PAPER

©

Ey - WAVE

Figs 214 - Waves in ciroular guides.

diameters) and m units hthaurutionofrmntor‘,ﬂwrer‘is

the radius of the guide. &s ecxamples of the system of classification
Fig. 21, shows cross-sectional drswings of en Hy,-wave (a) and an B, 5

wave (b) in a circular guide. Pig. 214 (o) shows transverse and lengi-
tudinel sections of an Epj-wave.

m.ThelE-nuina(ﬁ.ronlarGuue

This wave is the apalogue of the Ejj-wave in a rectangular

guide shown in Pig. 209.

If the guide e given a square sectien

which ia then distorted inte a circular section, the pattern of Fig. 209
transforms into that of Pig. 215.

i
’

WAVE ADVANCING QUT
OF PAPER
RADILUS = ’{;

______-.—.-.—-.J{P
(o]
g? tE 37 GH GUT OF PAPER
@ H INTO PAPER
hé? i; A.=260%
e °© ¢

Pige 215 = Em_-u.ve 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 circuler
lines about the source of divergenoe of the E-lines.

The cut-off wavelength of the Ejj-wave in a square
section tube of side b is Ap = b /27, 1If 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 :-

?\cuzl“fzﬁlf2°8rs .

The corréct formula is A, = 261 T,
A method of launching the Egy-wave in

a circuler guide is indicated in

Pig. 2.6, The wave is radiated from [\ [{
a probe through the centre of a

terminating plate at the end of the

guide. The -~wave in a rect~
P11 Fige 216 - Lexnching an

angular guide may alse be launched
in this fashion. Eqy~wave in a circular guide.

The Egp-wave is of con~
siderable practical importance
since it is commonly employed in roteting joints for use with scenners
at wavelengths of  cms, Its importance lies in the fact that of the
waves with axial symmetry in a circular guide it possesses the greatest

cut-eff wavelength, Purther, it is easily excited by an Hyj-wave in
a rectangular guide feeding through & junction in the wall of the
circular guide, It is, however, mcre convenient to discuss the
details of rotatable joints in a separate section (Sec. 42).

2l. The Septate Guide

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

The guide is again curved into a ocoaxial system but this time
it is the edge b which is curved. The two original side walls are
retained snd merged into a single metallie septum which supports the
imer cylinder, This structure is called a Septate Waveguide, The
field of the wave is distorted as ipdicated in the figure. The
eriginal flat magnetic loops are kent over so that their longitudinal
portions rum in opposite senses one on either side of the septum.
Thare is thus & discontinuity in H in crossing the septum which
therefore carries surface curremnts to support this &lacontinuity.
The eleotrio field in the wave is entirely radial, It vanishes on
each face of the septum and is a msximum dimmetrically epposite the

septunm,

‘fhe feature of the septate guide that recommends it for
practical employment is its relatively 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 :-

A.:'l:—'.? 14 (r1+r2)o
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WAVE
ADVANCING SEPTUM

A= g
CUT OF PAPER [b.| () ¢ z'rr[r,':rz\
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LINE TUIDE LINE
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Fig. 217 = Septate guide.

Thhs cut-off wavelength is spproximately twioe as great as the lengest
cut-of f wavelength of any wave in a circular guide of the ssme out-
side radius :t:-s = Tpe

The similerity of the secticnal pattern (Pig. 217(b))of
the septate wave to the pattern in the principal wave of a ceaxial
line permits the septete wave to be casily fed from s cosxial trans-
mission line formed as an extension of the inner oylinder without
the ssptum, The septate pattern also feeds sfficiently into a
ooaxial line (d). Since the principsl weve in a cesxial line pos-
gesses axial symetry, the oombination of a septate gulde with shert
lengths of coaxial line at each end may be used to previde a rotat-
able joint at wavelengths of the order of 10 cms because the Eq-wave

requires a waveguide whose radius is inoconveniently large at theas
wavelengths,

The comkination of septate guide and cosxial line ia

a coaxial line in whieh the dislectric support for the

virtually
inner is replaced by the geptum. The ccubination is capeble of
handling higher pewers than a pelythene cable,

22. The Hu-‘lavo in a CGircular Guide

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

method of the preceding sections, are shown in Fig, 218. - A peir of
rectangular guides carrying idemtical Hy-waves (a) are bent until
they merge into a coaxial line with two septa, (c¢). The progressive
distortion of the field may also be followed from the diagrams.

Since the magnetioc lines on opposite sides of each septun are in the
same direotion and of equal density, the septa are superflucus apd
oay be removed without affecting the field, The field pattern of
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this coaxisl mode is thut shom at (e).

The value of ?\o

for each of the prototype
guides of (a) is A, = 2b. '
The anslogue of 2b in (c) é
i
Q)

is the mean ciroumference,
Thus for this ocaxial mode
we have

electric field is entirely
transverse and oppositely
directed at diametricelly
opposite points of the
section. Of supplementary
modes in coaxial cebles
this mode possesses the
greatest cut—off wave
length and is consequently

the one that is most read- Ager P aop Ac = 3427y
ily excited. (9] (d)
To obtain an .
Hyy-wave in a ciroular Fig. 218 - Hyp-wavwe in a
guide the immer cylinder clrcular guide,

of the zoaxial is allowed

to shrink to zero, The lines of electric force join to bridge the
section and the magnetic lines move inwards 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 and
no currents are required there to support the wave, The magnetic
lines are loops whose longitudinal portions are collected into bundles
above and below but which spread acroas the section where the magnetic
field is transverse,

According to the formula for A, in the coaxial line we
should expect to obtain A, in the guide by putting r3 = O.

Thus, A, uu: T rpe
The correct formula isAg = 342 rg Where T is the radius of the
guide,

Fige 219 illustrates one LINE
method of launching an H;-~wave in }/ TUNING PISTON
a guide, The inner conductor of 11
the coaxial line is carried across £
the guide and terminates in another - o
ocoaxial line with an adjustable I

tuning pisten. This piston to-
gether with the movable terminating TERMINATING

piston in the guide itself serves PISTON
to match the guide to the line,
Another method employs s simple Fige 219 = L v W

A/l probe as indicated in Fig.206.

Hll"““t

The Hyjy-wave is the
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analogue of the Hyj-wave in a rectangular guide, It ia often used
because it possesses the largest value of A, of any mode in a
circular guide.

ATTENUATION IN WAVEGUIDES

23, Attenuation of ted 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. In
practice, however, the metal walls possess a large, but finite,
electrical conductivity and the currents that flow in them when an
electromagnetic wave is propagated along the guide are accompenied
by the generation of heat. The energy transfommed into heat is
abstracted 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 emplitude of each camponent of the electric

fi;lg E and of the magnetic field H there must now be included a factor
€%4%,  The ratio of the field smplitudes at two corresponding
positions on the cross-section at distance z and (z + dgois therefore

ed-{& end the logarithm of this ratio to the base € , isyd; this

is the loss, measured in nepers, suffered by the wave, The loss per
unit length is therefore dy nepers or ay = 8°686 cy decibels, The
loss coefficient depends on the electrical conduetivity 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
(dyAg nepers) suffered in a distance equal to the wavelength Ag is

very much less then unity, es 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 larcer
losses may arise if a film of moisture is allowed to collect on the walls.

The field pattern iz assumed to be the pame as for a wave-
guide formed of perfectly conducting material, with the exception that
the amplitudes of all field components are exponentially attenuated in
passage dom the gvide. 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 & hypotheticel waveguide with perfectly conducting walls; whereas
in fact there is a small component of the electric intenaity B
tangential to the metal surface.

The components of E and H each ocontain the facborﬂ'a‘?,z
consequently the power W transmitted over & cross section of the
waveguide, which is obtained by integrating the product of the trans-
verse components of E and H over the cross section, contains the
factor € =242

'I‘hus,

-a
W=W,¢€ 22

where W, is the power trensmitted
and

dw
-a-z—- = -2&{“-

But the loss of power per unit length,™ ‘%, is the energy dissipated
in the walls of the waveguide in ohmiec heating, This energy loss per
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unit length can ke calculated separately from the currents in the
walls which are directly proportional to the tengential components
of the magnetic field at the wall, and in terms of the conductivity
of the metal and the frequency. Celling this energy loss per unit
length A, we have

- aw

or
' ay = E‘IL nepers per unit length.

Thus, the losa coefficlent is found theoretically by ocalculating the
energy lost per wnit length in ohmlo heating, and the flux of power W
over the corresponding oroas seotion. This procedure leads to the
following formulae for attenuation coefficients of progreasive waves

in rectangular waveguides.

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

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

s and b are the diménsions 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 wmit square of
the metal surface; that is, power is dissipated in
wnit area of the surface at the rate £ Ry I< watts,
where I is the RMS value of the total surfece current
in empéres per wnit length, R is found from the
following formulas

Ry =27W (.'l.t.}"'7 p.t) % olms per wnit square....(l)

where R is the specifio resistance of the wall metal in olms per
metre cube,

For copper, p = :l.-éxlcf'3

sequently, with ocepper walls,
R, =87 x108,/F,

ohms per metre cube; oon-

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

N . [ Pmetal |
P copper
oy is the loss ocoefficient in nepers per metre. To obtain the loss

in degaibell per metre it is necessary to multiply the value in nepers
b" 8- 60

Pormulae for luss coefficients in rectangular sirwfilled Wave Guides :

The Blo-ﬁw

(Electric Pield parallel to the edge b of the cross section)
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¥

f.12
Y= ¢ ‘[14»21'1 Ze ]
15075 Ty e {3 }

nepm pw mme ARSI TR ENE R AL R YR N (2)'

To obtain c&(for the Hyy-mode, interchange a and b in this
famula,

The lm-hw

2R, w? (b,)7 + a2
Tb

. 1
Qpm= . '
BRC LRIV I C AR

nepers per metre ....evcevscncsnssces (3)-

nepers Permﬂ ShcoRsRREEBRBOEIDARE ("-)l

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

(a) the size of the tube,
(b) the ratio of the cross-seotionsl dimensions,
(c) the reststivity of the wall ,

() the frequency.

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

The losses in copper waveguides with these standard internal
dimengions are calculated as a function of frequency from formuls (2).
The results are exhibited im the curves of Figs.220 (a) and (b) which
give the loss 8y in decibels per metre mfrmabyaaﬂm—nn, as a

function of frequency f.
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Fig, 220 - Loss coefficient ay
in stendard S-band copper wave=
guides as a fenotion of frequency.

According to formula (2) the loss becomes infinite at the
frequenocy f = £ due to the factor 1/./ 1-(f.,)2
c/r

and also &t £ = ©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 rc.
220 (2) and (b).

These properties of the curves are shown Figs,
The asymptotic approach of a

to infinity as f

approaches fo and the minimum for each curve are indicated.

The velues for ay

relate to waveguides with copper walls,

but to obtain the loss when another metel is used it is necessary only
to multiply the ordinates of the ourve by a factor y . ( 0 metal

where P is the specific resistance.
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Thus :=

METAL BRASS SILVER ALUMINIUM
N 2¢1 0+97 1427

With iron, the factor N is

N =/ Piron pemeability of iron
p copper
Because of the high permeability of iron and steel the attenuation in
tubes of these metals is large.

The position of the band of frequencies corresponding to
wavelengths from 9 - 10*7 cn. is 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, fram 10 - 11 cms, this wave-
guide would be operated on the rising portion of the curve (a). Con-
sequently it is desirable to employ & 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
st the operating frequencies in both waveguides is therefore approxi-
mately 0.025 N db. per metre and in a brass waveguide this is 0025 x
2:1 =°0525 db., per metre.

The corresponding loss in the standard polythene cable,
Uniradio 21, is about 0<6 db per metre; that is, about ten times as

great.

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 communicate with the interior
through amall holes in the walls.

2l 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 wawelength of possible modes much
less than the free-space wawvelength 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 5

R
umn whereém-ZTt[ c!m)a 7@]

and is the loss coefficient of the mode of order mm. We have pos-
tulated however that A greatly exceeds A  ;,; consequently,

Sz 2K
c, m
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Thus, the smaller the cut-off wavelength A c,mn the more rapidly does
the mode attenuate with distance, At a sufficient distance z from the
source of the disturbance only the mode with the largest cut-off wave-
length perasists, provided its relative smplitude is appreciable at the
source. 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 disturbance decay with distence according to
a simple exponential law, i,.e,

- Sz

L

vhered= 2 T /A, A, being 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 coaxiel ceble is V] at z = sl,but \P)
at £ = z,, with the loop similarly sltuated with respect to the field in
the two cases, them

2o =81z,
N
The reduction of signal ;trmgth in distance (sp = ll) im:

Bt

v
20 lbllo i-]; = 8‘6868 (52 - ﬂl) db,
2

Thus, reduction in signal strength measured in decibels (or nepers),
depends only on the displacement (2, - %) of the loop in a given tube,
& being a constant, 27 /A, independent of frequengy. This result
is in effect correct for all frequencies which are low compared with the
cut-off frequeney.

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

placement of a pick-up loop.

This method therefore provides a simple means of producing
a 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 cms or less such an attenvator is
campact and is suitable for inclusion 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 an empty cavity bounded by conducting walls in much the same
way as hollow gas-filled vessels can be excited into acoustical re-
sonance. A given cavity resonator will rescnate at a number of dis-
crete frequencies each corresponding to a particular mode of oscillation
with its own characteristic electramagnetic field pattern. These
field patterns, like those of progressive waves in waveguides, can be
classified 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,

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

(41) Whereas in the progressive wave the field patterns
are propagated aleng the axia ef the waveguids at
speed U, but the field imtensities in the moving
patterns are unchanged, in the stationary wave the
patterns are fixed in pesition but the field inten-
sities esocillate harmenically between maximmm positive
and negative walues,

- Y |- WAVE
VOO TRAVELLING
4

(q) i -— — \I . - vy - —— Q‘I'Q HQ(-WAVE
L0 . R ; N P TRAVELLING
P, ————-i~ COMPLETE STANDING
IR | WAVE  MACNETIC

)
i i} FIELDS REINFORCE,
SreSm==d S ELECTRIC FIELDS
= CANCEL

k THE LOOPS REPRESENT MACNETIC LINES
OF FORCE

£ OUT OF PAPER

E (® INTO PAPER

CORRESPONDING PATTERN
OF ((]) DISPLACED A/4
< TORICHT,

CORRESPONDING PATTERN
OF () DISPLACED M4
TO LEFT.

STANDING WAVE

oe o0 ve  MrEthe
®Q 00 @@ FIELDS REMFORCE

CORRESPONDING PATTERN
OF ((J) DISPLACED Asp
TO RICHT.

" CORRESPONDING PATTERN
OF (]) DISPLACED A/
TO LEFT.

(©) <i ;
P R :

l‘ ﬁ I:.;-_':" =

e W STANDING WAVE.
- ! MACNETIC FIELDS
U REINFORCE ,ELECTRIC
IS LA .} FIELDS CANCEL
Soz=—pe— o= troocob— ool Wi pHASE OF.MACN!TIC
\_ FIELD 18O DIFFERENT
FROM THAT AT / = 9

Fig. 221 = Superposition of two

oppositely travelling Hy,~waves of

equal strength to produce a complete
wave.

(1ii) In the progressive waves the transverse camponents of
the electric and magnetic fields coincide (near the ends
of the largest loops), but in the stationary wave the
positions at which the transverse cemponents ef the
magnetio and electric fields have maximm itudes
are separated by a quarter of a wave-length (Ag/, ).

248



Ohap.5, Sect.27

(Theelectrio field is cencentrated around the centre
of a magnetic loop).

(iv) The resultant electric snd magnetic fields within each
A &/2 cell of the pattern 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
pattarn is transfermed every quarter-period from the
magnetic to the electric form, and back again in the
succesding quarter-period., The oscillations of the

from one to the other of the kinetic snd potential forms.

27. Field Patterns inm Cavity Resonstors

We have ebtained a stationary but oscillating eleetro-
magnetioc field; we mow censider whether this field is ene that cen
exist within a closed cavity with conducting walls. At the walls the
field must satisfy the following conditions: the magnetic field cammet
intersect any portien of the conducting surfsce of the cavity; i.e.
where it does not ‘vanish it must lie tangentially against the surfaces;
the electric field en the other hend cannot lie slong the beundary dbut
where it does not vanish must stand at right angles to the surface.
Bvidently, 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 distance apart equal to
97\;/2 where p is an integer.
It is then possible to fit p
cells of the pattern into the
box provided the end walls
touch but do not cut a
magnetic loop. A possible
disposition is shown in
Fig. 222 for the ocase p = 2.
Figs. 222 (a) and (b)
illustrate respectively the
fields at times t = 0, when

the field is entirely magnetie,
and t = ?/‘, when the field

is entirely electric.
If we choose a

set of cartesian axes of Fig, 222 = Field patterns of
reference with the origin 0 thoﬂmzmdeinarectmgnlar
at the near left-hand corner, cavity.

as showm, 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.e., two cells of the pattern are fitted

into the resonmator, and since the mode is derived from progressive
Hyy-waves, it is designated HOJ.Z'

It is evident that the same procedure will lead to the field

patterns of more genersl modes of oscillation both in rectangular and
in gylindrigael resonators. We first find the standing wave patterm in
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the uncleosed guide corresponding to the general By = or Hp, ~ vave,

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

r——-—"z.\q———-‘i
R f/ e hg—————
- /éE i /J’
t=0 %ﬁ: e
e/ tanil =
/" ’r) Y/
FIELD ENTIRELY ELECTRIC FIELD ENTIRELY ELECTRIC FIELD ENTIRELY MAGNETIC

t=4r7

FIELD ENTIRELY MAGNETIC FIELD ENTIRELY MAGNETIC FIELD ENTIRELY ELECTRIC
Ey ~MODE E o1 - MODE Hewi—MODE
(a) o) «©)

Fig. 223 - Exsmples of modes of
oscillation in cawities.

Exsmples are shown in Figs. 223 (a), (b) snd (c) respectively,
orthanm-modsinarectangularoavityanﬂthoxml—manon-

modes in a cylindrical cavity, at times t = o and t = */4. As showmn
in the earlier example, the magnetio and electric fields oscillate in

quadrature and are displaced relatively by a distance 2\5/&. in com-

parison with their positiona in the corresponding patterns of the
travelling wawes.

28, Resopant Wavelength of the Cavity

Sinoce the Emnp - and Hmp ~ modes have field patterms the

same as those of seis of p elementary cells of the corresponding
- and Hyn - standing waves in a waveguide, it follows that the
length of the resonator must be p 7\3/2, each cell ocoupying a

length 7\5/2 of the guide, If, therefore, the length of the reso-
natar is 4, resonance occurs for an n m p - mode when

d.p h‘/z’ I R R R R R IR PR NN R A R (1)

wherehg is the guide - wavelength of the associated Epp - or Hypy -
wsve in a waveguide whose cross section is identiocal with that of
the resonator, Since, the wavelength A g is related to the free-

space wavelength A and the cut-off wavelength A , by the equatiom

—1— = —1- + 1 » (I ER SRR EEERER R AL SR A2 RS (2)’
a2 () G
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it follows from (1) and (2) that the resonant free-space wavelength of
the cavity is given by

AR AR A RER AR EREERLEEREEERERERERERE LN NI (3).

1. 2,
A R Wy

We consider in turn rectangular and cylindrical resonators.
Recta Resonato

The linear dimenaions of the resonator shown in Fig., 222
along 0x, Oy and Oz are respectively a, b and d. The cut-off wave-
lenzbhi\cofannm-oranﬂm-nw in a rectangular guide whoae
cross section has linear dimensions a and b is given by

“‘—32 - (&) RIS ) R ( F

Finally, the resonant free-space wavelength hnnp of the
Bagp - and H 0 - modes is, from (3) and (&),

(T\}E)z,(%)z G~ HERINC - LENPONPPRRR ) B

The resonant frequency is

fanp .(ie_m) = 20 (B2 + @ + @ cecvoners (6)

’

where c is the velocity of propagation in free space.

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

For exsmple, the resonant frequency of the Hgjp- mode is
z
f = ] 1 1
01l - —_— o+
z gbz ?‘i !

end if ® > a this is the lowest frequency at which the cavity can
rescnate. Sinoe tm'oisnoEm-or%-mve in a rectanguler

guide the E - mode of the resonator with lowest frequency is the By~
mode whose frequency fm is also that of the H;,;-mode,

i

= o (2 2, 2 ;%
2 (@2 v 2 '711') :
The rescnant wavelength of theHOll-mods when the resonator is a
cube (a = b = d) is given by

2 = L. 'E
A o1l 2 a
or Ag = ./ 2 a, the diagonal of a face, This
shows, as ment in Seg. 25, that the fundamentel wavelength is of

the order of magnitude of the linear dimensions of the cavity.

251



Chap.5, Sect.28,29

The smallest cube that wili resonete at 2 wavelength of
10 ams (fyy7 = 3,000 Mc/e) has an edge length of 7+07 cm.

Gylindrical 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 rz, for some of the lower order modes are :~

Mode Hll 301 Hy &Eu

?\o 3+ 42 T 261 :|:'z 164 re

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

1 2 1 2
( 3.1‘2 r‘ ) + ( 2& ) sramsssnsasn Hlll.
1 1
1 ( 2.Ei r )2 + (—z_a:_ )2 Sessrebum s E(‘llo..(?).
— I ‘
A2
ap

1 2 1,2 _
( m‘ ) + (_‘éT) sesssssssvasn ,—'{011 and Elll.

29. Cherges and Currents on Internal Surface of Resonator

When el&ctric lines of force begin on one portiom of the
boundary and end on snother, they teminate on electrio surface charges
of opposite sign. For instance, in the resonator shown in Fig. 222 (b)
positive charge regides 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 field., Where there is no surface field there is no current.
We consider the simple case of the Hyjq-mode in a rectanguler resonator
at the moment when the field is entirely magnetic (Fig. 224 (a))and
later when it is entirely eleetric (Fig. 224 (b)). The lines of
current flow are shown running
perpendicular to the magnetic

field at the surface, The — T i ; 3
current is shown converging = ‘(_:‘r 7 "
tomards the central rcgion of l‘—:.‘:;::h":- o h“&:\”?’: B = "ﬂf";:f?lzm B
face ABD (Fig. 224 (a)) and VLN A

amay from face A'B'C'D', A e ® * -V

These faces become fully CURRENT

charged one quarter of & = - H

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

Fig. 224 (bs, and electric

lines of foroe run from the Pig, 224 = Wall ourrents in a
positive to the negative cavity resonator.

charges. 2592
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30. Methods of Excitation of a Cavity Resonator

o cavity re-
sonator may be.excited
either by & loop (Fig.
225 {s)} or a probe
(Pig. 225 (B)). 1In the
former case the loop .

must be so introduced _ —— - < A 2 AT <!
that lines of magnetioc r : T
force can tmgtig::hrough {3-91\ [ s A e
it. Fi‘. 225 (ﬂ.) shows L [|ri
two of seversl possible A U 8 A 8
positions for the loop. P b)
As shown, one loop could @) (
be an input loop and
the other an output Fig. 225 - Exitation of the
loop.  The degree of Bgjy-wode in a rectengular
coupling can be con-

resonator.

trolled by rotation of
the plane of the loop.
When a prote is used it is introduced into a place of maximum electric
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'R'C'D'.

Excitation to resonsnce can alsc be made by means of a
slot cut in a face such as to interrupt the flow of current. This
face could be made common with the wall of a waveguide from which
current cculd be fed into the cavity.

31, The Q~factor of a Cavity

Because of the finite conductivity of the walls, power is
dissipated as heat in the walls, and free oscillaetions decay exponenti~
#lly, The Q-factor of the cavity is defined by the expression

_Energy stored . .
Q= 2?‘((&1“@' ditsipateﬂ per Qj'de ) ssnsnsssened (6)

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 Q is very large.
Let W be the energy stored; then the emergy dissipsted
per cycle is (Q._W_)T and expression (6) may be written:
dt

q - -2_TE_ ‘ = L. _!_ (R R R AR RN R RN (7).

&) &
Whence,
L R )
dat Q
Thus,

-
W:"o E Qt N R R N R Y R R R R RS LR ] (9)!,

where W is the stored sanergy at t = O.
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If, therefore, the resonator is shock-excited and left to oscillate
freely, the stored energy is reduced %o 1/¢ of its initial value in
atime t'=Q = §I

w 27

20 th&t Q - 21‘[;_:. (A R L Y N A N Y N RS L ] (10)'

According to (10) an alternative interpretation of Q is
that it is 2 ¥ tires the nmuber of cycles required for the stored
energy to decey to 1/¢ (approximately one~third) of its initiel
valuse,

Sinece Q values of 10% and greater are eagily achieved, it
is evident that a cavity will ring for a great many cycles before the
stored energy is reduced to a mmall fraction of its initial value,

A useful approximate rule which gives the order of magnitude of Q in
terms of the skin depth O of the wall currents, and the dimensions

of the cavity is given by :=

Q‘-: voj'le. of 9;.'!.1";7 ssssvssrarnbINEaTY (11)-
* 0 x surface of Cavity

4 formula for & in terms of the wave length and wall
conductivity is :

5 = 282 o10-2. J% metres.

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

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

mhos per metre cube. Then & = 3*7 x 10-6./A metres.

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

. 6
Q = a = a L] 10 LA A N A LR LR LR LR LR (12}0
T NER Y
For the Hon-mode, A =a./2, then,
Q. _10°
22+2

!orh=10cn(=§{- metre), this becomes

Q = 1+1.10°

. 105
Such a cavity, if shock-excited, would ring for % = - = 1.7 . 10
1
3

petriodn before the stored energy was reduced to
value,

Each period ( A = 10 cm) is —1 __ microsecond so that the time of

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

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

(1) Wave Meters

Coaxial Line Wave Meter A convenient wave meter for

use at wavelengths of 9-11 centimetres is the coaxial line wawemeter
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 guids for the

rod and as a short-circult

to the ooaxial transmia-
sion line system formed by INDICATOR é—é-—ﬂ
the cavity and the rod. ]

The cavity is
excited by injecting sn
EMF into the input loop
from the source whose
wavelength ias required, Fig. 226 -~ Opaxial line wave-meter.
and the rod is moved by
means of the pinion until
a position of resonange is indicated by the detecting crystal and
microsmmeter fed from the output loop, The shortest resomant length
{ of the rod within the cavity is slightly less than A/ since the
transmission line system is open-circuited but with some muall end-
capacitance., Other resonant positions correspond to ( { + n A\/2) where
n is an integer, since the erd capacitance remains the same independent
of the position of the end of the rod. This is because the end of the
rod never closely approaches the closed end of the cavity.

The rack and pinion cerry a scale apd vernier from which the
displacement of the rod can be measured direotly in centimetres. The
displacement of the rod between successive resonances ia equal to
Azl and gives directly the wavelength on the coaxial line, which is
the same as the free--space wavelength of the source,

RACK AND
PINION

The dismeter of the cavity is mmall enough to ensure that
hollow cavity modes of oscillation cannot ococour.

Resonant Cavity Wawe Meter A wavemeter suitable for
measuring changes in waveléngth with great acowracy is the cavity weve-
meter shown in Fig. 227 (a). It is & 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 Hyjj-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 combinstion. The magnetic lines of force at resonance
are indicated in Fig. 227 (a). To prevent the excitation of the
Ell-mod.e, which has the ssme resonant frequency as the Hou-mode s the

movable end clears the cylinder wall with a smell gep. The currents
in the Hyy;-mode flow on the cavity surface in.circles about the axis

(Pig. 227) and no flow occurs from the flat emds to the curved surface.
The current distribution is therefore indifferent to the presence of
the gap between the movable flat end and the curved wall, In all
other modes, except Hy,;-modes, current is required to flow from the
f1at ends to the curved wall; consequently the introduction of the
gap effectively suppresses these unwanted modes. Wire filters of
suitable form can also be used as suppressors but they ere less con-
venient., In principle the resonant wavelength could be obtained from
the dimensions of the cavity at resonance, but in practice it is more
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Pigs 227 = Cavity wave-meter and magnetic
field in -mode (a). Oarrent flow in walls

of cavity (b).

accurate to measure dis-
placements of the 1lid by

means of a2 micrometer screw AMPLITUDE

snd scele, as indicated.

This ascale is then cali- MAGNETRON
brated ageinst 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 EMP. The FREQUENCY (Mc/s)
wavelength scale is very 2008 2599 3000 3001 3002

open and a small change in
wavelength corresponds to a

relatively large displace. -
ment of the movable ends Pig. 226 - Use of "W‘r for
The interior of the cavity 'm-napem megnetron frequenay

is usuelly silvered so that
a large J 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 suitable ranges, For instance a redar
equipment in an aircraft may have its scanner directed downwards so
that it is impossible to obtain echcoes 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 possess a high . The eavity 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 tran-
soitter pulse., A possible arrangement is shown in Fig. 229. The
echo box iz fed via a screened loww-loss cable from a pick-up probe
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fixed near the edge of the mirror. The energy abstracted from the
transmitted pulse is stored as

a resonant mode in the box and

is re-radiated to the receiver

as an exponentially decaying AERIAL
signal. For the greater part
of its duration the signal TRANEM, TTER
saturates the receiver but @

finally deceys to a level at
which it no longer does so,.
The appearance on a Type A
display is illustrated in the | RECEIVER
figure, The range at which
the echo box response dis~ o
appears into the noise gives o 80X
an indication of the overall
performance of the set.

Echo boxes are of TYPE A DHISPLAY
two types,tuned and untuned,
Tuned echo boxes are the
same ag the wave meter already Fig, 225 =~ Arrangement of radar
described and illustrated in system with echo box.
Fig. 227. They require
tuning to the frequenay of the
transmitter which then shock-excites the Hpjj-mode., The output loop

is not used.

Untuned echo boxes are very large cavity resonators whose
lowest modes, Hy,,, By etc., 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 transmitter are
therefore higher order Emp-—and Hmp-modes where m, n and p are re-—

latively large integers.

Consider a cubicel resonator whose edge a comprises
several wavelengths,

It can be shown that the spacing of the higher modes iz sud
that the mumber of modes ocomprised within the wawelength range A to
(A +AA) or frequency range f to (f ~Af) in a rectangular resonatar,
is

: v ANy, grY_.(Af
“"_"8“';3"(?) 8% . &)

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

v 8n(E)Y B - en ()3 AE

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 farmula gives, for the
number of modes covered by the bandwidth ,

N & —B8R. 107 -
. 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 rescnator, In the case discussed, the
mesn frequency separation of the modes is %_ Mc/s = 125 kc/s.

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

(13i) GCavi‘y Resonstors in Centimetre Wave Oscillators

The usual resonant circuits, comprising lumped inductances,
capacitances and resistances, cannot be oonstructed in a useful fom
at wavelengths of 10 centimetres and less, and it is mecessary to
replaoce them by other resonant systems such as resonant lengths of
coaxial trsnsmission line or resonant cavities. In the Klystron
oscillator,whose main application is as low-power local oscillator
in centimetire wave radar receivers, a resonant cavity is used in which
a mode of oscillation is mainteined by a bunched electron stream,

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

In one type of reflector klystren, the Sutton Tube, an
exsmple of which is the CV67, the resonator (rhumbatron) assumes the
form indicated in Fig. 230 (b). This riumbatron may itself be
regarded as a- distorted form of a the prototype shown in Pig. 230 (a).
In Fige 230 (a), A and B represent a pair of coaxial conducting cones (or
dimples) with their tips removed so as to form a small gap between them.
It is knowm that when an slternsting BMF is applied aoross the gap the

xir of oones forms a transmission line system and that a principal
Em wave is guided along them., The lines of electric and magnetio
foree run as shom in the figure, If a oconducting 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 dimtortion and
a complete standing wave is produced on the tranmmissioa line which
then forms & resonant system, The equivalent twin tranerission line
system is shown in Pig. 230 (¢)e We may, howewver, regard the system
of Fig. 230 {a) as a hollow spherical cavity resonstor with a pair of
conical rrojections. It follows from what has been said that the
fundemental resonant wavelength of this resonator is four times the
radins of the sphere, & voltage antinode is located at the gap AB
where the electric #ield attains its greatest intensity. It is
possible therefore to maintain such a rhumbatron in resocance by passing
a bunched elestron stresm across the gap AB., In practice, in the
reflector klystron used as a local oscillator, it is necessary to
control the resonant freqmency by means of external tuning screws;
consequently, the rhumbetron is divided in two by a glass tubular
envelope which is ewacuated and contains the electron gun assembly and
the reflecting electrode., The portion of the resonator external to
the glass emnvelope carries the tuning screws. To introduce the glass
envelope it is necessary to distort the shape of the rhumbatron to that
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Pig. 230 - Common types of resonators.

shomn in Fig, 230 (b)s One of the cones is also distorted to bring
the reflector close to the gap. Power is abstracted through a loop
placed, as shown in Pig. 230 (a) with its plene parallsito the axis of
the cones.

The input impedance to the tranamission line system shown
in Pig. 230 (a) is large at resonance, and it is necessary to drive the
rhumbatron from a high impedance source. Thus the power supplied by
the electron streem must be in the form of relatively voltage
electrons and relatively mmall current. Thus, in the CV67, the aocele-
rating voltage is 1200 volts end the elesctron current is 6 millismps.
The maximum power output at A = 9 centimetres is 200 milliwatts which
is smple for a local cscillator.

The high operating voltage is en inconvenience and a more
convenient form of klystron operates on a voltage of 300 and is there-
fore sble to use the same power pack as the radar receiver. The
resonator here comprises a short - circuited coexial trenamission line
with a gap between the immer and the end plate of the outer at the top,
as shown in Fige 230 (d). 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 Pig. 230 (e).
The shunting impedance of this system is much lower than that of the
double oone system and the power carried by the electron stream cen
be supplied at lowervaltage and larger current.

The operation of klystrons is discussed more fully in
Chap.8, Becs.22 and 23.



Ghap.B, 3601‘.-33,3#

Various types of cavity resonators which may be employed in
the Resonant Cavity Magnetron are illustrated in Chap. 8 Seos. 27 and
31, where the many possible modes of osclllation are discussed,

CHOICE OF WAVEGUIDE SHAPE AND DIMENSIONS

33+ Genersl Considerations

In foregoing sections we hawe reviewed the principsl featwres
of electremagnetic disturbanees in metal tubes, It remains to describe
how this basic knowledge is applied to useful emds.

The primery function of a waveguide is to convey electro-
magnetic power from a generator to an aerial or from an aerial to a
receiver, at wavelengths of ten centimetres or less., 1In fact, wave-
guides are required to perform the ssme functions at these wavelengths
as are performed by transmiasion lines at longer wavelengths,

The principal problems of transmission line practice are, to
produce a reflectionless termination (matching), to achieve aerial
switching and a satisfactory system of oommon serial working (common
T/R) and to measure standing wave ratios (impedance measurements).

To achiewe these cbjectives certain ancillary devicea such as reactive

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

snalogues of the ancillary devices.

When waveguides were first recognised as providing the most

suitable method of conveying large powers from a source to an aerial at
wavelengths of 10 ams and less, it became a matter of practicel import-

snoe to answer correctly the following questions i~

(i) what is the most suitable sise for a waveguide operating
on a specified wavelength 7

(11) what is the best geometrical form to give it ?
We shall oonsider these queries in the following sections.

3ke Choioe of Waveguide Dimensioms

Transmission line practice is based on the fact that at the
usual frequemcies progressive waves exist only in the principael or
TEM mode, all other modes being evanescent. In order to adapt trans-
mission line practice to waveguides 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

the cross-sectional dimensions 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 then those of all other modes, In this wey the mode with the
greatest cut-off wavelength is preasent as a progressive wave, but all
other modes are evanescent.

For instance, in the exemple given in Sec. 13, the longer
eross—sectional dimension of a rectangular waveguide designed to carry
waves whose free-space wavelength A is 9 ams, is b = 2} inches. The
mt-qﬂnwlmgthofthisguidefortheﬂmmu ?\o=2b=5i.nd1es
= 127 ame  The Hy -wave is therefore propagated in this waveguide,
but as the cut-off wavelengths of all other E.- or H, -modes, given
by fw
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when a < b, are less than A = 9 cus, these modes are evanescent.

35. Geometrical Form of Waveguide Section

The choice, in practice, lies between circular and recte-
angular sections and it is found that, except in specialised devices
such as rotary Joints, circular sections are unsatisfactory.

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

off wavelength. Should, the tube howewer, be slightly elliptical
over an appreciable length the Hij-wave would then resolve into two
waves with different values of up, so that on reccmbination where the
tube again apsumes a circuler section, the plane of polarisation in
the resulting Hyy-wave is rotated with respect to the origlnal plane.

This d4f¥iculty of preserving the polarisation of the field pattern
over a long run of waveguide is a disadventage of circuler guides,
Consequently, when circular waveguides are employed they appear only
in short and straight lengths, and in practice long rums of waveguide
are almost inverisbly rectanguler in cross section.

The dimensions a and b of the rectangular cross section
are always made unequal in such guidess The smaller dimension a is
such that 2a is less than the wavelength of the -mode, but the
dimensivn b accepts the Hmamode ag a progréessive but no other
modes, Thus the field pattern preserves a wnique sense and can be
propagated only with the transverse eleotric field parallel to the
shorter edge s. The following are dimensions of typlcal waveguides:-

Free-space wavelength Internal Guide Dimensions
10 cm, 3 x1"
9 cm. 24" x 1*
33 om. 1" x #* (British)

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

It is undesirable to operate the waveguide near the cut-off
frequency of the Hgj~wave since dispersion (that is, the dependence of
u, on frequency) is very marked near the cut-off frequency (Secs 6).

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

In a long run of waveguide dispersion cen affect the shape
of a pulse, The dimensions given in the table sbove remove the cute
off wavelength well away from the operating wavelength; for instance,
in the 9 am. guide whose dimensions sre 2" x 1*, the angle of in~
cldence (90° ~ a°) (Fig. 204) of the waves successively reflected
between the walls is 45°, whereas st cut-off it is zero.

STANDING WAVES IN WAVEGUIDES

36, Wave I ance

It is shown in Chep., 17 Sec, 7 that when a plane-polarised
electromagnetic plane weve is propesgated in free space, the wave front
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is presented with the equivelent of a resistance whose magnitude is given

by
R, = 120 T ohms. .

This ies called the Wave- or Field-impedance, If E is measured im volts
per metre and H in emps. per metre then this may be written

B...R .mﬁo}nlc
g °

A similar result holds for weves propagated in waveguides,
Considering the Hop-wave of Sec, 7, depicted in Pigs. 199 and 200, there
are geen to be two components of the H-field, one along the guide and the
other transverse (vertical) whilst there is & single transverse camponent
of the E-field perpendicular to the plane of the paper. If axes x, y,
and 5, are taken as indicated in Pig. 195 these components are given by:-

Hy = 2H oo8 Q ain(zn-ix- . sina) cos (0t - -g-;-&oosa)
¥y = 2H sin ozcm(i:-l . sina) sin @t - 22 cosa)

cosa)

; 2 _ 2ns
E = 2F. ain{-—-iﬂx» . sina) oos (0t = =8
H, E, are the amplitudes of the H- and BE-fields of the

component waves ; @ is the angle between the direction of propagation
of the component waves and the reflecting plates (Fig. 200).

Whereas Hy and E, oscillate in phase, H, is in quadrature 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, Py division we obtein

E SIS
Sinoe %‘ is the ratio of E-field to H-field in a plane

polarised electromagnetic plane wave in free space, of the type considered
in Chap. 17 Secs 7, its value is 120 /T = 377 cims.

Hence E

X = 120/T ssca = 377 sec & olms.

By
Since, for an H_ .mode, sec d - %iE , this equation may be written

By o
E;:slz()ﬁ.fo

" 4 E transverse ﬁg
In general the eyuation = t— o 120./K = holds for all

Hy~waves propagated ln reotangular guidss, The corresponding result
for Bp.-waves is

E trapsweise N

H tronsverse =~ L0V T Ag

(In this case it is the BE-field which is resvived into two components,
whilst the H-field is entirely itransverss, so that the effective ratio

E io iess then that ror Iree spuce).

K
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This ratio -E transverss  ;, ;4143 the Wave Impedanee
H transverse

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
Tesistanoce per unit area is equal to the wave impedance the de is
properly matched for the mode oomsidered (see Sec, 37 and 38), For
any other termination some refleetion cocurs snd standing waves are
developed.

Whereas it is not usually practicable to measure the
offective impedance of the termination, the standing wave ratio may be
determined by means of & standing wave indicator, and verious means may
be adopted of eliminating the standing waves on the main rumn of the
guide, Since for a single mode in a given guide the SWR and the position
of nodes and antinodes gives a sufficiently oomplete description of
the stending wawve pattern for practiecsl pwposes, it is possible to
apply the ssme techniques for dealing with stending wave problems in
waveguides as are used for transmission lines, IR particular, circle
diagrams may be used, the value of the normalised impedance (Chapel,
Sec.48) 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 impédances 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 cirale diagrams are used to illustrate waveguide
properties it is assumed that the resder is familiar with the treatment

of cirele diagrams given in Chap. L.

37. Reflection from 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., The ideal termination must bave an impedance equal to the
characteristic impedanoe of the guide for the mode comsidered. If the
normalised impedanoe presented by the termination is thernct.ton
of the wave refleoted is given by :-

[2- 1

F .+ 1 °
P is called the reflection coefficient (compare Trammmission Lines,
Chap. 4, Sec. 9). H-lmmgihhproperlyutdldnﬂ
no reflection occurs. If the guide is terminated in a perfectly ocon-
ducting metal sheet, [Z;| = Q and O = «1, so thet the temination acts
as a short-circuit ana at the teminstion the E-field of the reflected
wave is in opposition to the E-field of the direct wave, If = 00,
the temination acts as an open~circuit, and at the terminmation 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 impedsnoe is not infinite but possesses a
resistive component, 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 equiwelent of an open-circuit termination is provided by
a short~circuited %-ucﬁ.onof the guide (compere Chsp. L, Sec. 26).

The input impedsnoe of such a section, if losses are neglected, is
infinite,
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A theoretically perfect match is obtained for any mode if
the guide is terminated in a resistive fllm whose resistance per umit

arca is équal to the wave-impedance for that particular mode in the
guide, The film must be backed by a short-circuited z.ﬁ-section of

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

Where the gaide is improperly terminated, so that a stand-
ing wave oocurs, the stapnding wave ratio is given by :=

S = ﬁ_e.ﬁ-:.—!‘-ﬁ—l&_
v ]
E H 1-|p|

mﬁ,\ﬁmdﬁ,ﬁmmﬁmMMnlusormmms
components of electric and magnetic fields respectively, measured at
corressponding positions of the guide aross-section.

38. Practical Methods of Achieving a Reflectionless Termination

In order to test & waveguide rm for reflections at Joints
and bends and to measure the impedsnce of obstacles, stubs snd slots,
it is neeessary to be able to terminate the waveguide in a reflection~
less termipation. Any reflected 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 is suitable for work at low powers is the wooden load.
Wood, as a material,strongly absorbs electromagnetioc radiations at
centimetre wavelengths; consequently if a wooden wedge of either of
the forms of Fige 231 is inserted into the end of a rectangular wave-
guide which it fits closely, the two component plane waves of the Hoy -
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 loads are parallel

.consequently Flg. 231 re- (@

Frout tace of the meven ; O

guide, That portion of s ===
the wave which is re- (b)

fleeted from the wood sur-

face oontinues %o travel

along the guide in the PFig, 231 - Reflectionless terminations.
seme dir=cvion, obeying the

opticel law

Lagle of Incidence = Angle of Reflection,

and undergees successive reflections until the energy is almost com-
pletely abscrbed. To avoid appreciable reflection the sloping faces
should not be less than 2?\8 in length; the SWR in the guide is then

of the order 1+05:1.

In a circular guide the reflectionless load is a long cone
with a cylindrical butt~end, As an alternative to wood, a composition
of bekelite 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 wells and the sloping sur-
feoe of the load,

39. Attenuating Section

In measurements of standing 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 which could affeot both its frequency and
power outpute This is achieved by the inclusion of an attenuating
length of waveguide which is merely a length of normal rectangular
guide with a thin strip of absorbing meterial, wood or bekelite im~
pregnated with graphite, fixed internally to one of the narrow faces,
The attenuation of asome 10 db, in the signal which is thus achieved
is sufficient to isclate the generator. Ko reflected wave of any
appreciable amplitude then reaches it.

40. Reflection from an Irregularity in a Waveguide

If an obstacle or irregularity is introduced into a wave-
guide, electromagnetic energy is reradiated or "scattered" from it so
that 2 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 input admitteanoe of the guide
and is, for the moment, ignored, The obstacle may thus be regarded
as introducing an additional impedance or admittance either in series
or in parallel with the impedance already present, VWhether this
impedance must be oonsidered as a series or as & shunt impedance de-
pends on the shape and position of the obstacle in relation to the
fields and walls of the guide,

. A theoretiocal investigation, imto which we shall not enter
here, leads to the oconclusion that when the discontimuity scatters
symmtrically (that is, the transverse elsctric vectors in the wave
fronts of the two waves scattered in opposite directions are equal and
similarly directed at equal distances from the scattering section)
then the discontinuity behaves 1like an impedsnce (or admittence) placed
in shunt across a trensmission line, If, however, the scattering is
anti-symmetrical (smplitudés at equal distences are equal but the
:lcdtﬂo veotors are oppositely direoted) then a series representation
s required,

Obstacles possessing gecmetricel symmetry when placed with
an axis of symetry parallel to the electric veotar, scatter symmetri-
cally sand therefore behave asshunt elements,

CYLINDRICAL
OBSTACLE

Py
1 7 W Fig, 232 =- Scattering of
i e waves by an obstacle in
" 1
Do T a rectangular guide,
REFLECTIONLESS :
TERMINATION ' / !
o
LONGC ARROW - INCIDENT WAVE
SHORT ARROWS:- WAVES ORICINATING
AT OBSTACLE
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P
Determination of the Admittanoe of an Obstacle

Consider a rectangular waveguide (Fig. 232) teminated 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 Hy;-wawe in its vicinity beceuse the oamponent

of the electric field tangential to the surface of the obstacle must
vanish, In the partiocular case of the cylinder the electric lines of
the Hy;~wave which themselves run parallel to the short edge of the

cross—section are also parallel to the axis of the cylinder., The dis-

torted field near the dotted section can be resolved into the following
oonatituents t-

(i) The original Hoj~incident wave (indicated by the long
arrow in Fig. 232).

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

one propagated towards the generator and the other to-
wards the load (these waves are indicated by short

arrows in Pige. 232

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

The relative smplitudes and phases of the components (i), (ii) and
(111), of the field are such that the tangential electric field is zero
both over the surface of the obstacle and at the walla of the waveguide.
Take the cross-section of , waveguide at which the oylinder is

in as the section{ = O, At another section at a sufficient
distanoe { away towards the generator, the evanesoent waves will have
become unimportant and the electromagnetic field reduoces to that of the
incident wave, A ocos (Wt + k{ ) with that of the reflected wave

B oo (Wt - k¢ + ¢) superimposed, The resultant field E is giwen by
the equation _

E=4 cos (wt + k{) + B cos (Wt -x{ +9),
.1[m(wt+k!)+ I} cos (Wt = xf +p’2/,
whers, B/A = Ihl;ndk-Z‘ﬂ/;\g. Or in oamplex notation,
Ew=agdwt (g3l +h£'3k(),
vhere b= njc¥
Thus from the standpoint ofthenctionatpoaitionfjp,,theuctionat
’

£ = 0 possesses a reflection coefficient h = |h| ¢ ¥, when the
costacle is in position, and an associsted admittanoe y; = (1 - h)/(1 +h)

ggt*m.

When the obstacle is removed the refleotion coefficiemt of
the section ¢ = O beoomes sero, and its normalised sdmittance becomes
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The coefficient h = 7h|€ ¥ is the reflection coefficient
of the obstacle 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 entally.
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 section is sero
and becomes . @vhsnthoobatacleisintmdmed. The stand-
ing wave pattern between the obstacle and the generator ia now investi-

gated with a standing wave indiocator and the aduittanoe determined
from it.

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

position. The impedance of the section then beacmes |y__t'= 1+@.

(bstacles that do not themselves absorb power possess
admittances t.hat are pure susceptances, [y;|= £ j. When the

susoeptance is positive it is termed cepacitive and when negative,
inductive,

il Standing Wave Indioator

The delsterious effects of standing waves in transmisaion
lines have been discussed in Chap. 4, Sec. 32. VWhilst standing waves
may be introduoced deliberately into short sections of waveguide for
matohing purposes, their presence in general is equally undesirable, and
for similar reasons, as in the case of transmission lines. It is
therefore usual to incorporate in the guide same devioe for deteeting the
presence of standing waves sc that metching systems can be adjusted to’
ainimise them.

As 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
spertures may be made in the guide so that mmall, evanesoent waves are
formed outside the guide, indicative of the field strength inside,
Oare must be taken that the energy radiated the slot or aperture
is negligible, and that the irregularity in into the wave
does not sppreciably disturb the mede of propagation (see Sec. 15).

The field strength is indicated by a suitable form of gllvomueter,
such as a neon lemp, valve voltmeter or crystal detector and micro-
smmeter. The variation in field strength at different points along
the guide indicates the presance of standing waves, and the ratio of
meximm t0 minimum srplitudes gives the standing wave ratio,

If suitably desipned, the standing wave indicator may be
calibrated so that it fulfils tie dual role of measuring both standing
wave ratio and also 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 Fig. 233.
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A straight
length of rectangular wave-
guide has two narrow
transverse slots cut in the
broad face 7\8/11- spart. A

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

comon to both guides where

the walls are in contact. \X//’/

Thus power can be radiated k e B//
i

from the straight waveguide stoTs

through the slots into the e L”;"""| 310 104D
arms A and B of the curved FROM Soukck  MTffe» < REFREQIED
guide, By this arrangement
the radiations from the slots
which are excited by the ]

. £s 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 am A (compare End~fire Arrsy, Chep. 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 terminated in similar field-strength
meters the reflection coefficient of the load in the guide may be
obtained directly. 1In practice it is difficult to obtain meters of
equal sensitivity and a better arrangement is to temminate B in a
reflectionless load (Sec. 38) and to calibrate the output from A against
standard mismatches in the mein guide. Then, provided the power in
the direct weve does not vary, the stending-wave ratio may be read
directly from the meter at A, This device can be used at only omne
wavelength since the slots must be Ag/L apart.

42, Elimination of a Reflected Wave

To eliminate a reflected wave the standing wave pattern is
first found by means of a stsnding wave indicator, and the section at
which the admittance assumes the fomm [yi]= 1 + j[B] is located from a

circle diagrsm. If now, an obstacle whose normalised susceptance is .
= is introduced at this section the admittance of the section
beccmes ur 1+ j - :}: 1. (It is assumed that the obstacle may
be represented as a shunt impedsnce (see Sec. 40)). The reflection
coefficient pt = (1 - /@ +)therefore becomes zerc and no
reflected wave returns to the generator.

Fig. 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 antipode is a position of minimum admittance Y . 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 +

It is a distance {l =m ?\g awey fram the E entinode in the direction of
the generator where ny is the n-value of the arc ML on the circle diagrem.
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It is required to add the susoeptance - j [B]| at this point in order
to match the waveguide, Altsrnatively an admittance + j oould be

ad@edatadistanoe 12=n2:\ which corresponds to the point N on
the&lagrmﬁthnauthen- ue of the arc MN.

(@)
£ ANTINODE . 2_1\ [
| -
=
LOAD {"z
(b) . . "
3 & S e
vl z -
p b

Fig, 234 - Elimination of reflected wave.

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

A 2}* x 1" rectangular waveguide with an open end was fed by a 9 an
generator under the following conditions g

Wavelength 2\3 in guide = 138 an (twice distance between

ad jacent minima),
Standing wave ratio 5 = 2+83,

Distance {1 of nearest E sntinode from the open end
= 6°6 o = 0478 7\*8.
From the circle diagram we findie
(2t} = 2046 = 0895 or[7y] = 036 + 04133 .
Thus the impedance is, clearly, not infinite but a

resistance and a capacitance in series, or, regarded as an 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 resistance 2:46 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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These loeds 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 required 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 sdmittence at an E antinode is —i— = 0-354 consequently, OK in

Fig. 234 (a) is equal to 0°354, From a circle diagrsm it is found that,
for the point L,[7]= (1 + j),n1 = 0°163 and ML = 1°07.

We conclude that at a section which lies at a distanoce
!1‘”‘17\ = 0163 x 13°8 = 2°25 em away on the generator side of any

E antinode, the sdmittance of the guide is there equal to [y]=
(1 + 3.1-07). At the point N we find ny = 0-337 and MN = -j.1°07.

The sdmittance at a distance {5 = 0°337 « 138 = 465 m
is therefore : 1 - jo 1+07).

It was found that 'a complete elimination of the reflected
wave could be achieved by protruding a metal sarew into the guide
through a 1 tudinal slot in the broed face at the position N
(Pigs 234 (b))e The screw was mounted in a holder so that by twning
it slowly the extent to which it projected into the guide parallel to
the electric field could be comtrolled,

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

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

[F] = (@ - 32007) + [y]=1
= 43 - 1'070

This length of screw therefore possesses a capacitive sus-
ceptance = 1°07. To check the value of thia susceptanoce the end

of the waveguide was closed by a metal plate and the screw removed, A
standing wave indicator located 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 cm, 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 = 0°15 and locate the point P
(Fig. 234 (2)) on the real axis at the end of the n-arc whose n valueis n
= n' = 0°13 we obtain the normalised susceptance of the screw as
OP = j,1-07. This follows because a displacement of (05 - 0°13) Mg
from the sarew towards the generator leads to a position of sero
susceptance (E antinode). The corresponding motion on the circle
disgram is slong the imaginary axis from P upwards to plus infinity and
then fram minus infinity to O.
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It iz found that when the screw is short its susceptance is
positiwe (capacitive) but when it extends across the guide slmost to the
opposite face ite susceptance becomes 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 parallel to E behaves as an inductance in shunt.

43, Matching Devices

Verious matching devices are employed in waveguides, most of
them being of the symmetriocal type which in effect introducesa suscept~
ance in paralleiwith 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 general, the only method of finding the sus-
ceptance of an cobstacle is to measure it, yet the principles of eleotro-
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 susceptanoce. A common form
of obstacle is the diaphragm which is formed by a thin metal strip or
a pair of strips lying in the cross section of the waveguide and
stretching from one wall to its opposite. Such deviced are commonly
called irises, but this term should be reserved for diaphragms which
can be varied wechanically.

The principal types are :=

(1) Capacitive Diaphragm (Fig. 235)
(ii) Inductive Disphragm (Fig. 236)
(iii) Resonant Diaphragm (Fig. 241)

The Capacitive Diaphragm (Hyp-mode)

In this camse the strips are normal to the electric field as
shomn in Fig. 235. The formmle for the normelised susceptance of this
Iris i3 :~

™d
[y__lin jn J -%—3— loge c08ec ('2.—) *

The field in the vicinity

of the edges of the strips

resenbles the electro- !

static field that would a

e e s “ ORECITON OF PROPREATION —o-
CROSS SECTION LONGITUDINAL SECTION

lower faces to become a

parallel plate condenser. i

T

TRANSMISSION LINE ANALOGUE

o (3, -3}
-
m

This quasi-
electrostatic storage
field can be represented
mathematlonlly an b oot of Fige 235 = Capacitive diaphragm
However, under the in- (Hoy=wave) .
fluence of the incident
Hyy-wave, oscillatory charping currents flow into and out of the strips

from the upper and lower walls of the waveguide and these currents
radiate the poattered H, -waves, The presence of the storage field
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introduces a phase difference betwsen these oscillatory cwrents and
the osciliations of the incident E-field, so that a phase shift g is
produced in the reflected wave relative to the incident wave,

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

The Induoctive Diaphragm (Em -modo!

Here the stirips run parallel to the electric field, as
illustrated in Fig, 236,

.’:‘—_‘g
1_ f n—-—-——; It:
1.4 %
(Q) (b)

CROSS SECTION OF GUIDE TRANSMISSION LINE
. ANALOGUE

Pig. 236 - Inductive diaphragm (Hpj~wave).

Mg
-2-0 \ T T ] _!
HEEEREE
\\
-5 ! j JI I =50 2R _.__]l:
EEEEENNEEEEEEN
. L1 | s
\ %1?_5 = ~cot¥(£0) ]
—10 l
T X T |
N T
S T R [P Y o S
O i
N\ L]
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]I i ~N L
oo-a T s e Wi oh oy 8 ~%

Fige 237 = Design curve for inductive
diaphragm in rectengular guide (Hyp-wave).
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The formula for the susceptance of this diaphragm is
A
Iillll Ilj I?l - "j -T;-ii c{ybz !;;ED! »

b
Fig. 237 ie a design curve in which iz plotted as a funoction of
4
D/v. The ourrents driven in the strips by the incident E veotor
axcite a storage field resolvable into evenescent 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
a transmission line. Tt is used in practice to eliminate the wave
reflected from the open end of a waveguide.

Inductive Wire (H ,-mods)

A gylindrical wire stretched across the waveguide parallel
to the E field mehaves
as mn induciive shunt-
iag susceptance, The
susceptance of the |
wire shown in Flg. s
234 im, wnen the wire s
is thin (r € i\g) ?

EARRE AL L/
2Ag b o)
' @)
¥ig, 238 = Inductive wire (Hm-uve).

LTI
(“%%?‘ -2)

Disphragms in Circular Wavepuides (Hn-mode)

Woen a circulsr weveguide is dezigned to carry an Hyy-wave

but no other, then suitable dlaphragus can be used to eliminate re-
flections as in rectangular waveguides,

Figs. 239 (a) and 239 (b) illustrate respectively the forms
assuumed by a capacitive and an inductive diaphragm in a circular
wiaveriide corrying an Hill-wave. The shaded regions represent thin
wetal diaphrasms that lie in the plane of the cross-section.

CURHEMT 1

(0]
L
CAPACITIVE DIAPHKAGM INDUCTIVE DIAPHRAGM

Fige 239 = Diaphracms in circular guides

{%l-‘ﬁhw Je
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Chap.5, Sect.43
Resonant Diaphrapms

Q
We next con- T
sider how it is possible N\
to combine a capacitive - :

and an inductive diaphragm % \‘-\

to produce a composite
diaphragm whose admittance
is serv and which 2 A9
therefore does not reflect the JBy 7
wave, Consider first Q)

the srrangement of irises

P Q
indicated in Fig, 240, for _L
an ~wave in a re
I

guide.

The waveguide,
which ends in a reflection-
less load, carries a (b)
capacitive diaphragm at the
section P, The admittance
of this section is_ Fige 240 - Resonant diaphrams

1+ j} where is the (B ~mave).

susceptance of the diaphragm,
The admitiance of the wave-
guide section at Q & distance Ag/2 nearer the source than P is also

1+ jj‘B_lhl} before the introduction of the induetive Jdiaphragm. Vhen an

inductive diaphragm whose susceptancs is -,jEBE! is introduced at B the
admitiance of the s=ction at ¢ becomse

u1+ .‘}[B:]E-:Blmi

Its reflexion cveeflicient is zero end no reflected wave
returna to the source. In fact the diaphragm at B has been used
to match the waveguide at this pointe Fige 240 (b) shows the analogous
transmission line system.

There is clearly an infinity of paire of diaphragums (& JE}’

that can be combined in this way to produce a reflectionleass combinas
tion. It would clearly be more convenient however if the two diaphragms
could be combined at the same section, Q for instance, instead of at
separate sections P and Q. It 18, in fact, found possible to super-
impose a capacitaive and an inductive diaphragn to produce a reflecticnless
rectenguier structure such as that shom in Fig., 241 (a). Such is
knovm as a Resonant Diaphragme Its admitiance is zero. It is found that
the widths of the cepacitive end 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 diaphramms are now interningled and the inductive and capacitive
portions do not behuve
independently or each
other, A userul; but
approxiuate, aesin
procedure iz illustrated
in Fig. 241 (b}, where
PQRS represe¢nts the
section of the rect-
angular wavegyride, The
curves FLH and QUR are
the two biranches o1 & R T A
hyperbola that pagses Pz 24~ Rfsonant Glapireg
(_lol—wave}.
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through the corners PQRS and such that the distenoce between the poles
IN 18 Azy ( A = free-space wavelength)., If the corners of the aper-
ture of the compesite diaphregm are made to fall on this hyperbola then
the diaphragm is approximately resonant. The dotted rectangle in
Pig. 241 (b) is an example. There is an infinity of such resonant
structures for any waveguide section.

If b and a, and b* and a' are the dimensions respectively
of the waveguide cross-section and of the diaphragm, then the

geometrical construction given above 1s equivaleat to the following
relation between these dimensions.

- T wA-ge Tt

It may be scen from Fig. 241 (b) that when a'/b' is small, then b*
is approximately equal to A/2; +that is, the resonant length of any

narrow slot centrally placed in a diaphragm, with its length per-
pendicular to the electric fleld, is very nearly N2,

The transmission line analogue of a reschant diaphragm is
shown in Mg, 242, A4t rescrRence the L-C circuit beéomes a rejector
circuit that places zero shunt admittanoce across the line, Con~—
sequently a progressive wave passes the struoture without reflection.
A thin A/2 slot out in a motel diaphragm across a cirocular guide
carrying sn Hj-wave and pladed with its length at right angles to
the electric field bshaves as a resonant iris that tranamits the
incident wave occmpletely.

PFig. 22 - Anslogue olircuit

T for resonant diaphragm.
Lé %e

e () G0

@ () ® @) © @ (wo)

Fig, 243 shows a set of resonant structures that trans-
mit the progressive wave without reflection., The resonant length
of the slot in Pig, 243 (a) was found at A = 9°1 am. to be about
4% shorter than A/2, TFor the composite L-0 résonant iris of
Figs 243 (o) the imer ociroumference of thé gap at resonance, when
thin, is almoat equel to A

The Q-Factor of Res t

Although the diaphragm at rescnance is almost perfectly
transparent to the mode for which it is designed, changes in the
frequency of the wave propegated along the guide ocause changes in
the admittance of the diaphragm and pertial reflection occurs.
The behaviour is similar to that exhibited by a parallel rescnant
circuit shunted across a transmission line.
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4s shown in Chap. l., Secs 19 , the amplitude ¥ of the
voltage developed across a parallel resonent circuit when supplied
with a constant feed current is given by

~ Fad
¥ = v. oos 4,

where tan § = 2q5,8beingthe fractionsl detuning i'-Ai-,-f—— and
. r

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

A similar 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 diaphragm
farther from the generator, by means of a cable terminated in a
non-resonant loop or probe. Thus, when Q is large the diaphragm
begins to give rise to serious reflections for a small fracticnal
frequency shift + £/f,, but if Q is small then it rewmains
transparent over a reasonably large range of frequencies.

As example , consider the resonant structures shown in
PFig. 243. At a wavelength of 9'1 -m. it was found that the Q of the
alot of Fig. 243 (a) was 25 for a slot width of '0°5 mm but equal to
50 for a width of O°l mm. In general, the narrower the slot the

larger is the value of Q.

The value of Q may be reduzed by using the structure of
Pig.243(bjinatead of & slot, With the ¢.reight section 4°2 mm, wide
and the r=dius of the end circles equal o l+4. ma the Q was reduced
to the value 9. Such & siructure th-refore is Llranaperent over a
relatively wide range of frequencies.

The J values in teras -t riig wilth for the diaphragm
of Fige 243 (c) were as follos :-
Ring width inmm.| C'1 | 045 08

4 Lo 20 P16

In 21l these exsmples the diaphrages were made of foil 0:004® thick,
When brass of thicknes: 1* was used the Q factors were approximstely
doubled.

4k, Switches and Protective Devicas.

The electric field strength at the centre of a resonant
slot is meny times greater than that in the progressive waves at some
distance from the slot. Consequentiy, when high powers are trans-
mitted an electrical discharge may occur in the dielectric across the
gap. This faoct is made use of in the gas-filled resonant cell.

Here the slot is enclosed in a glaas capsule which is filled with
camnercial neon at a low pressure.

Figo 21GJC- (8)
represents & sectional
view of Fig. 243 (c), and
Fig. 244 (b) a sectional
view of Fig. 243 (a),
each representing a re-
sonant diaphragm enclosed in
a gas-filled cell. These
cells with the diaphragns 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 disphragm of the form shown in
Fige 243 (b) is used at 3 on wavelengths under the name CV.115. In
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 thet 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 burn out the crystal.

4 modified form of cell (American type 1B.24, British type
CV.221) which affords satisfactory protection of the crystsl is shown,
diagrammatically, 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 GLASS
waveguide to which it is N 7 sEAL
coupled at each end by HOLLOW g '
slotss The ocell cavity = _
is separated from the two T | g WAVEGUIDE
portions of the waveguide 10 cu\ss Y — FROM
by gleass windows. It is RECEIVER ©  WINDOW ""M T WINDOW  T"TRANSMITTER
brought to rescmance by ]

3 3 ;
mowti el K
project into it as shown,
the upper spike bei
Ston T Ik adhatasnt Fig. 245 - Adjustsble T/R cell,
is accomplished by means
of a screw which works
against 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 probe and the
imner wall of the upper spike, This spike nas a hole in the end and
electrons diffuse from the glow discharge into the ppace between the
spikes to provide the imatial ionisation from which whe high frequency
discharge is able to build up without lag. A high resisvance 1s
inciuded in series wivh the probe to limit the giow discharge, buc 1us
value must be chosen to avoid an intermittent discharge, for then the
protective action might be vitiated; (compare Flashing Neon,

Chap. 10 Sec, 1 and Chap. 19 Sec. 10}, The cell permits weak signels
to pass unaffected but blocks strong signalse.

T~ FLEXIBLE WALL

TUNING SCREW

A soft rhumbatron may also e used as a T/R ocell, in a
maper simiiar to that suployed in trensmission line circuits. In-
stead of the resonant cavity being coupled by means of pick-up loups,
as described in Chap. L; windows are used, the whole cell bedng
tuned by the cavity tuning adjustment. The arrangement 18 further
deseribed in Sec. 50.

LS. Reflectors in Waveguides

Various reflecting diaphragms are depicted in ¥ig. 2458.
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Wren each is compared with the corresponding resonent diaphragm of Fig.243,
i% will be observed that the reflectors are obtained by an interchange

of the metal and the open portions of the diaphragms followed by a
rotation through a right angle. - A pair of diaphregms related in this

way 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 complementary also. Thus,

®

(@)= o)y (C)n) ()G9

‘ WA l

Fig. 246 ~ Reflecting diaphragms.

the eleutrical behaviour of the thin ring in Pig. 246 (c) msy be
oompared with that of' its counterpart, the thin circular slot of

Pige 243 (o). When the circular slot has an inner ciraumference
arproximately equal to the wavelength A it is transparent and has zerco
susceptance. It is found, on the other hand that when the ring of
PFig. 246 (c) is made slightly greater than A in circoumference its
susceptance becomes infinite and the section containing it becomes
completely reflecting. Similarly, the halfwave strips of Fig. 246 (a)
and (b) are reflectors to an H,,-wave,

Reflecting
rings form very con-
venient mechanical
awitches fbor diverting

power alternately from SN
one branch in a wave- —‘w——‘*g\&T— \"ﬁ%
guide to snother, The : * b s
small inertia of the t 1
switches allows them to
be turned at high speed,
Two exsmples of the use

(@ (b

of ring switches are

given in Fig. 247. The

rerl::tom must be s
sitioned as shown in

Pig. 246 4n order %o Fig. 247 = Use of rotating

reflect almost completely diaphragm for switching.

the incident wave and

must be turmed through a

right angle so that they are perpendicular to the electric field if they

are to allow the incident wave to be propagated wmdisturbed. This may

be achieved if the iris is rotated about the horisontal t{ranaverse axis.

The mechanical simplicity of this arrangement makes it particularly

suitable for use as a reflecting switch. Sometimes in rectangular

waveguides a reflecting switch is made in the form of a rectangle

(Pig. 246 (d) to fit into the waveguide cross sections Its total

perimeter is still of the order of one wavelength.
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mﬂg FROM JOINTS AND BENDS IN WAVEGUIDES
L6, Genersl

In redar a magnetron oscillator is often comnected directly
to a waveguide a0 that the circuit load on the magnetron is the im-
pedance which the waveguide presents at its input ende It is explained
in Chap, 8 Sec. 41 that the frequency of oscillation of a magnetron is
peculiarly sensitive to the nsture of the load. If therefore any
irregularity is present in a waveguide, s0 as to cause a reflected wave,
it may produce an effective impedsance at the magnetron end which will
cause the oscillation to take place at some undesirable frequency.
This conirol of the frequency of oscillation by the attached waveguide
is called Frequency Pulling., When a long run of waveguide igs -employed
an additional effect called Frequenoy Splitting is cbserved when the
termination reflects a wave down the guide., This effect does not
appesr when «'/ag is small,

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

47. Waveguide Joints

%s, At wavelengths of 9 and 10 centimetres coupling between two
se ns of waveguide ig achieved through flat end-flanges, as shown in
Pig. 248 (a) and (b).

FLANGES IN CONTACT

O OO

—— WAVECUIDE WALL E

M
(sHADED) WALL OF

WALL OF
LEFT HAND  RICHT HAND
WAVEGUIDE WAVEQUIDE

1 Q00

il N JUNCTION
FLANGE :8t FOR CLAMPING

@

®

Flg. 218 - Flenges for cormecting
waveguride sections.

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 Jjunctions are :-

(i) Misaligmment of the walls at the junction causing &
step in the walls of the guide, To avoid this the bolt holes must be
looated socurately.

(11) Gaps between the waveguide walls across the junotion
either due to imperfections in the plane surfaces of the flanges or
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beceuse thoey ove 0t Cush with the ends of the guides. Fig. 249

indicates wirat may ¢-cir vhen the

flange faces are not scourately plane,

The flanges sec in zaatact at C dut

have left a gep at G between the

waveguide walls, The two flange

faces between G and C may be re- ~ FLANGE

garded as a pair of transmission 2l

lines of length { and short-

circuited at C, so that if by

chance { is spproximately equal to c WALk ok
A /i (A = free-space wavelength) 2

an E antinode and an H-node occur

at the gap G. There is therefore . -

a discontinuity in the transverse g:ﬁ" to%glangl;:egem‘l erity

component of H in the Hy,-wave in .

the guide at G, and therefore also

in the longitudinal wall cwurrent. 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, Alternatively a

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

contact.

RINC NUT

/ HOLE FOR
oMEL, _ ~ DOWEL PIN
= o

] T-JUNCTION

T

i
WAV ECUIDE

WALL

———— RING —

Fige 250 - Coupling wnit far

A =73 cms.

At & wavelength of 3 centimetres these effects (i) and (ii)
are more difficult to avoid than at the longer wavelengths and the
degign 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 avéided by accurately
placed locating pins.

As mentioned above and illustrated in Fig. 249 a common
source of reflection at a joint is the existence of a gap between the
walls of the two lengths of waveguide, A form 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. 251l. 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 eand may be employed with
either circular or rectangular waveguides.
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The lengths BEG and BA are
each A/, (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
wave in the recess produces an H-
antinode, The transverse compon~ i T N
ent of H in the wave thus remains p Sva—
continuous across the gap. Hence, WAVEGUIDE
equal longitudinel currents flow
into and out fram the gap as
indicated, and no reflected wave
is generated in the waveguide at KT
G. D

1Y
T

By

i a— D H -y
/ G

|-

)

B

The seme principle is
used to approach the ideal of a Pige 251 - Double A/,
perfectly reflecting piston or L
plunger in circular and rect- coupling undit,

angular waveguides. It is

difficult to ensure, with the

normal piston, that good surface contact exists eround the whole peri-
meter without at the same time rendering the piston stiff in action.

The Double i\E Tuning Plunger indicated in Pig., 252 achieves both
easy movement and good electrical termination. The recesses AB and

BC are both A/4 lengths of transmission line systems, and as 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 AL -
without generating evanescent REFLECTING

modes. At A

L8, Bends in Waveguides

Fige 252 = Double ?\/A_ tunimg

In practice it is plunger
necessary to introduce
corners and bends into wave-
guide runs by the insertion of sections with 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
radius of the bend exceeds ?\g,and the section of the guide is neot

distorted in the process of bending, the reflection produced as an
By -wave enters is very small., The standing wave ratio associated

with a good bend is of the order of 1+05.
The wave in the bend resolves into two waves, and in the
cage of waveguides with a circuler section carrying an lj; -wave these

waves travel in the bend at different speeds; consequently when they
emerge to recombine into an Hll-wave s the plane of polarisation of the
issuing wave is rotated with respect to that entering. This is a
disadvantage of circular waveguides.
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(@) - (b)
H-BEND E-BEND

Pige 253 « Smooth bemds in

waweguides,
When it is
necessary to economise in
space, the mmooth bends "

discussed above are some-

times found to be in-

convenient, especially

at the longer wavelengths;

consequently the sherp

corners depicted in

Fig. 254 are ocamonly

emplbyed, Pig. 254 (&)
icts an H-corner and

{b) an E-corner, and it H-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 walls

closed by a flat plate,

Experiment shows that for each bend there is an optimum value of the

ratio c/@ that gives negligible reflection., This value for an H-

corner was found to be

ofd = 0465,

(@ (b
E-CORNER

and for an :
E-corner c¢/d= 0°Q,

with e wavelength of 10+8 an.in a 7 an.x 3+25 an.waveguide.

Twists A rectangulsr waveguide may

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

flection arises provided the length
of twist is not smell compared with
Age Such a twist is shown in
Fi&-2550
49, Rotating Joints Pige 255 - Twist in wave-guide,
The aerisl systems of

most centimetre wave equipments
comprise a reflector which is a
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portion of paraboloid or parabolic cylinder, and is cepable of motion
about horizontal and/or verticsl axes, Power is fed to the aerials
from the end of a waveguide which in some instances is terminated in

2 horn. 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
trensformers take advantege of the fact that an Egj-wave in a circular

guide is readily excited by an Hyj-wave in a rectangular guide which

feeds into the wall of the circular guide so that the E vector in the
Hy)-wave is parallel to the axis of the circular guide.

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

of a closed circular guide whose radius is large enough for the guide
to accept a progressive E,-wave, It is arranged that the electric

vector in the Hp)-wave is parallel to the axia of the circular tube
and readily excites in it the Ej~mode a5 a progressive wave which

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

angular guide leading to the aerial,

ROTATABLE W R e mm—
=Tl P Vo s
DISTRENE
SUPPOAT
£

@__ RING FILTER

I-‘—"w

MATCHING STEP INDUCTIVE DIAPHRAGM

@ ®

Fig. 256 = Rotary E-H transformer.

At (b) certain ancillery devices are elso shown; they are,
a pair of ring filters to reflect
the H,,-mode which csn also travel
in the circular tube, and
matching steps and inductive
diaphragms to eliminate re- METAL SEPTUM
flactions at the junctions of /
the circular guide and the
rectangular guides, both in
transmission and in reception.

ROTATING HEAD

If the top of the ho-cnnoNA 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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- Other cuwrrent-flow lines start near

swung in azimuth. Since the Eoi_dpive ﬁosseslgs axial symmetry it
will feed equally well into the rectangular guide at ell asimuths.

An altermative rotary joint employs a septate-coaxial ocom-
bination which permits a considersble reduction in the overall diameter
of the circular tube (Sec. 21 ). A disgrsmmatic 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, applicable
to transmmission lines, In radar systems employing waveguides, the
corresponding waveguide connections must be introduced in order to pro-
vide cammon T/R working. To reduce the waveguide problem to the same
Pasis as that of the transmission line, consider the currents, at any
instent, in the walls of the guide (Fig. 207), which is taken to be
rectangular and carrying an Hy-wave,
Referring to the figure there sre two
cuwrrent flows to be distinguished,
Some current-flow lines are entirely
confined to the wide walls of the
guide and are directed, generally
speaking, in the direction of propa=
gation. These currents are strong
slong the centre line of the wide
sides and weaken considerably for
saall deviations from the centre.

the centre of a wide side and trace
out a path over the narrow side and
on to the wide side opposite to that
from which they started. Theae

ocwrent~flow lines are, generally _
speaking, transverse to the direct- Pig., 258 Trﬂ;‘:‘iﬁﬂim
ion of propagation of power down the m’““ analogue of

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 s pair of parallel ribbons, The
second, transverse, current line corresponds to the current in a shunt
short-circuited stub saross a twin tranmmission line. The cirouit
equivalent of a rectangular waveguide carrying an Hm-nvc is, there-

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

It is now possible by amalogy 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 and will spark
over readily. In Chap. 4 (Fige. 182 (a)) the rhumbatron is shown vith
loop coupling, but for coupling to waveguideswindows or irises are
used., A hole is cut in the side of the rhumbatron and a aimilar hole
in the guide wall; the rhumbatron being then clamped firmly against
the guide ( Pig. 259). With a suitable size of hole the coupling is
practicslly 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 harrow side of a .rectangular guide
(Fig. 259), the equivalent circuit is as shown in Fig., 260, the
parsllel tuned circuit and switch being A/4 away from the transmission
line and shunt comnected. The shunt arrangements of Figs., 180, 181
and 182 (Chap. 4) ocanthus be developed.
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T
CROSS-SECTION mnﬁons

OF GUIDE CUIDE AMD
AromBatAon |
s oo DO

REUMEATRON

Fige 259 - Shwunt window

coupling between rimmbatron

and guide, Fige 260 - Circuit analogue
for rhnmbatron switch.

A typieal T/R
connection with rect-
angular waveguide is shown To RECEIVER

in Fig. 261l. Two f
rhumbatrons are employed OO
with window coupling to o]

the guide, The receiver

feeder is loop-coupled 7

into the rhumbatron AERIAL 32y —] & TRANSMITTER
nearest the aerial, and
the equivalent circuit "

is shown in Fig. 262. °
During transmission,

the gas in the rhumbatrons

ionises. The tuned

circuits are thus short~ Pig. 261 - Side view of common T/R
circuited, giving rise switch, employing two soft
to open circuits ?\g/lt rhunbatrons shurt-connected,

away on the main line

and allowing the trans-

mitter power to pass to the aerial. During receptlon the gases are
deionised, The rhumbatron nesrer the transmitter acts like an open
cirouit and presents zero impedsnce /4 away, on the main line.
This spparent short-circuit seen from the receiver junction 3 A 8/1..

away, looks like an open-circuit. The received signals therefore find
a 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
attenuation in the feeder. In this case a waveguide replaces the
feeder and there is window coupling both into and out of the rhumbatron.
Series connection to the waveguide msy slso be used instead of shunt.
In this case the rhumbatron is comnected to the brosd face of the guide
and is usually off-set effectively A/2 from this face by interposing
another section of waveguide (Figs 263). This section and the guide
leading to the receiver are often circular. They carry an H ;-wave

and so are similar to & rectanguler guide carrying an Hgy-wave, The
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FEEDER

RECEIVER
. //\ @
by

RECEIVER

AERIAL JUNCTION

/ LINE

MAIN  TRANSMITTER

%

e

Fig. 262 = Circuit snalogous for

clrcular guide is wider than the
rectangular and so it is easier

to place & orystal across it,

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

It is usually found
in practice that the tuning of
the rhumbatron nearer the
transmitter is very broad and
hardly affects the performance
of the set, On very short wave-
lengths this rhumbatron is scme-
times replaced by a resonsnt iris
of the dumbell type (Fig. 24,3
(®)). This has a low § and
would not be suitable as a re-
Placement for the receiver rhum-
batron.
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WINDOWS
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1AL TRANSMIT
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CUIDE

Fig, 263 - Series conmnection
of soft rhumbatron switche
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