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EFOretord

The objective of the authors and editors was the
production of an Inter-Service Radar Manual dealing with
generalities (excluding any discussion of particular
equipments, which is better left to Service handbooks
dealing with individual sets) and of such a standard as
to permit its use for wide reading amongst personnel
engaged in the use, repair and servicing of radar equip-
ment,

In order to reduce the size of the book, relevant
matter to hand in widely circulated Service handbooks
has been ex?luded and previous acquaintance of the
reader with one or other of these is therefore assumed,
as is evidenced from references in the text.

Certain portions of the book are starred thus:-
® ® ¥, It is suggested that these portions should be
omitted at a first reading or by readers who wish to
avoid discussions which are largely of a mathematical
nature,

The first edition of this work was distributed in
September, 1946, A number of minor amendments and
corrections have been made in this edition and some new
matter, namely, the Introduction and the chapter

dealing with Range-lieasurement, has been added.
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INTRODUCT ION

1. GENERAL IDEAS

(1) The term 'RADAR' is derived by telescoping the phrase "RAdio Detection
And Ranging", retainming the letters indicated by capitals. It is properly
applied to those systems and equipments which seek to locate objects by
virtue of the radio-waves they emit when irradiated by a controlled source
of radio-waves. Such reradiation may derive from the simple scattering by
an object of a proportion of the primary radiation which it intercepts, in
which case we have an example of a "PRIMARY RADAR SYSTEM", or this elementary
response may be reinforced by secondary radiation, produced from within the
object and released under the impact of the primary radiation, in which case
we are dealing with a "SECONDARY RADAR SYSTEM". Other systems exist to
which the description "radar" has been applied, particularly in the field of
radio=-navigation, end which do not conform with the definition given; a
situation due largely to the use of many common techniques in the two fields.
The redar art is closely associated with radio direction-finding and radio
ionosphere-sounding, and the germ of many radar techniques may be traced
back to these older arts; at the same time it should be pointed out that
much of modern radar technique has been derived from specific radar research
enterprises, and it is quite certain that the prolific developments in this
field are now finding, and will continue to find, meny diverse applications
in other branches of radio and electronic engineering.

(2) The location of an object, or objects, may arise as a radar problem in a
variety of ways. In the simplest problems we may be concerned to discover
when an objeot intrudes into the radar field of view, and be satisfied with
very approximate information as to its relative position. At this level we
are dealing with comparatively crude anti-collision devices, cloud detectors,
proximity fuzes and so on. In more complex problems we may be required to
give continuous and precise information as to the relative position of an
object, as, for example, where accuracy and smoothness of data must provide
an adequate basis for prediction and fire-control. Thus, position is a
guantity which may be variously specified in different radar problems. For
some purposes there will be a need to measure position relative to an
observer (actual or hypothetical) situated in a moving aircraft, ship, or
other vehicle, whilst for others position will be required as a map
references In some cases complete information will be needed, whilst
elsewhere information incomplete in itself, through lack of one or other
co-ordinate of position, will not necessarily be disadvantageous. In all
cases the accuracy of the information gained will be subject to limitations,
to be ascribed partly to the design of the radar equipment, and partly to
external circumstences, such as siting, weather and interference. To assess
the adequacy of any equipment it will be necessary to cowpare its performance
with that degree of accuracy actually required to perform the assigned tasks.

(3) In establishing positian, equipment may be required either to report
whether there is any material object at an indicated position, or
alternatively to provide signals which will give guidance as to how to
proceed towards, or how to avoid, a selected position. Here arises a
primary division of radar roles into searching and gulding.

{4) A search may be carried out systematically by examination of radar
information brought in repeatedly over a whole zone, this process being
generally known as "scenning® when it is done automatically, or eguipment
may be allocated to the task of following up the movements of a selected
object (the "target"), a process known as "following" or “"tracking". 1In
both cases the amount of manual dexterity required and the work allocated
to machines and to automatic control devices may vary widely from one type
of equipment to another. A mobile search equipment may also be used in a
navigational role, either by virtue of receiving a coded signal from a
known source, or by making use of a scamning system giving such profuse
information of objects on the ground is 1to render practicable identification

with mapse
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(5) Guidance may be given in such a way as to facilitate movement towards a
position where radar equipment may or way not be situated: in the formncr case
the equipment being approached is known as a "beacon", «nd in the latier case
the equipment serves as a navigation device of wider appnlication. Beacons
way also be fitted to friendly aiicraft, ships or vehicles so as to allow their
identification when it may be necessary to distinguish friendly from hostile

redar targets.

(6) Meny redar equipments are arranged to fulfil a number of different roles,
this being not only economical, but often necessary where saving of space and
weight assume vital importance. On the other hand, where radar applications
of the highest precision are encountered this view cannot logically be
sustained.

2. RADIO DIRECTION-FINDING

(1) Simple direction-finding systems have been widely used as an aid to
navigation by ships and aircraft for both civil and military purposes. The
majority of these installations work with vertical polarisation at much lower
freguencies then those used for radar purposes, and they determine the
direction from which any wanted signal proceeds by the use of siuple types of
directional aerial systems; usually a screcned loop or Adcock array. With
such a system directivity is low, and is often best exploited by seeking a
minimum, rather than a waximum signale In addition to determining direction,
these equipments can usually be made to give the sense (in front or behind
associated with the direction found, by means of a second manipulation.

Under these conditions direction-finding is a fairly leisurely process.

Apart frou .iavigational requirements, military applications of this type of
direcotion-finding are encountered in intercept receivers used for intelligence
work, and examples of similar practice uway be found amongst early radar
receivers operating at low radar frequencies. These may survive in the
field of long-range radar warning, provided time to observe and report is
adequate, and if precise locatian is not required.

(2) In order to determine position by means of a direction-finding eguinwent
it is necessary to establish the bearings of two or more transmitting stations
whose geographical locations are known, and this is a very cowmon practice,
special transmitters being allocated for this purpose, which send out signals
at standard times. Clearly the two or uore measurements required should be
completed within a time short enough to ensure that any change of position
wirich may have occurred is insignificant in relaticn to the expected accuracy
of determined positione Alternatively two or wore direction-finding
recelvers occupying fixed stations may be used to locate the source of a
particular transmission, if the information obtained is passed to a common
control-roome This method has also been used to assist navigators (Ly
passing the information on to then by radio) as well as for intelligence

purposes.

{(3) Both these systems involve co~operation between the users of the irans—
mitters and receivers and thus differ fundamentally from radar detectian
systcms, which depend only on the involuntary co-operation of "targets". It
is this involuntary co~operation which has prompted the development of radar
camouflage, and other counter-measures for use by or on behalf of potential
"targets" which hope to evade location.

3¢ RANGE-FIDIIG

(1) Determination of position on a map by the direction-finding technicue
described is eguivalent to solving a triangle from a knowledge ol one side and
two angles, and this is a special case of the trisngulation used for more
general survey purposes, with the difference that optical equipment is
replaced by radio equipment. It should be noted that in such systems
distance to the position which is being located is derived, and not directly
measured. [Even in the specific instance of the optical "range-finder”, an
instrunent widely used for military purposes, range is rea.ly derived from
snpgular measurements. In Fig.A, D r:efresents the "base" of the range-~finder
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and R the range to be measured. The
instrument is adjusted by altering the
angle @ so that the same target is
viewed in both telescopes. Here

R = D cot &% pfwhere fis the usual
small angle. In this case the
importance of possible errors can be
estimated from:-

DR _ - R
m-_cote =5

DR _ _ 29 .. zﬁ?.; _R2
W—Dcosece- D(1+D = -5

Thus en error in the length of the
base D introduces a range error
proportional to R whilst an error in
estimating & introduces a range error
proportional to R%. D is at most a
few feet, and @ a matter of minutes
and secands of arc, so that the pre-
cision required of such instruments
taxes the skill and ingesnuity of the

Fig.A: Principle of optical designer.

range-finder

(2) The unique factor in radar search systems, which distinguishes them
nost markedly from direction finders, lies in the use of the "echo principle"
for range measurement. If electromagnetic radiation falls upon any material
body the body will itself becowe, for the time being, a centre of reradiation,
a phenomenon also known as reflection and as scattering. But waves take time
to travel, thus if we can 'label! a particular bit of radiation as it leaves
its source (a radar transmitter) with a view to identifying it, after the
double journey to and from the material object (a radar targets, by means
of a sultable detector (a radar receiver), we can infer the length of the
double path from a measurement of the time interval which separates these two
events. This presumes that we know in advance the velocity with which these
waves travel, and further, if the corresponding calculated distance is to be
of much use, that the propagation has been substantially rectilinear.
For most practical radar purposes these assuumptions can -be granted, and range
errors can be reduced to negligible proportions for all save the most exacting
radar roles. The "labelling" is wmost simply effected by transmitting from
time to time short bursts of radigtion, which are known as "pulses”, and by
this means it is usually possikle to observe the two events (ori.g'mal
disturbance and echo) ‘quite independently.

(3) The original development of such pulse-technigue was directed towards
the measurement of the height of the ionosphere. Radar may be said to have
emerged from the blending of the pulse-~techniyues and display-systems used in
sounding the ionosphere with the aerial techniques of direction~-finding.

4+ RADAR

(1) The radar detection problem is much the same as the visual detection
problem. It is primarily to ascertain the position of a radar target, and
secondarily to identify it as being hostile or friendly, and if possible to
give whatever information can be gathered as to its precise nature. To
specify position completely three independent measurements (or co-ordinates)
are required. For radar detection systems these are generally, and most
naturally, the slant-range and the angles of elevation (or sight) and though
for some purposes it is more convenient to use ground range, bearing and
height (or depression). Not all radar detection systems are designed to
give complete inforuation, however, some giving slant-range and bearing
only, others slant-range and angle-of-sight, or slant-range and clock-angle
direction, or slant-range alone, or mere direction. Further, all measure-
ments of position are in the first place relative to the situation of the
radar equipment, whether this be mounted on a static site or in a mobile

craft or vehicle.
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Fig.B: Elements of pulse-modulated radar system

(2) Wnerever slant-range is required to be measured by a single detection
equipment it is almost essential to use a pulse-modulated transmitter. This
necessity arises not only in order to enable us to distinguish an echo from
the original impulse, but also to differentiate from each other the several
echoes which may be aroused by the same impulse. In other words pulse-
modulation confers upon radar equipment the capacity for discriminating
between targets at various ranges; it gives us the power of resolving
irradiated targets in depthe Resolution does not in itself constitute a
measurement of range, however, and to secure this for any individual echo
it is further required to measure the time-interval elapsing between pulse-
transmission and reception of the appropriate echo. For this purpose the
radar receiver must incorporate suitable time-measuring devices, preferably
calibrated to give a direct reading of range for any echo under observation.

(Fig.B).

COMMON
T-R
SWITCH

,
: *- LINKAGE TO
Y1 AERIAL
I

ANGLE —— ] RECEIVER
TRANSMITTER Ko r —~—
SYNCHRONISING SIGNAL
PULSES PULSES

RANGE
DISPLAY

Fig.,C: ZElements of a radar system using a common
transwitting and receiving aerial
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(3) A natural comseguence of this division of time between an active
transmitter and an active receiver is the use of a common acrial system for
transmission and reception, as such an aerial can be used alternately to
transmit and receive. Such systems are described as "Common T and R" or
"duplex", and have importaant advantages, particularly where space is at a
prenium.  (Fig.C).

(&% To determine angles we must rely on the discretional properties of
aerial systems. These properties could be mainly provided in the transmitter
(which would be most wnusual), or mainly in the receiver, (as is occasionally
done), or present more or less equally in both, (as is the usual practice,
and a natural conseguence where a common aerial system is used for trans-
mission and reception). The directivity is required to be mobile so that

it can be brought to bear on any selected target, which means that the aerial
system must be capable of performing suitable mechanical movements, or that
an equivalent movement of directivity must be achieved by indirect electrical
methods, or possibly that a combination of both methods must be employede.

In any case a wechanical or electrical indicating device is of necessity
associated with these aerial adjustments to peruit measurement of the

required angles.

(5) Better directivity in a radar system increases its discrimation
between targets occupying the selected direction and any which may be

ad jacent to it, which is to say that in radar practice angular resolution is
improved mainly by diminishing the field of view available for each pulse.
Tmprovement in accuracy of angle information is thus obtained by accepting a
proportionate increase in blindness (a condition closely paralleled in
theodilites and in searchlights). This problem can, however, be met by the
use of a subsidiary radar equipment (sometimes called a “"putter-on")
provired with no more directivity than is essential to help the more
powerful instrument to find its target, or alternatively by conducting a
systematic search with the latter equipment (a process of scamming).

(6) The problem of identification cannot be tackled by pure radar detection
methods. This is because the resolving power of present radar equipments is
in general far below that required for any examination of the fine structure
of a target. To overcome this difficulty friendly targets can be equipped
with an auxiliary radar transceiver equipment called a "transponder” and
belonging to the class of equipment known as "radar beacons". Such an
equipment is sensitive to radar transmitter pulses received over a
restricted frequency-band, and these cause it to transmit a radar pulse of
its own synchronised with the arriving radar signals. The responses can,
however, be suitatly coded to give a distinctive signal in the radar receiver
concerned with making the identificatia.

5« RADAR TARGETS

(1) As already indicated, radar search systems are dependent for their
success upon reradiation from radar-illuminated targets, a criterion which
is equally applicable to searchlights in the appropriate part of the
spectrum. In comparison with optical wave-lengths most material bodies

are sufficiently large to have a characteristic appearance which leads to
their easy recognition by observation from any angle; or in other words the
tiny waves of light permit the resolution of fine detail. It is well-known
that in the microscopic field all distinctive features gradually disappear
as the size of objects under examination become progressively smallers In
the radar field, on the other hand, the wave-length of the radiation employed
lies somewhere between a few centimeters and a few metres, and is quite
comparable with the size of many radar targets. This considerably complicates
the nature of the radar response. But first we shall consider limiting
cases in which behaviour can be described in simple terms.

(2) For a small object, i.e., one whose dimensions are small compared with

a wave-length of the radar illumination, the incident waves flow around the
object, hardly noticing its presence; the disturbance in the wave structure
due to the presence of the object is comparatively trivial. From the small

15
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scale of this disturbance it is fair to conclude that the wave is not only
insensitive to the presence of the object, but also to its shape. For such
an object it would appear that the most significant linear dimension which
it possesses for radar purposes is given by the maximum length (1) which it
can project on the wave front of the incident wave in the direction of its
polerisation (FigeD), and that such limited reradiation as ocours would be
comparable with that which would be produced by a short conducting rod of
this length (1) placed at the same position, normal to the direction of
propagation and in line with the electric field. For radar targets
complying with ¢his specification the response will be equally simple, and
will, in particular, be largely independent of any relative motions between
various parts of the target provided that these make no significant
difference to its silhouette. In this example simplicity of response is a
direct consequence of the ignorance of the target shown by the incident wave,
and is realised .at a heavy price, this being the low sensitiviiy of radar
equipment to this type of target, for which the echo power actually depends

4
on 17,
ELECTRIC FIELD

MAGNETIC
> FIELD

Fig,D: Sicnificant dimension of small redar target.

(3) In the other extreme case, which is that of the object whose significant
dimensions (including those of details) vastly exceed the wave-length
employed, the radar problem resembles to some extent that of viewing common
objects. (To make the parallel closer, monochromatic polarised light should
be specified in the optical case, whilst the radar target should be free of
details likely to resonate under the influence of the incident radiation.)
In both cases the reradiated signal bears the imprint of the structure of
the object, i.e., shape and details are clearly defined. Optical viewing
systems are able to present this definition in the ultimate form of a two-
dimensional image upon a sensitive mosaic, usually the retina of the eye,
the extent to which the details are distinguishable being further dependent
upon the optical properties of the lens system employed, and the fineness of
the mosaic. Too small an aperture results in an inability to make use of
all the definition in the incoming radiation, with the result that confusion
masks the finer details. An adequate aperture will serve to allow full
utilisation of the individual cells of the mosaic, whilst a still larger
aperture confers no increase in resolution owing to the limitations of the
mosaice In radar viewing circumstances are usually very different in that
there is commonly only one channel through which all information must pass
(and even in elaborate radar systems, a very limited number), corresponding
to a "mosaic" of a single element only. The tonstruction of analogous
"radar images" is thus only possible by the successive utilisation of this
channel for different directions, i.e., by the employment of scanning

16
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techniques. Where we are endeavouring to obtain a picture of a large radar
target, such as the surface of the ground, the amount of detail which cen be
built up in the image will increase appreciably with increase in aerial
aperture (wave-length being wmaltered), and in practicable system sufficiently
large apertures to utilise the bulk of the definition present in the
incoming signal cannot usually be provided. Returning to the small radar
target case, increase in aperture is primarily useful as a means of
increasing discrimination between nearby targets and iuproving angular
accuracys, For the very large object the size of the silhouette is a very
significant factor, particularly where the surface has a rough structure

(in terms of wave-length), though where the surface exhibits a smooth
structure (again in terms of wave-length) specular reflections may complicate
the response to such an extent as to mask this factor for certain aspects.

(4) So far we have not considered such practical radar targets as aircraft,
small ships, etc. For the majority of these the overall dimensions and
main features may be measured in a reasonably small, or at any rate not a
very large number of wave-lengths, and the radar response will accordingly
lie intermediately between the two special and extreme cases so far
considered and will be additionally complicated by resonance effects. In
particular, for any one angle of incidence, the reradiated signal will be
distributed in direction in a markedly non~uniform fashion. Consequently
the echo~signal received by a typical radar equipment is found to fluctuate
appreciably in amplitude and polarisation from pulse to pulse due to changes
in the aspect of the typical target, an effect described as "aspect-modulation’
of the received signal. Moreoever changes in the spatial distribution of the
reradiated signal may be brought about by relative movements of parts of the
target, as, for instance, by the rotation of an airscrew. Fluctuation
arising from this particular cause are described as ™propellor-modulation®
Again, conditions may arise where reradiation from one or more comparatively
large and smooth surfaces approaches the case of specular reflection, in
which case wncommonly large signals will arrive from those aspects where the
receiver lies within the virtually reflected beam, a phenomenon known as
"scintillation" or "glittering"™. Thus the increase in target visibility
which arises from the use of shorter wave-lengths must be to some extent
offset by the disadvantages of the various forms of aspect-modulation,

these troublesome variations being properly regarded, however, as nothing
more than the primitive attempt of the target to be seen in detail as
something more than a shapeless speck.

6. PULSE RADAR SYSTEMS

(1) Although there is now considerable diversity of types amonst radar
equipments, primary development was directed towards the pulse~radar search
equipment, and this provides a convenient example on which to base a
discussion of the main constituents of a radar system. Radar equipments
designed for other roles may, of course, involve additional or alternative
items. A pulse~radar search equipment can be divided in principle into
two major parts, the radar transmitter and the radar receiver, though in an
actual equipment there may be no physical division of units corresponding
exactly with the transmitter and receiver, and further, there may be units
which serve both, such as power supplies and aerials. Nevertheless this
division is one of fundamental importance (Fig.G).

(2) The wain object of the radar transmitter is to emit short bursts of
rediation in rapid recurrence, and to direct the bulk of this energy into

a more or less restricted beam. These transmissions are desoribed as "radio-
frequency pulses”, each pulse consisting of a similar train of oscillations
at the same radio frequency. From some points of view the ideal radio-
frequency pulse would be one in which all the individual cycles were of the
same amplitude (rectangular RF pulse), and although no actual pulses conform
exactly to this description it provides a useful standard of reference.

The main difference between an actual pulse and this ideal is that with the
former it always takes an appreciable time for the oscillations to rise to
their maximum amplitude, and similarly for them to decay to zero. For many
purposes the actual waveform of the redio-frequency pulse need not be studied

17
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in detail, and it is sufficient to examine the way in which the maximum value
of the individual cycles of oscillation vary tihroughout the pulsing period;
the form of this variation is known as the "pulse~envelope".

(3) The interval separating the times at which successive pulses are
initiated in the transmitter (Tr) is known as the time or period of recurrence,
whilst the reciprocal of this quantity (Fy=1/T.) is called the recurrence-
frequency. In the majority of radar equipments the recurrence~frequency is
constant and fixed, though in some cases there mey be provision for selection
from a number of discrete values, or from within a range of values, whilst in
other rhytlmical variation of recurrence-frequency may be possible. Such
facilities are usually restricted to those equipments using the longer radar
waves, where they may be useful in helping to counteract mutual intereference,
this being much more of a problem on these wave-lengths owing to the much
lower directivity of the aerial systems employed.

(4) The effective duration of an individual pulse (Tp) is known as the
"pulse-time", but this term has to be defined in an arbitrary menner (Fig.E).
No difficulty arises in the case of the ideal rectangular pulse already
mentioned, but with practical pulses it is not possible to state exactly
when a particular pulse started or finished, nor would such information be
especially useful unless supported by further detailed information as to the
shape of the pulse-envelope. For our purposes "equivalent pulse-time" will
be defined as the period during which the pulse envelope exceeds 1/»/'5 of its
maximum value, i.e., it will be the time occupied by those cycles whose
energy is not less than half of the energy of a cycle occurring at the
maximum (or the largest maximum, if there is more than one) of the pulse-
envelope. In similar fashion, the "equivalent pulse" will be a rectangular
RF pulse of the same frequency containing the same energy as the original
pulse and of duration equal to the equivalent pulse~time; the "equivalent
pulse-amplitude" will be the amplitude of the e uivalent pulse, and the
"equivalent pulse-power" will be the mean power of a continuous oscillation
having this amplitude. It should be noted, however, that these definitions

are not universally accepted.
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T
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THE EQUIVALENT RECTANGULAR PULSE IS OF WIDTH Te
AND CONTAINS THE SAME ENERGY AS THE PULSE ABOVE.

Fig,E: Pulge-amplitude, pulse~time, equivalent pulse, and
equivelent pulse-amplitude

(5) In the majority of radar equipments the pulse-time is constant and
fixed, though in some cases there is provision for choosing a particular
value from two or three discrete values. The shape of the pulse-envelope
is not usually intended to be subject to variation, and should be the best
attainable from the equipment provided . any falling away from this
standard is generally an indication of faulty adjustment or failing

componentse
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(6) Another important quantity associated with the trensmitter is the
eguivalent pulse-power (Pp)e (FigsF). This quantity has already been
defined, and it follows that the energy content of a single transmitted
pulse (pr) is given by the product of equivalent pulse-time and ejuivalent
pulse~power (WP=PT.TP§. The average transmitter power (Ff) is thus given
by:=-

Py = Wpefy = Bpe Tpe fr = Pp(Ty/Tr)

and the ratio of average to pulse-power is known as the duty-cycle (d).
Thus the duty~cycle is given by:=

| =-P—-T/PT=TJTI‘

For example, if Tp is one microsecand and Ty is two mllliseconds, d is 0.005,
or 1/200, which is usually read .as one in two hundred. The "pulse-power
envelope" shows how the power radiated varies throughout the duration of the
pulse (ignoring the oascillating component of instanteaneous power at twice
the signal frequency). Its shape cen be obtained by squaring the ordinates
of the pulse-envelope, and its largest velue is known as the "peak pulse=-

power" (Pp).
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| |

po b ____ EQUIVALENT PULSE POWER
;P e e pr— e S -

/EQUIVALENT PULSE POWER ENVELOPE

AVERAGE TRANSMITTER POWER (P;)

Pr |- R e et ettt

O
i i
[~ RECURRENCE TIME (Tr = ?r) —————— e

DUTY-CYCLE = d = f1 = o
Pr T

Fig.F: FPulse-power envelope, peak-pulse power, average
Yransmitter power, and duty-cycle.

(7) In order to produce the type of signal described the transmitter must
contain a generator of oscillations at the appropriate radio-frequency, in
association with a pulse-modulator, which way be described as a device for
awitching the oscillator on and off at the appropriate times. Whereas in
redio-telephony modulation is a continuous process, in radar, as in radio-
telegraphy, it is a discontinuous process, i.ee pulse-modulation is closely
allied to keying, although in the former case we are dealing with very much
smaller times than in the latter, and with a very wmuch smaller duty-cycle.
Further, in radio-commmication it is customary to generate oscillations
continuously at a low power level, the modulating or keying process being
performed in a subsequent modulated amplifier. In redar practice, on the
other hand, it is customary to develop oscillations at a high level of pulse-
power, subsequent power-amplification being provided in relatively few cases.
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Such radar oscillators are always modulated, usually by an external uodulator,
though sometimes they are arranged to be self-modulating; any other
arrangement would involve excessive waste of power in the oscillator during
the quiescent inter-pulse periods, owing to the very small duty-cycle, and
would almost certainly cause interference with the adjacent radar receiver.
Power amplification is in any case only practicable for the longer radar
waves, and is not very efficient, whilst introducing additional tuning
adjustments; for centimetre wave radars there is little possibility of
providing such emplification. So the pulse-radar transmitter usually has an
essentially simple high~power oscillator, preceded by a pulse-modulator, and
feeding the aerial system directly. When the oscillator uses triode-valves
modulations may be performed in the grid circuit at low power, or in the
anode circuit at high power, but where magnetrons are used high~power
modulation is essential.

(8) The other main feature of the transmitter is the aerial system; this

may be shared with the receiver, or may be a separate radiator. Where a
common aerial is used special devices are needed to ensure that the receiver
is protected from the outpoing pulses, and to enable it to extract the naximum
available power from the radar echoes during the quiescent interval between
pulses. These devices take the form of gas-valve switches which automatically
route the outgoing or incoming energy through the appropriate chammels, and
which are operated by the high-power transmitter pulse. The transamitter
aerial determines the spatial distribution of the radiated signals whilst the
receiver gerial similarly determines how the receiver semnsitivity to echo
signals is distributed in direction; for most common aerial systeams these
directional characteristics are the same for transmitter and receiver, and
take the fo.ua of a beams  Beams of different widths are encountered in
different radar applications, as are beams which differ in other respects,
such as cross-section. The majority of beams conform to one or other of

the two basic types known as the "pencil-beam” and the "fan-beam". For uost
applications it is also required to be able to give these Leams a degrec of
mobility in direction so as to allow them to be steered, such stecriag being
carried out manually in some cases, and automatically according to a
systematic programme in others, this latter process being kmown as scanning.

(9) Another feature of the transmitter is its co-ordinate link with the
receiver, known as a "synchronizing" device. This may provide the receiver
with a synchronizing pulse whenever the transmitter begins to radiate, or way
in some cases work in the other direction, in which case e synchronizing pulee
produced in the timing-circuits of the receiver is used to initiate
modulation in the transmitter.

(10) Auxiliary parts of the transmitter include cables and couplings, power-
supplies and power-packs, contactor-vanels with protective devices, cooling
systems, aerial-turning drives and transmitter monitoring and test gear.
Some of these devices may be common to transmitter amd recelver when these
are, as is usual, in close proximity.

(11) The object of the radar receiver is to detect and to distinguish between
the echo-responses to the transmitted pulses, and in so doing to supply more
or less complete information as to the location of the source of each echo
investigateds To accomplish this task the radar receiver requires four
principal devices, a radio-receiver, a steerable-aerial, a time-measuring

device and a display-system.

(12) The usual receiver embodies the superheterodyne principle, though it
differs very markedly from the common commmnication receiver. In the vast
majority of cases it is designed to operate over a very restricted frequency-
band, corresponding with the associated transmitter. In practice this
means thet, apart froa the case of the longer-wave radars, all circuits
handling modulated signals (RF, as well as IF) can be pre-tuned, leaving
fine-tuning adjustuents to be made by control of the local-oscillator
frequency, either by hand, or, in some cases, auto@atically. Within the
receiver incoming signals must be examined to provide, as we have seen, two
Iinds of information concerning the selected radar target or targess.
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(i) VOLTAGE WAVEFORMS AT SELECTED PLACES

Typical pulse radar system
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Firstly there is data concerning range, which is entirely a matter of timing,
and is not primarily related to signal-aumplitude, providing this is adequate;
secondly there is data concerning direction, which is entirely bound up with
the direction in which the aerial beam is pointing, and which is functionally
related related to signal-amplitudes. Where accurate range-finding is a
prime requirement all signal-handling circuits must have adequate bandwidth
to ensure reasonable reproduction of the transmitted pulse, which should
itself have as steep a leading-edge as practicable, but where range accuracy
requirements can be relaxed, a smaller bandwidth will prove more satisfactory
for the circuits concerned with angular measurements. This state of affairs
exists in consequence of the effects of receiver noise, which set an ultimate
limi® to the performance of all radar equipment. The practice of providing
szparate channels for range and angle date from an early stage in the
receiver is, however, restricted to the most elaborate radars, and the usual
practice is to provide a commen channel for signals right up to the displaye.

Where the receiver has its own aerial it is, of course, necessary to
ensure that the transmitter aerial is linked to it in such a way as to ensure
that targets under investigation are properly illuminated (in direction and
polarisation)e A further requirement is to provide from the aerial mounting
an accurate indication of the angle, or angles, being measured. These
indications form part of the signal-display, and are the counterpart of the
range~-indications which come from the time-measuring unit. ’

é‘l}) The time-measuring device is required to provide a frame of reference

in time) commencing anew with each successive transmitter pulse, and against
which the time of arrival of any echo-pulse under investigation can be
determined. Many techniques have been exploited in finding alternative
solutions of this problem, where accuracy, flexibility and the provision of
smooth output-data may vary in importance from one type of radar to another.
Associated with the timing-circuits are devices known as "strobes" which are
essentially time-filtering elements. Such a strobe, according to its setting,
will indicate a particular brief period of time occuring at a prescribed
interval after each outgoing pulse, and will permit signals arriving during
such successive periods to be isolated from all others, wherever the
facility is required. Thus the association of a narrow aerial beam with a
correspondingly "narrow" strobe serves to isolate a particular small pocket
of space from the remainder and facilitates examination of its radar

significance.

(14) Display-systems form the output end of radar equipments, where the
data” collected from targets is collected together and presented in order to
permit appropriate action to be taken (Fig.H)s. A large variety of display-
systems have been evolved to meet the requirements of particular radar
problems, some to provide facilitlies for accurate measurement of the
individual position-coordinates of a single target on separate displays,

and others to provide composite information on a single display; when
associated with a scanning radar other displays aim to present a radar
picture of all targets within the zone under examination. Throughout

this field the cathode-ray tube provides a most versatile basis for the
vast majority of systems, and has no serious competitor where the compact
presentation of easily accessible data is a prime requirement. With the
tendency to supersede human operators by automatic mechanisms, however, as
in the field of automatic=-following radar, display-systems as such become
redundant to the extent that they can be replaced by instruments designed

to interpret radar-data and produce not only the desired output information,
but also to provide suitable signals to fit the input requirements of the
associated servo-mechanisms. Even here it is usual to retain an elementary
display in order to assist in the process of target-selection, or to allow
the operator to ensure that the appropriate target is being followed whenever
there is confusion, as, for example, with targets crossing, or when bombs
are dropped. In the case of many radar equipments which provide information
for use elsewhere, the display-system is assoclated with a reporting-system,
which may vary, according to circumstances from a telephone to elaborate
data-transmission systems, or to display-relaying systems.
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(15) Auxiliary parts of the receiver iaclude miscellaneous devices of the
types already listed for the transmitter, and, in addition, a common feature
is the range-calibrator. This device is usually provided when the ranging-
circuits do not themselves embody a primary frequency standard, and serves
as a check on the performance of these circuits. Other accessories may be
provided to give a simple overail test of the transmitter-receiver ensemble
without recourse to actual targets, from the standpoint of power and noise,
or to provide such a test by the use of standard targets. Externmal tests
of range and anrle may also be conducted by the use of special targets

at known rnints, and these additionally check radar-bearing with compass~
bearing.

7+ TABLEZ OF TYPIC.L RADAR EQUIPLZIIT PARAMETRRS

A few typical figures ars quoted in order ito give an idea of the iind
of nmagaitudes involved. The four equipaents concerned all operate in the
10ci. band and are briefly described as follows:i-

A. An airborne gun-laying radar equipment to control blind fire froa
the rear turrets of heavy bombers.

B. A daval radar equipment for anti-aircraft arnament control used in
destroyers and larger ships.

Ce Aray Heavy Anti-Aircraft Fire-Control equipment; Ilight-weight and
mobile giving automatic~following in elevation and azimuth, and
optionally automatic or manual-following in range.

D. Army mobile Marly-Warning or "Putter-on" equipment, to be used
in conjunction with a HeAJA. Fire-Control set, such as Equipment C.

Equipment 4 3 c 1)
Freauencies
Radiating 'St band 'S band 'S' band 'S' band
Pulse Recurrence 660 pepese 500 pepsse 1500 papes. 690 pepeSe
Interaediate 45 ide/s 60 Mle/s 60 Me/s 30 Uc/s.
Perforuance
Peak power 30 Xw 500 kW 200 kW 600 kW
Pulse width 0.5 sec. 0.5 secs 0.5 sece 1 sece.
Receiver Band-width L Mc/s 4 lic/s 5 Me/s 3 ifc/s.
Detection Range restricted to
1400 yd. 30,000 yd. 30,000 ydo 50,000 yde
for for
medium medium
boaber bomber
Accuracy
Range + 20 yd. + 25 yd. & 35 yd.
Elevation + 15 min. + 10 min. + 8 min.
Bearing + 15 min. + 10 win. + 8 min.
Target Discrimination
Range 1C0 yd. 200 yd. 500 yd.
Bearing 5 dege 4 dege 5 dege
Klevation 5 dege 4 dege
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8. Radar Roles

(1) Radar wethods lieve found apnlication in a wide range of service probleas,
and in this section we shall attempt a broad classification of the uwain
fields In the more direct applications of radar to warfare obvious
limitations affecting the desipgn of ground-based, sea~based and air-based
radar systems should be examined. Considering first those limitations
inherent in the nature of the base, ground-based systems generally suffer
least from space and weight restrictioas, but usually lack mobility (when
in operation), whereas air-based systems are subject to severe space and
weight liunitations, whilst enjoying considerable mobility. Sea-based
systems obviously occupy an intermediate position. The second factor to
be considered is the nature of the role: a significant classification
relates the nature of the base to that of the target, thus:=-

(a) - Ground-air
(b) = Ground-sea
(¢) ~ Ground-ground
(@) - Sea-air

(e)
(£)
(g) - Air-air

Sea~-sea

Sea=ground

(h) - Air-sea
(i) - Air-ground

(2) In any introductory chapter an exhaustive classification cannot be
atteapted, and it should be borne in mind throughout that the mobility of the
radar target as compared with that of the radar-base may be a factor of
considerable signifance in particular cases. Thus manoeuvrability of a
fighter in relation to its targets has a profound bearing on the design of an
air-borne radar aid to interception to which there is at present no parallel
in any grownd~based systems, whilst for sea~borne systems, manoeuvrability
is significant in relation to sea~borne targets, but has much less
sipgnificance in relation to air-borme targets. Should radar systems be
developed for active ewployument in wvehicles on the wove, these will occupy

a position somewhat similar to sea-borne systems in this respect, but with
many difficuliies even more acutely emphasised.

{(3) The ensuing ouatline of radar roles will be based primarily on other
characteristics, however, being concerned with the following problems:-

8s1 Detection

8.2 Searching

8¢3 Tracking

8.4  Beacon

8.5 Guidance and liavigation
8.6 Survey

8.7 uiscellaneous

8.1 Detecticn

(1) The detection of objects which intrude into the field of view, and the
provision of crude position data concerning them, is one of the less
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complicated problems in which radar wmay offer a solution. Simple radar
systems have been envolved to meet requirements of this character in such
applications as anti-~collision devices for aircraft and ships, iceberg
detectors, and cloud detectors. The corresponding detection problem for
vehicles presents oonsiderable difficulties due to the profusion of unwanted
signals (known as "clutter") which usually arise from the landscape, and which
serve either to mask the wanted signal or to render it unidentifiable.
Where the landscape is amenable, however, radar detection systems may still
find useful employment, as, for instance, within the confines of an airfield.
Another field of application occurs in proximity-devices for projectiles and
bombs, and here the problem is usually a short-range one. In such cases
pulse-radar solutions are usually impracticable and alternative radar
methods employing continuously-radiated waves offer an easier solution.

(2) Also in the detection class may be placed radar devices designed to
indicate movement. These rely on the Doppler-shift of frequency of the
received signals in relation to those transmitted, which is proportional to
the radial velocity of the moving object in relation to the radar transmitter-
receiver, thus affording a basis for the isolation of signals from such
moving objects from a background of other signals corresponding to static
objects (Fig.I)e Such discrimination falls off as the radial velocity
becomes smaller, and if sensitivity is increased to deal with very slowly-
moving objects unwanted interference uay arise from such factors as the
swaying of trees in a wind.

cw
TRANSMITTER —-——(1\\_\ TRANSMITTED ENGERGY

\\\
-~
~
~~
~<

o
__-=® TARGET

HETERODYNE e

OR BEAT __‘_.6.—4”' RE-RADIATED ENERGY
DETECTOR

AUDIO ~ LOUDSPEAKER
FRIGUENCY - OR OTHER
AMPLIFE INDICATOR

Fig.I: Block diagrem of C,VW, radar system using
doppler technique for moving target detection

8.2 Searching

(1) Here we are concerned with radar systems which are required to subject
an allotted zone of space to redar investigation with the object of finding
any radar targets which may exist within the zone, and of reporting upon
their position. In each case the degree of accuracy needed in the
information derived will exert a substantial influence upon the detailed
design of the system. Generally speaking, these systems oim at flexibility
rather than precision; they are encountered under such names as "early-
warning", "tactical-control", "putter-on", "reporting", "surveillance", etc.
Usually such systems employ scanning methcds and present the information
gained from a completed scen in such a way that all can be seen at once.

In many cases a complete scan involves the full rotation of a fan-beam
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about a vertical axis, giving complete coverage in bearing and partial
coverage in elevation (FigeJ)e The object in using a fan-beam with narrow
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Fig.J: Scanning using vertical fan beam

bearing and broad elevation-cover is to increase the bearing-discrimination
of the equipment and imprcve the accuracy of bearing measurements as
compared with the perforuance of a broader beam; at the same time broad
elevation-cover is required in order to reduce the time for a complete scan.
Deficiencies in elevation-coverage may be reduced by lifting the beam in
alternate rotations (or by more elaborate operations), at the cost of
increasing the total scamning time. Systems of this nature usually present
their output by meens of a "Plan-Position Indicator® (P.P.I.) in which targets
appear as bright patches on a cathode-ray tube, the distances of such
patches from the electrical centre of the tube being characteristic of the
slant-ranges to the corresponding targets, and the directions (from the
centre), of their bearings (Fig.H(ix)Sz? The use of long after-glow tubes
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REFERENCE SPHERE BY
AXIS OF PENCIL BEAM

DIRECTED FROM O

\ STARTING STARTING POINT
\ POINT OF OF A SCANNING /
\  NEXT SCANNING CYCLE Vs
\\cvcus /
\\ ///

Fig,K: Helical scanning
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provides the requisite retention of information throughout the period of a
couplecte scan. It is thus possible to indicate many radar targets existing
at the same time in a comuon display, and this has great advantages wherever
an appreciation of the general situation is required. On the other hand,
such systems do not.usually offer the highest grade of vrosition-data on
individual targets, partly because *hey give only intermittent glimpses of
each target, partly because the most accurate methods available for range

and bearing measurement do not readily lend themselves to P.P.I. display,

and partly because such systesms are most commonly designed to afford the
maximun visibility for weak target-sisnals a condition which limits the
range~accuracy for all targets. In addition elevation measurement is either
ignored, or attemped only in terms of fairly broad angular bands, as atteumpts
to scan by pencil-beams produce intolerably long scanning periods (Fig.K)
unless the zone to be scanned by one such beam can be effectively reduced.
Where there is a need for accuracy in elevation measurements comparable with
that of bearing, this is often met by the use of an auxiliary radar system
which specialises in this measurement and which can be steered from one
target-bearing to another from the main equipwent. Such a height~measuring
systew may employ a fan beam so arranged as tc cut across the fan beam
utilised for hearing weasuresent in the main system (Fig.L). A fora of
elevation-indicator commonly used to display height information in conjunction
with a fan-beam arranged to scan an elevation sector is shown in Fig.H(xii).
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Fig.L: Fan beam system for elevation sector

scanning,

(2) 4lthough the foregoing paragraphs would seem to imply that the radar
systens under discussion in this section exist on the ground (or sea) no
such restriction is inte.ded. Essentially similar systems are employed

in airborne roles, as, for example, in searching for surface vessels. This
is not unlike the anti-aircraft problem upside-down, apart from one
siuplifying feature, namely, the sea-surface, which contains all the sought
tergets and, therefore, re.aders elevation ueasurcuent wmecessary, height
(i.e., minimun range to sea) being readily available when required.

(3) The type of system described as fulfilling an anti-surface-~vessel

role yields interesting results when flown over land, as under this condition
the display reveals a primitive map of the terrain beneath, showing clearly
such features as coast lines, rivers, mountaias, railways, large buildings
and towns (Plate 2}). This property has led to the developuent of systems

of this character as an aid to navigation and boabing.
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(4) Another type of radar system falling into the searching group is
involved in the air-air role. This yields two different reyuirements, one
being primarily defensive, in order to give bombers due warning of approaching
air-attack, and the other, an offensive requirement to enable fighters to
find and engage their airborme targets. The former of these is mainly
concerned with rear aspects and the latter with forward aspects. If a
boumber has no defensive armament a simple warning-device may suffice, but
when guns are carried it may be very helpful to be able to anticipate the
angle from which an attack wmay develop. For both of these systems a

novel feature is the interest in radar targets above and below the horizontal,
which results in types of scan and presentation specially designed 1o meet

this requirement.

(5) Belonging to this class are certain radar systems from which a higher
degree of precision is required than for the wajority of search applications.
These are well exemplified by a growd-controlled approach system

for aircreft. In such a system an aircraft is controlled by instructions
from the groud which coumence as soon as it has been picked up at a
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suitable range by all-round search equipment of a common type. Thereafter
the pilot follows the instructions received from the controller, and, after
spending time on a circuit of the airfield (should this be necessitated by
traffic conditions), is guided into and down the special radar approach-
beams, until landing has been accomplished. During this latter period a
narrow sector embracing the approach-lane is rapidly scanned successively
in elevation and bearing by narrow fan beams (Fig.f). The associated
radar displays permit the controller to estimate continuously the position
and motion of the aircraft, and so to issue appropriate guidance, with the
object of procuring a -sare lamnding.

(6) In the radar-search field Doppler techniques have found fruitful
spplication where normal target-discriminating techni,ues have been
insufficient, and have been used to provide additional target-discrimination
on a velocity basis. Such conditions arise where there is excessive
clutter, as, for instance, with ground or sea-based radars operating at

low angles of elevation, or at very short ranges. A number of other
techniques have also been developed to meet requireuents of this character.
At the bottom of Plate 2 is shown the improvement nossible by use of
"lloving Target Indicator" systems where cancellation of permanent echoes
reveals the aircraft echees.

8.3 [Tracking

(1) Redar tracking systems are intended to follow continuously the movements
of a selected radar target, usually with the object of providing full and
accurate position-data of sufficient smoothness to enable rates of change
of range and of elevation and bearing to be reliably determined. This
requirement for adequate smoothness is important where predictions are to be
based on radar-data, as spurious rates may generate excessive errors even
when position-data is otherwise reasonably goode In order to secure a
high standard of performance more precise technigues are employed for range
and angle measurements than is customary for searching. Systems of the
highest accuracy, associated with long=-range weapons, utilise fine pencil-
beams, which are devoted to the tracking of single targets, this process
being accomplished automatically in many cases (Fig.N); and increasingly so
where consistent performance against high-speed targets is very much worth-
while, even at the cost of the extra complications in equipuwent necessary to
produce a fully-sutomatic radar fire-cantrol chain. lLess accurate
solutions can be tolerated where short-range weapons are involved, though
any saving due to possible simplification is offset to some extent by the
need for higher speed in target—acquisition and for faster turning-rates to

deal with crossing targets.
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(2) Somewhat similarly, in air-air systems the need for precision radar-
tracking is dependent on the effective range and accuracy of the weapons
provided; and thus, for fighters which use short-range barrage-fire radar
systems are primarily needed to enable contacts to be made, and the enemy
approached from a favourable angle. But where fighters are equipped with
longer-range guns of greater accuracy, precision radar techniques are
essential if such weapons are to be employed with maximum effect. In
comnection with the fighter-aircraft problem it should be stated, however,
that means of positive identification of radar targets as hostile or
friendly is a paramount requirement, and this is a major factor in controlling
the actual employment of blind-firing systems. For bomber-defence a
flexible fire-control system may be required in order to deal with assault
from any angle, and radar-tracking systems are commonly employed for this
purpose in heavy bombers.

(3) 1In the field of tracking instruments hybrid radar-optical systems also
exist, which give radar range and optical angle-datas By such methods
weight and space can be saved whilst retaining sufficient accuracy for the
problems they are designed to meet, though such systems are necessarily
limited to visuval targets.

(4) 1In certain applications, notably ground-sea and sea~sea roles, tracking-
radar systems may be employed for the correction of gun-fire. Such systems
consist in principle of highly accurate search-radars using narrow beams,
short pulses and restricted scans operated at high rates. Whilst operated
in such a way as to give continuous tracking of the target, they also expose
to radar view a suall zone surrounding the target, and within this area
splashes .rom falling shells give a transient radar-echo which can be
interpreted from the radar display in terms of appropriate gun-laying
correctionse DBy this means fire-correction by "bracketing" can be
accorplished with unseen targets. Similar results can be obtained in a
ground-ground role providing all the conditions are favourable, though
circumstances often make this very difficult or guite lmpossible.

(5) The development of autowatic tracking-aids has, as has already been
pointed out, helped o safeguard the quality of radar position-data and

of its rais of change under conditions of rapid change. Such systems way be
operated by ralar angle-data (automatic~aiming) or radar range-data (automatic-
ranzing), o by both (automatic-following). They obviously have special
significance in relation to airborne radar targets, whether attacked from
ground, sea or air; and also for ground or sea targets subjected to attack
from the air, though this presents much wmore difficult problem for sutomatic

systeuns owing to clutter.

(6) A radar-tracldng system which differs from those already discussed is
often used for the control of searchlights to aid in picking-up targets, and
to ensure that a beam of light embraces the target whenever it is switched on.
The object of *the system is thus to provide accurate aiming for the lamp, and
to control this automatically in some cases. Such a system is complete in
itself and is not normally recuired to give output data.  The angular
accuracy reuired uust be compatible with the beam-width of the lamp, and the
simple ranging circuits used are provided not in order to eunsure range, but to
pernit target discrimination on a range basis, thus assisting in terget
selcchlion, end in proving the quality of the angle-date which controls the
lamp wovementse.

8.4 Beacons

(1} The roles available for secondary redar systems (Fig.0) considerably
extend the facilities which can be derived from radar equipmente Dealing
first, however, with the primary radar roles already discussed it is evident
that eyuivalent secondary radar systems are conceivable, but that their
operation would be confined to radar targets .rovided with beacons: that is
to say from a sesrvice poial of view, such applications would have to be
confined %o frie.dly formations. On the other hand wider applications of
secondary radar systems way be déveloped for international use in commercial

32



Introduction, Sect.8 (8.4-2-%)

RADAR S P INTERROGATION PULSES BEACON
“ nrerroGatoR [T \BTTTTTTTTTToooos [ RECEIVER
SYNC

PULSES
RESPONDER

TRANSPONDER

RADAR

BEACON RESPONSE PU
nscg;;sn ---------------- 4-”__,,_—55_5 __________ BEACON
RESPONSOR ! TRANSMITTER

1
‘.
|
H
'
(MAY INCLUDE CODING AND

I
i
[
[
P
i LOBE SWITCHING DEVICES)
'
-
i DISPLAY -—

A COMMON FREQUENCY WOULD PERMIT THE USE OF COMMON T AND R AERIALS
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air and sea transport. Granted the co-operative target response, which is
implicit in all secondary radar systems, the most striking features which
emerge are, on the one hand, the enormous saving of power (which mean large
ranges for low overall power requirements), and the possibilities of using
coded responses to convey more explicit information concerning the target,
in addition to the usual radar positional data.

(2) The possibilities of coded response enormously extend the uses of redar
beacaons, and enable such devices to be used for detailed radar identification.
Special terms are often used to distinguish between the main items in a
secondary radar system, thus the radar transmitter becomes an "interrogator",
the radar beacon in the target a "transponder" or "responder", and the
redar-receiver, a "responsor".

(3) Redar beacons fall into two main classes, those which are required to
identify a place e.gegan airfield, and others which are required to identify
an object which has no specific place e.geya friendly aircraft. In the
latter case the usual object of the system is to identify hostile radar
targets and this problem can only be tackled negatively when radar
identification is the sole source of information; that is to say that radar
targets which do not give the correct secondary response must, by implication,
be regarded as hostile, in the absence of further information, whilst those
which do, must likewise be regarded as friendly. Occasions arise frequently,
however, when the position occupied by the identified friendly target is also
directly useful, as when radar .control of interception is being organised, or
radar control of boubing, in both cases from a relatively remote base or
bases. In each of these examples the radar system is used in order to
provide guidance, but to deliver the guidance in the form of instructions a
communication link is also reyuired, though this may be of a comparatively
elementary type if the number of possible instructions is reduced to a
minimum, and way possibly be incorporated within the radar system by some

additional modulation processe.

(4) For the other class of beacons, namely that providing identification of
places, a number of alternative roles are met. In one of the simpler
applications a beacon is intended to provide a rendezvous, as may be required
for aircraft or ships returning to a base, for beach-landing parties, or

to mark a dropping-zone for parachute or bombs, the received signal being
exanined to indicate the direct course to such a rendezvous, as well as the
distance to be covered. In a rather similar application, radar beacons

way be used to indicate zones to be avoided, e.gepa nined channel, or an
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bt

area where hostile submarinzs have heen repirted, or an area heavily defended

by gunfire.

(5) Other applications make uge of bLeacons in order to offer navigational
facilities. .\ single heacon at a known location would suffice for this
purpose in theory, granting sufficlenily accurate measurement of absolute
(compass) bearing, as well as ranpe. The bearing requireuent is not easy
to satisfy, however, particularly for aircraft, and much more sultable
navigational systems have been devised umeking use of wultiple beacons
(Fig.Q(i))s Thus with a pair of identifiable beacons at known locations,
position is accurately fixed as soon as tne two ranges have been established:
strictly with an ambiguity as to whether the position is to one side of the
base-line or the other, but this can easily be sclved, if troublesome, by
the crudest of direction~-finding techniques. Furthermore a system of this
character not only allows position to be fixed on a umap, so permitting wmore
orthodox navigation to ensue, but also provides a direct basis for
navigation in terus of the beacon signals themselves, and without recourse
to maps, providiug that the courss to be followed has beea translated into
the appropriate beacon range-coordinates. Extension of such a system can
lcad to remote control of bomwbing.

(6) One rather special applicztiio. of ralar-beacons is in the field of
beam approach devices ‘/herc a suitable beacon can be used to guide
approaching aircraft. 4n interesting feature of this system lies in the
enployment of directional recponses by the beacon, in contrast to the
all-round radiation usually cncountered. Here the beacon radiatian
alternates between two 1iage patterns which overlap, thereby defining an
equi-signal approach~path in bearing (Fig.P). Similar technigues have been
used in non-radar beam approach systems, which lack, however, the advantage
of continuous range-data nrovided by beacon systems. (Mhis systew may be
regarded as the counterpart of the precision angle-measuring techniques,
employed in most tracking-radars, known as "lobe-switching”.) 4n extension
of this technique can be wmade to further define the approach path in
elevation, but this wore difficult problem can only be satisfactorily solved

by the use of microwave beacons.
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(7) An intermediate class of applications for beacons is in the field of
devices to enable formations to be waiutaineu to an appropriate pattern; such
systems mey be applied to vehicles in open country, or to ships in open sea.
The comparable aircraft problem presents aany more difficuliies.

(8) of beacan systems in general it should be stated that, apart from
special requirements, they should be sensitive to interrogating signals
arriving from all bearings, and should likewise transait responses on all
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bearings. This can be'accomplished by employing omni-directional aerials
for beacons, or b, using coniluuously rotating fan-beam acrials, providing
that the specd of rotation is suitable. Another cowiaon reyuirement is that
they should be able to respond to any intercogation within a limited frejuency
band, to wmeet which it is necessary for the tuning arrangeuents to be varied
rhythmically in order to sweep the band at regular intervals. It is not
essential for the beacon response to be on (or near) the same frequency as the
interrogating pulse, though this is ¢ very coumaon arrangement.

(9) A characteristic property of radar beacons is that they remain mute
until interrogated, with consequent saving of mean power and rather better
security, though these gains are not very significant. Improved security
could be obtained if coded-interrogation were required, but this complication
would only be justified for very special purposes. Radar beacons are also
limited in the number of interrogations they can handle at one tiue, ilecuy
they are subject to traffic saturation. Ilore traffic can be handled by
reducing the recurrcnce-frequencies of interrogators, by cutting down the
tine devoted to interrogation, by using simpler response codes, and by the
use of rotatiig-beans, always providing that sufficient time remains
available to complete each interrogation under operational conditions.

3.5 Guidance and navipation

(1) 1In effect a system providing guidance issues instructions which are to
be blindly followed by the recipient without reference to other information,
or alternatively provides signals which act as a frame of reference against
which a programue of instructions, otherwise given, can be interpreted.

Such guidance may very well proceed without the recipient have any exact
knowledge of the gzeographical significance of the route being followed.

On the other hand a navigational system must provide a framework of reference
signals which can be positively identified with map references, i.e.ya system
of coordinates must be Gefined analogous to (though not necessarily in any
way identical with) latitude and longitude.

(2) In these fields radio (including radar) devices play a prominent part
for sea and air journeys and are finding application on land where conditions
are suitable. Some priwmary and secondary radar systems have already been
mentioned which can be used in guidance or navigational roles. Looking at
the >roblem mcre generally it is evident that where a radar solution is
employed for guidance or navigation this involves the provision of radar
transmitter and receiver in the craft to be steered, the incoming data
being provided either by natural echoes (primary radar) or beacon-echoes
(secondary radar), or alternatively the provision of one or more radar
trensmitters and receivers (with intercommunication in multiple systems)

at a base or bases, utilising the natural or (more usually) beacon-echo from
the craft to be steered, and with facilities for transmitting instructions.

(3) 1In the radio-navigation field, in addition to radar systems, there

sre other systems which do not involve the use of the radar-echo, as, for
example, the radio dircction-finding systewms slre«dy nentioned.  Other,

and more precise, non-radar systems are available, however, which utilise
the characteristic speed of radio-waves, though they only depend on one-way
propagation. From an engineering standpoint there way be strong resemblances
between uuch of the equipment used for such applications amd for true radar
systems: +this is a natural consequence arising from the euployuent of
similar techni.ues. One-way systews camnot normally be made 1o give true
range-data directly, but can compare the arrival-time of signals from
differeat sources, so that with synchronised transmission the recipient may
infer the difference between the two ranges without being aware of either
separately. In effect this information gives him a single position-
coordinate corresponding to a line dravm on a wap to represent all places
having this range-difference from the two transmitters. To complete this
system a third synchronised transmitter must be brought in from yet another
base to yield a further position~line, thus giving a "fix", which identifies
the nosi.ion wore coapletely. ladio-navigation systems can, when required,
be desisned to give accuracy of a high order in providing location as a mep
refereace, but are incapable of giving accurate height information uader

existing practical conditions. 35
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(1) The successful development of radar navigational systems has led very
naturally to consideration of radar systems for use in surveying. Here it
is essential to distinguish between a comprehensive radar-survey system and
one which makes use of radar-aids to control and evaluated survey-operations
carried out by means of air-photography. The radar-map is not nearly as good
as a carefully-made photograph, and can only be recommended when conditions
make photography impossible or undesirable, apart from its special value as
a training-aid for navigators who will make use of the same system for
navigation or bombing. In the other field systematic flight-programmes way
be regulated according to radar-data, and accurate position continuously
recorded alongside the relevant photographs, with other essential data. For
the most accurate work use can be made of wmultiple beacons to give range to
bases already surveyed; this method makes the most effective use of radar
data, exploiting the unique value of radar range-finding. With precision
equipment, survey of a high order of accuracy can be completed in a fraction
of. the time required for classical methods, though the very highest accuracy
is not attainable. Another survey application lies in the measurement of
base-lines; here the radar solution gives a rapid answer satisfactory for
all but the most accurate work, and again with enormous saving of time.

8.7 Miscellaneous

(1) A common type of radar system with ane special role is the radar
altimeter, carried by aircraft in order to measure height above ground or sea.
With a simple extended target so favourably situated and with the requirement
to measure only a simple coordinate, a fairly simple pulse-system is adequate
for most purposes, but will fail below a certain minimum heighte More
elaborate systems, which will work to within a few feet of ground or sea,

have been devised using frequency-modulation techniques: equipment of this
character is often called a "Terrain Clearance Indicator”.

(2) Other applications of radar systems occur in such fields as Ballistics,
Meteorology and Astronomy. In Ballistic work many problems arise in
cannection with the measurement of position, velocity and spin to which radar
solutions can be founde Such systems may differ considerably from the

type of systems already considered in that they can be designed to deal with
much more specific problems, i.ee.ythey are usually only concerned with one
target at a time of known character and with that target in an expected
place. These advantages permit radar techniques to be exploited in a
fashion which would not be practicable when dealing with many targets

moving in unforeseen ways.

(3) Meteorological science can employ radar methods in order to locate
clouwds, rainstorms and snowstorms and to plot their movements. Radar
observations of balloons also gives information of winds. As will be seen
in Sect«9, certain atmospheric conditions give rise to pecullar propagation
clroumstences which markedly affect radar performance at low angles. The
existence of these phenomens suggests the possibility of deriving
meteorological data from a study of propagation conditions through the
medium of radar performance.

(4) Redar measurements have been used to confirm some well-known facts
about the moon, and similar measurements may possibly be made in respect of
other heavenly bodies, though the number of these which subtend a
sufficiently large angle for practicable systems is rather limiteds 4An
astronomical field which has been found to yield copious information under
radar investigation is that concerned with the study of meteors entering

the earth's atmosphere.

9. Propagation

(1) The basic assumptions regarding radar propagation have already been
stated. TFor most radar purposes these can be taken as a ‘tolerable
approximation to the truth, though it is evident that radar performence at
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long ranges requires a more corprehensible explenation. In an introductory
chepter it will not be possible to do more than indicate one or two
circumstances affecting the propagation of electromagnetic waves close to
the surface of the earth which rust be taken into account in considering
such guestions. Rectilinear propagation is a concept taken over from the
field of geometrical optics - in a way, it may be said to represent limiting
behaviour as frequency tends to become infinitely large - and this idea
gives a useful approximation to natural events under appropriate conditions,
but a more exact correspondence is obtained through the study of refraction
and diffraction. The notion of the horizon plene (strictly a cone) is
very useful, and to a first approximation this divides the visible from the
invisible in a radar as well as an optical sense. Coming nearer to the
truth we should recognise, however, that the normal process of atmospheric
refraction makes the visible region rather more extensive; for radar
purposes this is often expressed in the state that to a normally refracted
wave close to the earth, the earth appears to have a curvature which is 3/4
of its actual value. Thus the fiction of rectilinear propagation can be
made to give more useful results by considering the radius of the earth

to be some 4/3 of its actual value over a region embracing the horizon and
going some little way beyond, retaining other dimensions at their natural
values within this region, of course. It will be seen that this factor
increases the distance to the horizon. Radar waves continue to hug the
earth bcyond the horizon because of diffraction, though this earth-bound
component is rapidly attenuated in coumparison with .the behaviour of
unrestricted waves, and the extent to which waves of appreciable amplitude
persist beyand the horizon is dependent on frequency, becoming less as
frequency rises. Diffraction thus adds very little in the way of working
ranze beyor. the horizon for centrimetric radar systems, but gives more
assistance to the longest radar waves. It is important to remember that
these considerations affect primarily the component of radiation travelling
in the immediate neighbourhood of the earth's surface and have little effect
or. paths which are not so restricted.

(2) Atmospheric refraction is not a stable phenomenon, and its magnitude

is highly dependent on meteorological conditions, particulaerly on temperature
and humidity-gradients. These factors may combire to give local conditions
under which a glaneing rey is refracted by just that amount which is necessary
to follow the actual curvature of the earthe This phenomenon is known as
"super-refraction”, and is associated in optics with the formations of mirages. .
For this to take place the appropriate conditions must apply throughout an
atmospheric belt whose minimum depth is determined for each frequency, and
which becomes less for the shorter waves. When the belt is established

a "duct" is said to exist and this will permit propagetion of waves within
the duct under highly favoureble conditions provided the waves are short
enough to be trapped. The unexpectedly large ranges at which radar targets
are somctimes detectable cen usually be explained as due to super-refraction.
It should be noted that whereas diffraction helps the longer waves, super-
refraction favours the shorter waves owing to the fact that ducts become
more rare as their depth increases, but that these favours, though handsome,
are somewhat fickle in their incidence over large tracts of the earth's
surface.

(3) As regards radar-measurements, the most significant effect of the
processes considered so far is to make angle of sight determinations rather
suspect for extremely small angles, but as these are in any case suspect
for other reasons, the additional complication is not very serious for most

practical purposes.

(4) Constancy of velocity of propagation should also be considered briefly.
Here it is sufficient to say that so far as unrestricted waves are concerned
arny effects due to atmospheric inhomogeneity may be ignored in practical
radar range-computations for comparatively short paths, but that in long-range
working with paths close to the ground or sea, a correcticn can be made to
allow for the slightly reduced speed encountered, in addition to making
allowance for the curved pathe These factors are of practical significance
in radio-navigation, particularly.at the longer ranges.
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(5) The ionosphere plays no significant part in most radar-propagation
problems, though the longest radar-waves are not too short to be reflected.
If it becomes necessary to increase the range of early-warning radar systems
very considerably, then the ionosphere might be expected to play an important
part in longer-wave radar systems, as it does in long-wave long-range radio-
navigations On the other hand, atmospheric absorption is quite negligible
for the longer radar-waves, but becomes very important in connection with
centimetric radar systems owing to the presence of broad absorption-bands
(due to oxygen and water vapour, particularly) in this part of the spectrum,
and these will seriously impair range-performance if frequencies are chosen
without regard to atmospheric transparency. A rather similar effect arises
owing to scattering by small particles in the atmosphere such as raindropse.
These also drain away energy from a wave passing through and not only weaken
the response of radar targets situated in or beyond the raincloud, but in
addition complicate the response to a target in the cloud as seen on a
radar-display by presenting with it all the associated echoes due to back-
scattering which arrive at the same time. Here too the longer radar-waves
suffer to a negligible extent whilst the problem becomes more pressing on the
shorter centimetric waves. In the region the situation is alleviated by the
use of short pulses and narrow beams, which serve to reduce the number of
interfering raindrop-echoes arriving at any instent.
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CHAPTER _1

LINEAR CIRCUIT ANALYSIS

1. INTRODUCIION

This chapter sumnarises those items of conventional electric
circuit theory which form the basis of the analysis in the remainder of
Part II. It consists largely of statements of results, and other texts
should be consulted if proofs are required. For present purposes the
circuit is regarded as a collection of components (or circuit elements)
interconnected by & mesh of short conductors and stimulated electrically
at localised places, the whole assembly being so compact that electro-
magnetic effects can be assumed to be propagated instantaneously within
this self-contained system. The behaviour of the circuit is described
primerily in termms of the potential differences existing between pairs of
"points" in the circuit and of the currents which flow through "points" in
the circuit; the word "point" here usually signifies the cross-section
of a conductor.

The symbol for a potential difference (or voltage) is v, and
that for a current is i,

The subject matter of this chapter is dealt with in the
following standard Service Reference Books :-

Admiralty Handbook of Wireless Telegraphy Vol. 1.

(BR 229)
bignal Training (26/Manuals/1451 and 1577)  Vol. II Parts I
and I1.
Roysl Air Force Signal Manual Part II.
(4P 1093)

References to particular passages are given in the appropriate
sections of this chapter.

In particular the matter of Sec., 12 should be taken as
supplementing, not replacing, the description given in the standard Service
Reference Books. The appropriate references are :=

ER 229. Chap. V. (Paras. 272-348).
26/lisnuals/1451, Chep. XXV. (Secs. 231-240).

26 Manuals/1577. Chaps. II and III. (Secs. 9-17).
AP 1093. Chap. V.

2. CIRCULT LAWS AND CONVENTIONS

Circuit theory is founded on two laws attributed to Kirchhoff,
One governs the relations between currepts and the other the relations
between potential differences in a circuit. These laws may be stated as
follows :-

(1) The slgebraic sum of the currents entering a point is
zero at any instant.

(i) The algebraic sum of ‘the potential differences

encountered in traversing a closed loop is zero at any
instant.
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Chap. 1, Sect.?2

Thus in Fig. 1, application of the first law with regard to
the currents i, i2 - :‘1.7 provides the following independent relations :-

(i, =i, -4 +di_=o0 Va_ s
1 2 b 7 fz\ s
ip+4i, =ig~1iy =0 ~
@ (27T
i, + iz - ig = 0 g o
Similarly the second . s
law, applied in respect of the /— 7 8 N /
potential differences vy, vy --viq, e o
provides the following independent v‘ 4 VT 5 s l"
relations :- * ’ ¢

i)
©

évl—vh—v-l—w@

X ¢ f. §) by

Vg = V5 = V19 =0 "
(11) Fige 1 - Typicel circuit containing
i1 active and passive elements.

i
(o]

V3—V -V8—V9""
§ -V8+Vlo =0

Although other similar relations may be available they will be
found to be implicit in those stated.

In the diagram tiree types of circuwit elements are indicated:

(a) a thin line denoting an ideal connector between other
elements, and providing no impediment to the current;

() & rectangular bux denoting a passive element, i.e. one
which normally impedes the current, and

(e) a circular box denoting an active element, i.e. one
which normelly drives the current.

The directions of reference for currents and potential
differences are indicated by arrows; those for the potential differences
are alongside the elements to which they refer, the tip of an arrow being
taken to indicate the terminal of higher potentisl, snd those for the
currents are superimposed on the comnectors, their direction indicating
the flow., (This is the opposite direction to that of the movement of
the electrons). It is ®mphasised that these directions are solely for
reference and correspond with actusl voltages and currents only when these
emerge from the analysis with positive values. It msy be noticed that
in a simple circuit having only one generator the voltage srrow sppears
to assist the current arrow through the active element, and to oppose it
through passive ones, although this useful relatior is only a consequence
of the above conventions.

Any closed path in a network is known as a Mesh, and the
application of Kirchhoff's laws cen be simplified by using the conception
of Mesh Current Components to replace currents through the elements.

Fig, 2 represents the same circuit as Fig, 1 when redrawn fram this point
of view; (the voltage arrows are omitted for the sake of clarity). The
current in any direction through a circuit element is the algebraic sum of
the components in that direction contributed by those meshes of which it
forms a part. Thus, by a comparison of Figs. 1 and 2 the following
relations emerge :—
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Chap. 1, Sect. 5

11=iA /_\
12=iB b
i3 = ig

R

o 3 SANES 5

These will be found to
satisfy equations (i), and signify
that the introduction of mesh . .
curre:m{ camponents Kirchhoff's Fig. 2 - Circuit showing mesh
first law is automatically satis- currents,
fied and the number of variables
reduced. The camponents also
simplify network analysis for
other reasons; but it should be remembered that they exist only as a
convenience in analysis, and cannot be endowed with a separate physical
existence in circuits.

Substitution Theorem

This useful theorem, of general application, isself-evident,
and may be stated as follows :-

4 part of any network, coupled to the remainder only through
its terminals, may be replaced without affecting the behaviour
of the remainder of the network by a system of idesl gemerators
of voltage {or current) which are arranged so as to preserve
the previously existing potential differences (or currents) at
the terminals. (The conception of an ideal generator of
voltage (or current) is considered in Sec. 4.)

References :
ER 229. Paras., 72 and 73-
26/Msnuals/1451 Sec. 136.
AP 1093. Chap. l. Paras. 31-38.

CHARACTERISTICS OF CIRCUIT ELEMENTS

3. Passive Elements

Circuit problems canpot be solved simply from a knowledge of
circuit laws; it is also necessary to know the characteristic properties
of each element in the circuit so as to be able to predict its behaviour
when subjected to any specific variation of voltage or current. Al-
though such properties mey on occasion be very camplicated, and express—
ible only in the form of experimental data, tabulated or presented by
means of graphs, there is a wide range of elements for which much simpler
specification is availables Thus it is found that for one class of
circuit elements the current i is always proportional to the applied
voltage ve Where this obtains the elements are described ag resistive
(or purely resistive) and are known as resistors. The rafio v is

i
called the resistance of the element, denoted by R. The appropriate
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R

circuit s; ol i. shown in Fig. 3(a). he result :- —NW—
RESISTANCE
@
% = constant (i.e. E is constant)
. C
is known as Chm's law. ——
CONDENSER
kor ancther type of element the b
current i is always prozortional to the rate
of change of the applied voltare, dv. Such QL“
at INDUCTANCE

(SELF INDUCTANCE)

elements are said to be capacitive and are
(©)

known ac condensers (or capacitors). Tie

retic i/dv  is calledC the capacitince of _
a § g
the element, denoted bv C. The apvropriate Mo et aNCE
circuit symbol is shown in Pig. 3(b). @
The result :-
—; = constant Fig. 3 - CGircuit symbols
at

(i.e. C is constant)

nas no particular name; it is the law for a condenser, and is usually
quoted in the form

where q is the charge on one plate,

For yet another type of element the applied voltage is always
proportional to the rate of change of current, di . Such elements are
at
said to be self-inductive, and are known as cails (or self-inductors).
The ratio v/ di is called the self-inductance (or simply the inductance)
at
of the element, denoted by L. The appropriate symbol is shown in Fig.3{c).

So far all elements considered have had one pair of terminals;
but there is another type of inductive element with two pairs, having the
property that if the current through one pair Epri.mary) varies, then a
voltage is established between the other pair (secondary), which, on open
circuit, is always proportional to the rate of change of the primary current.
Such elements are known as transformers (mutual inductors) and the ratio
v {secondary) is called the mutual inductance, denoted by M. The

S (primary)
appropriate symbol is shown in Fig. 3(d).

These last two results, of the fom

a;:_L"-— = constant ( i.€., L or M is constant)

at
are a consequence of Faraday's Law of Electromagnetic Induction, which
states that the induced EMF is proportiomal to the rate of change of the
flux turms threading a circuit.

Actually no elements conform exactly and under all circum-
stances to the ideal concepts of resistance, capacitance and inductance
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vwhich have been defined, L % FIRST

though some may do so con ° 00 APPROXIMATION
OF —0 R L

nearly enough for WIRE AN 000 ——0 ,  SECOND

practical purposes within R L

& more or less re- THIRD

stricted range of ELEMENT Y APPROXIMATION

circumstances, Other @

elements may exhibit
behaviour which can be

simulated by combina- C
tions of ideal elements, o————F——— soprdumATioN
the degree of simulation CONDENSER |—0 R
st prri e o o et
complexity of the
"equivalent network®, R

. - .
%g‘;ﬁ a:: Fl” 88e t}(;:-l eand ELEMENT C’—\QQ.Q/—QZD_Q Appgg;mmorq
s:ccessive approxi- )

mations to simulate the

properties of a coil of

wire and of a con~ Fige. 4 - Equivalent networks : successive
denser, respectively. approximations.

It should be clearly

understood that such

representations serve a

most useful purpose as

equivalents, but that

identification of parts

of the representation with parts of the component represented is by no
means always permissible, and that such pointe in the equivalent circuit
as the junctions of R and L in Fig, 4(a) have no physical existence.

Circuit elements which may be represented adequately by an
equivalent network mede up of unvarying resistance, inductance and
cspacitance are known as Linear Elements, and circuits whose passive
elements are all linear are known as linear circuits or networks.
Subgect to limitations, the theory of linear circuits may also be applied
to circuits in which the fundsmental parameters, resistance, induct-
ance and capacitance, are functions of applied freguency or of time:
specification of these limitations is beyond the scope of the text,
except to state that the more gentle the variation of parameters, as
compared with the mode of exciting the circuit, the more accurate is the

anslysis.
References
BR 229, Paras. 58-68 and 128-183.
26/Manuals/1451, Secs. 127-133, 185~202 and 60-72.
AP 1093. Chap., 1. Paras. 26-30 and 47-58.
Chap, 2., Paras. 24~43.

4o Active Elements

Active circuit elements are primarily sources of electro-
motive-force snd are ultimately responsible for sll the electrical be-~
haviour displayed by actual circuits., The voltage developed at the
terminals of an active element is not the same in general as the EMF
generated, the difference between these quantities being ascribed to
losses in the element itself and arising from internsl impediments to
the current established.
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For a comprehensive circuit analysis it is therefore neces-
sary to know the voltage which would be developed at the terminals of
each particular gener-
ator under all
conditions of load.

Just a8 it has been
found convenient to Vioan

v
describe the prop- l - . g
erties of a passive -Jg‘ﬂ—o—o-" --L&‘iO— o---
element in terms
of an equivalent net-

Vorop
-

ACTIVE ELEMENT IDEAL INTERNAL
work, 80 it is help- GENERATOR  IMPEDIMENT
ful to replace an
active element by Vioap =V=Vorop

an equivalent oom-
bination of elements

in which the prim-
ary action (gene- Fig. 5 - Representation of an inactive

ration of RMF) is element : constant voltage

ascribed to sn idesl equivalent network.,
active element, de- .

void of loss, asso-

ciated with a pass-

ive elenent, re-

presenting the in-

ternal impediment; (see Fig, 5). For many practical active elements
the internal impediment may be represented by a linear network, and
further, the characteristics of the ideal generator may be found to be
independent of load; both of these qualifications materially simplify
circuit sanalysis. The ideal active element of Fig. 5 may be termed a
Constant Voltage Generator, as it delivers an EMF as stated under all
conditions of losad. An alternative equivalent representation is shown
in Fige 6, in which the idesl active element may be described as a
Constant Current Generator, in that its function is to maintain a
current as stated undor all comditions of load.

The idea
of a constant, cur-
rent generator may
seen rather curious
to those who natur-
ally regard potent-
ial difference as Vioso |
cause and current as g O

effect. In circuit -.'b"‘_DO__Q___ __ltom .
snalysis, however,

it is only the re-
lations between these 'oroP

two quantities which INTERNAL

have special signifi- fLoap = | = Iprop IMPEDIMENT

cance, and it is not

necessary to assert

that either notion is Fig. 6 - Representation of an active element:
more fundamental than constant current eguivelent network.
the other, Thus the

notions of ideal

voltage generators

snd ideal current gene-

rators sre equally

feasible,

IDEAL GENERATOR
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References
BR 229. Paras, 49-54.
26/Manvals/1451l. Sec, 117.
AP 1093, Chap, 1, Paras., 17-22,

LINEAR CIRCUITS

5 General

Linear circuits are those in which all passive elements (includ-
ing those representing the internal impediments of active elements) can be
remresented by equivalent combinations of resistance, inductance and
capacitance, i.e. clrcuits whose behaviour is governed by linear differ-
ential equations relating voltage and current. Circuits to which this
restriction cannot be applied are generally termed Non-Linear (or Non-Ohmic),
and the analysis of their behaviour is usually complicated.

Certain results hold in the field of linear circuits which do
not in general permit of wider application. These are stated below in the
form of circuit theorems.

6. Superposition Theorem

In a linear network the current at any point (or the po-
tential difference between anmy two points) may be regarded as the alge-~
braic sum of the corresponding currents (or potential differences)
produced as each generator in the network is considered to operate in-
dependently with all the others suppressed.

To suppress a generator, in this sense, means to reduce its
output te zero without affecting its internal impediment; this may
be regarded as equivalent to short-circuiting the ideal voltage gene-
rator (or open-circuiting the ideal current gemerator) in the equi-
valent circuit of an active element; (see Figs. 5 and 6).

7. Reciprocity Theorem

In any passive linear network the current produced at one
point as & result of inserting an ideal woltage generator at another
is identicel with the current which would be produced at the seocond
proint by inserting the ssme generator at the first. Similarly, the
potential difference arising between any pair of points from bridging
any other pair with an ideal owrrent gemerator is identical with the
potential difference which would arise between the second palr of
points by bridging the first pair with the same generator.

REPRESENTATION OF SINUSOIDAL CURRENTS
AND_VOLTAGES LINFAR CIRCUITS

8¢ General

Throughout this volume a capital letter (e.g. V) is used
to denote any voltage or current which in the circumstances may be
taksn as remaining constant over the interval of time considered,
Where the quantity under discussion varies it is denoted by a small
letter, (eege ¥). Thus, ‘

v=f (t)
is the relation indicating that the velue of v at any instant t can be
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expressed as & function of t. In the particular case of a sinusoidal
function, v might satisfy the relation

A
v=vsinwt,

v denoting the smplitude, or peak value,of v, and W the angular fre-
quency, which is 2Xf, where f is the frequency of the oscillatory volt-
age.

For the remainder of this chapter we are concerned with the
analysis of linear networks which are subjected to steady sinusoidal
voltages, emphasising in particular those points which are useful in
subsequent chaspters and which are not stressed in the references quoted.
The behaviour of circuits which are not linear or which are subjected
to other kinds of voltage-variations is discussed in other chapters.

The importance of the sinusoidal voltage in this field is
due to the ease with which the results for all types of circuit elements
can be specified in simple form., Thus, in any linear network sube
Jected to one or more sinusoidal voltages of the same frequency the
current at any point and the voltage between any two points are also
sinusoidal (of the same frequency) and can be specified in terms of
amplitude and phase, measured with respect to one of the generators.
This form of specification also avoids an undue emphasis on the instan-
taneous values, which have rarely any special interest, notwithstanding
the fact that they represent the actual events occuxrring. The commonplace
oexistence of sinusoidal voliages gives added importance to this type of
analysis,

In building up & sinusolidel anelysis of circuit behaviour, the
trigonometry assoclated with instantaneous values is commonly avoided by
the use of vector representation, in which instantaneous values are
regarded as the instantaneous projections of rotating vectors. Such
vectors sre used to represent voltages and currents, length representing
amplitude and direction representing phase. Phase difference is
represented exactly by difference in direction of two such vectors.

By the use of complex numbers the geometry of such vector
diagrams cen be expressed in algebraic form. For instance,

is= ?.E Jwt + 4)
! . A
represents a vector diagream in which a vector of 1ength. i, passing through
the direction # at zero time rotates with angular velocityw. Now

’{Cd(wt*m=’£/:os(wt+¢)+jsin(wtd-ﬁ)]

the term 1 cos(wt + @), (known as the Real Part) denoting the project=
ion on the horizontal sxis, and the tem j 1 sin(t + @) (known as the
Imaginary Part), the projection on the vertical axis. This enables
vector treatment to be translated into the actusl instantaneous values
at any stage by considering the real parts of the expressions for
voltage and current, The use of ocomplex numbers in expressions infers
that voltage and current are also specified in similar terms, and the
rewording of the results in terms of real voltages and currents is
often left to the reader; this is a common practice in electrical text
books,

For convenience the representation on a diagram of such a

v =Jgiet -

is denoted by an arrow, thus; v,

vector as
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References
BR 229. Paras. 339-348
26 Manusls /1577, Chap. II. Appendix I,
AP 1093,  (Chap, V.

9. Comrlex Juantities

Fig. 7 represents a vector T which is shown in relation to
a pair of perpendicular axes; the horizontal axis is called the Real
axis and the verticel axis the Imaginary axis. Vectors drawn parallel
to the imeginary axis are prefixed with j to denote this direction._
Thus & represents a step of smount & parallel to the real axis and jb
& step of amount b parallel to the imaginary axis. Combining tbese
steps the resultant becomes & + jb represented in the diagram by 7.
Hence we can write

— - —
r-a+ jb (Cartesian form).
In analysis the srrows

are omitted, so thet the express-
ion is written

IMAGINARY
r=a+ jb AXIS
Alternatively, T is & ) /\
vector of length irl making a Jb"'"““\; “““ 1
direction 6 with the real axis, ) N |
and can be thought of as a i / 7 - )
vector of length (r , origin- < r i
ally lying along the real axis, ‘ 9 ! _ REAL
which has been rotated through 19 a AXIS

sn angle 6. The guantity re-
presented by (r! is called its
magnitude, whilst @ is sometimes

conveniently referred to as its
phase. Two notations can be Fig. 7 - Representation of a vectgr,

used to denote this process:

(i) r=1x1 fo_ (polar form)
or (1) r= m g 99 (exponential form)

The latter form is used in this wolume,

We can thus write
r=a+ = |r| eje

lrl cos © + J ir|sin 63

whence, 8 = |rl cos ©

and b = irl 8in ©

On the other hand, r =,/ g2 + p2

and ten 6 = b,
a

Ve may use complex numbers to represent the effects produced
by sinusoidal voltages and currents if the numbers are cerefully inter-
preted es explained in Sec., 8. For these applications, r becomes v or
i, whilst (x| becomes (vl or I|il. Since vl or (ii is egqual to the
maximunm or peak velue of the real part ofAthe voltage or current, it is
more convenient to use the symbols ¥ and 1 in place of Iv) and 1il.

o1



Chap. 1, Sect. 9

For both current and voltage, © varies uniformly, executing
one rotation per cycle, and has angular velocity w = 2nf. Thus,

v = 983(0’*‘ + ¢1) and i= 283(“”“ + ¢2)
represent a voltage snd & current of amplitudes ¥ and /:t and phases
Wt + ¢1 and wt + ¢2 respectively, the voltage leading the current in
phase by the angle
wt + # - (@t + &)

= ¢1-¢2'

Ve may also use complex numbers to denote the ratio between the vectors
representing voltage and current. Thus

Agj(‘*’t + %)

v v

T TIcwt + )
= ?_85(¢1 - ¢2) .

i

This new vector v is stationary sand is ususlly denoted by z = ze ¥

and g = ﬂl - ¢2 R
2z can also be written in the cartesian fom

z=R + JK,

where R and X correspond to the Resistance and Reactance enocountered
in the usual analysis.

Care must be taken in using complex numbers to represent
voltages and currents in calculations involving power., For exsmple,
if the instantaneous value of the voltage applied to a losad is in-
Jdicated by the real part of

snd that of the load current by the resl part of
i = €30t + 9))

then the instentaneous power consumed by the load is given not by the
real part of the product vi but by the product of the reo.l parbs of v
and i considered individually. Its mean value is $%1% ocos(A- f2).
Cos(#y, - @) is celled the Fower Factor 'of the load. (In generel the
Power Factor is defined as the ratio of the'mean power consumed by the

load to the product of the RMS (Root Mean Square) smplitudes of the
load voltage and current. For sinusoidal variations the RMS value

(VorI)isl_ times the maximum value, so that
2

Vi= =1%% )

1<>
*
N>

N

0?
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10, VYeotor Diagrams

Fige. 8 represents a voltage given by

v = 98 jwt
as a vector of length ¢ and rotat- IMAGINARY
ing at an angular velocityw. Vhen AXIS \m
several vectors are to be compared,

representing sinusoidal voltages
or currents of the same frequency,
it is usual to replace the diagram
of rotating vectors by referring
all the vectors to one of the set
as a reference vector. This is
normally drawn along the horizont~ Fige 8 - Rotating vector.
al axis, and each of the other
vectors is given the appropriate
length and phase compared with
those of the reference vector;
(Fige 9). All vector disgrams in
this volume representing voltages
or currents are of this relative
type unless otherwise stated.

REAL
AXIS

For convenience, when
corparing vectors a vector may - -
be transplanted to any origin in v,
its plane, since the orly sig-
nificent quantities are length and
direction, and provided these
remain the same the significance
is unaltered.

Fig. 9 ~ Relative vector diagram.

Vectors are added as
indicated in Fig. 10(a); \

O?'l'ﬁ’:ao

To subtract one
vector from another the vector
to be subtracted is reversed in 5 >
direction and the reversed vector
is then added to the other. (@

Eege, referring to Fig. 10(b),

— —_— — —_—
OP - 0Q = OP + FR A
R P
= OR. *
[¢] - - >Q‘
PR= -0Q
(b)

Fige 10 - Addition and subtraction
of vectors,



Chaps 1, Se. t 11

IMPEDANCES AND ADMITTANCES

1l. Generxal

As expleined in Sec, 8, if w and i are oomplex quantities
representing respectively the sinusoidal voltage spplied to a linear
two~terminal network and the cwrrent which flows through it, the ratio
¥ is a complex number called the complex impedeance, or, more simply,
i

the impedance of the network, It is denoted by the symbol z, The
phase angle of this impedsnce, which is the sngle by which the voltage
vector leads the current vector, is denoted by @, and the magnitude of

z by 2.

Th
e E=Z€J¢.

(In this volume the phrsse "magnitude of the impedance" is
used to denote Z; +the common but somewhat confusing practice of using
the word Impedance to denote both the complex mumber z and its magni-
tude Z is thereby avoided)., For a passive network @ mey have any
value between * 90° (X T radisns). If 0<@ £ 90° the network is

2

inductive; for - 90° £ <0 the network is capacitive,

If @ = £ 90° the impedance is purely reactive and masy be
denoted by z = JX, where X is the reactence. Such an impedsnce is
presented by an ideal coil of inductance L, where X =wL, (¢ = + %°),
or by an idesl condenser of capacitsnce C, where X = - _1 , (@ = - 909),

wC

In practice coils and condensers possess resistance, and the imped~
snce is correspondingly modified; (see Sec. 3).

In general the series resistance R is the real part and the
series reactance X the imaginary part of z, so that 2 =R + X,

The steady state of a two~terminal network in response to a
sinusoidal voltage of given frequency is determined exactly when the
magnitude Z and phase angle @ of the impedsnce are known.

Alternatively, it msy be simpler, particularly when deal-
ing with parallel combinations of networks, to conduct the analysis
in terms of admittances rather then impedances. The ratio i/v is a
complex number, celled the (complex) admittance of the network, and is
denoted by y. Hence y = 1/z and gae magnitude of the admittance is
given by Y = 1/Z, so that y = YE -,

The real part of y is called the Conductance and is denoted
by G, and the imaginery part is called the Susceptance, denoted by B.
Thus

y=G+ JB.

The susceptance of an ideal coil of inductence L is - 1/0L, and that of
sn ideal condenser of cepacitance C is wWC., For an ideal resistor of

resistance R, G = 1/R.

Further comparisons between sdmittances snd impedances are
made in Sec. 15.

It should be borne in mind that knowledge of the magnitude
and phase angle of an impedance (or an admittence) gives no knowledge
of the nature of the camponents forming a two-terminal network. It
merely indicates the overall effect at the frequency considered.

24
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12, Helmholtz's, ipevenin's or Hortom's Theorem

This theorem, variously attributed, wholly or in parts, to
the above-named scieniiszts, may be stated as follows :-

If a linsar network can be divided into two parts, coupled
only by a pair of conductors (Fig.11(a)), then either part (removed network)
may be replaced, without affecting the behaviour of the other part (remaining
network), by the substitution of

{i) A constant voliage gemerator, giving the opem~circuit
voltage Voo 8t the terminals of the removed part, in
series with its output impedance z ; Tig, 11(b)); or

(41) A constant current generator, giving ths short-cirouit
cuwrrent ige at the terminels of the removed part,
shunted by its output impedance zg; (Fig.1l(e)).

——m
[ ]

NETWORK NETWORK
T0 BE T0
REMOVED REMAIN

(@) ] —0- j

REMAINING
NETWORK

Voc ™~

(b) ©

z REMAINING
s NETWORK

(©)

-eem o '<|) T
2] [z I
o = 0
RO vnfé)
—— ———a bm o —

Fig, 11 -~ Helmholtz's, Thevenin's, or Norton's Theorem;
Schematic represenmtation.
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The output impedance 2s is defined as the impedance looking
into the terminals of the removed network when all its generators are
suppressed; (see Sec. 6 for this use of the term "suppress"). ~

This theorem can be extended to networks in which the two
parts referred to are coupled by any number of conductors.

It is legitimate to alter the make~up of the remaining
network after substitution has been made for the removed network, as
the latter is replaced by an equivalent combination of elements which
sre independent of the former. (Note that such variations cannot be
made when the Substitution Theorem (Sec. 2) is employed, without
re-specifying the substitute generators).

As an exsmple of the above theorem consider the circuit
shown in the left~hand diagram of Pig., 11 (d)e Each shunt branch may
be considered as a constant-voltage generator (v,) in series with
its cutput impedance z,. To calculate the output voltage v, replace
each branch by the equivalent representation i.e. a constant-current
generator, giving the short-circuit current i,, shunted by the output
admittence yr. The resultant current isZi, and the resultant admitt-
ance Zy.

Henoe v, = Z iy

Zy.
But i, = vp/z,
and Yo = 1/zp.
Vr
Hence v . Z g
O T comtrm——
A
z3,
The above result holds equally for DC, and may then be quoted in the
fom v
= r/Rr
V.= —

13, Star-Delta Transformation

This useful trensformation is illustrated in Fig. 1l2. Any
three-terminal linear network excited at a single frequency may be replaced
in the steady state by either of the farmes shown at (2) and (13; the
arrangement (a) is called a Star (Y) network, and that at (b) a Delta ( )
networks If at such a frequency the impedances forming the Star-network
are zq, 2zp and z3, and those forming the Delta-network are z,, z,, and z,,
as shown, the conditions for the networks to be equivalent may be written
in eithsr of the following forms:-

Za _ 5122+5225+232l
)

2, = Z) 2y + Zp Ty 4 2y 3y
2y

2.1224—:223-»257.1

3

ob
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or inversely:-

OnN

xla nbac

o N

22' 8 C 0
la*ﬁb-i-ZO

za Zrb @ Z3

Z 4+ Iy + T
‘zb

[+

In filter theory
similar networks are often de-—

noted by the terms T (for Star)
and ¢ (for Delta).

14, Series Networksa

It may be con-

venient to represent a two-
terminal network by a simple
series arrangement having the same
impedance as the actusl circuit.
If this simple circuit consists
of a resistance Ry and a reactance
X in series, as shown in Fig., 13,

we have Fig. 12 - Star-delta transformation.
2 = Rg + jXB

2 - g2 2
Z _Rs +xs

and tan @ = Xg
L

Since Cos § =_Bs_ , . 3 /\ ‘T
g - ‘ !
Z =R, secf, i

N

The powser factor of the network (@
is cos f£.

.

For an inductive network, piy 13 _ Simple series network.
represented as a resistor of resist-
ance Ry in series with an ideal
coil of inductance Lg,

Xg =L, so that

tan ¢ = Wlg

For a capacitive network represented as a resistor of resistance Rg in
series with an ideal condenser of capacitance Cg,

X, = - _2% _ sothst
8 wcs ?

tmd = - —.—.]-'.-—-—o

WCq Ry
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15, Parsallel Networks

It may be convenient to represent a network by a simple
parsllel arrangement having the same impedsnce as-the actual circuit.
If this simple circuit consists of a conductance Gp and a suscept-
snce Bp in parsllel, as showm in Fig, 14, we have

y =Gp + jbp
2, n2
xzsc-pusp

B o
mdtmﬂ-—-aﬂ- */\
P 4
Gp H /

Since Cos ¢ = %D_’

5 l..———— Gp —=
Y = Gy sec 7. @ ®

Fig, 14 =~ Simple parallel network.

1

¥ sBeA Ep

The power factor is, as
before, Cos @.

For an inductive network, represented as a resistor of
reactance Rp in parallel with an ideal coil of inductance Ly,

1
GPxITl_ and By, = -oJLp » 80 that
P

tan g = Bp |
oLy
For a capacitive network represented as a resistor of
resistance R, in parsllel with an ideal oondenser of capacitance Cp,

Bp = wGp, 80 that

tan = - wG Rp .
16. Q - Pactor of a Component

This factar is commonly used to indicate the goodness of a
reactive component,

Reactance frequens
For a single camponent the ratilo Resistaroe at any qu Yy

is called the Q - factor of the component at that frequency. A practicel

coll cen be remresented appraximately by an ideal inductance L in series

with the resistance R of the coil; (see Fig. 4(a)). In this case the Q of

the coil is XL _ L. It follows from Secs. 14 and 15 that Q = ten g ;
R R

also that if the component were to be represented for convenience as
a pure susceptance in parallel with a pure conductance, Q would be
given by |Susceptance|. Since for a condenser this latter repre-

Conductance
sentation is more common, &s indicated in Fig, W&(b), the Q@ ~ factor of
such a condenger is given by

Q = .."‘.I)Q_.. = wm.

R

o8
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Klthough the sbove formulae Suggest that the Q of either
component is proportional to frequency, in practice this is not the
case for the following reasons s=

(1) The representation adopted is approximate only and
is not accurate at very high frequencies., TFor
exsmple, the shunt reactance of the self-capacit-
ance of the coil reduces the effective inductance
and eventually the coil resonates with its self-
capacitance as a parallel resonant circuit.

(ii) The resistance of a coil is not constant, but, owing
to skin effect (which causes the current to be forced
more and more towards the surface of the conductor)
increases as the frequency rises.

For these and other reasons there
is a maximun value for the Q -
factor of any coil (or condenser)
occurring at a definite fre-
quency; (Fige 15)e Practical
values' for the Q - factor of a
coil for use at radio fre-
quencies c¢f seweral megacycles
per second are from 50 - 200.
The higher the walue of Q the
narrower is the frequency band
over which it is maintained,

The @ - factor for

an air-spaced condenser is very
large compared with that of a

A factor of a coil with fre .
in the condenser are due almost & uency
entirely to the dielectric.
However, @ is still ususlly much greater for such a condenser than for
the coils used at the same frequency, and since

Q= [ten | sand is large, @ == 90° and [tan @] = “"eo::a '

Eence the Q@ - factor of & condenser with a solid dielectric is

approximately equal to 1, where F is the power factor of the di-
F

electric, This may have a walue from 100 to 5000,

17. Bguiwalent Series and Parallel Networks

A two-terminal network may be represented at a single
frequency by -

(1) sn equiwalent series combination, or
(ii) an equivalent parallel cambination,

of simple components, as described in Secs. 13 and 14, In either
case the impedance of the equivalent network must be the same as that
of the actual network, having the same magnitude and phase angle,

Suppose z is the network impedance, of megnitude Z and
phase angle ¢, and y the admittance, of magnitude Y. Let the
equivalent series combination consist of R; and X in series, and

the equiwvalent parallel combination of Gp and BP in parallel, The
follcwing relations then hold t-
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e

W Y

R' = 2 cos y’

%s Y cos g,

Henos B, G = cos? ¢
= 2 1
or R = Rp cos® @, (where B, =§_).

Also, since X, = R, tan ¢
and By = = G, tan ¢,
xaBpx-tanzﬁcolzﬂ

=-sim2¢

Hence x,=xpsin2¢,(merexps%_

The relations R, = Rp «:os2 Z,
spd X = X, sin’ ¢

make possible a rapid conversion from a series to a parallel arrange-
ment or vice versa.

When the network consists of a single coil or condenser of
large Q we may write tan §# - Q where Q>>1.

Then sin® ¢ = @2 = 1

l+Q2
adocos’d = _1 _ &= 1,
1+ Q2 Q2

The equations relating series and parallel components may then be
written

. 2
Bp= UR

snd XP ér: xs.

18, FREQUENCY CHARACTERISTICS OF TWO-TERMINAL NETWORKS

Certain properties of simple ‘linear networks with small
losses can easily be deduced if the presence of resistive components
is neglected, and a first spproximation to the behaviour of the net-
work can thereby be obtained, The impedance of any of the remaining
elements, or combination of these elewents, is then always reactive
(or, in particular cases, zero or infinites.

For exsmple, the reactance X of an ideal coil is WL,
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and this is directly NETWORK REACTANCE CURVE
proportional to fre-
quency; (Fig. 16(a)).
The reactance Xg of an
ideal condenser is 0—{09 —0
-l_ and is inversely

we

proportional to fre- (@) ° f
quenoy, so that a
graph showing the x
variation of Xg with

£ is a rectangular ° f
hyperbola; (Fig. 16 —_—
(b)). The variation c
of the resultant re- o—{}—o
actance of these two

in series is found by

adding the ordinates ®)
of the curves (a) and

ib;, and is shown at

c

For a
certain value of f
given by fr, where /
L Cc [ f
LD:IA. = w"i"é' s i J—o fr
ie.c.
wr = _;ﬁ , ()
so that Fig, 16 - Reactance curves oz w=imple
non-resistive netvor..s.
fr = . ]
2T/ 1LC

the resultant reactsnce of L and C in series is zero. Thiz frequency
is called the Resonant Frequency of the circuit. For lower frequencies
this circuit, formed of ideal reactive oomponents, is purely capacitive,
snd for higher frequencies, purely inductive.

For parsllel circuits it is more convenient to use sus-
ceptances instead of reactances, The susceptance By, of an ideal coil and
Bg of sn ideal condenser vary with frequency as illustrated in Fig.

17(a) snd (b) respectively, snd the resultant susceptance of the two
in perallel is formed by adding the ordinates of the curves (a) and
(b)e This resultsnt is shomn at (c)e As for the reactance curve of
the series circuit, this curve has a position of zero susceptance at
the frequency

1

2 L/ LC

called the resontant frequency of the parallel circuit. For lower
frequencies this circuit is purely inductive, snd for highér frequencies,
purely capacitive,
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If the
susceptance of any
combinetion of L 8
and L is known the
reactance may be
obtained by taking
the reciprocal of o— 000 —o0
the susceptance and
changing its sign,
since for a purely
reactive impedance
X= -1 .+ The @

B
converse process
also holds. Equi- 8
valent reactance
and suceptance
curves obtained in

tbis way for the

series and parallel o—fF—o
combinations al-

ready described are ®)
shown in Figs.18(a) o f
and (b), together
with similar curves

for more campli-

cated networks, at

(c) and (). L . f ¢
portant property of

these reactance and
susceptance curves
is that the slope

is always positive,
The reason for this

NETWCRK SUSCEPTANCE CURVE

«©)

is clear for the Pig, 17 ~ Susceptance curves of simple
simple expressions non-resistive networks.
X=wWLor «1 ,

wC
B =wC or -1 _, since

WL

in each case dif-

ferentiation with respect to w or f yields a positive derivative, The
general case may easily be shown by induction., If X is the reactance

of any combination of L and C, and either I"J. or G, is added in series

with X; then if $X1 ig positive so slse is & (X +wI,) or 4.
1l o po i ( ] Ll) )
(% - o%'OT )e In fact, each additional series reactance increases

the slope at that frequency. A similar proposition is true if a

susceptance is added in parallel with By, Hence, since dX and
aw

dB are always positive for the simplest netwarks, nsmely those con~

aw
sisting of a single reactance, they are always positive for any series
or parallel combination of such networkse

This fact makes the sketching of reactance and susceptance
curves relatively simple, One is seldom interested in the exact
variation of reactance or susceptanoe with frequency. It is usually
sufficient in the first instance to plot approximately the frequencies
at which the ordinate of the graph considered is zero or infinite, i.e,,
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the frequencies of series and parallel resonance, The general shepe
of the graph can immediately be sketched approximately once these
points are detemined.

REACTANCE CURVE SUSCEPTANCE CURVE

(@)

C,

f /fs

|

|

|

I

|

|

|

116

1

i
) : /
(d) |

Fig. 18 - xeactance and susceptance curves of various
non-resistive networks.

It has been possible to plot the variation of impedance
or admittance, showing the variafion both of magnitude and phase
angle (#90°) on a single graph in Figs. 16 - 18 because the camponents
were chosen as ideally reactive, having no resistance, In practice
all components have resistance, and for accurate representation
more then one two-dimensional cartesian diagram is necessary to re-
present the variation of magnitude and phase sngle with frequencye.

. Fig. 19%;; shows the result of converting the reactence
diagrsm of Fig. 16(c) for the Series Resonant Circuit, congisting of
L and C in series, to a diagram representing the magnitude of the
impedsnce, Sinoce R =0 and 2 = |X|, the Z~curve is obtained by
clanging the sign of X in Fig. 16(c) where this is negative.
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The phase variation is also shown,.

We now
consider the effect of
inserting in series ' z
with L end C a re-
sistance R, sufficient-~
ly amell so that at
the resonant frequency

the reactence X; o f
(which is then equal to
~Xg) is much greater . c

o—u —fF—o §

than the resistanoce R.

The effect
of R is apprecisble (@ o
only near resonsance,
since then the posi-
tive and negative re~
actances cancel each
other, so that at the
resonant frequency
the impedsnce is R.
For only small de~
viations from re-
sonance the result- °
ant reactsnce is L rR ¢
much greater than R o—90 AW o
and the effect of R ’
is small, This is o
illustrated in 90
Figo 19(b). o e

&) ‘
A moYre -90°| d

precise account of
the behaviour of the
circuit in the

neighbourhood of the Fige 19 =~ Effect of small series
resonant frequency is resistance on serieg 1~C
given by the Universal circuit.

Resonanoe Curve;

(Sec. 19).

A corresponding modification is needed to the diagrsm
representing the magnitude of the admittsnce. Where the magnitude of
the impedance is small, but not zero, as in Pig. 19(b), that of the
admittance is ldrge, but not infinite. Conversely, zeros in the
admittance curve for resistance-less networks are replaced by finite
sdmittances of smell magnitude, oorresponding to impedances of large,
but not infinite magnitudes.

A similer proocedure ususlly ensbles the behaviour of more
complicated networks to be assessed qualitatively with little de-
tailed analysise The modifications necessary to the impedance
curves of purely reactive networks to allow for slight losses usually
consist of replacing zeros by smsll, and infinities by lsrge, im-
pedances and sdapting the neighbouring portions of the diagrams
accordingly. The resonant frequencies are little chenged provided
the losses are sufficiently mmall, (The procedure mey be invalid if
zeros and infinities in the reactance or susceptance graphs are very
close together)
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19. RESONANCE

It follows {rom Sec. 17, (Fig. 13(c)) that at a certain
frequency the total reactance of L and C in series is zero., Above
this frequency the circuit is inductive (@ = + 90°) and below, capaci-
tive (¢ = - 90°). Similarly, Fig. 1l4(c) shows that at some fre-
quency the total susceptance of L. and C in parallel is zero. Above
this frequency the circuit is cepacitive (¢ = - 90°) and below,
inuuctive (¢ = + 90°). In both cases the resonant frequency is
given by the relation

Wek 1, %0 that fi. = 1
wrc 2 Ttﬁ(-}_
These results are modified by the presence of resistance,

some resistance being unavoidable, notably the series resistance of
the coil.

For the series (acceptor) circuit, if R is the totsl series
resistance of the circuit, the impedance can be written

z2=R+ jL-_1)
wC

snd at resonsnce the reactive oomponent is gero so that 2. = R. The
reactive component grows rapidly and becames large in comparison with
R for very small deviations from resonance provided the ratio

the magnitude of the reactance of either kind at resonsnce
the total series resistance of the circuit

is large, This rat’o is called the Q ~ factor of the circuit. It
follows that

Q=®@rh = _1 =1/E
R @ pCR R T

Since any equivalent series resistance associated with the
condenser is usually negligible by comparison with the series resist-
ance of the coil, in most series circuits used for HF work R is the
resistance of the coil, so that the Q - factor of the circuit is the
ssme a8 the Q - factor of the coll at the resonant frequency of the
circuit.

Ve may write
WL = R, <L 0L o pq L
wr R wr
and 1 =R.%“c,_1 =RQ “x,
wC w wr(R w
Hence z =R + JR L -%r
Wr w
If we put f =fr(1+8)
then L = L-1 .48,
r fr
and ©r = L &= 1.8 provided § is small.
w 1+0
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Hence @ . Wy 2= 2§
Wy w *

Thus z= R(L+32Q8 ).
As j.s shown in Sec. 14,
Z=Rsecd ;

also tmﬁ: E,
R

but z2=R + X
=R+ jRtan ¢
=R (1 + j tan @).
Comparing this with
z=R (1 + j2Q8) sbove, we see that
ten@=2Q8.
The spproximations involved in the above analysis depend
on § being small. This is true for quite large values of ¢ provided
Q is large, The variation of # and Cos @ with Q8 is shown in Pig.20.
This greph is known as the Universel Resonance Curve, It may be used

to represent the response of any resonsant circult in the neighbourhood
of resonance provided Q is known and is large.

S
.

538868388

- Q8 (SERIES RESONANCE) +Q6 (SERES RESONANCE)

+06 (PARALLEL RESONANCE)

Z—QG(PARACLEL RESONANCE)

Fig, 20 =~ Universal resonance curve,

56



Chap. 1, Sect 19

The snalysis of the parallel (rejector) circuit of Fig,
15{c) when the resistance of the coil is taken into account is more
complicated than that given above for the series resonant circuit,
(See :~ BR 229 Paras. 316 and 317; AP 1093 Chap. V Paras. 48 - 53)

A simple approximate treatment can be cbtained using the
results of Sec, 17, For any sngulsr frequency W we may replace the
series combination of L and R by the parallel cambination of Lp and
Ry, as shown in Fig. 21(a), provided

R = B‘D 0082¢L
2 R
and L = L, sin ﬁL,meretandL=‘*l§_.._a_I£,

The analysis of the network fommed by Rp, Lp and C in

parallel (Fig. 21(b)) is then very similer to thet of the network
containing R, L and G in series, and the resonant frequency is given

by

At resonance the susceptance of C is exactly cancelled by
that of Lp and the resultant impedance is the resistance Rp, called
the Dynamic Resistance of the circuit. Gp, the reciprocal of Rp, is
the Dynamic Conductance. The Q - factor of the circuit is defined as
the ratio

the magnitude of the susceptance of either kind at resonance
the dynsmic conductance

and therefore 1
Q = w rc = W er = wrmn =, RD s
% G Sy

and this is equal to®rl' = tan @, = the Q - factor of the coil at
R
the resonant frequency, @7, being the phase angle of the coil impedsnce
at this frequency.
Provided Q is large so that Q% >>'1, we may put Ly = L
end Bp= QZ2R. Also, the substitution of the parallel network of

Fig. 21(a) for the- series arrangement may be assumed to hold for the
same values of L; and Rp in the immediate neighbourhood of resonances

The following relations then hold :~

Q= _1_=1 /T ==®» /[T;
A R CT L

fp = X .
2 T(\/EC
KR

€7
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The exact expression'f'or fr can be obtained by substituting
for Lp the exact relation

Ly,

&

L cosec? ¢L

A

L(1+L).

2
Wz

Sincew? I,0 = 1, this gives

WZL 1+ _2&2___.)0 = 1
w2 12
or w%L.C: 1l1- CRZ
L

Hence > = _3'__. /1 - CRQ
r pesem—" ——
~LC L
. 1 / |
= l- .
. R

Unless Qa < 1 there is no frequency at which the sus-

L
ceptance is zero, and the network is capacitive at all frequencies;

(see Sec. 21).

Effect of Parallel Damping on Rejector Circuit

The value of Q for the undsmped circuit (i.e. containing no
additional demping other than the series resistance R) may be denoted
by ,Q, and the corresponding dynsmic resistance by  Rp. If additional

resistance R' is placed in parsllel with the network, Rp is corres—

pondingly modified, and may be denoted by jRp :-

1 1l
1RD oRD

The Q -~ factor of the resultant circuit is modified accord-
ing to t.e relation

+ IlT’ 5 (Fig. 21 (o).

: Q
‘o—;-g-z l—R—-, so that for
1D

parallel dsmping, @ o< Rp, other parameters remaining unchanged.
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NOTE -

EQUIVALENCES DENOTED == ARE VALID
ONLY IN THE NEIGHBOURHOOD OF ONE
FREQUENCY — fr

Fige 21 -~ Rejector circuit.

Use of Universal Resonanoce Qurve

Provided ¢ is large the universal resonance curve gives
accurately the variation of impedance (or admittance) of a series or
parallel resonant circuit in the neighbourhcod of resonance, For
exsmple, oonsid.er an acceptor circuit fed by an EMF of constant
amplitude ) ¥y ond variable frequency f; (Fig, 22 (a)). The resonant

frequency is f.., and Q and R are known., The current at resona.noeG\

i.e., when the input EMF is of frequency f,., is of amplitude i, = _i..

At otner frequencies the asmplitude of the current is :-

A A
thus 4 = Vi Vi Vi A
i —y— = Rsecﬂg = cosQ!—ip cos &

The universsl rgsonsnce curve gives the variation of cos @,
but plotted ageinst Q6. However, since | and f,. are known f can be

determined from the relation
§= f - fr
f
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so thet £ = £ (1+ga§_)-,

and for each wvalue of Q 8 the corresponding frequency f can be found.

v

(VARIABLE
FREQUENCY)

dl

(CONSTANT
FREQUENCY)

fr

© L0~ — o —

Fig. 22 - Use of universal resonance curve,

The response can then be represented as in Fig. 22(a).

When the current is divided by Qi the curve shows the
variation of the magnitude of the admittance.

Alternatively, the EMF may be of constant smplitude 'Gi

and frequency £, while one of the reactive components is varied as
11lustrated in Fig. 22(b). Provided Q is large and the series
resistance of the circuit is constant, the universal resgnance curve
may be used to represent the variation of the voltage across either .
rer.ztive component as the resonant frequency is varied. e.g., the
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capacitance of the condenser may be varied and the movement calibrated
in resonant frequencies, For a given Q, fr may be determined for
each value of Q § from the relation

£.= _f = (1 -g8).
1+Q8 Q
Q

The output voltage at resonsnce is Q Qi, 50 that the
variation is as shown in Fig. 22(b). The gevariation of v, is ob~

tained by first plotting the variation of phase of the circuit currenmt;
for £,.,>f, i.e., below resonance, the circuit is cepacitive, and
sbove resonance, for fr f, inductive. The require phase-variation of
the output voliage is similar, but delayed by 90° on the phase of the
cwrent, and hence appears as shown in the figure, This example indicates
why Q is sometimes known as the "magnification faetor®.

Fig. 22(c) illustrates the use of the universal resonance
curve for a rejegtor circuit fed by an ideal current generator of con=-
stant smplitude i; but varying frequency f. The output voltage has

smplitude Qo where
A A
V, = Z i4
A
The method of determining the frequency ssale is the ssme
as for the Reries circuit discussed first. When the ordinate is
divided by 1; the curve becomes one of impedance,

20. QOUPLED CIRCUITS

The theory of simple coupled circuits is considered in
Service Reference Booksas follows:=-

BR 229 Parss. 334 - 337.
26Manuals/1577 Sec. 10 {and Chap. II app.B.)
AP 1093 Chap. VI. Paras. 23 - 31,

A few additionsl remarks are made here with a view to
pregenting some of the results in the form in which they are used in
the remaining chapters.

Two simple series networks coupled by means of their mutual
inductance are illustrated in Fig. 23. The primery circuit is
considered to be fed by an ideal voltage- generator of EMF vg. The

mutual inductance between the circuits is M; the totel secondsry im~
pedance (i.e, the impedance of the secondary circuit when M = 0) is:-

2, = R, + J WLy = 1 ) R <, c
2 2 2 e A 1 2
wCy > -

The totel primery " -
impedance, i.e. the impedance ¢ 'g"‘ \ Ry
of the primary circuit when . L L2
M=0,1is ’

2, = *J L -1
1 RJ' E! w0 s Fig. 23 = Circuits coupled by

mutual inductance,
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but it will be shown that this is not the impedance presented to the
generator,

The EMF induced in the secondary circuit due to i, in the
primery is ‘

=u &

v
2 at

= JwM iy,
This causes & current 12 to flow in the secondary circuit given by
1, = Vo Juodiy
z5 2y
Owing to this current an EMF is induwed in the primary circuit given by

Vl = M diz’
dat

2
___32_%_2_!___51
2

2
mix .
2
The net EMF in the primary cdrcuit is therefore vy + vy, 80 that

it

1

Vo M2 i
A

2z
snd therefore the impedsnce presented to the genmerator is
Z = -YE’_- = O s &:2“2 3
Lty

The sscond term on the right hand side of this equation is
called the Reflected Impedance of the secondary circuit.

21. BROAD-BANDING

The principle of Broad~banding is one of wlde appliostion
in radar circuits. In its extreme form the requiremsnt is to design
& network which will pass uniformly signals of all frequencies within
s wide band and which will reject all others; but for most puwrposes
8 rough approach to this ideal is satisfactory. Band-pass cirouits
are dealt with elsewhere, and this section is restricted to the oon-
sideration of a network which is essentially a simple type of low-
pass filter: i.e. it gives a response which is reasonably wifom for
low frequency signals, but which eventublly falls off as the frequency
is raised.

The impedsnoce of an ideal resistance is oonstant at &ll
frequencies. In practice this cannot be achieved, particularly be-
cause of unavoidable shint capacitence, which reduces impedance at
high frequencies, This is illustrated in Fig. 24(a). For low fre-
quencies,

Z .=. R 9
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but for higher frequencies, at which _1_ is small enough to be com-
WG
parable with R, the magnitude of the impedance is given by

Z = R cos ﬂ,
and this becomes very small as @ wpproaches -90°, j.e. fOrwCR> 1.

If a coil is inserted in series with R, as shown at (b),
the increase in the impedance of the series arm as the frequency rises

partially offsets the fall in the impedance of the condenser, and the
frequency response is improved.

oiN

AAA
A
e
(9]
(g}

b)

FIGURES ON THE CURVES
DENOTE THE VALUES OF &

o . -
| 5
cR cr
Fig. 24 -~ Broadbanding; use of series inductance to

counteract shunt capacitance.

It is not practicsble to use “tne universal reaonsnce curve
for this heavily damped circuit, since the' Q - factor is very small,
A more useful criterion is the Demping Ratio (See Chap. 2, Sects.10), which
for this circuit is given by
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1 =

ar R
§=121/§ (Omxpare-z—Q.-é-ﬁ

when Q is large).

Ty

For §>l there is no "resonant frequency® i.e. no fre-
2

quency at which the phase-angle of the network is zero, but the network
is capacitive at all frequencies.

The variation of the magnitude of the impedance with fre-
quency for different values of § is shown in Fige. 24(c)s The magni-
tude of the impedance is maintained approximately equal to R for a
relatively wide frequency range if S is made about 0-78. For
sualler values of § , i.e., larger L, the network exhibits resonznce
properties, with peaks to the impedance~frequency diagram which may be
undesirable., For larger values of §, i.e., smaller L, the bandwidth
is reduced, Other slightly different values of S may be chosen for
various reasons, €.ge., maximum constancy of phase- or time-delay in-
stead of maximum constancy of the magnitude of the impedance,
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RESPONSE OF LINEAR CIRCUIT ELEMENTS TO VOLTAGE PULSES
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SPONSEL OF LINEAR CIRCUIT ELEMENTS TO VOLTAGE PULSES

1. INTRODUCIION

In alternasing current theory, it is normal to consider the results
of eapplying sinusocidal voltages to circuits containing resistance,
capaocitance end inductance., This theory has comaon application to power
and radio-communicetion systems. TIn radar and television systems it is
equally comnon to apply %o such circuits voltages which are by no means
sinusoidal.

When the applied voltage is sinusoidal, the voltages produced across
the individual components are also sinuscidal, differing only in phase and
magnitude from the input. The relative phases and magnitudes depend on the
frequency of the input and on the relative magnitudes of the components.

When the applied voltage is non~sinusoidal the voltages developed
across the circuit elements are distorted versions of the input. This
makes the circult behaviour much more complicated, each type of input
requiring individual investigation for different relative magnitudes of
the circult components.

This chapter will be devoted to a consideration of the results of
applying non~simisoidal voltages to simple circuits containing linear
elements oniy.

INSTANTANEQUS ATPLICATION OF CHANGES OF VOLTAGE TO
CIRCUITS CONTAINING CAPACITANCE AND RESISTANCE

2. Instanteneous Application of Change of Voitage To a Series C-R Circuit

Suppose & sudden change of t‘f——j——j

voltage as shown in Fig. 25 is Ve
applied to & circuit containing C W _7_}

and R in series. Let the input i'
voltage vi rise instanteneously ‘ Y
from zero to vy at time t = 0, and it
thereafter be maintained indefin- :
itely at this value, Denote the |
voltage developed across the

condenser, of capacitance G, at

any instant, by v, end the voltage t
across the resistor, of resistance Ve
R by vR. Simple theory (aAdmiralty e e i
Handbook of Wireless Telegraphy, Y o
BR229 , para. 174, =nd AP 1093 J// |

ol

<>

Part II, Chap. VII, para. 59) shows
that the voltage v, rises exponen-
tially as given by W,

VC = vi (1 - E—t/CR)

and as illustrated in Fig. 29 .

By Kirchhoff's law we know that

the sum of the voltages across the o] a- short time constant

capacitance and resistance must at b- long time constant

all instants equal the applied

voltage, i.e., #ag,2H, - Responss of a C-R carcuilt 1o an
instantuneous rise of voltage,

a- short time constant
b-long time constant

VizVR+VC’

=
=¥
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so that the voltage vp is given by v
A t/CR y
VR = viﬁ / \a

as shown in Fig. 26

The t{ime-constant CR ol
appropriate to these changes Ve

represents the time taken for _‘_'_1 !

the voltage across the _, [

resistance to fall to &' V3 1A \1\

i.e., sbout one third of its AL == .

original value. After a time
equal to about 5CR has elapsed
the voltage has fallen to less
than 1% of its original value,
and for most practical purposes o cR
the change may be considered
complete,

If the sudden change of
voltage is a decrease instead
of an increase similar Fig.26.- Response of a C-R circuit to an
considerations apply, and the * instantaneous fall of voltage.
results are asshown in Fig. 26

3. Application of a Rectangular Pulse of Voltage to a Series C-R Circuit

We now consider the application of a voltage whose time variation
is as shown in Fig. 27 . We shall call this a Rectangular Pulse of
Voltage. It is simplest to consider in twm firstly the effect of the
sudden increase of voltage at the start of the pulse and secondly the
effect of the sudden decrease at the end, We have already dealt with
these two cases separately.

Assume first that the time-constant CR of the circuit is considerably
less than the time of duration T of the pulse., Then the charging of the
condenser is completed (in so far as an exponential rise is ever completed)
before the discharge takes
place, and the voltages
developed across the
condenser and resistor are
as shown in Fig. 27 . &
Two sharp narrow pulses of
voltage of opposite sign
are produced across the
resistor, one at the start v,
and one at the end of the A
applied pulse. The
durations of these sharp
pulses depend on the magnitude
of the {time-constant. S

Wi

If the time-constant 3,
of the circuit is made
variable (usually, for
convenience, by changing

]
|
1
[
|
!
|
{
|
|
|
|
|
the value of R) the width of 5 ’/ t

these short duration pulses
developed across the resistor

A

can be controlled. In the V| R
ideal case colx\lsidered the

full voltage ¥; would be. Pig.2].- Response of a C-B circuit to
developed across the resistor a rectangular pulse. CR<ST

however short the time-
constant. In practice this
is not so for reasons
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Chape 2, Sect 3

discussed later (Secs. 5 and 12), and the amplitude of vy tends to be
further reduced the smaller the value of the time-constant.

Whilst the duration of the short pulses developed across the resistor
depends on the time-constant of the circuit, it does not depend on the
durstion T of the input rectangular pulses., The time which elapses
between the leading edges of the first and second pulses developed across
the resistor is equal to 7.

Suppose next that the time-constant of the cirvcuit is very much
greater than the duration of the applied pulse. 1In this case the voltage
across the condenser rises only slightly before the imput voltage drops
and causes the condenser to discharge (Fig. 28 }‘. Counsider the case when
CR = 10T; then at time T (%ime at which input voltage drops) v is given
by -

E':t/CR)

‘VC=Gi (1— v

it

%a- gV 5

Vi (1 - 0-905)
0+095%; ° T

After time T the condenser W
discharges from the value 0-095vi |
towards zero. The value of vg !
after time 2T (time T after the
instant at which the input ° ;
voltage falls to zero) is givem !
by :- B — 1
-t A
0‘095%_ & /CR (0°095v; =
potential differ- -t
ence at start of °
dischar,
1/10s &) Pig.28.~ Besponse of a C-R circuit
0+095%; € to a rectangular pulse. CR>>T.
0°095%; x 0+905

0°086%4

il

Vo

This dif.erence between the rates of charging and of discharging of the
condenser under the above conditions can be summed up as follows. The
rate of charge or discharge is proportional to the voltage appl:.ed to the
resistor. At the beginning of the charging period this voltage is vi s
whilst at the beginning of the discharging period it is only 0°095%4.

Thus the rate of discharge is less than one-tenth the rate of charge.

The voltage vy across the resistor rises to a value ¥i at the onset of the
rectangular input pulse, falls, at the same rate as vy rises, for the
duration T, and then drops instantaneously by an amount ? with the end of
the input pulse. Finally vy rises exponentielly tomds zero at the seme
rate as v, falls, The longer the time-constent CR, the more faithfully
does vy réproduce the input voltage. Thus when R = 1001‘ the drop in vy
throughout the duration T of the input pulse is only 0°01¥; and the output
pulse across the registor is very little distorted compared with the input.

In redar systems it is common practice to apply a rectangular pulse
to a C-R circuit such as that of Fig. 28 and to utilise the voltage
developed across the resistor. The sbove considerations reveal the
following points :~

(i) The maximum value of the voltage developed across R is in all
cases equal to the magnitude of the applied pulse.

(ii) The shape of the output voltage is a close replica of the input
if GR»T; but if (RKT the input rectangular pulse is converted
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into two narrow pulses of opposite sense to sach other, whose
durations depend on the value of the time-constant (R.

4. Application of a Succession of Rectm;@u Pulses of Voltagi To a
Series C-R Circuit

We now consider the case where a succession of rectangular pulses of
voltage is applied to the circuit of Fig. 25 . Suppose T; is the duration
of each pulse and Ty the interval between the pulses.

The general shapes of the voltages across C and across R are similer
to those already described. However, the mean level of the voltage
across the
condenser tends to

rise with each EoN _

successive pulse; '

unless the time- ST :‘\)___1 H H ﬂ

constant of the TTT, AR I I B R I .
o T2

circuit is so e
short campared Ve BECOMES LESS STEEP

with either T or / BECOMES STEEPER

T1 that the PSS S
condenser cen be asl Vi ¢
considered to have
discharged or vy
charged coampletely

during these
periods. n

Ultimately \ _‘_D“‘-D——-D___AE% ' ¢
y o l/J 5
2 Stoady Stete s TR

W+

i

the charge

acquired by the Fig.29.~ Application of a succession of
condenser during rectangular pulses to a C-R circuit., CRMT,
the time T4 is

equal to tfie

charge lost during the time T,. This means that the mean current flowing
into the condenser through the resistor is zero when equilibrium has been
reached, so that the mean value of vp is also zero. The graph showing
the voltage developed across the resistor ‘is such that the area (voltage x
time) enclosed above the zero (mean) voltage line during the time Ty, is
equal to the area enclosed below this line during the time T,, i.e., in
the steady state the shaded areas A and B (Fig. 29 ) are equal.

Alternatively, a useful way of approaching the problem is to consider
the succession of positive input pulses to be composed of a steady component
of voltage and a purely alternating component of voltage.

The mean value vj of the input voltage is given by :~

v = __TL_____’Gi
T1+T2

The elternating component of course has a mean value of zero., If
a steady voltage is applied to a condenser and resistor in series, the
whole of the voltage appears ultimately across the condenser and, as we
have just seen, the rise is exponential., In the present case therefore
the mean voltage across the condenser increases exponentially with time-
constant CR towards the value
T 5
T3 . T2 :
Ultimately the mesn voltage across the resistance is zero.
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v
i
A
V.I L e e ——— ———
o TV
W= 1V I I ENEPRTND SN R SR o
T+ T2 t
T E ! Fig.30.~ Application of
ve || | ; P a succession of rectangular
l; ! ; ; [ pulses to a C-R circuit.
R i \ i bl &
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It is therefore apparent that if CR®Ty and Ty< Tp the ultimate output
voltage across R is a replica of the input voltage across C in so far as the,
alternating portion of the input is concerned; but that the steady component
of the input voltage variation is not reproduceds If it is required to
reproduce this steady component, which is determined by the mean voltage
level of the input, special measures have to be employed. This process of
restoring the steady (or DC) component of voltage is often called IC
Restoration (See Chap 12 Sects2).

If Th<Ty the input can be considered as a succession of negative-
going pulses, and a similar argument holds. In this case the condition
for faithful reproduction of the altermating component of the applied
pulse in the voltage across the resistor is that R>» T2.

If CR is short compared with both T1 and T2 the steady state is
repidly approached, and this is illustrated in Fig. 30,

5. Instanteneous Application of a Change of Voltage te Circuits
Containing More Than One Condenser or Resistor,

Fig.31 shows a circuit con- R Vi
sisting of two resistors Ry and K, Vo e,
in series with a condenser C, %*—* ©
The sum of the voltages developed R, Va
across R{ and Ry behaves exactly v S—
the same way as the voltage Vi R
across R in the circuit of Sec. K
1-4, with

R = 31 + Ra = t

Fig.31. - Response of a C-R
circuit which contains more
than one resistor.
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The viltage developed across each resistor is proportional to its resistance >
i,e.,

vi= R VR and v2 = R2
R1 + R2 R} + Rp R

The time-constant is A C

C (R + Rp) f | ?

A circuit commonly encountered in
redar is shown in Fig. 32 . R represents O—
the output resistance of one amplifier,
whilst C; is the input cepacitance of the

next stage. In general ¢)>> C;. Pig,32. - Practical form of
Unfortunately the general analysis of this C-R eircuit,
circuit is too complicated for inclusion

here, but if the output resistance of the

pulse generator is made very mmall the circuit of Fig.33 may be taken as
a sufficiently close appreximation.

At time t = O the
input voltage rises almost
insfantaneously from zero
to V5. (This rise is
actually exponential, but

. R,(C#+Ca)
constant of these variea-
tions can be shown to be

Ry (¢ + 02).
Fig.33.- Res '

It will be moticed g.33 (sj;;;mi;igggractical C-R circuit
that one effect of the
condenser Cp is to reduce
the maximum value of the
output voltage developed across the resistor Rps  Thus, if the condenser
€y is reduced in value in order that the time-constant may be amall, i.e.,
so that the output voltage may consist of short duration pulses, the
amplitude of these pulses is reduced.

because the generator "
output resistence is very '
mpall, the effective time- X -
constent is negligible). '
This rise of voltage is
developed across the two —JO t
condensers in the inverse e |
ratio of their capacitances. I—— T \
While the input voltage is o Ve !
maintained at ¥;, the = f LN
condenser C) charges CI ST b
exponentislly so that the P L
voltage across it rises he, Wl Do
towards the value ¥5, and = D
Cp discharges exponentially ! TR, (CrCy)
towards zero., The time- g I 7 i/ t

|

I

|

INSTANTANEQUS APPLICATION OF CHANGES OF VOLTAGE TO
CIRCUITS CONTAINING INDUCTANCE AND RESISTANCE

b. Instantaneous Application of a Change of Voltage to a Series 1-R
Gircuit (Fig. 34 ).

Let the input voltage vi rise instantaneously from zero to ’\\ri at time
t = 0 and thereafter be maintained indefinitely at this value. Denote
by vi, the vcltage developed at any instant across the coil, of inductance
L, ane vy vy the volbage across the resistor, of resistance R.
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Standard theory (BR229 o 7
Admiralty Handbook of Wire- L "
less Telegraphy, Vol. I, v
para. 158, and AP.1093,Pert ' l
11, Chap. II, para. 43) shows R
that the rise in current in vo© —
the circuit is givem by the A
expression :-

P Bt
1= .ii.(l- &L)

mined by the relatiom

.
Vi = VR * VL ‘ ,
The time-constant is L/R. — e L

Fig. 34 also shows
the effect of reducing,
instantaneously, the mput Pig.34. - Xesponas of L~ circuit to rect-~
voltage frem a value § v to angular pulse, L/RKY
zere, assuming that t
the voltage across the coil and resister have attained their final values
before the cnange takes place. The full drop of voltage appears instap~
taneously acress the coil. Subsequently the veliage acress the resisteor
falla expenentially fmm vi towards zere, while that across the coil rises
expenentially frem a V:x. towards zero.

It should be noted that the nature of the voltage variation across
tke ooil is similer to that across the resistor in the corresponding G-R
circuit, whilst the voltage variation across the resistor in the present
case is similar to that developed across the condenser.

Te Application of a Rectengular Pulse of Voltage to a Series I~R
Circuit

|
L o
se that the voltage developed S I
acrcss the resistance R is Kt& .
A -Rt ST t
w=¥ Q-85 ;
A |
At any instent vy, may be deter- 'V’\:T‘““‘"““ . -
RI

Conzideretion similar tc those of Sect3 apply to a circuit comsist~
ing of & coil L and resistor R in series, We shall consider separately
the two cases (i) L<< T apnd (ii) L>> T, T being the duration of the in-
put pulse.

(1) Lge (Pige 34)

The voltage across the resistor rises exponentially to
practically its full value {4 vy during the interval T, while the
voltage across the coil, after its initial instantaneous rise

to ’v‘l, falls exponentially to zexro. At time T the input voltage
drops instanteneously to zero, so the voltage acxoss the coil
drops instantaneously to -¥j. After time T the voltage across
the coil rises exponentially from -vi towards zero, wh:.le the
voltage across the resistor falls exponentisliy from 3 vy towards
ZeX0e

'I‘h:ls voltage pulses of short dwration are developed across the
coil.

(i1) LT

‘l'he voltage across the resistor rises exponentially by only e
small amount before the end of the applied pulse; then the
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voltage across the resistor starts to fall exponentially. This
behaviour is similar to that of vy in Fig. 28 . The voltage
across the coil rises instantaneously from zero to a value ¥.

at time t = Q, falls exponentially by a small amount during the
interval t = 0 to t = T, and then drops instantaneously by an
amount ¥;. Subsequently the voltage developed across the coil
rises exponentially towards zero. The voltage developed across
the coil is, an almost undistorted reproduction of the input pulse.

8, Application Of a Succession Of Rectangular Pulses of Voltage to a
Series 1~C Circuit

As in the corresponding case of the C-R circuit (Fig. 29, Sect4), the
mean value of the input is given by :-

T
- = 1 A
Vi . Vi

Tl + Tz

The series of pulses may be split up into a steady component equal to
this mean value, and an alternating component whose mean value is zero.

The steady component of voltage scross the resistor ultimately attains the
mean value Vi, and approaches this value at a rate dependent upon the time-
constant of the circuits In the steady state only the alternating
component, which represents the rectamgular pulse shape, appears across
the coil.

9. DISADVANTAGES OF A SERIES L~-R CIRCUIT COMPARED WITH A SERIES C-R
CIRCUIT

o
It is not usually con- EL 1\& [
venient to employ L=-R networks H Viir
to provide time-constants of vi Sr R R,

more than a few microseconds
such as are commonly required
in radar., Such a network is o
usually in series with some
form of generator whose output
resistance is of the order of
a few thousand ohms, so that
the size of coil required to
give the desired L ratio is

. R
inconveniently large. The
requirements can be met by
the use of C-R components of
more practicable values. 3 I I S SR
Further, the inherent re- i
sistance of a condenser is
usually negligible whereas
that of a coil is always
appreciable., Even when very
short time-constant circuits Fig.35.- Modifications to response of
are required, coils cannot L-R circuit duse to coil resistsnce.
be used to produce the effects
described above because of
their self-capacitance. Their use in ringing circuits, where self-
capacitance is not necessarily deleterious, is described in Sec. 10.

AAA—AAA.

_________

|
{
I
|
1
T

|
{
i
I
of L
R

Fig. 35 shows the effect of coil resistance on the voltages
across coil and resistor in a series L-R circuit. The voltage developed
across the resistor is affected only in magnitude, but the coil voltage
nay be considerably modified as shown (compare vp+, of Fig. 35 with
VL of Figo 3 )o
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INSTANTANEOUS AFPLICATION OF CHANGES OF VOLTAGE
TO_CIRCUITS CONTAINING INDUCTANCE, CAPACITANCE AND RESISTANCE

10. _Instantaneous Application of a Change of Voltage to An I~-C-R Circuit

The consideration of free oscilla- ¢ &
tions in a series L-C-R circuit (Fig.36(a)
is dealt with in manmy standard works
(Admiralty Handbook of Wireless Tele- Vi Lo
graphy, ER229 , para. 390, snd AP.1093,
P‘rt II, Ch‘po VII’ Plra‘sb 7-'16). xt @
is shown that the sudden application
of a change of voltage to this kind of L

C
s 3 R o_l
circuit results either in a free T ? * 7
Wy L Vo
1. ‘

oscillation or in a smooth, non- v c R %
oscillatory change, according to the .L_
relative values of the components.

(b) (©)
In the case of a free oscillation
the frequency depends mainly upon L Pig.36.= L-C-R circuits.
and ¢ and to a lesser extent upon R,
and the smplitude decreases exponenti-
ially according to the smount of
damping in the circui't.

The quantity C,, = __Izi /g ias called the Damping Ratio.
L

If & <1 the Circuit will perform a damped oscillation with a
frequency f and a logarithmic decrement § given by :-

1 R
fo.-. l — -
Zn’ B u1?
=B
§= 2%
If the resistance is very small the frequency is sapproximately 1
Such a circuit is called a Ringing Circuit. ZW/TC—

Iif C:—' 1 the output voltage of the circuit is Just not oscillatory
(Critical Demping).

It £ >1 the output voltage takes theé form of an exponential rise.

In many radar applications it is desirable to use a ringing circuit
whose damping is slightly less tham critical.

Ringing circuits are frequently used with the damping resistor R
in parallel with either the coil or the condenser instesd of in series,
as shown in Pigs.3(b)and(c).In these cases it can be shown that, neglecting
the resistance of the coil, critical damping occurs when R =% T~ end

that oscillations take place for valuss of R greater tham this. ¢

Fig. 37 shows the output voltasge produced across the condenser in
the circuit of Pig.36(b) when a change of voltage is instantaneocusly
applied at the input terminals. Diagrams illustrate the cases R = /f_

o}
(damped oscillatory), R = %/_f' (eritically demped) and R = _]_./_T_._ (non-
c 4L/ C

oscillatory).
In a1l cases the delay-time before the output voltage reaches the value
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of the input is preoporiional tQ/IC + The voltage scross the coil may
be obtaimed frem the relation vy = vy + Vge

1. INSTANTANEOUS AF¥PLICATION OF A CHANGE OF VOLTAGE TO A DEIAY NETWORK

A more detsiled comsideratiom Vo
of this problem is given in Chap. &,
where the wave-nature of the effeot
is dealt withe As an imtroductiom,
and for the sake ‘of completeness, a
brief mention iz mede here, comsider-
ing the behaviour of the delay net- Vo
work as an extension of that of the
ringing circuit. Vip—=-

SR ERS,

Fige 30 shows iwo-stage and 3
six-gtage networike cemposed of
identical sections, such 8s are
used to make up a pulse-~-forming |V
Delay Lime. In Sec. 10, illus~-
trated by Figs.36 & 37 , we
have already discussed the
behaviour of tne single~stage
network, or ringing circuit. If
we replace the resistance R of Pig.37.- Response of L-C-R circuit
Pig.36 (b) by smother ringing of £ig.36(b).
circult idemtical with the
original one, we have the
circuit of Fig.38(a). We shall sassume that this does mot appreciably
affect the voltage vy produced scross the first condénser when the imput
voltage is applied. = This voltage is shown in Fig.38{c) . v; is in
turn applied to the ringing circuit formed by the second I~C section and
Re The effect produced is not vastly different from that which would
occur if the input pulse were applied to this network, not at time
t =0, but at time t = T¢ In other words, the woltage vy across R is
gimilar to v; except that v, does mot reach the value of the input
voltage wtil t = T!', where T' is approximately equal to 2T+ Subsidiary
effects also occur, such as minor alterations in the character of the
ringing at the end of the delay time T'. (Fig. 38(d) ).

e e

|

O

© r5/k

The addition of further I~C sections produces a similar effect.
The delay time before the rise in imput voltage appears scross the out-
put is approximately proportional to the number of stages-useds Neither
the smplitude of the ringing, wor its duratiom, is appreciably affected
by an increase in the number of L-C sectionse

In the simple ringing circuit of Fig. 36(b) the delay T end the
period of the ringing are both proportiomal to /IC. _In the multiple-
stage network the total delay is proportional.to n/IC, where m is the
number of stages, whilst the periocd of the ringing is' approximately
independent of n. By increasing m smd reducing L snd C proportion-
ately, the ringing cen be msde negligible without increasing the delay
time. If this is done in a six-gtage or eight-stage network, the out-
put voltage is made approximately rectangular, as shown in Fig. 38(e) «
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> R
> (LOAD)

Fig.38.~ Response of
delay network.

NON _INSTANTANEOUS CHANGES OF VOITAGE

12, General Discussion

In practice it is impossible to produce an absolutely instantaneous
change in voltage, but in meny cases no great error is introduced in
considering a change of voltage to be instantaneous if the total time
taken for the change is short compered with G, 1 sus. However, sometimes
the change of voltage applied across a circuit must be considered as
changing linearly with time. A common example is the sawtooth voltage
produced by time-base circuits (Fig. 42 ). Sometimes the rise or
fall of voltage is exponentiel, but usually only a small portion of the
exponential rise or fall is considered and for practical purposes this
portion may be regarded as linear.

13. Input Voltages Increasing at a Constant Rete

Let the input voltage v; applied to the condenser (capacitance C)
and resistor (resistance R) in series increase at a constant and finite

rate m, so that
i o= mt
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The voltage VR across the resistor o}

rises exponentially and tends to a , ¢ F—m*c
final value zCR. The initial rate M R N
of rise ig the same as that of the 1"
input voltage Ve

The voltage vy across the W

condenser also begins to rise
exponentially, but tends to rise
at the same rate as v; when vp

|
i
|
approaches its steady value. ) Sk
1
1
|
i
1

This is indicated in Fig. 39. /
Mathematical analysis //
A S
At time t let :- MR AT
/v
q = charge on condenser S C‘IR t
i = current in circuit
a Pig.39. - Response of C-R circuit to
(= 2 voltage varying linearly with time.

Then -
applied voltage = voltage across condenser + voltage across resistor
orv; = mt =.§ + iR

Differertiating with respect to ¢t :=-

L. X4 di.
‘*""'c 'a%'l'Ra-.E

or m= % + R %ig
The solution of this equation is ;=
i= o (1~ E_t/CR)
Therefore vp = iR = mOR (1 -it/CR)
end Vo=V -vR=mt-néR(1-£-t/CR)

Thus Vo rises exponentially to a limiting value mCRe The smeller

is the time-constant CR or the slower the rate of rise of the input
voltage (smaller m), the lower does this final value of vy became.  The
rate of rige of vy is

a ~t/CR

Gt () =nt /

so that at time t = O the rate of rise is m, i.e., vy initially rises at
the same rate as v., The rate of rise of voltage across the condenser
starts from zero aid increases mtil, by the time vy is constant at a
value mCR, it becomes the ssme as that of the imput voltage.

If a woltage which rises linearly with time is applied to a coil
and resistor in series, the voltage v; acroas the coil and the voltage
VR across the resistor at any imstamt are given by the expreasions

mem ka. £%),

N8
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a v, = mL e’
and vp = nt - —ﬁ(l - 1.)

The voltage across the coil rises towards a final value mL, and is
R

similar to the voltage across the resistor in the corresponding C-R
circuite The voltage across the resistor im the I~R circuit is similar
to that across the condenser in the C-R arrangement.

;. Linear Rise of Voltage of Finite Duration

Now let us suppose that the input voltage applied to a series O-R
circuit rises at a rate m for a time T* and then remains constant at a
value mT' for an indefinite time;

(Pig. 40 ).
v
During the time T' the L S il ,
voltage across the resistor s |
rises exponentially towards a /! S P
maximun value equal to mCR. A P S
Throughout this time vg is pra !
given by ;- ] J—— e t
-t,/CR v (a) CR=5T'
v, = WR 1-77) v
During the time the input %
voltage remains constant vp
falls exponentially from \~.¢R
its value at T' towards a = t
final value of zero. (b) cr=T!
Three cases arise, in )
which CR >2 T'. These are
illustrated by the following
examples corresponding to the ot
three diagrams of Fig. 40 (©) creLT!

We are concermed here only
with the value of A4 during

the rise of vj.
(i) cR = o1*

At time T* the value of vp is
0*9 ', i.e., the voltage across the resistor rises to nine-tenths of the

maximum smplitude of the applied voltage. The greater the time-constant,
the more closely vy approaches the amplitude of the input voltage.

Fig.40.~ Besponse of C-R circuit to linear
voltage rise of finite duration.

(i) cR= T'

The value of vp at the time 7' is approximately two-thirds of the maximm
amplitude of the input voltage.

(iii) CR = _;_-, ]

The value of vy at the time T' is nearly equal to one-fifth of the maximum
amplitude of the input voltage, i.e., the smaller the time-comstant the

smaller is the value of vge

The voltage across the comdenser at any instant may be obtained

from the relation

This is illustrated in Fig. 40 .
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It should be noted that since there is no instantemeous chenge in
the applied voltage at any time, in particular at t =0 and t = 7', there
is never smy audden change in the rate of rise of Voo

15. Pulses Involving Linear Varistioms of Voltage

Fige 41 shows the voltage
developed across the resistor,
and “hat developed 2cross the
condenscr, when a trapezium-
shaped pulse is applied. A so-
called “rectangular" pulse
usually has this trepezium shape,
i,e., th¢ changes of voltage are

not instantameous. It haa beem

assumed that the input voltage N AN

rises to its consiant value in %' ! ~

an interval T', remains st this N AN
valus for a time T. and then I P
falls back to its initial value ™ by Toscro! v

in a further interval 7t., T \5“

must be very much greater than ¥

T* if the voltage change is to [ v |

represent the usual type of ——— |
"rectangular® pulse. When the . Al
time~constant of the circuit is Ve ¥

smaller thsn T.short pulses are 5 T — t
produced across the resistor Lr"“‘—T—’LTT

(compare Sec. 3). However, if (©) CRuT»T!

the time-constant is made Fig.41. = Response of C-R.eireuit to

progreasively smaller, the
amplitude of these short pulses
decreases. When the time-
constant is much greater than the time T, the voltage developed across the
resistor clesely approximates to the input voltage.

trapezoidal pulase,

Fige 42 shows the voltage
developed across the resistor and !
that developed across the con- P10 ) R
denser when a pulse of trisngular
shape is applied. The rise of
input voltage takes place in an ¢
interval T', and the fall of © Tl
input voltage is assumed to be Ve
instantaneocus. Such a s r
variation is commonly called a
Sawtooth Voltage. When the CReeT! ]
time-constant of the circuit is CRTL )
much greater than T', the voltage ° T ‘
across the resistor closely re- )
sembles the input voltage. When mT! P
the time-constant is much smaller R
than T', the voltage variatiom /CReeT!
across the condenser approximates S o
in shape t6 that of the input
voltage, whilst the voltage f
acrogs the resigtor rises to a
small value durimg T'end at
t = T* drops sharply to fom a
negative-going pulse.

-mT'r - +

Pig.42, - Response of a €-R cixcuit
Pig. 43 shows the to sawtooth pulse.
voltages developed across the
resigtor and the condenser when
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a trismgular pulse which has equal rates
of rise snd fall of voltage is applied
to the circuit. It should be noted
that, when the time-constant of the w
circuit is less than the time of rise or SV S—
fall of the input voltage, the voltage '
variation developed across the resistor |
spproximates to a pair of rectangular

-t

uniform pulses of any shape may be
divided into a steady component equal
to the mean value ¥; of the input and

an alternating component whose mean
value is zero. When such an input is
applied to a series C-R circuit, an
equilibrium condition is ultimately
arrived at in which the steady Fig.43. - Response of a C-R
component of the voltage across the circuit to triangular pulse.
condenser is equal to ¥; whereas the

mean value of the voltage acroas the

resistor is zero. The fraction of

the alternating component appearing across either the condénser or the
resistor, and the smount of distortion present, depend on the time=
constant,.

pulses of small amplitude. Y ST ST
VC
16. Succession of Pulses ’ 1 !
mTit———- = |
As in the case of the rectsngular ! Lcrar

pulses dealt with in Secs. 4 snd 8, an } :

input which comnsists of a succession of =N,
|
I
|

Fig. 44 shows the
waveforms of some pulses
which are commonly applied v
to a series C-R circuit.
Fig. 45 shows the voltages
developed in the steady
state across the resistor
snd condenser when a
continuous train of tri-
angular pulses is applied
to the circuit. PFig. 46
shows the results to be
expected when a'continuous
train of sawtooth pulses
is spplied.

If a succession of
pulses is applied to a series
L~R circuit the resulting
conditions are comparable
with those which obtain in
a series C-R circuit. The
voltages developed across the Fig.44, - Typiocal waveforms
colil and resgistor are similar
to those developsd across the
resistor and condenser
respectively in the C-R
arrangement.

a1
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mTr"_?__A_

Ve ech e f b -

T S 7
CR»T
ol A A LA

f4 ; CRlnT ! Va ® 9 .
° I\ l\ ! ' 7 ’f/ ,7
: 0 .,/ | < t CR Tl {f
LN LN J—L

La | { CR«T 1

-Qv'-—+————|————o-—-— e

. 1

| |
t i 1

Fig.45.- Response of a C-R oircuit Fig.46, - Response of a C-R cirecuit
to a succession of triangular pulses to a succession of sawtooth pulses

17. DIFFERENTIATING AND INTEGRATING CIRCUITS

With certain limitations, which are discussed below, it is possible
to arrange a circuit so that the output provides either a differential or

an integral version of the imput voltage.
avy
i.e, either Vo X &

or vooc[vy . dt

A series C-R circuit msy be used to meet either of these require-
ments. PFor differentiation the time-constsnt must be short, snd the
output is taken across the resistor. For integration the time-constant
must be long, and the output is taken scross the condenser. The conditions
governing the choice of time-constant are investigated below.

Considering the circuit of Fig. 47 , we know that

Vi = vO+vR '

o
1 = dq T cm=q v
* Vv ’

MVsq ‘ R
° '3 l
o

Differentiating Circuit.
Fig.47.~ A differentiating or
Assume that vp <K Yo integrating circuit.

i.e,, Vo 2 v

then g 2w
and by differentiation with respect to time, we obtain

1 dq 4 (ys
a—E(l)

¢ a
92
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Hence i = d .
T rey (71)
or . vp = 4
—_— = (s
CR at (v3)

i.e. YR .=-: CR g__v
7 (1)

In words, the voltage across the resistor is approximately proportion-
al to the time-rate-of-change of input voltage.

We shall now consider the circumstances under which the assumption

RKL Y
is Justified.
Vg = Ri = Bdg = CR 4
R at 7 (Vo)
Hence the assumption may be written
cr 9vg o
= K
But, as shown
Yo 2 Vi
hence
i\ A
Ea&n o
iee.
R K vi/dvy
dt

This means that the time-constant must be small compared with the
ratio of magnitude to time-rate-of-change of the input voltage.

Integrating Cirouit

Assume that ww ,
i.e VR 2 V5
then Ri fi vi

and by integration with respect to time we obtain

%ﬁdt g.[vi.dx

Hence Rq = f vi-dt
or CR vg & f v+ dt
i.e, vo 2 1.

c o f v dat

In words, the 'voltage across the condenser is approximately
proportional to the time-integral of the imput voltage.
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It may be shown, by reasoning similar to that used in the case of
the differentiating circuit, that the assumption

RGO

implies that
Hrplies R > Zvi dt
vi

This means that the time-constant must be large compared with the ratio
of the integrated value to the magnitude of the input voltage,

As an example of differentiating we may take the circuit and wave-
form of Fig. 39

Here Ezi_-_ = m and is constant, so that v; increases steadily with
at -
time. Hence if ¢ is large enough

WV sm

dt

and the output Vp is a differentiated version of Vije This is shown in
the figure, where, for values of t >> CR, vy oC m

As an example of integratiom, consider the waveforms of Fig.29
For values of t << CR. the condenser voltage continues to rise with each
pulse, so that

vcocfvidt

For larger values of t this comdition mo longer holds and eventually a
steady state is reached., Under these circumgtances

[vae > o,

and the condition for integration
is not fulfilled.

The terms "differentiating”
md "integrating" are often
applied to short and long time= ©
constant circuits respectively, W,
even though they are not used in
the conditions under which tyus
. differentiation or integration ’L
oocurs, For example, the voltage . T
vp.shown in Fig, 48 is V V
frequently referred to as a
differentiated version of the
input vi. In fact dvy is

V

Q)

(b)

o]

o
=l

N dt INFINITELY LONG
eitvner infinite or zero, as shown. ) ©
Provided CR << T, v consists 5 ]
of narrow peaks of voltage and ,,mrwnet_v LONG [
the similarity with the true

differentiated voltsge is

obvious. Fig.48, - Comparison between output (b}
of a "differentiating™ cirouit and a
true differentiated version (c) of the
input {a).

HE
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CHAPTER 3
NETWORKS

1. INTRODUCTION

In all redar circuits involving the transmission of electrical
energy, exsmination of the circuit behaviour at any stage requires the
division of the gystem into "source" and "load", as shown in Fig. 49.
if the system is linear it is conveniently described in terms of ideal

i
s,o5foL :
SUPPLY "ef LOAD
s,0 L,

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

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

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

Zys to & sinusoidal EMF of given frequency. The source may be represented
by a generator of EMF equal to the voltage v, between the output terminals
Slsz when open-circuited, in series with thg equivalent source impedance
Zgs called its output impedances Alternatively the source may be

N, N,O—}=
S, 0 -ON, N,O- O Ly
SUPPLY LOAD
S,0 N, N,O oL,
—ON,, N

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

represented by a generator of current ig equal to the current through
the short-circuited output terminels, in perallel with its output
impedanoe z4 (or output admittance yg = l)

Zg

An element in the chain between source and load may usually be
represented as a four-terminel network (Fig. 50). Such a network may
contain linear or non-linear
elements, e.g. tranmmission
lines, valve smplifiers, etc.
For simplicity, only those
networks will be considered
in eny detail which do not
contein sources of EMF and
vwhich are formed of resist-
ive (R), inductive (L) and

capacitive (C) elements., Fig.51.- Representation of 4-
For one-way transmission of terminal network for one-way
energy, from source to load, transmission,

such a network may be
represented by & potentiagl divider
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followed by an ideal 1:1 transformer, (Fig. 51); whilst if two- way
transmission ig to be conslidered the four-terminal network may be re-
presented by either a T-section or a T -section followed by an ideal 13l
transformer, as shown in Fig. 52.

OR

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

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

Lo o4— 5 —1° o —° o1
- aHo oHr *Vi ?V’o
vl -l"‘- -0 O ' VO '\_ri ‘\_50 "- o o Hll
— o —10 O~ * '
@ b (©)

Fig.53.~- Effect of earth: balanosd and unbalanced networks,

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

(1) Unbalanced networks: in these, one each of the imput snd
output terminals is earthed (Fig. 53(c)).

The properties of balanoed networks cem readily be derived from
those of unbalanced networks, and only the latter will be considered in
subsequent paragraphs. For example, the fundemental properties (ie,
Characteristic Impedance, Propagation Constant, etc. as deduced in Sect.3)
of the balanced H-network of Fig, 5, are the same as those of the T-network
of Fig.55(a) provided that the total shunt impedance z, and the total
series impedance z; are the same far the two networks, as indicated,

Q)

(@ b)

Pig.54,. -Balanced and unbalanced Pig.55.~ Symmetrical T- and W=
networks, 9 8 networks.
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Analysis sand design are very much simplified if the network
can be made symmetrical, This means that if the network is reversed, snd
its “output terminals" connected to the source and its "input terminals®
connected to the load its properties remain the ssme, whatever the nature
of the source or leads The advantage is partiocularly merked in the case
of iterative networks of the types shown in Fig. 56. If many.sections
are used, with a particular temination, the behavicur of the network as
& whole can be described in terms of the change of phase and attenuation
due to each section, irrespective of whether the network is split wp
into T~ or 7{ -sections, symmetrical or unsymmetrical, The type that is
nost simply described, namely the symmetrical section, is thus the most
useful to consider and is of sufficiently gemeral spplication. An
uwnsymanetrical network cen slways be considered as a symmetrical ome with
sn extra series or shwnt component added st the input or output terminals,
or both. Symmetricel T~ andf{ -sections are illustrated in Fig. 55.

Pig.56. - Iterative networks.

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

2, MEASUREMENT OF INPUT AND OUTPUT IMPEDANCES

In the circuit of Pig. 49(a) the input impedance of the load
may be determined by direct measurement of the magnitudes of vy and iy
and their phase relationship, Theoretically, the output impedance of
the source is determined by measuring the input impedance between S; and
S, with the gemsrator suppressed (i.e., prevented from genercting but
wthout change of its internal impedsnce.) The remainder of the
circuit must be maltered. From a practical point of view this
experiment is one which cannot be performed in the majority of cases:
if, through any cause, the actual génerator ceases to genmerate, itas
internsl impedsnee is almost
inevitably altered by this (

Rs CS
chenge in the physical conditions. |—o—-o— X
A method which is capable of LT Y
practical application will now be
described, vsf Y Ry
-O0—0

Suppose that the ocutput
impedsnce of the source is
capacitive. A variable load is

connected as shown in Fig., 57, Xy Pig, 57.=Circuit for meas=-
in this case being the reactance uring generator voltage and
of & varisble inductance. As the impedance.

load inductance is varied the
magnitude of the altermating voltage
vg developed across the load
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resistance will vary, and will reach & maximum velue when the inductive
reactance Xy = w Lyof the load exactly mullifies the capacitive react-

ance - 1 of the source,
w Cg

output impedance is inductive.

A similar method is applicable if the

The resistive component of the output impedance may then be
determined by varying the load resistanoe; and comparing the voltage v.

developed across it with the current ip through it.

combination mey be considered
as a short-circuit as far as
vy and iR are concerned, When
sufficient points on the graph
have been obtained, ';s and 1,

and heace Rg, may be determined
from the intercepts on the axes,
since R = A
8
A
is

Alternatively, the
method shown in Fige 59 may be
employed, & similer graph being
derived (Pig, €0). It should
be noted that i, vg, Go , By

are not the same as ip, vy, 1, 1
Ry Xy
{See Chap.3, Sec.17)

Practical difficulties
arise because, where the
generator is an inherent part
of the source, changes in load
affect its frequency as well as
its output voltage and impedance.
To reduce theae effects to

negligible magnitudes, the changes

in load impedance should be made
very small compared with the
total impedance of the circuit.

3, SYMMETRICAL T-SECTIONS AND
__ Weseorions

Whatever the actusl
arrengements of the elements
forming an unbalanced four-
terminal network, it is
convenient to describe the
behaviour of the network in terms
of the equivalent T< or Il -net-
work of Fig, 55.

This varisetion is

A
vR

m< >

Fig.58.~ Determination of out-
put resistance and open-circuit
volt&gec

Ic’ 7 Geg/T

Pig.59. = Circuit for measuring
generator current and admittance,

A
% Ve

Vs

co.ductance and short-circuit

current,

Pig.60.~ Determination of output
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The input impedance z_ of a symmetricsl T-network depends on
the marner of its termination z, according to the formula :-

: =5 4+ %2 (% + %)

8 2
2+3 4+ 2,
2

(Pig.61(a))
L ]
It is not always desirable
to work in terms of 2; and 25, and

three other impedancesare frequently
used:=

(1) Qpen-circuit impedsnce: fig.61, - Input impedance of
T-network for various stand-
ard terminations.

2 o5 with the output terminals open~circuited,

1P = 2 (R (D))

(ii) -Short~circuit impedance :

LI with the output terminals short-circuited,
z w—
1 Pse= _2’:1_ + %2 2

o (Rl (o)
2

%2 +

(i11) Characteristic impedsnce:

mZos this is a particular impedance such that
when the network is terminated in 2, its input impedance
is vz
T“0

(Pig. 6€1(a))

This equation for pz, reduces to o’y = *V/ 5 5, 22
L

The ambiguity of the z sign is important in the case of reactive
impedances, snd must be resolved by further consideration of the particular
circuit.
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ﬂ' ~network

Corresponding expressions
for the 9T ~-network of Fig, 62 are

(i) Open-circuit amittme eecees
Y2 T2 0
yoc =2 *t 2
T2
- %
2 71

(ii) Short-circuit admittance ...
yﬁc = _3_2“_% + yl

(iii) Characteristic admittence ...

+
NIo==-V ¥ Yo +33

Fig,62, - Input impedances of
w-network for various stand-
ard terminations.

General

Results frequently useful are :=- _
%0 =/ Esc Z,,  ’ both for T- and TN -networks; end
T% . (% = %L . 22, where Zl and 22 are the same for both
networks.
Propagation constant

When the network is terminated in its characteristic impedance,
the ratio between input and output voltages and currents is the same,
This ratio is expreassed

s = Ys =§¥ where ¥  is called the Propagation

ir Ve Constant of the network,

In genersl, ¥ possésses real and imaginary parts, and is equal
to & + jB , where & corresponds to the attenuation, end 3 the phase-
shift introduced by the properly terminated section.

The magnitude of £ will be denoted by k, so thatd = logg ke

It may be shown that for any symmetrical T- or T

~network,
¥ satisfies the relation
g+€7 = 2+ A
22
4o MATCHING

Consider & transmission system divided into souroe and load as
in Figc 49-

For a given source the load may be designed to satisfy one
of many requirements. The three principal requirements are i~

(1) Maximm current supplied to the load;
(ii) Maximum voltage epplied to the load;
(1ii) Meximum power transferred to the load.
In transmission lines and waveguides a further requirement is
the avoidance of reflections and standing waves; +this will be dealt with

in the appropriate chapters. The load impedances which satisfy the three
principel requirements for linear networks are, respectively :-
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i) Ry =o, Il I
EZ 5
(1) Gy = o0, B = -B‘; (f.e0 By = o0, Xy =_1 ; )
' ) 8

(i1) E/ - Ryy Xp = «X;; or alternmatively, GZ = Gg, B_'e = ~Bg.

When the conditions (1ii) are satisified, the load and source
impedances are said to be oomjugate, and the load is said to be matched to
the source, and vioe versa.

For non-linear networks other criteria must be employed. The
power delivered to the load, for instance, masy be plotted against the load
resistance, and & series of cwrves obtained for different values of load
reactance, The optimm velues of Ry and X/ are obtained as shown in
Fige 63. ~Where the regulstion of the source with changes in loading is
an important comsideration, it may be deairable not to choose the load
inpnt impedanoce for maximmm power, but to take the stability imto account
(Eogo Ghl.p. 8 Sec. 40)

POWER OPTIMUM Rg& X,

If souroe and load are not OUTPUT AT THIS POINT
varieble, and the idesl matching J
conditions not reslised, a matching >,
section may be inserted in the line \\
between source and load. Ideally, /i \
this will consist of reactiveaelements s
designed to provide meximwm power
transfer from source to load with~
out itself ab rbing energy. (Since
the input impedance of the load is
fixed, the conditions for maximum ~Ry¢
power also ensure that both maximum
voltage and current sre delivered ) Pig,63.- Method of determin—
to the load)s The output impedance of ing correct matching oondit-
the network, fed by the source, will ions when system is not
be the conjugate of z¢ » whilst linear,
the input impedande of the network,
terminated in s, , will be the
conjugate of z,, as indicated in
Pige 64e In generll if will not
be possible to satisfy these
conditions exactly except at one or
two frequencies, altheugh approximate
matching may be obtained over a

~

band of freguencies, -0 o
For resistive impedances at Z—| MacHne 141z,
sudio frequencies an iron-cored’
transformer is a suitable matching o o
:::.ito:.;s .’::i' has the ad;:?;g; s, Zs;ze.ifo)mz CONJUGATE IMPEDANC?E)
low frequencies are reascnably
independent of frequency, and Pig.64.~ Use of matchin
depend only on the ratio of Ry to section, €

R/ .+ For use at higher freq_uencies

various types of matching sections

are used, all suffering more or

less from the disadvantage of being

sensitive to frequency changes. Some of these are described in Chaps.
4 and 5,

5 GAIN AND 10SS

In genersl the network of Fig. 50 will involve either amplifi-
cation or sttenuation of the input voltage, current and power. If the
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magnitude of the sinusoidal input voltage is v,_ and of the output voltage
vo, then vo/ vi is the voltage amplificetion of the network. Similerly

1 P

7{% and 1;9- are the current and power amplifications.
1 i

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

Power ratio The Power Gain is defined as

P
= logyg __O bels

10 logy, Fo decibels (ab.)
Py

Voltage ratio
The Voltage Gein is defined as

A
& = log Yo nepers

g~
Vi
Current ratio The Current Gain is defined as gj = logi_':{g/:fi napers,

Other terms are also used, Thus, voltage snd current geins are
commonly quoted in decibels. The
appropriate definitions are :-

4>

= 20 log [e) decibels
& 10 5

¥

¢

g = 20 logjp decibels Fig.65. - Iterative networks.

2

1

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

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

1 P
gp = 3 log _0 nepers
P £ B

These equivalences can be §unmarised by the statements
1 neper = 8+69 decibels
or 1 decibel = 0°115 nepers.

Where attenuation instead of amplification occurs the corresponding formula
for the decibel or neper loss may be obtained from the above by inter-
changing the subscripts i and o. A

Vs
e. g« the voltage loss is 20 logio 51" cecibels
o}

6. ITERATIVE SECTIONS

Four-terminal networks are frequently used in Cascade (or Tandem)
to form a ILine, Such a line is shown in Fig., 65 and may be called an
Artificial Line, as distinct from a uniform transmission line which it
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may be desired to simulate, It may be considered as an iterative

sequence of either T- or J{ =-sections, according to the mode of termination,
as illustrated in Fig. 66. In the mechanical construction of the complete
network no distinction is made between T- and (U -sections except at the
output and input términels, Since it is usuel to match the input to the
source by a matching section, it is convenient to consider the output
termination only asdeterminingthe manner in which the line is divided into
its constituent networks for purposes of snalysis. Thus the network of
Fige. 67(a) may be split into two parts, as in Fig.67(b), the iterative
portion terminated in its characteristic impedance ¢z,, and the non-
iterative portion at the input, each part being considered separately.

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

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

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

Fig.68.- Alternative representations of a properly matched iterative network,
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Iterative networks are commonly used as attenuators, filters or
delay netwcrks, and the particular properties of these will be described
in subsequent sections.

7+ ATTENUATORS

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

For an ideal attenuator ¥ , the propagstion constent,is real,
so that =0 (See Sec. 3);also the characteristic impedance 1s inde-
pendent of frequency. To meet the requirements with the symmetricel
networks described above, z; and z, must be the same kind of impedance
(i.e. the phase angles must be the same), and should be chosen to suit the
load. Since the load is normally resistive, z, and z, are usually
resistances, and, particularly when the zttenuator is used for high
frequency measurements, special care must be taken to avoid stray react-
ance. Under certain circumstances, such as for attenuating a large
alternating voltage to apply to the deflector plates of a CRT a capacitive
attenuator may be used; whilst for monitoring RF weveforms without
extracting power, inductive attenuators may be preferavle, Only the
resistive type will be considered here; the formulae for these are given
below. The corresponding formulae for the cases where zj ‘and zy sre pure
reactences of like kind may be obtained by substituting X for R through-
out.

- Properties of a symmetrical resistive attenuator network

For a network of given type, determined by R; and R, and
divided into symmetrical sections as shown in Fig, 69,

i
——— R R
TRO % 2 T™"O %
O~ ‘

T - SECTION T~SECT.ON

Pig.69. - Matched attenuators,

R = R, + B2 v o = G5, + &2
4 4
= L L
(Note: G, = -3 G = R
R2

end TRO : ‘)'(RogRl°R2

Putting = 0 iw the formula for ¥ given in Sec. 3, and writing
Ers 8“ =k , We have
k + i— = 2 +

Ry
Ry
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The following useful formulae may be deduced :~
k= B4 2R = _RBRo*2Bp 5

By = 2 RBo = 2 By
By=2.k~1., and Bo= 2k s
1 . #Bo 2. R 3

== mB, and =1 k+1, qBRo.
2x X B =5 -EXg- W

These formulae enable gR, or gt Ry and k to be determined from
Ry and Rp, or vice versa.

The attenuation in db per section is 20 logyg k.

Exsmples

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

We have 2010g1° k = 14.
Hence k == 5

Also pfo = 2000

2P

n

Henoe Ry
= 2.% 2000

== 2670 ohms

Also R, = 2k
2= 2ty O

= 10 2000
24

=== 830 omms

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

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

We have Rl 1000 &.. Ry =2000 Q.

Hence ®G, = V1, %+ ($)2- % millimhos.

= /‘g‘ millimhos,

i.e. R, =4 kohms
3
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.='T 1330 .ohms ,

Alsok+ 1 = 2 + R
k Ry

= 2 + 1

2

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

FILTERS

8. Ideal Requirements

The ideal requirements for a filter network are illustrated in
Fig. 70. The frequency spectrum is divided into pass bands and attenua-
tion bandss In the former, no attenuation is desired, and eny unsvold -
able phase shift should be proportional to frequency. Outside the pass
bands there should be infinite attenustion of. signels at all frequemcies.

|
/:»Pxomnnom
| TO FREQUENCY

PHASE SHIFT

ol

ATTENUATION
A

ASS, -
5AND'] CUT-OFF
‘/{7FREQUENCIES
f

] )
HARACTERISTIC |
IMPEDANCE |

1
i
I
]
i
|
It

1
!
1 —

o

Pig.70,~ Ideal characteristics for a filter.

Since the load is normally resistive, the characteristic imped-
ance in the pass band should be a resistance of constent value,

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

9. Simple High-Pass and L c
Low-Pass Filters O--wMTQ_Q_Q,I.QQO.I-o o--o -0
In the ideal c L
networks about to be | | I
described it is assumed o--- -0 O-——n -0
that reactive elements (@) : (b)
are devoid of resistance. Fig.J1.- Simple filter networks.

The results obtained in
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practice agree clasell,y with those derived from this assunption provided
high-Q components are used,

L L L 2 2¢ c
2 2 O—" |—-O
1 IT LI% L
o— T o4 ®) ) © (d)

¢ -0
(@)

[Nile)

Pig.72.- Symmetrical T-section and T-section £ilter networks.

To provide frequency disarimination without attemuwation, both
capacitive and inductive reactances must be used, The simplest, or
prototype, filters ere shown in Fig, 71, and the symmetrical T- snd (U
-section s.rangements in Fig, 72. For, certain filter applications the
resistance-~capacitance networks of Fige. 73 may be used, In these the usual
object is to make the capacitive impedances sufficiently low compared
with the resistance, at
all frequencies likely to
be present. c

o—--’VW—r-WIWI-v o--- ---0
C R
T -[ © O-~- =0
(a) (b)

O~=m==

10. Simple Low-Pass Filter
Formed of Purely

Reaoctive Elements Fig.73.= R-C filters,

'Fig. 7&-(&)
represents an iterative
network of any mmber of
identical sections formed
of perfect ocoils and
condensers; the network
is properly terminated so
that, at the input
teminals PO, it looks like
an infinite line.

———

-

The letters Q,
S, U, denote the meshes
of the networks, and the
cwrents, iq, is etc.the

corzesponding series

currents. vq and 'S ete,

are the voltages developed -
across the series
impedances,

-

The subscript m
denotes the electrical
centre of a series reactance
(eege Qm is the electrical

me d:(i,.f FR) or z:h;tspﬁ“ Fig.74.~- Alternative representations of
vides a & Buge- a properly matched iterative
ceptance into two equal 1 0 9 network.,
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susceptances (e.g. Ry divides C into two susceptances each wC )
2

The sign —= implies that those portions of the various figures
which are similarly lettered carry identical currents and voltages,

In the assooiated diagrams of Figs. 75 - 77 OP, OR etc.
denote the voltages between the corresponding points of Fige 74, whilst
0Q, OS etc. denote the curremts in the corresponding branches.

As shown in Section 6, the phase-shift, (3 radiens, and attenua-
tion constent k, for each section, are independent of the manner in
which the network is divided into T- or 9 = sections. To consider the
properties of the symmetrical T- network of this type of filter, the line
is divided at the middle of one of the series inductances, as shown in
Pig. 74(b), where the inductance L between P and R is bisected at Qp
For a symmetrical J{-section each of the ghunt capacitances is split into
two equal parts as shom in Fig. 74(d), so that the line appears as in
Fig. 7h(e). For either method of division there is no change in sny of
the voltages or currents to the right of the chosen input terminsls.

The properties of the low-pass filter will be derived by
considering the gecmetry of the vector diagrems. The data upon which
thege diagrams are based sre $-

{1} The phese shift (3 radisns per sectiom;
i.eoy ‘V'S lllgs VQ, VT 1&83 VR, vn
lags vg etcs, all by (2 radians.

(ii) The sttemusilion k per section; i.e.,
N

{v\ ~ A n A

k:_v_g_ = __g" T esa.cen =EQ_-Z_S_ sessesn =& = _-'ES_..etc
A A “ A A N
s Viy Vg Vg ig iy

where C'P s etc,, are the amplitudes of the alternmating voltages
and cwrrentae

(i4i) The voltage vector leads the current vector by M_ radisns

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

There are two types of vector dlagram oonsistent with these
relationships, relating to the pass band and atteauation band respectively.

o= BC>R

Vo _1 =

Fig.75.~ Vector diagram,
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Pags Band

The relationships (i) and (1ii) above are plausibly
illustrated in the vector diagrams of Fig, 75 It will now be
shown that (ii) implies that

OP = OR = OT, etc and OQ = OS = OU, etc.

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

[ERO =590,

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

Therefore
B = 50
RO QO
A
i.e. P = S0 A € ).
%D
A A .
But :’g=;=§g=kfron(ii)
Y% Ay

it

S0; di.e., SO =Q0 and k = 1
()

hencs g%

henoe there is ne attenuation in the pass band.

Pig, 76 shows the true vector diagramls supsrimposed, with these
relationships satisfied. ,

Referring to this figure

1n A A A
sin 6 =! = %' = 117 .
7 7:'1-3 -3 -r\ﬂvtg- !
4 R "R
A ’ A
but _'Q =wL, snd Y = 1 ;
N N we
i iz
hence sin B/, =/_Jr£c_= /—uz_ = £,
" w3 fo

where W = 2N fand W, = 29 £, ‘/Ii
LC

[ S the cut-off freguency)
i.e. fc = X /5 (which will later be known as cut-o q

It follows that, as drawn, the vector diegram is valid far only
one value of £;, and that similar diagrams can be drawn only for values of
f £ fg, since sin% cannot be greater than L

1i1
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fo is called the Cut-Off Frequenc..

———— e e
o
-

o

B Vo~ — = -»H-T--——'vﬁ ————— -
P T omt O ) v [
- i e e — ] V. 0——-Ir-- i e —
N
P !
T
| i
] s ¥
Pig.76.- Pass-band vector Giagram Fig.77.- Attennation band vector
for low-pass filter. diagram for a low-pass
filter,

Characteristic Impedance

The T -section chsracteristic impedance is the ratio of the
potentisl difference,between Q, and O to the curremt iQ (Fig. 74(c)).

This is the ratio Qw0  (Fig. 76).
Q0
Thus T%0 = Qw0 =
QO
= Cos 3 .,
2

KO
<0

Jh>lg> g'i

But, in the triangles FRO, QSO,
A A

3

5

ir

Hence % = /L oos
c

Also Qu0 and QO are collinear, showing that the impedance is purely resistive.
(Similarly, from RmO snd RO, corres to the M~ division of Fig. Ti(e),
it mey be shown that %o =/ L sec s and is purely resistive).

[ 2 )

NI

Attenustion Band

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

A A
?'R = iQ + gs = (k+1) ig;
N

YQ = VP -+ VR = (k + 1) vR oo-.-vooooooooooo..(z)
Hence
A A
9 = (k+1)R
) N .
(k +1) ig ip
N A
i.e. k Vg - (k + 1) 'R
(x+1) 38 2
R
2
Therefore kwLl = k+1. d.6 (k41) =0 = 4w 2
k+1 we k W
Hence X+ 1 - 2w
v k ma
or vE + 1 = 2¢
JE fe

From this it may be deduced that the attenustion per section is given by:-
£
\/E- = £, + (1 ) 2 1
fo .

(The propagation constent, ¥ , is @+ jB , where P=N mia= loggR
nepers per section).

Characteristic Impedance

In the attenuation band

0 = Qw0
Q0
A A
= P~ VR
Ziq

A
= R (k-1
2

/_‘:_Lik_"_l_)_ cerecsessersasesssase from (2) above
(x+1) 25

=@L (k-1
2 k+1
= WL for k large ;

2
i.es forf > £, .

113



Chap. 3, Sect. 11
This gives the magnitude of the characteristio impedance,

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

11, Graphical Representation of Properties of a Simple Low-Pass Filter
T-Section

For a network contain-

ing the ideal components of
Fig. 74(s) the cheracteristic

impedance and attenuation vary e
with frequency as shown in il
Fig. 78. These variations are 2o \ 5
obtained from the formulae ‘t ! ol
derived above, i R
2o —lh—- ‘7 _tlo o —
Tt 4 1 PURELY | 7,7 PURELY REACTIVE
s common practioce C| RESSTIVE Le” 7 orrep cumve GIves

to draw the Loss-Frequency JE
curve, instesd of the

attenuation frequency curve.

The loss may be plotted on an

inverted exis, as shown in fe @
Fig. 78(c), and is 20 logjq k

dscibels per szsction. K

4, THE REACTANCE WHICH
[ IS INDUCTIVE)

Effect of imocorrect termination o -3 f

It is not generall;
possible to terminate such a 0 —
network by its characteristic
impedance at &ll frequencies,
because of the inconvenient
form of the variations which
occur in this guanti®y with
changes of frequency. In
practice, the rimplest com=
promise availeble iz to make

db

the load a resistance of LOSS
value /7_;' . The filter is ©
c

then properly terminated at
zero frequenoy, and the effect
of imocrrect teneinetion is Fig.78.- Characteristic properties of
not pronounced wntil cut-off a low-pass filter (T-section).
frequenoy is approached,
particularly if the output
impedance of the source is
alsc & resistance of value ’

L « The efféct is 1llustrated in Fig. 79, where the loss~frequency

c ’
charscteristic is plotted for a single T-network terminated in / L.

v ©

The input impedsnce is not purely resistive except at zero frequency, and
some loss (3 dbe. at £,) is introduced into tl ass band, If several
sections are used in &scade, terminated in / L , or if a matching
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section is inserted between the T-network and the load, the loss~frequency
characteristic for each section will lie generally between the two curves
of Fig. 79

nZo )
o - f {
—— - LOSS DUE TO SINGLE !
SECTION PROPERLY |
o \ TERMINATED AT ALL f
FREQUENCIES T b o PURELY__
— LOSS DUE TO SAME e, REACTIVE
SINGLE SECTION e ) (DOTTED CURVE GIVES
20 \ TERMINATED IN R=[E PURELY | T REACTANCE,WHICH
. RESISTIVE ¢ IS CAPACITIVE)
i
* o T _ae—mTTmTTTTT
.
30 ; Vi
I 4
] /
P/
404 < b
: ]
LOSS 1 ]
INdb !
IR
Fig.79.~ Loss for single low- Fig.80., - Characteristic impedance
pass filter sectio of a low-pass filter,
terminated in o at

all frequencies.

12, Properties of Simple Low-Pass Filter W -sections

The attenuation due to a filter formed of N -sections is the
same as for the corresponding T-section network, as described in Sec. 6.
The principal difference between the two types lies in their character-
istic impedances, that of the R =~-section becoming infinite at the cut~
of f frequency,’ sand becoming a capasitive reactance in the attenuation
band (Fige 80)

0, fe f

(a)
LOSS

120 nZo

|

e 120 o 1o ___
PURELY PURELY RESISTIVE
REACTIVE

|
|
|
|
i
|
i
T ! |
Bt /|
) ;o
{ T ’ {
o f [ Bl et it
4

T _7wZo _____
RELY RESISTIVE
REACTIVE;
e |
| ’ I
s 4 1
S | . | t
/ ! fc
’ |
7
I !
'
1

1
N (b) (©)
1
1]
1

Pig.81.- Loss and characteristic impedance curves for a simple
high~pass filter,
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The two characteristic impedances are related by the formula

2% R% =

13, Procerties of Simple High~Pass, Band-Pass and Bend-stop Filters

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

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

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

The types of band-pass
and band-stop filters commonly
met with in radio receivers are
simpler in that they involve
fewer components then are
required by the bridge or cas-—
cade cormections Jjust described,
but the analysis and design are
more complicated and the
attenuation-frequency character-
istics are ususlly much inferior
to the ideslised curves of
Figs. 82 end 83, TFor RF and IF
circuits of a radio receiver
such filters are generally made
adjustable, and the final
sizes of components chosen
anpirically.

1lke Qther Types of Filters

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

(FOR HIGH-PASS

(FOR LOW-PASS

FILTER) fc fo FILTER)

LOSS

Pig.82, -

INPUT

(b)

LOSS

2
»

o
zl
Y _

[fc(HiGH PASS) < fc(LOW PASS)]

Loss for band-pass filter
formed by high~pass and
low=-pass filters in
cascade.

Lo
HIGH~PA$§>~
FILTER

ouTPUT

o]

LOW~PASS
FILTER

Al o]

[te(HicH-PasS) > fc (Low-Pass)]

Fig.83, - Band-stop filter formed by

bridging high-pass and low=

pass filter,

reference should be made to more advanced texts for a discussion o?
their properties. The provision of a parallel anti-resonant circuit
in the series armm, or a series resonant circuit in the shunt amm
introduces infinite attenuation at the resonant frequency of the tuned

circuit,
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FREQUENCY
OF INFINITE

OATTENUATION _ fc f
T

i

|

|

|

|

|

!
i
|
i
3
|
|
i

(Q)

LOSS
(b)

Pig.84.- High-pass m-derived NW-section filter,

In practioce, resistive losses modify the idealised curves,
introducing a certain smount of attenustion in the pass-~band, and generally
decreasing the sharpness of the distinction between pass and attenuation
bands. High-Q circuits snd components are required if the ideal curves
are to be spproached closely; for this reason piezo-electric érystals
are frequently used in place of tuned circuits in bend~-stop and band-pass
filters, but the use of thess is limited by their very narrow tuning range.

FREQUENCY
OF INFINITE
f !ATTENUATlON
o) < —- -f
|
|
|
|
|
|
I
!
O T -—0 |
I
|
(a) |
! (b)
LOSS

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

15. Delay Networks

It is shown in Chap. 4. Sec. 6 how the change of phase produced
in a trensmission line depends on the time taken for an electromagnetic
wave to pass along the line, The same is true for an artificisl line
or Delay Network, If this time of transit is T, then the phase angle #.
by which the output lags the input, is comnected with T and f, the
frequency, by the relation :

g = 2wer

117



Chap. 3, Sect.15

CUT-OFF
FREQUENCIES
o] T
1 |
0 000 A1 0200 ! '
; i
| |
| i
! ]
= l !
)
i i
| | FREQUENCIES | |
I fOF INFINITE !
| | ATTENUATION :
I
| |
T '
o= < Loss

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

N

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

. = a8 ;
T -2-21.‘—-{ 2 ¢ ° wheread.n% =f£ R'Kfﬁ_o

Hence, forf<<f°,!hensing = B,
2

T = n . 2R ¢ /ILC
2 f

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

£ << fo.)

For higher values of £ (but still within the pass~band), the
value of T increases, until at f = £, the time of transit isT = n| __
: 29 £,

= 2 = BE . G The varistion of B wnd T with frequency
(¢}

CUT-OFF FREQUENCIES

FREQUENCIES
OF INFINITE
lAT TENUATION

L3

(a)

| b)

—_—

I
|
i
i
1
i
1
!
|
|
|
I
LOSS i

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

is illustrated in Fig. 88.
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This increase in A
time~-delsy with rising
frequency causes distortion
of non-sinusoidal waves,
this distortion being
superimposed on that due
to the attenuation of
components whose frequency
is higher than the cut= (a)
off frequency. Where T
such & network is used to
delay a rectangular pulse
the cut~off frequency
should be high compared n
with 1 , where '.l‘,‘p is the

w

FORf >fc
f=2siN" (,ic) p=7

n\ja
am ar
i L
|
1
]
]
]
1
1
1
1

pulse vr:idth. This
determines the maximum o :
permissible value of / LC , O
so that the number of

sections necessary may be

determined from the formula:-

—— §

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

total delay required,
The actual values of L and C needed are determined from the

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

£, = 1 a.nngz\/_cE',

n /LG
whence C = - farads, and L = ?f__ henries,
)14 fcﬁe b8 fc

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

16. Use of Delay Line for Re ar ses

It is shown in Chape. 4, Sec., 12 that a length of transmission
line may be used to produce nerrow, rectangular pulses. The advantage
of using a uniform ceble for such purposes is that it passes all
waveforms Wwithout distortion. As desecribed in Chap. 4, the pulse is
produced by a wave travelling to the end of the cable and back agein, so
that the cable delay time must be half the desired pulse width.

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

Since T = % T_, the design requirements for the network given i
Sec, 15 include the relations

1. 1
> p— andiT = v LC
N /L6 P =% o
s0 that 1 >> 1 ’

2n /¢
119
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Chap. 3, Sect. 16
or n>> _T_;_ .

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

Exsmples

(i) To construct a low-pass filter T-section whose characteris—
tic impedance at zero frequency is 600 olms and whose cute
off frequency is 4 Mc/s.

We have /T = 600 and 1 = 4,105
c T e
Hence JIC = _L _o
49X 10
..o I-L = 600 6
Ly 10

P19
=== 47°7 nmicrohenries .

L ]

Similarly C = 1 . 1
4L 10° 600
= 1
24 7 108

== 133 pF.

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

(1) To construct a delsy line to pass signals of all frequencies
up to 3 Mc/s snd to provide a total delay of 6 ms. It
must match a 2000 ohm line.

We make £, = 1 = 3.10%ana /T = 2000.
"/ IG c

As for the previous example we obtain
1
A T

37 10
Whence we obteln L = 212 /uH
C = 53 pP,

The total delay is 6 /U85 whilst the delay per section is
1
/TC = 3?( /130
Hence the number of sections required is
6 =~ A = = 57
- 3R 18 -
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Hence 57 sections are required,each with total series
inductance 212 /o end total shunt capacitance 53 pF.

(iii) To construct a pulse-forming network of 6 sections to
match to & 800 ohm losd and to have a double delay
time of 1.0 /us.

We have L = 800.
(¢}
6 L6 = 0°5.16°

Hence 6 L 800 . 0°5 , 1076

‘e L = .1% microhenries

== 67 micrchenries .

Similarly 6C = 0.5 .10 °
800
Hence c = 0'2 [ 106 PF
6. 800
= 104 pF.

Hence each section has total series inductance 67 /uH and
shunt capacitance 104 pF.
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RESOLVING NETWRKS

17. General

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

of resolver that sre used in practice; these are :-
(1) +the Resistive Resolver (Sine Potentiometer),
(ii) the Inductive Resolver (Magslip Resolver),

(iii) The Capacitive Resolver.

Type (i) may be used with AC or DC supplies; types (ii) and (1ii) can be used
only with AC supplies. Type (iii) is not encountered as a resolver alone,
being employed only in the capacity phase-ghifting network described in

Sec, 22, It will not be described separately.

18, Resistive Resolver

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

@) (b)

Fig.89. - Resistive resolver (sino potentiometar),

Since R o sin @
& R oz 008060,

so that if §$R is the incremental resistance for each twn of the wire
on the former, corresponding to a length 3{ , and provided the resistance
per wnit length of the wire is wniform,

Y 4 og cos Q.

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

A group of four such cosine-lew resistora may be arranged as
shown in Pig, 90(a) to give continuous resolution. As the potentiometer
arm turns through an angle © the direct voltage tapped from the resolver
varies as shown at (b). If an alternating supply is used, as shown in
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Fig. 91 the input voltage being v , the output voltage is v_ = v sin O,
. . i . o
a8 for the DC circuit, :

Such a resolver,
although accurate for
direct or low=frequency
slternating currents, is
not often used for
frequencies of several
kilocycles or more because
of the effect of stray
capacitance, and because
inductive resolvers are
more suitable at such
frequencies., Instead of
the accurately wound
sinusoidal potentiometers,
linear resistances may be
used to give a rough type of
resclution as shown in
Fig. 92. The eigm feed v
points are taken to the
supply voltages as shown
at(a) and as © varies the o
voltage tapped from the
resolver follows the graph

-5

shown at (b). Although -

such a device is inaccurate b)

as a straightforwerd resolver,

it finds & useful application Fig.90.- Sine potenticmeter arranged to
in the resistive type of “give continuous resolution,

phase~shift network described
in Sec. 23, where the in-
sccuracies of the method do
not matter greatly because
of the special requirements
of the system,

19. Inductive Resolver ‘Fig.zi)

The inductive
resolver consists funda-
mentally of two coils, a
stator and a rotor, the
alternating supply normelly
being t'ed to the former and
the output being taken from the
latter via sliprings.
Alternatively the roles of the
two coils may be reversed,

The coils are mounted on a

- common diameter and wound in
such a mamnmer that the mutual
inductance between them is
proportional to the cosine
of the angle & between

the coil positions. Fig.91.~ Sine potentiomsters used with
.Hence the voltage induced in AC supply.

the output coil is proportional

to the product of the input

voltage and cos @; Fige 93(b).

123



Chap. 3, Sects 19

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

Vo

If the supply is fed
to the rotor, and two identical +V
stators are used, perpendicular AL /\
to each other, voltages ®
proportional to sin © and cos®

may be obtained simultan~ -0 7Uh— f——-07V
eously from the two stators, A
as indicated at (ec).

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

Vo

«a{SEﬁT% "

ANV

Vo
(A NEGATIVE VALUE OF T, INDICATES AN
ANTIPHASE RELATIONSHIP)

(b)

—_—
1, Vo< V, COS 8

~=r
,

vl

Fig.93.- Inductive resolver.
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OONTINUQUSLY VARIABLE PHASE-SHIFTING
DEVICES

20. General

In sections 8 = 11 it was shown how, in an iterative filter
network, there is a progressively increasing phasé¢ delay between outpub
and input terminals as the mmber of sections is increased, If the
nunber of sections is wveried it is possible to choose a voltage with
sny desired phase relationship to the input, within the limits of the
phase-step from one section to the next, In radar it is often
necessary to be able to perform this process of phase variation through-
out the range O - 3600 continuously, for the purpose of obtaining a
sinusoidal voltage variation in the required phase relation with a
fixed-frequency input wltage. This process is not concerned with
time~delays and should not be confused with the more general problem of
the use of delay lines, usually employed to introduce time-delays into
circuits handling signels of pulse form; although the latter method is
applicable to the production of phase delays in sinusoidal oscillations,.
the circuits are usually more clumsy and of wider application than is
necessary. For example, where this method is employed, for. the sake of
accuracy the phase-change per section must be kept small, so that a
large number of sections must be used,

The more common method of providing 0 - 360° continuously
variable phase-shift is to start with two sinusoidal wvoltages of the
required frequency, in quadrature, If these are added or subtracted in
the correct proportions an output voltage may be obtained with any de-
sired phuse relation to the input. )

Thus, suppose the input voltages are given by
Vi = A sinWtandvy=Acos Wt

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

Vo = A sinWt.cos(d — A cos Wt.sinP
=Asin (Wt -P)

i.e., @ signal delayed by a phase anglefd with respect to the input volt-
age vy.

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

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

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

This device resembles the inductive resolver, The two quadrature input
voltages v4 and v, are applied to two stator coils whose magnetic axes inter-
sect at right angles, A rotor coil is placed so that its magnetic axis may
be rotated into coincidence with that of either stator. This is illustrated
schematically in Fig.9%4. Normally
the stator coils are split into pairs
in order to generate a symmetrical
stator flux, and opposite coils are
connected in series,

A method of correctly feeding Vo< U5COS °f
such a four-stator goniometer from a
single-phase supply is shown in Fig. AN
95. The gimplified circuit is given
at (b). In this circuit L, the V= Vosie | g
inductance of a pair of coils in series,
is the ssme for each stator group.
If Ry, and C are correctly adjusted
the currénts in the stators sre equal
in magnitude and are in quadrature,
Such an arrangement is highly sensitive
to changes of frequency. For a
single freguency the goniometer can be Pig.94. - Goniometer.
made accurate to a fraction of a
degree.

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

fvo

‘This device is
closely analogous to the
goniometer, relying for
its operation oninduced
electric, instead of
induced magnetic fields.

It takes the form of a
split-stator condenser, the
lower stator plate being
earthed and the upper
stator plate 'being divided APPLIED
into four equal sectors. VOLTAGE
Opposite pairs of plates
are fed with the balanced
quadrature input voltages (Q)SCHEMATIC DIAGRAM OF A GONIOMETER (4 STATORS)
v, and v,, and an unbalanced

o&tput i3 taken between the
rotor and the earthed lower
plate. If the stator and
rotor plstes are made to the
correct shapes reasonably
sccurate resolution is
obtained by this method,
errors being normslly of

the order of one degree,

(b) SIMPLIFIED ELECTRICAL CIRCUIT OF (a)

The method of
feeding the input voltages
in the correct phase from
a single-phase supply is - . - .
the ssme as for the potent- Fig. .- Feeding a four-stator goniometer.
iometer arrangement given
below,
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23. The Potentiometer Phase-Shifting Network

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

UNBALANCED QUTPUT
FROM ROTATING VANE
O

Vo

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

Balanced sinusoidel input "'?
voltages v,, Vo are applied in
quadrature™as shown,and the

balanced output voltage is

obtained from the two tapping

points, In practice the 2__C
necessity for accurate winding
of the sinusoidsl potentiometers
is a dreswback and linear
potentiometer arrangements are
used, In these a slight
wariation in output amplitude
with phase is inevitable, but
this is not usuwally important.

ROTATING VANE

Fig.96.- Capacitive phase-shifting
network,

Fig. 98 gives the
schematic layout of & 4~feed-
point phase~ghifting network,
whilst the vector diagrsm of
Fige. 99 illustrates the
sction. As P, Q move from
A to B and from C to D
regpectively, the output
voltage vector P'Q' changes
from A'C' to B'D', equal
registance changes correspond-
ing to equsl movements along
the sides A'B', C'D' of the
square, It follows that if
the resistances between
sdjacent studs are all equal,
equal movements of th: output
arm P do not correspond to equal. increments of phase f5 « The graph show-
ing errors due to using equal resistances in this four-feed-point network
is shown in Fig 100, To obtain a better approximation whilst avoiding
the use of resistors of different values the eight-feed-point arrangement

Fig.§7. - Besistive phase-shifting
network, using sine-
potentiometers,

THE PRIMED LETTERS 1

INDICATE  THE B

POTENTIALS AT THE

CORRESPONDING

POINTS IN FIG 98

v
2 Pl
c! N A
o Vo v,
\\
Rsb = Rbhc=Rcd = Rda . b/
Fig.98.- 4-feed-point potentiometer Figz,99, - Variation ol oatput
phase~-shifting circuit, voltage with movement
of P,
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shown in Fig, 101 may be employed.
If the feed resistors between the
input terminals and the circular ERROR
resistor chain are suitably chosen \
the vector diagram takes the fom
given in Fig. 102. The output

phase ® is then the same as the
sngular rotation @ at 16 points
instead of 8, as in the four-feed- o
point arrangement, and the inter-
mediate errors are correspond=

ingly reduced (Fig. 103).

One method of feeding the
four points (ABMD) of Fig. 98 is MAXIMUM ERROR = 4°
shown in Fig, 104k, A cirauit
similar to that of Fig. 104 may
also be used to supply the four Fig.100, - Error curve for 4-feed-point
primary feed-points (ABCD) of
Fig. 101. If the ix(zput z)-esist- potentiometer,
ance of the potentiometer tetween
A and B or any corresponding pair

[ F'

THE PRIMED LETTERS INDICATE THE
POTENTIALS AT THE CORRESPONDING
POINTS IN FIG 101

#ig. 101, - 8-feed~point ‘potentiometer Fig, 102, - 8-feed
C S . -point potentiometer
phase-shifting eircuit, eireuit; variation of
output phase and amplitude
with slider movement,

of points is Rp then unless
Rp>>R LA AR R RN AR E E E N E N N N NN YR TN YY R TN (1)
the phase-shift circuit will be appreciably affected.

If this inequality (1) is satisfied, then the condition for
voltages vy and v, to be in gquadrature is

W& = 1,
since then the voltage at B Olags that at A, whilst the.voltage at D
leads that at A, both by 45, as indicated in the vector diegram of

Fige 104(c). The voltages v; (between A and C) and v, (between B and D)
are then equal and in quadrature,
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ERROR

NAAANANL

MAXIMUM ERROR 0O-5°

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

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

L = R
w?c (R + Ry)
snd (J.)GR_.R:E = 1
R+ R
P

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

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

24 0 - 180° Phase Shifting Network

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



Chap 3, Sect. 2k

OUTPUT
Ip 9‘ Lig "_——"—IVOLTAGE
(@) SCHEMATIC DIAGRAM OF QUADRATURE FEED NETWORK
FOR POTENTIOMETER PHASE SHIFTING CIRCUIT
| - A
B-I VAB A
\\\ ///
7/
\;/ABT < ‘\Ql)t R \\\ //
Yoo Y
2 \\\ ///
N/
) \
I B D BC‘ // \\ vAD
/7 \\
4 N
// \\
R --C / N
VBCT - DCT - /// \\\
Voc
2 (C) VECTOR D!AGRAM

(b) SIMPLIFIED ELECTRICAL CIRCUIT

OF FIG. (Q)

VAB

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

Fig.104, - Quadrature feed network for potentiometer
ph&se;sglifting circuit.,
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The vector 0'Z' represents the output voltage in magnitude and
phase. As the valus of R is varied the point Z' moves on a semi-
circle on X'Y' as diemeter with centre O', since angle X'Z'Y' is always
a right-angle. The output voltage, represented by 0'Z', therefore
remains constant in magnitude, as the value of R (ar C) is varied, and
its phase relative to that of the voltage across the transformer secondary
winding cen be changed through sbout 140° with practical values of R

and C,

g O
~N

Q

o % .
INPUT *
SINUSOIDAL
OSCILLATION - R l
\ OUTPUT
v |

.|]
|

I

CENTRE TAPPED
SECONDARY WINDING

(@)

VOLTAGE ACROSS SECONDARY WINDING
Xy o' y!

]
]
i
/ VOLTAGE

VOLTAGE
DEVELOPED { DEVELOPED
ACROSS C ACROSS R

Fig 105 - 180° phase-shifting network
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CHAFTIR X

TRANSMISSION LINES

INTRCDUCTION
i. Qircuits With Distributed Constants

The theory of circuits with "lumped constants®, based on
the laws of Kirchhoff, Ohm and Faraday, is really the theory of
idealised circuits having no "size", i.e., in which all significant
dimensions are small compared with the appropriate wavelength.
Although the components in the material arrangements have size and
shape, with electrical and magnetic properties which involve the
space around them, simple circuit theory reduces these complex pro-
perties to those of ideal resistances, inductances and capacitances,
in circuits where there is no time delay between the application of
an BMF at one point and the related wvoltage produced at another.
A simple example is the tendency, in circuit theory, to consider
only the components, or lumped constants, and to ignore the connec=
tions which form, in low-frequency circuits, the greater portion of the
path-length of a complete network. The interactions between the currents
in these connections, and the time taken for a wave to trevel along them,
are of major importance at high fregquencies,

The theory of circuits having "distributed constants"
makes an attempt to widen the scope of the method of lumped constants,
with considerable success., However, particularly at very high
frequencies, there are many problems to which it fails to provide a
satisfactory answer, and it is often necessary to resort to the
fundamental physics of electromagpetism,

In this consideration of transmission lines, the transition
from the theory of lumped constents to that of distributed constaunts
will be preceded by a discussion of electromagnetic wave propagation
formulated mainly in terms of the current in, and potential differ-
énces between, the conductors which form the lines. The more funde-
mental considerations of the behaviour of the electric and magnetic
fields associated with such currents and voltages will be dealt with

in Chap. 5.
2. Transmission Lines

In general terms, a Transmission Line is a device for guid-
ing the flow of electromagnetic energy from one place, where it is
available, to another, where it is to be utilised. The word Wave-
guide has precisely the same significance, though it is usual to
restrict the application of this termtp systems embedying a single
tubular conductor (or dielsctric rod, in saae cases) and to use the term
Pransmission Line for systems using two conductors (or more).

A uniform transmission line is one in which the electrical
properties of the line (per unit length) do not wary throughout its
length; i.e. it usually has a constant cross-section. Non=uniform,
or tapered, transmission lines are occasionally used, but their
properties are not covered by this chapter, which is concerned solely
with the behaviour of the uniform transmission line with two
conductors. These conductors may be separate (parallel or twisted
pair) or coaxiasl {concentric line}. The separation between the
conductors must be small compared with the wavelength. (see Secs, 7
and 46 and Chap. 5, Sec. 12)
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Typical transmission lines used in radar are shown in Pig.
106, The electrical properties cf the liues depend not only upon
the size, shape and disposition of the conductors, but also upon
the dielectric which maintains that disposition, and the extentto
which the arrangement is constant, or varies with movement or
change in atmospheric conditions, Where a uniform solid dielectric
is used, with the wires embedded, as shown in Fig. 106(a), it is
possible to maintain reasonably constant electrical properties by
the exclusion of atmospheric variations and by the constant spacing
which can thus be maintained between the conductors., The disadvan~
tage of this type of cable is loss of energy in the imperfect di-
electric. The other extreme is the open-wire feeder construction
of Fig. 106(b). Here dielectric losses are low except at the
spacers, which are cpt to cause serious trouble if they get very wet.

TWIN SCREENING

CONDUCTORS /BRAID

BALANCED PAIR EMBEDDED
IN SOLID DIELECTRIC

SOLID OUTER
DIELECTRIC COATING

T o oren wee e

v
SPACERS

COAXIAL WITH SPACING WASHERS
(c) (NB There shotid be more than

37 washers per wavele~gth)

TWISTED DIELECTRIC THREAD

COAXIAL WITH TWISTED DIELECTRIC SPACER

LINE WITH MATCHED SPACERS

Pie100 = Myoical transmission lines used in radar,

Their presence inevitably introduces non=uniformity, which makes the
behaviour of the line more difficult to predict and thus less easy
to control. This problem of suspension also applies to coaxial
cables with mainly air dielectric where the inner must be maintained
in a position fixed relative to the outer, Various arrangements
are illustrated in Figs. 106(c), (d), (e), showing how attempts are
made to satisfy both requirements, uniformity end low losses.
Particular arrangements which avoid the use of dielectric supports
are described in Sec. 29, Losses due to induction and radiaticn,
which may meke open-wire lines unuseable as transmission systems at
VHF, is dealt with in Sec. Lb.

Under certain circumstances, waveguides are to be preferved
to twin-conductor systems, as discussed in Chap, 5, Sec. 5.

Although the primary function of a transmission line is to
transmit energy, other applications arise, particularly with short
lengths of line; e.g., reactive circuit elements, resonant circuits,
and impedance-transforming devices. In these special applications,
as with all reactors, it is the storage, rather than the *ransmission
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of energy, which is more importauat.
TRAVELLING WAVES ON UNIFORM IOSS-FREE TRANSMISSION LINES

3. Ap;glicat:ion of Circuit Lews to Tramsmission Lines

For simplicity it will be assumed that in the ideal trans-
mission lines about to be discussed there are no energy losses,
Such conditions approximate to those encountered in the practical
cables shown in Fig. 106, or in parallel lines in the form of broad
metal ribbons, pictured in Fig. 107. Since the distributions of
charge and electrio and megnetic fields in the latter case are more
simply represented, the diegrams which follow will apply to this
Lrrangement,

The evolution of & coaxial line from the ribbons is sugges-
ted im Fig. 108, the ribbouns being bent to form the inner and outer
of a coaxial pair; the electric amd megnetic fields associated with
the current in the conductors are then confined to the space between
them, as they would be, substentially, between the parallel plates
in the .original arrangement.

(@ ) ()

Fig. 107 ~ Parallel lines in Fig, 108 - Bending parallel plate
form of broad metal ribbons. lines to form coaxial pair.

It can be shown that electromagnetic waves may be propae~
gated without distortion along such a transmission line with a
velocity u where

‘ 1
us= 9 L, and Cy being the
vplc, ¢ ’4
inductance and capacitence per unit length of the line,

Moreover, at any portion of the.wave, a change in potential
difference between the conductors is always related to a change in
the wave current flowing in R eesssd

the conductors by the re- FRHH IS
lation T sz
I

i FIELD

(L
& . B —
ai c, cHarce 8¢ T _IIIIT
DENSITY g7
A method of deriving
these fundamental results (b
is given below. A UINE
simpler approach is LENGTH £

X of
given in Sectiom 11, Fig. 109 - Instant i o

distribution on a section of the line
of fig. 107.
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%% 3¢
Derivation of Formulae

Suppose there is at any instant a charge distribution on
the line as illustrated in Fig, 109. This corresponds to the
potential difference between the conductors shown in Pig. 110 and
enlarged in Fig., 1ll1ll, sinceVoc Q. Considering the small section of
the line of width 6{ in Fig. 112(a), it is seen that there is a
resultant potential difference in the circuit equal to v (see Fig.
112(b)). Since there are no other sources ¢f EMF present, this
must be due to the EMF induced by the changing current according to
Faraday's law,

* v = -81L

o)

.a_i , where & L is the inductance of
the small circuit.

1 | v
! ¥ 1
! \ i
I
j/f \. LINE
o) LENGTH ¢
B ° g
Fig, 110 « Instantanecus Fige 111 ~ Enlarged diagram
potentisl distriution cexres- showing potentiel distribution
ponding to fig. 109. of section &4,
If L, is the inductance per unit length of the trans-
mission line,
dL = 1)84
s0 that Sv= <Ly 24 84
ot
i.e. * v _ di
al —-Llsz o000oo-oooo-o.oooovc-cooo.c(l)o

Lp&¢
There is thus (b)
present at the sloping
portion of the 'pulse' , i ’5\’
a current changing with @
time, 80 that the pulse |
cannot be stationary, T T
1£81 is the differeme .
in current between theé P,
two ~nds of the section, - -
i i+81 1
v

(¢) EQUIVALENT CIRCUI

(see Pig. 112(c)),

Fige 412 = Enlarged diagram of section
of line of length 8/ , with ocurrents and
voltages.

indicates a change with length { for t constant.
indicates & change with time t for { constent.
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51 = -2 ()
-1 (If the current increases
the charge left on the
-2 (c!&{v) line degreases; hence
ot the - sign)
Z b
Hemo ai = -Cléz ..00"00.0000-oo.o.oooo..;-ooo(z)'

3

¥We shall now show that relations (1) amd (2) are consistent
with the pulse travelling without changing its shape, either to the
right or to the left, with welocity df{ = u = _1 , and such

& AR
that dv /‘
c

Prom (1) we bave:- Jv = =L, 34
(1) =g iy 21

31 4!l
= -L[[——a? .E?]

(oY)
[, 4

3i
] ‘U.L[ 37
Similarly,from (2) we have:~ 2i P -1 -4
YA 7 ¢ at
- v
—uC(—a—(; .

Combining these results, we obtain:-

zﬂ/éd andu= * _1

4 ~E7 Ty

The relative dispositions of voltages, currents, electric and
magnetic fields and direction of propagatlon are illustrated in fig.,
113, ‘L'ne potential d:.fference ¥ is in. oppos:.tlon to the electric
field B while the current i is related to H by Ampdre's rule, =,
Hand ¥ form adﬁgnt-ﬂanded Set of orthogonal vectors; i.e,,

ES H and W are always arranged at right angles to one
another so that a positive (clockwise) rotation through a right angle

about w will move E into the position of H o It follows that for
two waves travelling in the same direction uth E vectors alike, the

H wvectors must also be alike, whilst if the E vectors are in opposition
s0 are the H” veotors. A reversal in one but not the other is possible
only for a wave travelling in the opposite direction. Of two puilses,
travelling in opposite directions along the same trensmission line,
either the electric or the magnetic fields must be in the same directionm,
but both cannot be.,
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E E
H H
u ‘J
u : ; ] u U
o
H
@ b E o @

.. H OUT OF PAPER

++
11 H INTO PaPER

RELATIVE DIRECTIONS OF E.H,u.

VT —»u V‘i —_—y
i i
—_——— ————
@) f)
i i
—_— —_————
+ b+ H chehofo H
T
+ V¥V, e felals
—_—
Q) 'ty
i i
rwen —_—
+4++
vl++++—-u '\!‘T...-“’u
++++ H “ e e e H

i i
) )
CORRESPONDENCE BETWEEN AMi.E.H.u
SHOWING VARIOUS POSSIBLE DISPOSITIONS

Figo 113 - Spat‘l.ll relations wetween Vs i, E’ H, and
u for a travelling wave.

4.  Interference

When two pulses

travelling in gposite directe

ions on a line encounter
each osther, the resultant

distribution can be found by

adding the voltages and
cwrrents of the component
waves, It follows from
the previous paragraph that
wherever such pulses meet
there will be a partial
cancellation of the magne-
tic field and an enhance-
ment of the electric, or
vice versa, This is
illustrated in Fig. 11li.
Although the resultant
wave-pattern is said to
be due to the Interference
between the two waves,
neither affects the other;
so called interference is
merely a special case of
Superposition (see Chap.
1, Sec. 6 ). This

implies that each wave
may be considered separate
from the other, and the
resultant effect obtained
by direct addition of
currents, fields and volt-
ages.

21

'
NOTE - A NEGATIVE CHARGE
DISTRIBUTION MOVING IN THE
DIRECTION OF u
1S EQUIVALENT TO A CURRENT
FLOWING IN OPPOSITION TO u

Fig. 1l - Interference between
two pulses of equal magnitude,
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5. Waves of Various Shapes

A travelling wave on a transmission line may be of any
shape, and, if the line is uniform and lossless, it will travel
along the line without chenge of shape, at a uniform velocity
independent of the shape of the wave, This follows from the results
of Sec. 3 which are independent of the shape of the charge distri-
bution (shown in Fig. 4) and hemce the shape of the wave, Figs.
115, 116, and 117 show the line and time-distribution of wvoltage or
current for exponential, rectangular and sinusoidal waves. In each
case (a) shows the variation with time of the woltage vg (or current,
since the two are proportional) at the generator or sending end,
whilst (b) shows the corresponding instantaneous distribution on the
line at the instant t = t2. A construction line shows how one
diagram may be obtained from the other; { 1 is the distance travelled
in time (tp = t1) by the wave emitted from the generator at any
instant t3, so that

'\”13 U.('hz-' tl)o

A
(@ 3

VARIATION WITH [
TIME AT THE
GENERATCOR v v,
o t

€= uty-ty)
€qo= U(ti—tn
&, =u(ty-ty=0

(b)

VARIATION WITH

DISTANCE ALONG
THE LINE AT t=t,

Fige 115 ~ Variation of line voltage or current
for an exponential wave,

Similar equations hold for the particular cases{j ={, anmdi{j ={p,
corresponding to t, and tp respectively,

(a) Vs
VARIATION WITH
TIME AT THE
GENERATOR r ?
w ! ,
| A
— - -t Fig. 116 - Variation of
° P . line voltage or current for
| I ! a rectangular wave.
L S — J
Vv Uy & ! !
» |
! )
Vi 6
;= VARIATION WITH
% DISTANCE ALONG
l ‘ l THE LINE AT
t=1t,
u
(4
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If the line is an infinite one the impedance which it
presents toc the generator (Input impedance, Chap. 3) is constant and
independent of the type of wave, If finite, but properly terminated,
the line appears to the generator to be an infinite line, and behaves
as swh, If the line is improperly terminated, reflections ococur
from the end, and interferences between the direct wave and reflected
wave causes & change in the input conditions. The nature and extent
of these changes will be considered in Secs 8 - 16,

(@ Vs
VARIATION WITH
TIME AT THE
GENERATOR

Fige 117 ~ Varistion
—( of line vcltage or
Ult) = Vg SN wt current for a simsoidal
Vity) = VU SIN (wtz-gr"e) WaVEe,

(b)
VARIATION WITH
DISTANCE ALONG
THE LINE AT t=t>

AWE

=/ \

——

6.. Sinusoidal Waves

In the particula;' case of the sinusoidal wave of Fig. 117,
three conditions characteristic of travelling waves are particularly
noteworthy;=

(1) The amplitude of the voltage variations is the same for
all points of the line, and similarly for the current variations,

This is obvious from preceding paragraphs,

(ii) The variation of phase with distance is given by the
relation:~

= fs - 2rf,  for both voltage and current.
A
¢sis the phase at the sending end.

This follows if we define the wavelength, N, as the len-
gth of the line over which the Phase variation at any instant is 2%,
Since the phase at the generator varies uniformly with time, and the
- distance travelled is proportional to time s the phese varies uniformly
with the distance along the line.

(iii) The input impedance of the line to an applied sinusoidal
EMF is the characteristic impedance ﬁ .

¢y
We have shown that, for a wave travelling along a uniform losg=

free line, at any point the ratio of change in voltage to change in
current is constant and equal to /—l‘(; ; ‘this implies that the woltage

and current are in phase, i.e., that Ifhe impedance is a pure resistance
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of value /Ly . This impedance is called the Characteristic (or
C

Surge) Impedance of the line, and is denoted by Ro. (The recipre=
ocal of Rgy Gg, is the characteristic admittance. The character-
istic impedance is purely resistive only for the case of a distor—
tionless line (see Sec. 19). In the general case of a line which
is not loss~free the characteristic impedance and admittance are
complex, and are denoted by zo and yo respectively.)

7. Electromagnetic Waves on Transmission Lines

The typas of waves which have so far been considered do not
cover all the mdes in which electromagnetic energy may be propagated
along transmission lines. Such modes may be grouped into two main
classes;-

Principal Modes,
Supplementary Modes.

Principal Modes

These are the progressive waves normally used in transmission
lines, and those which have been described in Secs. 3 - 6 belong to
this category. The notable features of these waves, when the trans-
mission lines are perfectly oonduwcting, are the following:-

(i) They are propagated at the speed of electramegnetic
plene waves in an unbounded medium. This speed u
is given by:~

us= (<] )

JX

where ¢ = 3 x 108 m, per second, and K and p are resp-
ectively the dielectric constent and magnetic permea-
bility of the dielectric that fills +the space between
the conductors, It is independent of frequency.

(ii) They are transverse electromagnetic waves: that is, the
vibrations of E and H take place everywhere in planes
(the wave frouts) at right angles to the direction of
propagation (along the axes of the lines); also E and
H vibrate in phase.

(iii) The electric field E and magnetic field H are everywhere
at right angles in the field pattern,

(iv) The ratio of the field strengths £ and H is the same at
all points, Thus in the MES system of units.

B 0 & /7 E in volts per metre)
g ° 12 /Y& obms EH in amperes per metre)

(v) At a cross-section where the potential difference between
the conductors is v a skin current i flows (at high
frequencies) in the surface of one conductor and an equal
and opposite current in the surface of the other. When
a single sinusoidal wave train pesses any cross-secti
the potential v and the current i oscillate in phase and
their ratio v/i remains constant and the same at all
times for all cross=~sections, This ratio whioch is
fixed by the geometry of the system and the dielectric
constent of theseparating medium 48 an important property
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of the particular transmission line systems, It is

called the Characteristic Impedance of the system and

is usually denoted by the symbol zge

Taus, 1f v and i are complex numbers reprosenting the

voltuge and current at any section of the line, then
v = Zol.

Supplementary Modes

Other modes of propagation, each with its own field pattern,
can be propagated along & transmission line, in addition to the
usual principal mode., In these supplementary modes the electro=
magnetic field, as in wave guides, possesses either a component of
E (E-modes) or of H (H~modes) parallel to the direction of propaga=
tion. These modes, like the waves in waveguides, exhibit the
phenamenon of cut=off., For each there is a cut=off frequency which
is determined by the geometry of the transmission line system, 1In
normal practice the spacing of the trensmission lines is small in
comparison with the wavelength and She supplementary modes can
appear only as Evanescent disturbances, as described in Cheap, 5,
Sec., 12.

At a gecmerrical discontinuity in the treansmission line
system such as a sharp bend or a shunting load, the electromegnetic
field assumes a complicated form and in geneml possesses longitud—
inal as-well as transverse compouents. It cannot therefore be
represented by principel waves alone, Thus, supplementary modes
also are excited ac the discomtinuity. In practice all supplemen—
tary modes will be evanescent and at a sufficient distance from the
discontinuity their field ampiitudes becoww negligible compared with
those of the principel waves.

Evenescent modes carry ne power along the transmission lines
and their E and H fields are storaze fields similar to those of a
condenser or an inductence. The storage field excited by a dis=
continuity does in fact contribute an effective shunting reactance to
the transmission line at the discomtinuity. A oconsequence of this
reactive behaviour of evanescent modes is that the effective value
of the impedance zy of a circult component, such as a resistor, when
added in shunt across the line may be quite dlfferemt  fram its
nominal value zy that wouid be anticipated from its electrical
behaviour at low freguencises,

The presence of evanescent modes begims to be importent af
wavelengths of 1} metres and is very important at wavelengths of 10
centimetres and less. At wawvelengths greater than a few metres the °
effect of the storage fields of the evanescent modes expited at dis~
continuities may be neglected.

The usual theory of transmission lines is the theory of the
principal wave and ignores the behaviour of supplementary modes.
From what has preceded it is apparent why the stendard treatment is
adequate when the wavelength exceeds a few metres but gives an
incompleve descraption of transmission line phenomena at avelengths
less than 1} metres,

UNIFORM LOSS-FREE LINES: REFLECTION AT THE TERMINATION, AND ITS EFFRCIS

8. . Reflection of & Rectangular Wave

We shall assune that the line has a characteristic impedance.
which is purely resistive and of value Rg, independent of frequency,
and that the electromagnetic disturbances considered are propageted
without distortion along tne line with uniform velocity u &
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A DC generator whose output resistance is Ry, is connected
to a section of uniform line
of length{, terminated in Rp
which is not necessarily equal
to Rge The circuit is shown S
in Fig. 118(a). Initially (g o
the line is uncharged, and

the current everywhere is Ro R
zero, As the switch S is r
closed, a wave begins to ‘\61 -
travel from the sending to 0—0
the receiving end of* the £ ————
line. Current flows in UNCHARGED LINE: S OPEN
beth condmtorse?s)illustb- s I
ated in Fig. 118(b) and S + + + + o
the line becomes progress~. ) Y Ty
ively charged. Ro T
\") Rr
If the open=circuit '\r’
EMF of the generator is Vg 9 T——————————
volts, the voltege V,
which is impressed on the S CLOSED
line is Vo , and the Fig. 1I8 = Application of a rect-
zr angular wave to a transmission line,

current I, which flows in
the travelling wave is
Ys = Vo |

Ro 2R,

[ The suffixes + and - refer to the waves travelliing away from

and towards the generator respectively. The suffixes r and s refer
to the receiving and sending end respectively,

.

When the wave front reaches the receiving end current begins
to flow through the load, and a potential difference is set up across
the load resistance Rpe If Ry = Rg, the energy of the wave is

completely absorbed in the temination, and the same conditions

obtain on the line as if it were part of an infinite line., The
energy absorbed by the load must be supplied by a load voltage Vy
énd current I[ satisfying the relation

and if V+’ which equals Ro, is not equal to Ry, such conditions cannot
be maintained without some energy from the direct wave being "rejected"
by the load, A wave is then reflected back towards the sending end
as if the termination behaved partly as an absorber of emergy and
partly as a new generator. If Rp > Ro, the voltage developed across
the load is greater than V4, whilst if Rp < Reo, the current through
the load is greater than I+, In both cases the resultant loed volte
age and current must arrange themselves in the ratio

A/
if-:nr.

It is convenient to represent the line as consisting of an
upper and a lower conductor having a sending end on the left and a
receiving end on the right, and to adopt the following sign conven—
tions:~

(i) for a wawve travelling away from the sending end (direct wave)

voltage is measured positively from the lower to the
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upper conductor; coanventional current is measured
positively to the right in the upper conductor, and
to the left in the lower conductor.

(ii) for a wave travelling towards the sending end (reflected

wave ,

voltage is measured as before, positively from the lower
to the upper oconductor; conventional current is measur—
ed positively to the 1left in the upper and to the

right in the lower conductor,

9. Qoefficient of Reflection

Suppose a fractionp
of the sending wave of Sec.8

is reflected, so that the Ro

resultant load voltage is

V. + pV, (the charge density T _ LoaD

of thf reflected wave being 2V e ?Ve 2= IMPEDANCE

p times that of the direct
wave), Since the ratio of
voltage to current in any

wave transmitted by the line . - . ‘.
is Ry, the magnitude of the Pige 119 - Equivalent circuit.

current in the reflected
wave ls P .Yi = P I,
Ro

Thus vy = Ve ¢ PV+ and I( = I_._ - PI+, the current of the
reflected wave being in opposition to that of the direct wave,

Heme ¥/ = Ve (1+£)

Iy 1 @a-p)
i.e. Rp.= R, 1
r o {'1_{'3
i,e. p= B.’i..:f.‘l'.
Rp + Ry

is called tne Coefficient of Reflection. Its magnitude
varies between +1 (for Ry = @) and ~1 (for Ry = 0); and it is zero
when Ry = Roe  (The case where P is complex is dealt with briefly
in Sec. 13).

It is sometimes convenient to use the equivalent circuit shown in
Fig. 119 for deriving the voltage amd current produced at the load by
a wawve which travels to, and is partly reflected fram, the termiunation.
The equivalent generator woltage 2(vy)p is twice the instantaneous
value of the voltage of the direct wave measured at the receiving end.
This circuit is valid for any type of wave and is particularly useful
in transient problems where the nature of the direct wave is known,
since it gives the load voltage and current directly without the
resultaut line voltage having to be determined first.
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ta)
t_'sl' 1+ E
LLINE LENGTH
o r )
(b) REFLECTED
t= %I 1+ _m.:—CURRENT STEP
5 ¢ Pige 120 ~ Current and
(e) voltage distribution on
% 27 GRIRE = the line of fig, 118 at
STEADY STATE 1 various intervals after
° ¢ closure of switch 3
) (Drawn for R,,> By).
t=% —
° ¢ ¢
(€
=57 v =]
® ¢
()
t%= 2y
STEADY STATE (1) Vm %r
'4
10, ed 8 tor

The voltage and curreant distribution on the line of Fig., 118
at various intervals after the closure of the switch S are shown in
Pig. 120, The conditions at the input terminals are shown plotted
against time in Figs, 121 and 122, It should be noted that since
the generator output impedance is Ry, the conditions at the load
after time T, and at the generator after time 2F are the same as if
the line were a "short-circuit™, in series with Rpe If the generator
output impedance were other than Rg, further diminishing reflections
would occur alternately at both ends and would persist until the
steady condition were reached corresponding, as before, to the
solution which would be obtained by simple direct=current-theory.

1. |CURRENT AT SENDING
S'END OF LINE
——
v 14 I
" J (G2 14-#50 (@ 1 1-914= R__:%Qﬁo
(a) L—FL—- N
G T Pig t ° T ar )
' R e :
| (1+Q v+ = ¥Rt
R (b) v+ Re+Ro
w v (|+e)v+-.n‘—’9—r’;° v ’/
S t CHES B '
Pig. 121 ~ Conditions at imput Fig. 122 - Conditions at imput

taminals of line shown in fig. 118, terminals of line shown in
&rom for R, > Ro( p is positive). fige 118, drmm for R.< R,
(pis negative).
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For practical purposes, except in cases of severe mismatching,
the steady state is reached to a sufficient degree of approximation
after a few transits of the line,

1l. Deduwtion of Line OCharacteristics

The fundamental characteristic properties of a- uniform loss-
less transmission line have been deduced in Sec. 3. An altemative
derivation, based on energy considerations, is given below. We
assume certain properties,already demonstrated, namely, that the line
is distortionless and has a characteristic impedance which is a pure
resistance; also that the wave of Figs. 118 = 122 takes a finlte
time to travel along the line, so that the conditions at the sending
end remain constant from the closure of the switch until at least
t = 27, when the front of the reflected wave, if any, returns. Thus,
whether the line is shortecircuited or opeun-circuited, or has any
other termination, cannot be known at the generator until t = 2T,

If the total line capacitance 1s C, and the total inductance
L, the following relationships obtain for a .<unerator of internal
resistance Rge

At the end of time t = 2T the conditions are:-
Short=circuited line

Ig = 2I,, Vg = 0, s0 that there is no energy stored in the
electric field. The energy stored in the magnetic field is

L.(21,)2
= ZLIE

Open=circuited line

Vg = 2V, Ig = 0, so that there is no energy stored in the
magnetic field.* The energy stored in the electric field is

%. ¢ (2v,)?

2
L4 2 C V{.
In both cases the emergy supplied by the generator is Vg I,. 2%T.
Hence 2V, L, 7= 2LL2 = 2072

e A
I+

z
c
Therefore T2 = IC so that T =/I0 ;

maos;gq/_g.
) +

If the length of the line is { metres;=

? = Ly is the inductance per unit length;

[Qs Cy is the capacitence per unit length.
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Then T = /IC ="/1LI —[Cf
TS

Therefore the velocity \:?f propagation is u = L
T

= 1
«/L[ Cy

Also Roa@=@=

12, Discharge of Open=circuited Line

#

S

In the arrangement shown in Fig, 125 a sectiorn of uniform
loss~free cable has been charged, so

that there is a potential difference S
of Vo volts between the conductors, + +* * + + + + + + + + + A
which are not connected at either T Fi

end. The switch S is closed at CHARACTERISTIC

t = O and the line begins to dis= Vo RESISTANCE=Ro Re
charge through the load resistance ‘
R,{ « N —————

( She drop of woltage
Vo = V1) at the end which is

suddently terminated ir Ry may Fig, 12&1 ~ Discharge of open=-
be regarded ss a rectangular ciroul 1line.

voltage wave travelling away from

Ry ,as shown in Fig. 124 (a{ end (b).

When this wave reaches the open circuit after time T, the
entire line has been discharged to a new level Vi. At this
instant total reflection cccurs and a second voltage wave, also of
magnitude (Vo = V3), begins to travel from the open circuit towards
Ry (Fig. 124(b) and (c). This wave will reach Ry in time T after
ifs inception, i.e. in time 2F from the closure of the switch.
Prior to this time the load Ry muwst remain insensitive to any ref-
lection effectis,

(@ 1 (b)
v
WAVE FRONT
WA= v
Vy R Ra*Ry —
o DISTANCE I_‘ DISTANCE
o ¢  FROM § o ¢ FROM S
BEFORE REFLECTION OCCURS
v I
(©) f (G
S - Vo | WAVE FRONT
Vi =15 RgRy \__]
(Vg Vi) l DISTANCE — DISTANCE
o ¢ FROM S [¢] ¢ FROMS

AFTER REFLECTION OCCURS

Fig, 124 - Line distribution of voltage and
current befora and after reflection occurs.
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The voltage developed across the load is initially vl; it
remains at this level for an interval 2T, and then changes to Vg,
We shall consider the relative magnitudes of Vg, Vi, Vp etc., in
relation to Ro and Ry »

Initially, the line acts a generator of Eff V, and output
resistance Ro; thus the voltage developed across the load is
given by:-

v1 = vo R[ .
Bo + Ry
A negative voltage wave of megnitude V,,_Ro travels along

Bo+ Ry
the line towards the open circuit, This is reflected from the
open circuit, leaving the line voltage

vo - 2 VO RO = v (R! -RC‘)
Ro + Ry ® Ry+ Ry

= pV,,where p is the reflection
coefficient for the load Ry « The line current is then zero.
Imnediately after the first period 2T the conditions are the same
as at the closure of the switch, except that the line is charged to
a voltage PV, instead of Vge The whole process is repeated, with
Vo =_pVy, and after time 4T the line wvoltege is reduced everywhere
to 92 V, and a third voltage steppavl begins to appear across the
load.

(@ v
V!
Fige 125 - Voltage
A Vy developed across load
Rg>Rg [e) CAY)
L S T ¢ with (a)p positive
® 4 (W) p negative.
v 92V1
@Sééf%vac ==  — ] t
@ 1%
1=_Yo
RotR,
Mg. 126 - Cuwrrent I .
through load with (a ko> Ro TR 1,
positive and (v) (@ POSITIVE) O >F pe = ¢
p negative. Ip
® ;
QT
R¢<Rg —
(2 NEGATIVE) O ] t t

The sequence is pictured in Figs. 125 and 126, In each
figure (a) refers to the case where Ry > R, and (b) refers to the
case where Ry < R,. The decay in the energy stored in the line
(Fig. 127) is quasi-exponential, similer to the decay of energy in a
discharging condenser, except that the process is stepped in the former
case and smooth in the latter. If = 0 i,e, if R { = Rgs the
line is completely discharged after 2T secs.
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\/EXPONENTNAL CURVE

Figs 127 = Power

2
Vo R
p =0 o S TOTAL AREA UNDER P - CURVE
" RRe) ~ — TV2 dissipated in load.
~._ - }Tc
S A (I e t
© 2T aT 6T
P = POWER DISSIPATED IN LOAD
13. Reflection of 3ine Waves

The instantaneous conditions of reflection at the receiving
end of the line are exactly the same for a sinusoidal as for a
constant voltage wave, but the pattern of the interference between
the direct and reflected waves is more camplicated because of the
sinusojidal variations, These two sine waves, travelling in opposite
directions, interasct as illustrated in Fig. 128.

(The suffix + is used to indicate the direct, and -, the
reflected wave.) Thus v and i, the resultant voltage and current
at any paint on the line are given by;=-

v = V¥V, i = i, -i..
At the termination, (v.)p =p (W),
al’ﬁ. (i")r =P(i+)r .

The phase of v, at a distance { fram the termination, is
advanced on that of (v, ), by 27{ redians; whilst the phease of v.,
A

at the same point, is delayed on that of (v.), by the same amount.

(It is commonly found thatthese statements are not readily
appreciated. What should be clear is that the wave which has
travelled farther must be more "stale", since it issued from the
generator earlier, The later it issues from the generator, the more

recent the phase,)

DISTRIBUTION AT

DISTRIBUTION ONE QUARTER
SELECTED INSTANT )

CYCLE LATER

INSTANTANEOUS

INSTANTANEOUS
VOLTAGES

VOLTAGES

VA = cmeemems Vot = cmimmemms
Vo= mmm o Vos=-omm-
o~ o~ ~ ~
(a) JARY AR (c) V2R I\
I A I co R
i AT AT 5 SR e
M A) \ \
4o AR LINE N : LINE
of At LeneTH ot AL LENGTH
4 N7 \ Y \s
7’ ] \
! \\"’/ \'\I‘z ! N "l\ ! s \
Vi L ! A
|\ (o v -/
V=V +(v=) v=(VH+(v=)

DA -
A

RESULTANT OF WAVES AT (a)

Fig. 128 - Interference detween direct and reflected
simecidal waves,
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If the teminating impedance is not & pure resistance there
will be a phase difference between (v,), and (v_),; indcher words,
p will be camplex., 1In this case

P = (V-)r and |P|= (G"’)E = ¥
(v, &), LA

gince the amplitudes of the direct and reflected waves are the seme
at all other points as at the termination, the line being loss-free,

The phase difference between v, and v. will in any case vary
with { , the distance from the receiving end, and will increase by
27 as { increases by A . 4s { is varied there will be found

2

points at A intervals at which v, and v_ are always anti-phase, and
2

others midway between them at which they are always in phase. The
former points are called vgltagg nod.esx and the peak walue of the
voltage at these points 8%, = V. = v, (1~ ip ).

The intemediaie po%nts are called voltage antinodes and the
peak voltage there is ¥, + V. =¥ _(1+ 1p1 ).

It may be shown that voltage nodes are currgnt antinodes, ad
vice versa, At a cyrrent node, the peak value is i, (1- Ip! )
and at an antinode, 1, (1 + ip! ).

The ratio MeXimum peak walus for either current or voltage
minimum peak value
is called the Standing Wave Ratio (SWR). For a loss-free line, the
SWR is given by:=-

1 =1l %,,-’1‘;_

4>
4>

_’ﬂ)
I'd)

This definition will be generalised later to include lossy
lines, where there is a SWR for each point of the line (Sec. 24).

At & voltage antinode,
T=% (1+ el ) and3:=/:i+ (1* - Ipl ).‘

At such & point the magnitulde of the impedance is a maximum

given by:-
A

~ v,
4= '+ (%+|PI ),
i, = 1Pl

= Ry S.

A

Hence s = 2.
Rg o

Similarly it may be shown that, at a voltage node, the.magni-
tude of the impedance is a minimum % and that S = %‘g.

At all nodes and antinodes the impedance is purely resistive,
Fig. 128 shows how, in the region of interference, the three propert-
ies which were found to hold for travelling waves (Sec, 6), are
chapged fundamentally to become:~-
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Chap. 4, Sect. 13,14

(i) The amplitude of both voltage and current varies from
point to point on the line.

(ii) The variation of phase with distances is, in general,
much more complicated that for travelling waves,

(iii) The input impedance of the line depends on both the line
length and the termination,

It is useful to comsider the particular cases of open-circuited
and short-circuited lines., It should be noted that the direct wave
may always be divided into two parts, cne given by (1 = p )v, and the
other bypv,. The second part is identical with the reflected wave
except in direction of propagation, and the interaction between them
is the same as that ‘which follows reflection at an open circuit,

Hence the composite wave may be split into a travelling wave (1 =pP)v,
and what is called a Standing Wave, of amplitude 2 1PV _, as will be
shown in subsequent sections, Energy is transmitted by the travell-
ing wave only, the standing wave storing, and not trensmitting, energy.

When the amplitudes of reflected and direct waves are equal
(p=+ 1) the standing wave produced is sametimes called a Complete
Standing Wave, In such a case the voltege and current falls to
zero at the respective nodes, Otherwise the distribution may be
termed a Partial Standing Wave.

L. gtanding Waves on a Uniform Open-Circuited Loss=Free Line

The line distribution of the steady voltage and current at
successive intervals is shown in Fig, 129 for a uniform loss-less
line teiminated in an open circuit, Direct amd reflected waves
are shown, together with the resultant voltage and current distribe
utions, It will be seen that at even multiples of N/4, (multiples
of A) from the termination, the amplitude of the current is zero

2

and that of the wltage is 2 Q,,. Similarly at odd multiples of A
L

from the termination, the yoltage is always zero and the maximum
value of the current is 2 i,. The wolbtagesat all points between
two consecutive woltage nodes are in phase, and are antiphase with
those of the adjoining half-wevelength sections. Atany point
the current and wvoltage are in quadrature.

The relation between voltage and current at any point on the
line may be determined from the vector diagrams of Fig. 130. The
phese of (v,), is taken as the standard phase, and this lags the
phase of v,, a distance { from the open circuit, by a phase angle
£ radians where § = 27{. Similarly, (v.), leads v. by the same

A

phase angle.
Por 0 <{< A, the phase ofthe resultant current is shown
I
in the figure (b) to lead that of the woltage in quadrature, i.e.,

the short section behaves, in the steady state, like a pure capaci-
ance, Ce, (the equivalent capacitance),

where _1 - cot #.
oo, = "¥=R #

Por A ¢ / < A, ¥ leads i in quadrature (c),so that the line
L 2
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Chaps 4, Sect. 1L

"Jooks like* a pure inductance Lg WherewLg = X = = Rg cot

=R°tan(¢—l\'2.).

For largsr values of{ the effective cepacitance and induct-
ance repeat for every additicnal quarter-wavelength of the line.

The input reactance is given for all wvalues ot { by the

equation X = ~ Ry cot ¢ .

T L eI
t=0 T\ S P
2
=T
t 4
=T
t 2
23T
t 4
A
=3
@ VOLACE W& ES ON A
OPeN CIRCUITeD LINE
t=0 Y
Snn o=
tal S

)

£=3T oI T~
4 S T
=27 S0 NN

(p) CURRENT WAVES ON AN
OPEN- CIRCUITED LINE

~—— DIRECT TRAVELLING WAVE
~-- REFLECTED TRAVELLING WAVE
~—= RESULTANT STANDING WAVE

€ =DISTANCE FROM TERMINATION ©

Fige 129 -~ Iins distribution
of voltage amd current at
suocessive intervals for uni-
form open~circuited loss~free
line (steady state).

Its variation with { is shown in Fig., 13l.
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Pig. 131 - Variation of imput
reactance of open-circuited line
with line-length.
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Chap k4, Sects 15

15. Standing Waves on a Uniform Short-Circuited Loss-Free Line

The conditions maintained at a short circuit, viz: v, =0,
= =1, are the same as those which arise on an open-circuibed line
at a voltage node, i.e., at odd multiples” of A fromthe open circuit.
i )
Since the standing wave distribution for the open-circuit case has
already been established, it is convenient to deduce that for the
short-circuit case by omitting from the former diegrams the last A
N
section of the line.

,.
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= S====2 == Pige 133 - Vector diagrams showing
relation between voltage and
e owrrent at various distances from
t=F < <> = the termination (short-circuited
line.

®) CURRENT WAVES ON A
SHORT~CIRCUITED LINE

—— DIRECT TRAVELLING "WAVE X

--- REFLECTED TRAVELLING WAVE

—— RESULTANT STANDING WAVE V / / /
Fige 132 - Line distribution of ° ¢
voltage and current at
successive intervels for umiform ?
shart-circuited loss~free line
(steady state).

Fige 134 - Variation of input
reactance of a short-circuited line
with line-length.
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Chaps 4, Sects15,16,17

The line distribution thus obtained is shown in Fig. 132,and
Fig. 133 gives the vector diagrams showing the relation between
voltage and current at the sending end of various lengths of line
in the steady state. Fig. 134 gives the variation of imput reactance
with line length.

Analytically, it will be seen that the two sets of diagrams
for the open-circurt and short-circuit cases are mutually inter—
changeable by substituting voltage in one for current in the other,
and vice versa.

It follows that the input susceptance of a short-circuited
line of length { is B = =1 cot § , so that the input reactance is

Ro
X = Ry tan @ , as shown in Flg, 134
16. Input Impedance of & Uniform Loss~Free Line for any Termination

For a line of length { and characteristic impedance Ro, térm-
inated in zp, it may be shown that tt?e input impedance iz:~
21
2s = Ro . zp + JRp tan =% .
Ro + J z, tan 2T
A

If z, is a pure reactance, s0 is zg.
If zr = Ro, 23 = R, as has already been shown,

If zp is a pure resistance other than Ry, or is partly reactive,
then 2zg is in general neither a pure resistance nor & pure reactance.

If 2y is a pure resistance equal to Ry, the input impedance
is resistive at all multiples of A from the receiving end; the corres-
'S

pomhng values of zg are Ry at multiples of A from the termination,

R 2

and i—"—- at odd multiples of A, For all other lengths of line the
r N : .

magnitude of the impedance lies between these two limits, Ry and

B

Ry *

On a loss~free line the input impedance is always resistive
at nodes and antinodes, and alternate values have a geometric mean Rge
Also, at intermediate N/l points the magnitude of the impedance is Kge
FUNDAMENTAL LINE CHARACTERISTICS

17. Distributed Elements for a

Loss~Free Line

We have shown in Secs, 5 se
3 to 6 that if a line is LeZ Le
capable of transmitting an T -
electromagnetic wave without
loss, it presents a resistiwve gt
impedance to a generatur M
connected to it. The veloc= - S
ity of propagation is te¥f Lest

u=_1 and the value s¢
Ly Gy

of the characteristic resis- Fige 135 - Representation of uniform

tance is /;_4 where Ly and lossless transmission line as an
c{ t equivalent ladder of infimitesimal

filter sections.
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Chap 4, Sect.17

Cy are the walues of the inductance and capacitance, per unit length,
respectively. These results, when compared with those of Chap. 3,
Sec. 10, suggest that a line may be represented by an equivalent
arrangenent of low=-pass filter sections in cascade, each section
being infinitesimally smell, This conception is illustrated in Fig.
135. Each section represents a length 8¢ of the line. Using the
results of Chapter 3, Section 10, we have:~-

£ w 1 __ ,andzs cosé@_
e n&¢ /Ty Cf «/é‘,‘ 2’

where sin 8B = £ ; 8B being the phase shift for
2 £
c
the section.

As 8 - 0, fc»w, 5[5—00, Sin%ﬁ -» 0 and coss_zﬁ_-—»]..

From these results the characteristic properties of trans=~
mission lines may be obtained as follows.

Characteristic impedance

Z, = /%f , & pure resistance, (Rg).

Attenuation

Since £y = 00 as & -0, the cut-of f frequency is infinite
and there is no attenuation, but signals at all frequencies are trans=
mitted equally well.

Phase distribution and velocity

Assuming that the phase delay Of is due to a time delaydt,
we may determine %@_ and & ; i.e., the variation of phase with
{ dat
distance along the line at any instant, and the welocity W with
which any point of the wave, at which the phase is comstant, moves
along the line.

From the above relations, it follows that
g?ﬁ_ = -onf /G =-wyL;C) ; the negative sign indic-

ates that there is a lag in phase a& the distance from the generator
is increased.

It may be shown that, in the limit, as &{ —» 0,
3B = ~w/IyCp ;
Y8 a4

i.e., at eny instant the change of phase along a given length
of the line is constant and proportional to the length.

In particular, if the change in B is 2% radians the line
length over which this occurs is defined as A , the wavelength, and
is given by:-

A= 27 1 .

w+/Ly Cy fm
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Chaps 4, Sect. 17,18

u, the phase velocity is given by:-

2 -8

us o = -8 = 3 = - _w© = _1_
a 3% & = Nra
B ¥ Cr VIO

It follows that A =u ; i.e. A is the distance travelled

H

by the wavefront in the time occupied by one cycle at the generator.

Propagation constant

Since there is no change in amplitule but a phase delay
Pl‘ _b_@_ = 27 Pper unit length, the propagation oonatant]

for a length { of the line may be written
y=ip =ippl=g2nl .
N

jwh
If vy = T EJ at the generator, the woltage at a point
Z from the generator is given by:-

274 s - 27
v:vsi" eJ(w't '2'%(")'

distant

A

‘vﬂ

18, Distributed Elements for a Lossy Line

In general it is impossible to ignore the effect of resist-
ance of the conductors and leakage ‘through the dielectric, and theae
modify the line characteristics.

Pig. 136 shows the
modifications necessary

to introduce these

i -~ ——0—AMM—— 000 s e
quantities into the _L 000 - AN—O
infinitesimal section st ose
of Pig. 135 e T ¢

i ———~o—AMW— 000 —4 AN —O————
Analysis of by " 000 -
¢a {4

such a section shows
that, on proceeding to

the limit as 3{ = O,
the characteristic
impedance g5, and the

Pig. 136 - Representation of uniform
lossy transmission line as an equivalent
ladder of infinitesimal filter sections.

propagation constant 7
for a line of length/,
are given by:~-

Z, = /Rg-‘- g‘wL[.’

G[ + jwcl

2’.—. { “/&1’ + .'iwLI)(G-[ +j@cﬂ .

We may write Y= L, where n is the propegation constant per wnit
length; whence we have that

Y= VJ(By o+ joly )Gy + Jwty)

ag+ Jfy where cty is the loss

(in nepers) per unit length, and fy the phase shift (in radians)
per unit length,
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Chap. 4, Sect. 19

Since Qy is not in general constant, and B¢ is not pro-
portional to frequency, amplitude and phase distortion occur; and
unless sinusoidal, the shape of a wave changes as it travels along
the line.

Since Qy is not zero, there is attenuation as well as phase

shift, energy being dissipated in the conductors (because of R { )
and in the dielectric (because of Gy ) as the wave progresses.

19. Charscteristic Impedance

= /Rg + Jwly o
%o G{ «I-ijj

In general, this is complex, In the particular case, where
Lz o BL s the line is distortionless and z, is a pure resistance
C, Gy N
o{f magnitude /_14 ; but this is not a case cammonly encountered in

c

radar. Since line losses are wasteful, every effort is made to
reduce them to a minimum. In particular, matching devices become
inefficient unless constructed of lines with very low losses.

It may be shown that for open-wire feeders in which conducte
ors each of redius r are spaced with their centres a distance d
apart, the characteristic impedance is:-

Ro 'g 276'10810% oo--oo---co.co:oooooo.a(l)-

The corresponding formula for low=loss coaxial cables is

r2
Ro = 138 1°8m ?l. 000000.0000.0..’0.0.‘00(2),

where rp is the intermal radius of the outer, and r; the radius of
the inner conductor.

Ro(OHMS)
@ | ®b)
600 1 300
d
(@) Rp = 276 LOG ¢
- r;
400 4 200 (b) Ro = 138 LOGIo i‘f
200 1100
@ d
o . — , 2 r (LOG SCALE)
i 2 5 10 100 ®b) ;2
1

Pig, 137 - Variation of R, with frequenqay for (a) open wire
lines, (3> r), (»)_coaxial cables,

These forumlae neglect losses, and the former is an approx-
imation which assumes that & > r. They are illustrated in Fig. 137.

. If in the openrwire feeder r is compereble with 4 the exact
formule R, = 120 cosh ~1(d/2r) must be used. This is illustrated in

Fig. 138,
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Ro (OHMS)

700 A
- i'd

Rp= 120 COSH £ OHMS

600 1

500 -

400+

300+

200 1

100 A

d
5t (LOG SCALE)

(o] T SRS s s s r T T
2 3 4 5678910 20 30 40 5060708090100

Fig. 138 - Exact relation betysen R, anl §/r for open-
wire lines formed of twin cylinders,

For conductors embedded in & non-megnetic material of di-
eleoctric constant K, the formulae beccme:=

h 2 d 090 °0 0000000000 0P%COREIILIEDS
Ry == —ET{._ 108;.0? (12)

. 18 2 98000 0000008880080 00 0RO N 2a
emd  Ro T = 108101‘1 -+ (22)

20. [Propagation gonstgnt
3’1=,\/(R1 * »ij;)(Gj + JwC )= ap+ Py

In the particular case of ‘the distortionless line, mentioned
in Sec. 19, oy /R Gy anmd By =w«/1’,!cj, and thess satisfy the
conditions for distortionless trensmission; viz: attenuation indep-
endent of frequency and phase shift proportional to frequency. This
ensures that for a wave of any shape the sinusidal components of
various frequencies are all delayed.in transit along the line by the
same delay time T = _ @ , since § £ (Compare Chap.3, Sec.15).

art

In the general case, for a wave travelling on an infinite or
properly terminated line, the current i at any point may be given in
terms of the current ig at the sending end, by the equation:=

o ~(apeipp M
1= %'5 .
8 e jwt
¢ oy ej( pr) ]

D>

If ig =
N
then, 1 = i

The voltege is obtained from the relation
Y = i.zo .
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Chapel, Sect. 20,21

The instantaneous values of current and voltage may be
written

EY ol cos (Wt = pyl)
nd -apl
* v, € A os Wt =ppl +8),

where ¢; . .
¥ = Zo (the magnitude of the impedance) and # is the
]

phase angle of the characteristic impedance.
The wvelocity of propagation is given by:~-

uas L = 1
Pe Vi
. Por air-spaced conductors, the value of ¢ = 1 may be
taken as 3.108 metres per second. Since Cy X K, "bhe vlélécity of

propagation u along transmission lines using & non-magnetic di-
electric of constant K is given by:-

u= 0108

The factor }: is called the wvelocity constant and is the ratio
u kK
T, where U is the velocity in the feeder concerned and ¢ the wvelocity
if the dielectric were replaced by air (or, strictly, vacuum).

21, YVectorial Representation

Fig. 139 shows the difference between the transmission of
sinusoidal waves along lossy and loss=free lines, current vectors only
being drawn.

Por the losa=free line,?and_f are in phase, and both trace
out circles, For the lossy line, there is in general a phase differ-
“ence § | between ¥ and T, and they trace out similar equiangular
spiralis.

The curves for the loss-free line should be compared with
the vectoral representation of the volteges and currents tragsmitted
by a low-pass filter (Fig. 76). They will be seen to be consistent
with the idea that the line is the limiting case of an infinite
nunber of infinitesimal low-pass filter sections. With the trans-
ition from the polygon to the circle for all frequencies, there is
the elimipation of the cut=off frequency and the distortion which it
introduces.
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T e

N

(Q) AT TIME t=0 (b) AT TIME t SECS. AFTER
CONDITIONS SHOWN AT (Q)

. g, ,\} r\,qe‘j; wt
N

(C)AT TIME t=0 (d) AT TIME tSECS. AFTER
CONDITIONS SHOWN AT (c)

Pig. 139 - Variation of current (or voltage) vectors
with line length for loss-free line -~ (a) and () -
and loasy line - (c) and (d).

LINES WITH IOW LOSSES

22, Effects on Line Characteristics

If WLy & 1 and WG losses are very small and certain
T -(;-4- > 1

close approximations can be made to the general formulae of Seca. 17
to 21.

The velocity of propagation u is approximately equal to

1 for all frequencies satisfying -the above inequalities, the
T —
WL Cy . 2
fractional error being approximately (BL. + S&2. )<,

wL! QJG[
This approximation is justified for all prectical purposes in

the trensmission lines used in radar, It reduces the characteristic
impedance zg to

/% El&—%(g%}' ‘u%);

and it is usually sufficiently accurate to neglect the reactive por-
tion and assume that:=
%o = /I; , so that it is generally denoted by Roe
G
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Similarly the loss constant O reduces to:-

%éRg/g-—j' + Gy %’f;
= % i%ﬁ«- G[RO;.

The behaviour of Ry and Gy , and methods of minimising
them, are discussed in Sec. 42

S

+1

Pige 140 = Variation of

owrrent (ar voltage) with

distance along the line at
¢ selected instants.

BYNIHBIHO

23. PBffects of Slight Losses on Travelling Waves

Since distortion is usuelly negligible for the typesof line
used in radar, the attenuation introduced by low losses is the
principel effect to be considered,

The amplitude of a travelling wave decreases as the wave
progresses, as illustrated in Figs. 140 and 141(a). This is more
simply shown in Pig., 141(b), where the peak values at increasing
distances slong a lossy line are compared with those for a loss=free

line.
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Fige 141 -~ Decrease in amplitude of travelling
simsoidal wave dume to losses.
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24, Effects of Slight Losses on Standing Waves

A simple picture of line conditions can be built up by the
method indicated in Pigs. 142 and 143. In these figures the atten~
uvation is accentuated to glarify the effects. An open~circuit term~
ination has been chosen., These diagrams will serve also for the
short~circuit termination with minor alterations (compare Sec. 15).
Other terminations may be considered in the same manner, but as the
quantitative results are more complicated, these will be derived
anpalytically where required.

OPEN
CIRCUIT
Qr=t

0 e
PULEY AL SN
N e ®

PEAK MAGNITUDES OF DIRECT AND REFLECTED WAVES
(Q)

Y
10

-2n
l—

PHASE RELATIVE TO DIRECT WAVE AT TERMINATION
(&)

Tig. 142 - Effect of line losses on direct and
reflected waves: opén-ciraurited tersdnation,

Because of the reduction in amplitude of the reflected wave
compared with the direct wave as the point considered recedes from
the temination, the line gives less indication of a mismatch. For
very long lines, the amplitude of the reflected wave is negligible
compared with that of the direct wave, and the line "looks like" an
infinite one, with input impedance Rg, and standing wave ratio
(SWR) unity. In general the SWR at the input is reduced with
increase in line length.

Analytically it is convenient to generalise the term
Reflection Coefficient to apply to all points on a line, and include
the effects of attenuation as well as réflection. If P is the
reflection coefficient at a distance { fram the termination,
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OPEN

A = AMPLITUDE OF DIRECT WAVE } @
CIRCUIT

8 = AMPLITUDE OF REFLECTED WAVE

(
- v T ~ — T (o]
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4 8 8 4 8 2 8 4 8
(@) MAXIMUM VALUES OF CURRENT AND VOLTAGE

Pige 143 - Effect of line

S losses on standing wave:
3 12  opem~circuited termination.
\
\.\ S, Jin’
\.\' 2
\
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!
\ B
g
#1=PHASE OF RESULTANT CURRENT | - H
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sV
- T o]
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(b) PHASE DISTRIBUTION OF CURRENT AND VOLTAGE

~apl ~jppl - ~258p4
P z Ve = (V.)rE £ =€ 20).[[ Pr . £ pr s
v, ('+)r£ and € It

where Pr is the value of p at the receiving end. (See Sec. 13).
20l
2 ‘PrIO

At this point the standing wave ratio is given by:-

Hence lpt= C-

A A
~2al
S =V++ v- =1 +1pl = _].LQ-C ¢

A a)
v, - % 1 =-ipl

Prl
~2al
1-€ 1P ol

It follows that as { = 0,5 —> L
Provided ay is small, it is usually sufficiently accurate

to take the SWR as equal to the ratio of voltages at an antinode and
a node in the neighbourhood of the point considered.
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25. Energy Losses

_ The energy dissipated in the conductor resistance or dielectric
conductance is made manifest in the line by the heat gencrated. This
may have subsidiary effects, such as mechanical distortion of the line,
and consequent interference with its electrical properties,

The power loss in a low-loss line of length { may be written:-

*

ad -7
.20 10310€ ! + 10 1oglo l+ ‘S-llz (l -t [] N
.

This expression shows the extent to which losses are increased if
standing waves are present.

RESONANT LINES

26. General Nature of Resonance in Lihes

It follows from the results stated in Secs., 8 - 25 that as
the frequency of a signal applied to a short length of transmission
line is varied, the line exhibits the properties of series and
parallel resonance at specific frequencies., For a uniform loss=~less
line with an open-circuited temmination, the input impedance is
either a pure reactance or else is zero or infinite; the variation of
this reactance with frequency is illustrated in Fig. lik. The hare
monic nature of the resonance characteristics is evident from the figure.

Xg
I ! | ~— OPEN - CIRCUITED LINE
I- I , *=—+ SHORT ~ CIRCUITED LINE
/ / '
/ / // Fige Li4 - Variation
; j / of reactance with
: : frequency in loss-
/ /
of f, 72f, /af /'t;f ST, e, CQUENCY free line.
1 /. 1 y 1 1 ./' 1
/ / /
/ / / u
i i I fi= 3¢ WHERE
! H ! U= VELOCITY OF TRANSMISSION
| ’ l € = LINE LENGTH
i I I

1f ¢ is the length of the lins, series or parallel resonance occurs,

alternately, at all frequencies which are multiples of U , whereu
L4

is the velocity of propagation.

i For lines with slight losses, the resonant properties are far
more pronounced for shorter lengths; as the line length increases,
the input impedance tends more and more to be independent of the line
length and to approech Ree. This is indicated in Fig. 145. Here it
is the magnitude of the impedance which is plOtted, at a given
frequencys for different lengths of line.

A short-circuited line of length { or an open~circuited
line of length 2{ presents a high impedance to a generator of

frequency £ = %[, and a reactive irpedance to other frequencies,

The impedance is reduced substantially for small deviations
of the frequency from resonance. 3such a line may be used as & parullel
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Zg

OPEN - CIRQUITED LINE
— e SHORT - CIRCUITED LINE

(o]

Y, .

g s
I I # b 2

Pig., 145.- Lossy line: variation of magnitude of

impedance with line length,

resonant eircuit. Similarly, an open-circuited line of length { or
a short-circuited line of length 2 { may be used as a series
resonant circuit for a generator of frequency %‘4"

For a generator of given frequency f, corresponding to a
wavelength A= .Elf , the resonant lengths are given by the equation

{= n_{_\ where m is an integer.

Non~resonant: lines may be used as reactances. The variation
of reactance with frequency for open-circuited and short-circuited
low-loss lines is illustrated in Fig. 146. In this diagram it is
assumed that losses per unit length are independent of Irequency.

It should be noted that midway between series anu parallel
resonant lengths the magnitude of the impedance is always Rge

27. Q = Factor of a Rescnant Length of Line.

It is known that for a s€ries L - C - R circuit near resonance
the magnitude of the impedance is given by Z = R sec ¢ where tan @ =
28,8 being equal to f£-fo , where f is the frequency and fo the

To
resonant frequency. (The error in tuils approximation is of the order

5%.) (see Chap. 1, Sec. 19).

Xg
n n o
it !{ it — OPEN- CIRCUITED LINE
il | i ,| *=—* SHORT - CIRCUITED LINE
NOTE - /I ‘ ,'I | ! l
THIS DIAGRAM NEGLECTS Jo o !/
THE VARIATION OF ! !/ !
RESISTANCE WITH FREQUENCY (/3 !/ /o .
; ; .
© iT et e fist e FREQUENCY
vy
Ly | |
b [ Ly
/ i L
{ Iy i
i/ i/ i!
] ] U

“ e L6 . Lossy line: variation of input reactence
with freauencys
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‘It may be shown that for an open-circuited low-loss transe=
mission line, approximately =2 in length,
A

L secﬁ),

= (Rg
o _2né
vinere tan @ = Trs”

O

It follows that an open=circulted trammission line of length

[ASTE N

—f- behives like a series tuned circuit having a 3-factor of magnitude
A
Q = 5}7\— .

o
This reduces to Q ="§-I-"-& if &ielectric losses are neglected,

corresponding to the Q-factor of a colil in lumped=circuit theory.

Similar results are obtailnable for short-circuited lines, a
quarter-wave-length line corresponding to a parallel resonant circuit
with the same walue for @ as for the series circuits. Longer lines,

?.\2_0.,2%0- ,» etc., have the same Q-factor as the ?-‘z:"- line, but not the same

dynamic impedance. The longer the length of line (in quarter wave-
lengths) the more nearly does the dynamic impedance approach Rge For
example, a _.2.9. short-circuited line has approximately twice the dynamic

A
impedance of a ..I:‘?. open-circuited section of the same line.

In practice very large values of Q may be achieved, of the
order 10*.

26. Lecher Lines

Short lengths of line mey be used as tuned circults, and are of'ten
called Lecher Lines. These are usually short-circuited sections of tubular
line, the short-circuit termination providimg mechanical rigidity with
very low loss. ’

Fig. 147 shows an arrangement which is suitable for use in a
tunable oscillator circuit. The curvature of the lines enables tuning
to be performed by a rotary motion, varying the effective length of the
lechers. For very high frequencies a self-acreening type of tuned
circuit is required, as unscreened lines become less efficient as the
frequency rises (see Sec. 46). This may take the form of a short
length of coaxial line. An arrangement suitable for use in a valve
circuit is illustrated in Pig. 148. The 1line is tuned by moving the
plunger which may be fitted with a screw for accurate aajustment.
ment,
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Loe i = Lecher Lines

ggngs Lo use in cscillators.

ROTATED
FOR TUNING

INSULATING
RODS

— 7~ 1\

Tie 145 - .djustable coaxial S
shert~circuited line with vlungen 8 B R o
Suaiige {3{-

L

29. Metallic Insulators

One of the chief difficulties encountered in the use of open-
wire feeders is the maintenance of rigid spacing and positioning of
the conductors whils% avoiding high dielectric losses. One method,
applicable to a single-frequency transmission system, avoids dilelectric
losses altogether by the use of what can paradoxically be termed .
"metallic insulators". The arrangement is illustrated in Fig. 149(a).
Such a short-circuited quarter-~wave line presents a high impedance to the
feeder at the points of junction, and the effect of this on a low impedance
line is usually negligible. A frequency variation of + 7.5% is usually
veriissible before the line becomes sppreciably mis~matched.

“he problem of supporting the system as & whole does not arise
ia self-screening lines, such as coaxial systems, where the fields
are confined to the inside of the outer conductor and the outside may
be ecarthed at any point without disturbing the electrical properties
of the system. But the equivalent problem of supporting the inner
condicter may be solved in the same way, by the use ol quarter-wave
s2ctions of short-circuited line., Tae arrangement is shown in Pig.
bl

3 1

/A_ { ‘ M N i
FEEDERS [ ! )[ 22222 i& 2ol o2l 2l
I BN AN F
@ };? 4 eg (b) HaN b
! A
4& J&
IR jj\%ﬂ
SUPPORTS FOR OPEN SUPPORTING THE INNER
WIRE LINES OF A COAXIAL LINE
A
2 1
"o wa 22T T T T T T LA TT T TII T

v

©

BROAD BANDED STUB SUPPORT
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A modification to improve the bana width of the insuletor is
shown in Pig. 149(c}. The thickenin_ of the inner conlucSor fors
in eifect two A transformers back to bacl, in parallcl witu the A

L X
insulator at the junction. The analysis .f tuis arrangement us
dealt with in Sec. 54 (viii).

30. Quarter=Wave Sleeve Rejector (Rotating Joint)

This is a method of using a A open-c.rcuited coaxial line to

Jjoin electrically two other sections. Ideclly the iupedance gresent-
ed by the device is zero at the {requency of operation.

The arrancement is shown schematically in Fig. 1bo(w,. This
represents a A section inserted in series with an open-wire [eeder.
4
Since the A line has zero input impedance it does not affect the 1'low

4
of energy along the transmission line.

If the figure is rotated about the lower conductor, the upper
condrvctor enerates the outer of a coaxial cable, and tnc A line
- L
takes the form of a double circular plate of radius A wiin ine .ane
L
sroperties as in tne palanced pair arrangement; tails store is shown
in cross-section in Fig. 150(b)}.  If now the protruding A "line"
]
N
is folded back on one or the outers the line presents the appearsance
of Fig., 15.(c)j. The separate portion AB then becomes redundant,
since the outer swrface of the cable CB is able to fullil itz func~
tions; when it is rcmoved, the circuit appears as in Piz. 2. {(&).
PFinally, the inner may be subjected to the rame process us e outer,
tne complete joint being depicted in ¥iz. 150(e). Such an cr.oan o=
-gent is suitable for a rotatin, couplin,, since there is no
mechanical contact to introluce frictional losses.

AL A
//’~/
///
A / A
4 / 4
//
c 8 e 8 j
\C! a1
\
@ \ (b)
A\,
N
\\
\\\ N
~d

Fize 150 = Bvolution
of )\/l+ sleeve rejector
(as used in a rotating

Ac% 8] c B8 l B joint).

© )
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31l. Stub Reactances

Short (usually< A ) lengths of open~circuited or short-circuited
2

transmission line, used as reactances to modify the standing wave
distribution on a transmission gystem, are called Stubs. Open-circuited
stubs are frequently used with open-wire feeders where the conductors
are rigid metal tubes or bars, PFor less rigid structures and for co-
axial lines, short-circuited stubs are invariably used.

The variation of input reactance with stub length was given
in Pigs. 131 and 134. Since the stub is usually connected in parallel

with the transmission line it is more usual to analyse stub problems
in terms’ of admittances.

The mput admittance of a loss~less short-circuited stub of
length { is given by

y=-Jecot 2:1 » (& short length is inductive),

The input admittarce of a loss~less open-cricuited.stub of
length { is givenby

y=J tan .2_7\71{ s (& short leugth is capacitive).

MATCHING

32. Reasons for Matching

Theoretically it is possible to design & transmission system so
that the input and output impedances of all its elements are resistive
and of the same value, and matching problems do not arise. However,
it is seldom practicable to do this, and more often than not energy is
transferred from a generator to an aeﬁ.al system at several different
impedance levels and correspondingly different woltage levels., It
has been shown in Secs!8 to 16 that if a length of transmission line
is not terminated in its characteristic :.mpedame standing waves occur
on the line, and the input characteristics vary with line length or,
alternatively, with frequency. . It is inedwisable to have a high
standing wave ratioc cn a long feeder system, since a small change in
frequency might cause a large change in input impedance. For example,
if a line is 10'A long, a ‘2+5% variation in frequency would make this
10°25 A or 9°75A, and this could replece & voltage node at the sending
end of the line by a voltege antinode; this would change the input
impedance from R, to Rg” , or vice versa, which is a variation in

Ry
impedance equal to tbe square of the SWR. A similar change of freg-
uedcy would have relatively little effect if the standing waves were
confined to a short matching section less than one wavelength long.

As pointed out in Sec. 25 losses are bound to be heavier if
standing waves are present on a feeder system, owing to the extra
losses from the osclllatory energy of the standing waves. In addition,

losses usually tend to' increase with abnormally high voltages and
currents, and at antinodes it is possible for dielectric breakdown or

corona discharge to occur, with prohibitive loss of energy.

Standing waves on the main portion of a transmission system are
avoided by the use of matching sections which fulfil the purpose
described in Chap. 3, Sec. 4  They are inserted between source and
load and ensure that the transmission'lines are terminated in their
characteristic impedances. Matching sections may also be used
between two lengths of line which have different characteristic
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impedances, or to match & feceder system to a generator.

33, Half-Wave Transformer

This is the simplest matching section. It 1s equivalent to
a 1:1 transformer which does not change the input impedance, but
transfers the input terminals to & more conveniemt position. - The
choice of length, a multiple of A , ensbles & line of any convenient
2

characteristic iuapedance to be used.
If a low-loss line is used, the formula of Sec. 16 can be
employed, viz:
2t
_z_s. Ir+ J Ry tan A
Ro Ro+ j z_ tan 2N
r A

since ¢ is a multiple of A, tan 2%{ = O, so that zg = ., irrespective
2 w

of the value of Rg.

This principle may be employed to join two similar sections
of transmission line by a third section of different characteristic
ippesance. It is the fundamental principle often employed in the
coustruction of plugs and sockets. These usually introduce sect-
ions of line of different characteristic impedance, and if their
combined length is made a multiple of A, standing waves on heigh~-

2

bouring sections are avoided.

Pypical joints are showa in Pig, 151.

METAL THICKENING TO

l FORM JOINT
e — [P I—
pee by
ra— di—nf =2 —nl/
== o
' 0
= e " ro oy,
it s
PO ——— |

4 v,

=3 fet~3

7/'/7/\/////

ety —>f [ Iz‘"’l
DIELECTRIC SLEEVE TO SEAL Fige 152 =~ Typical matching
JOINT AND SUPPORT INNER préblem: use of quarter-wave
transformer,

Fige 151 ~ Joints designed om the
A/2 1:1 transformer principle.

34. Quarter-Weve Matching Sections

These sections of trensmission line, odd multiples of _:\_; in

length, are iupedance transformers. .The formula quoted in Sec. 33
may be written:=-
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zg _ Zp COt '?'7%‘!* J Ry,

Ro ”Ro cot 2T 4 j 2
'7\""‘ r

Making the substitution { = Q%t—m » We have cot -2-7\15-[ = 0 and

2

zZg = %—9 « In the simples: case, where the terminating impedance is
r

resistive (Rp}, zg = __REQ_ and is a pure resistance.

Ry

The quarter-wave section thus acts as an impedance trans-
former. Given itwc® lines of characteristic impedance R and R2, a
A section designed to match the one to the other would need to have

4
a characteristic impedance Rg =+/R1R2.

A typical case arises in which a standard cable is to be
matched to several similar cables which are in parallel at the
junction., This is illustrated in Pig. 152. The four 80 ohm cables
present an impedance of 20 ohms; +to match this to _the single cable
requires a A section of characteristic impedance,/20.80 = 4O obms.

To preserve the initial spacing of the conductors the match-
ing section either must be made of thicker material, or must use a
different dielectric with a larger constant, K.

It may be noted that the use of metallic insulators is the
limiting case of a A matching section where zg = o and z, = 0.
X

Ro m2y have any value.

35. Double Quarter-Wave Line

The frequency sensitivity of a gquarter-wave matching section
makes it usable at ome frequency only. By extending the principle
to the use of two quarter-wave transformers in cascade, with approp—
riate characteristic impedances, a broad-band match may be obtained,

The characteristic impedances to matich R] to Rp should be in
theorder

Ris jRg» 2Rgs Ro  where:

Ro éfgf;. sz.
1Ro Ry Ro

This relation is more simply expressed in terms of the logarithms
of the ratios of consecutive impedarces. These ratios for the
three junctions are:

%o s Ro , and B2 and the logarithms are in the
Rl 1Ro Ro

ratio 1:2:1.
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Ir Ho = aBy, then .2 = adR| and K, = a'k, ,

Thus, if Ry and Rp are given, .2 may be determined and hence 3R,
and 2Ro.

To a first approximation this arrengement ensures that the
reactive term introduced, by a change of frcgquency, in the output
impedance of the first quarter-wave section, is cancelled by an equal
and opposite reactive term in the input impedance of the second
quartecr-wave section,

The output iumpedance of the first quarter-wave section can
be written:-

27:! .
21 _ Rl cot Sy IRy , where cot &— 27“ iz small = x, say.

R, R

Yo  Tlo cot -‘37—\"—6 + JRy (cot 21{ is zeco if{ is exactly
A

A L)

We then have 21 _ J 2Ry + 3y
aRl le-l- a le

= 820X = (5o 5x)(1+ ajx) =a+ jx(a® - 1).
l-2ajx °

So that 24 5531 a® g 1+ jx (a2 - 1)3.

Similarly 25, the input impedance of the second quarter-wave line can
be written

27(1
22 = Ry cot ==+ JZRO

ZRO 2R° Cot 27‘[4- jR

and this reduwes to  z, =R, a2 f 1- jx (a® - 1) ;

This satisfies the matching conditions described in Chap. 3,
Sec. 4. An alternative treatment is given in Sec. 54(iv).

The principle ¢f the double quarter-wave line may be extended
to any even number of quarter~wave sections, the characteristic imped=
ances being chosen so that the logarithmic ratios at successive junc-
tions form a "binominal coefficient® series, (e.g. 1, 2, 1; 1, L, 6,
Ly, 1; etc.) 1In general an odd number of sections is sensitive to
frequency changes; an even number is not, When a large number of
sections is used the ‘change in impedance from one end tc the other is
approxinately exponential, and very broad band coverage is afforded.

36. Matching by Stubs

The principle of stub matching is to shunt a section of trans-
mission line by suitable reactances at warious points so that the
input impedance is'made equal to the required wlue, [Series stubs
are not commonly used in transmission line systems_.]’
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Q Py Q P
o ° 1 . l
7
Rp= =1 =
7T Ry == u G
o o &
Q2 F Q ) Q2

Tize 153 = Stub resctance in paralliel with a matched line.

If a section of
correctly terminated line G
is shunted at some point
by a single reactence such
as would be presented by a Gsf---
short length of open circult-
ed line, both the input
resistance and the input are
changed. Fig. 153 illus- °
trates this point. Since we B
are concerned with parallel
circuips it is more convenient
to deal in admittances. The
section of properly terminated /

g SN

line to.the right of Py P may —7 &
be replaced by Gp, its charact- !

eristic admittaence, and the 8 L\

stublength by a susceptance By

As By is varied, the input

conductance G and susceptance

B are subject to the type of Fige 154 - Typical variation of B
variation indicated in Pig. and G with B, (see fige 153).

15k

There is usually a limited range of wlues over which G
varies. If it is required to match the line at, Q) Q2 to some
characteristic admittance Gz such that G > Gg> G ~, it is posaible
to find at least one value of B}, (B,, say) for which G = Ggj
corresponding to this value of By there is an uwanted susceptance
Bg. By shunting Q3 Q2 with an equal and opposite susceptance - By
the input admittance is made equal to Gg. The schematic appearance
of this arrangement is shown in Fig. 15?, and the corresponding

mechanical design in Fig. 156, This method ef matching is known as
double stub matching.

Pige 155 =~ Double stub
- ngtching: scheamatic
Ss s diagrau.

Pige 156 ~ Arrangement of 2 P2
stubs providing the above
ratching requirements.
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Because of the limited range of values for G it is not poss~
ible to obtain a correct match for all values of Gge There are
various methods of
overcoming this diffic- s .
ulty. One is to use a oo oo
third stub. If a oo - g —
match is not possible ) 2 F2
for one setting of this
stub, the setting is
changed (usually by
approxinately A) and it

b

P Ry Si
Rg «— — R'
P2 | (92 Rz $2

it then possible to
effect a match using the
"two other stubs as ®
previously described.

Another method is to

change the position of

the stubs relative to the .
two lines. This is Pige 157 - Modification to double stub
indicated in Fig. 157. method to extend the matching range.
The portion PQ R S is

made unsymmetrical snd

reversible so that if a :
match is not possible with the arrangement as shown in (a), it is
possible in the arrangement (b). '

The single stub method of Fig. 158 is another way of obtain-
ing a match for any relation between source and load impedances.
The two wvariable distances are the stub lengthl 2 and its distance!
from the termination T, T,. This arrangement is sometimes used witﬁ
open wire feeders, but it is not readily adaptable to coaxial lines,
The disadvantage lies in the mechanical arrangements for the sliding
contact. Theé necessity for robustness mekes it difficult to design
a sliding contact which does not ‘interfere with the characteristic
impedance of the line due to the thickening of the inner conductor
caused by the sliding sleeve, as indicated in Fig. 159(a). This does
not matter at the short-circuited end of a stub since, on the side.
remote from the line, there are no restrictions on robustness, as
illustrated in (b). Further trouble arises through the necessity for
a slot along which the inner ¢onductor of the coaxial stub can move.
This is discussed more fully in Sec. 39. Alternatively the same
effect as the sliding stub mey be created by inserting & line length-
ener between the stub and termination; but such an arrangement is not
commonly used beamse it is seldom mechanically convenient and is not
without its own sliding joint troubles.

Stub matching is further considered in Sec. 54(v) and (vij.

Ry =— L r —=Rr
¥ ? Pig. 158 -~ Single
£ stub matching arrange-
3 nent.

g

Fig. 159 - Sliding ( ) | AE-
joints: movable - . — :
coaxial stub and plunger. (o)) (b
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37. Slugs

Slug is the term used to describe a device which deliberately
produces a local variation in the characteristic impedance of a trang~
mission line. JIn practice, it may take the form of a thickening of
one of the conductors of a coaxial cable, or of both conductors of a
balanced pair, usuaelly by a movable sleeve., The method is illus-
trated in Fig. 160, The
sleeves may be made either .
of conducting material or
of some dielectric material
different from the main di- -

electric, ——&;‘}"F _-_:pf
|
but B0 nsei»ggia:ﬁy?s::]-ga EETAL OR DIELECTRIC WASHER OR SLEEVE
number of quarter-wave- 4 - :
lengths long. 1In this case Fig. 169 mme%i?l

taey act similarly to the

guarter-wave maiching sec-

tions already described. Movement of the slug along the line
provides one degree of freedom for varying the input impedance, As
pointed out in Sec. 36, two degrees of freedom in the matching devize
are required, so that a single slug is not by itself an adequate
matching device, Double slug matching is dealt with in Sec. 54(vii).

38. Belance to Unbalance Tramsformer (Balun)

This térm is used to denote & device for matching an unbalanced
line to a balanced load or source (see Chap. 3, Sec. 1), Fig. 161
shows an unbalanced line connected to a balanced load Bye It is
clear that if the lower conductor were to be earthed at all points, the
lower half of the load would be short-circuited. What is required
is a four terminal network, arranged as in Fig. 162, which enables
the lower conductor to be earthed but provides the load with a balanced

feed.
¥
— = How
————--]
Fige 161 = Matching unbalanced Pige 162 - Balance to
line to balanced load. unbalance transformers

One method uses e series Half-Wave Loop, shown in Pig. 163.
The voltage and current at B are equal (neglecting 1osses) and anti-
phase to those at A, which is the condition required for feeding
the load in push=-pull.

The impedance presented to. the line at A Ej by the rest of the
circuit is Ry , between A and Ej, in parallel with the input impedance
2

of the half-wave loop., This also is B/, since the loop, terminated
2

in g& , acts as a 1:1 transformer. Hence the resultant impedance is

g‘ and, to avoid reflection, this should be the characteristic imped-

ance of the main feeder, For single-freéquency systems the character—
istic impedance of the half-wave loop is immaterial, as shown in Sec.

33,
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] 1
v |
] 1
it
9 AR
AR
Lot
Fig. 163 - Use of half-wave loog. Fige 164 = Matching coaxial

cable to screened paire

The arrangement of this loop method for coupling a coaxial
cable to a screened balanced pair .is shown in Fig. 16k.

The transformer may be tuned to a required frequency by
fitting a variable extension to the loop, as in a trombone, Such an
arrangement is sometimes called a "Trombone Matching Section®,

Another common method of satisfying the requirements is to
use a quarter-wave "can", "skirt" or “"balun”, The schematic
arrangement for an open-wire circuit is shown in Pig. 165. The
lower conductor at (&) is earthed at the source, but cannot be at
earth potential at all points without short-circuiting the lower half
of the load. There is no reason, however, why there should not be
a8 section GC, of the lower conductor, which is at earth potential,
while standing weves are present on the remainder, BC, as shown at (B).

Standing wave currents
iz and i, are present on the
line as indicateds C is a
voltage node of this standing
wave system, which exists @
between BC and earth. There
is a similar standing wave
between the corresponding

A

- S—wy-
Roz R¢ %{ ,_-l-
N o % "—N\Wv— -

c B

-

MATCHING PROBLEM
A

portion of the upper conduct- O AMA—

or and earth, and a current ® o (":D 4 4 th

ij will flow in the upper ; . ; ( I

conductor due to this stand- e él’;ﬁfw

ing vwave, and an equal and D<a L4

opposite current i) will fIow E

between E and D. =
Denoting the Pige 165 = Cwrrent in standing wave

travelling wave currents by sections

il and i,, as indicated in
Flg. 165(b), it follows
from elementary circuit theory that

il = 12 and i3 = ih-.
The value of the current at a particuler point is indicated

by the use of a prefix; e.g. the currents in the two halves of the
load are yij, !5'2 respectively whilst the value of i5 at B is denoted

b.V;Bi3o
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For equal currents in the two halves of the load, i.e.
21 = gips

BiB must be equal to Ai'l’

The coaxial arrangement e 2y
may be considered as generated by —t
rotating the diagram of Fig., 165 = ——  _ZZ4 . .
(b) about the upper conductor, to  ________ ] )
give the arrangement shown in Fig. <20 .xg—:,
166, Provided the main outer G pe o3 \B) 2
cable is a perfect screen, this o
ensures that there is a very
high impellance between the inner
conductor and earth, since there
is no coupling between the curr—
ents in the inner conductor, and ' \
outside the outer. The currents corresponding to i; and ih in Fig.
165(b) are therefore negligible.

Pige 106 = Latching camns

It follows that the result deduced above, namely

S
B3 T ATl
reduces, in the coaxial line, to

B:.3 = Q.

The stending wave between B and C thus has a voltage node at C and &
current node at B. Hence BC is an odd number of quarter-wave
lengths; usually this is made /), the outer portion of the can
being earthed so that points C and D are at earth potential.

In the coaxial arrangement the currents ip and iz are separ-
ated, flowing in the inner and outer surfaces respectively of the
outer conductor BC; 1i; flows in the inner surface of the can DE.
The outer surface of the can and the remainder of the cable CG may
be earthed everywhere.

In this type of balance=-
to-unbalance transformer the
characteristic impedance of the
line should be made equal to the
resistance of the load. SIITII

The use of a )\/l{. can is
especially suited to feeding a
half-wave dipole from a coaxial
line, as shown in Pig., 167(2).
It is preferable to the half-
wave loop system, particularly
if the aerial is to be "spun®,
and mechanical symmetry is
desirable. An extension of
the arrangement for joining a
screened balenced pair to a
coaxial cable is shown in Fig.

167(b). () yarcuuue conn cane

(Cl MATCHING A COAXIAL
LINE TO A % DIPOLE.

The chief disadvantage Tige 167 - Matching a coaxial line
of both the transformer systems to (a) ™/2 dipole and (b)
screened pair.
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so far described is their sensitivity to frequency changes. A
change of Irequency causes a mismatch and unbalance in both cases,
In the half-wave loop method the input impedance of the loop,
terminated in Ry is not Ry except at the frequency of operation

2 2

unless that is its characteristic impedance. In any case, the
antiphase relation no longer holds, and a phase mismatch is unavoid~
able; i.e., the currents in the twin conductors are not antiphase.
This changes the input impedance and destroys the correct termina-
tion of the coaxial line. In the can method, if the line BC of
Fig. 166 is not A, B is not a current node, so that pi3 is not zero.
L
This makes yip different from yi; and unbalances the load. Also,
the input impedance zgp is not infinite but is reactive and appears
in parallel with the lower half of the load resistance, resulting in
a mismatch.

It is possible to extend the second method to avoid appreci=-
eble unbalance and phase varitions at the junction over a wide freq-
uency band.

2

—
2
s 0

. A R F 5(2 .
o = - yZ /48‘3
. . ’ -~
el we—
_._‘_% .Et‘fl W 'R‘[)z A"

Dig

e
Pig. 158 -~ Use of 7\/4 stub ige 169 ~ Reactive currents
to remove unbalance in load. {zee fig. 168).

A method which permits phase variations but provides a
reasonably balanced wide-band transformation is illustrated in Fig,
168, In parallel with the upper half of the load is placed a
reactance due to the stub length AF equal to that of DE, in parallel
with the lower half, so that the current balsnce is preserved.

This is illustrated in the vector diagram of Fig. 169, the currents
referring to those indicated in FPig., 168, The vector relationship
indicated implies that the line AF is the same length, and has the
same characteristic impedance as the original stub IE.

The actual arrangement is shown in Pig. 170 where a coaxial
line is matched to a screened parallel pair., The two stubs AF and
BD have the same dimensions, the length_’_‘_g being the quarter wave-

length for the middle of the frequency band over which matching is
required. The distance AL must be negligible compared with” o.

The Pawsey stub, illustrated in Fig. 171, is based on the
same principle as this wide~band matching device, but dispeuses with
the screening can. The currents flow as indicated in the figure,
and correspopd to those shown in Fig. 170. The place of the inner
surface of the can is taken by neighbouring earthed conductors,
carrying the standing wave currents ih- and iz, and if these are
remote, the effective impedance will be high, so that the currents
iz, i), 1 and ig are small, Tuese currents will not, however,
be zero, dnd some radiation is inevitable from the standing wave
developed between the stub and the coaxial outer. In practice the
short-circuiting plate is adjusted until the best possible match is
obtained.
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Although this method of introducing an auxiliary stub
restores the load balance it increases the phase variation since
it doubles the susceptance in parallel with the load. This is
illustrated in Fig. 172, where X, is the input reactance of either
of the stubs., Each half of the load is in parallel with jX1
equivalent to a total reactance in parallel with the load of

Ao
X4 = 2R4 tan 21’('7\—

when Ry is the characteristic impedance of either stub,

Qe
Ro‘ge.__..z,=z,5j”° lnv | Iz/'x,l
- ]

Fige 172 = Equivalent circuit for wide-band
stub matche

The effect of this reactance at various frequencies is
shown ia Fig. 173 for values Rg = 504 and R4 = 100Q.

If the phase shift of the solid stub method is prohibitive
it may be reduced considerably by the use of a further device, This
puts in series with the coaxial line a compensating reactance Xp
which neutralizes near the mid-frequency the reactance, introduced by
the stubs in the previous circuit. X, takes the form of an open-
circuited stub AH arranged as in Figs. 174 and 175. It does not
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interfere with the mid=freguency current distribution of the solid
stub method, but changes the matching arrangements as shown in Fige
176, If R, is the characteristic impedance of the compensating
stub, the condition for optimum compensation is ROZ = 2R4 Ro.
Provided Ry » Ry, this circuit is an excellent transformer,

E

ot

Tige 174 = Use of auxiliary
open-circuited stub as series

Tige 173 = Variation of impedance
and phase vwith frequency for

wide-band stub match.

compensating reactance.

The calculated impedance of a transformer where Ry =Ro = 500,
Rq =1000and Ry = 12.5£,is shown in Fig. 177, where the capacitance

across A¢ 1is neglected,

z, ;z,e/‘i..
e

Pige 176 = squivalent
circuit for fige 175

sige 175 ~ Construction of
wide~bard atching device
using compensating open~-
circuited stub.

This type of transformer is specially suited for a transfer
from a stdionary to a rotating member. Since the coaxial line does
not make contact with any
part of the rest of the
system, it can be kept

stationary while the Zp OR #p
whole transformer and 80 Zy
balanced two-wire line 40 ¢ 70 l
rotates around it. 0 2% u;ozi

‘s O o 5o TS Ao

W -20 z 40 had
39, Standing Wave -40 530 /5(

Tndication 2|°
o ; - - f
If a feeder fg fo s,

system is not properly
terminated standing
waves will occur with
the disadvantage des-
cribed in Sec. 32. To
avoid these it is
usually essential at UHF

Jlge 177 = Variation of impedance

and phase with frequency for wide-band
stub match with compensating open-
circuited stub.
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to use empirical means, since it is not ordinarily possible to
coordinate manufacture and design to a degree of accuracy suffic-
ient to ensure the required matcuing conditions.

Standing wave indicators, which show the variation of
field strength with line length, are readily usable with open-wire
lines. (Coaxial lines introduce considerable difficulties, since it is
impossible to measure the field strength inside the cable without
meking & slot in the outer conductor for the insertion of a probe
(or loop). The actwal insertion of this probe and its movement along
the slot change the line characteristics and increase the difficulty
of detecting true standing waves, i.e., those which do not depend
for their existence on the presence of the probe or the slot. The
same problem exists to a lesser degree in open-wire systems, but
usually the presence of a small lightly loaded pickup probe or loop
has little effect on the line characteristics. If miniature tech-
nique could be sufficiently developed, some improvement might be
effected with coatial or screened lines, but the difficulty is that
the smaller the conductors become, the weaker must be the field
strength, otherwise there would be a breakdown of the dielectric, or
corona discharge. Since at frequencies of the order of 3000 Mc/s
and upwards amplification is not yet practicable, the low power
available from small pick-ups is the limiting foctor in standing wave
indication. It is therefore necessary at these frequencies to
exercise the greatest care in design to minimise the likelihood of
mismatching., The only empirical check practicable is usually an
overall one, in which stubs or transformers are adjusted to provide
maximun power delivered to the load, usually the aerial system.

The essential feature of a standing wave indicator is a
means of estimating field strengths In one of the most elewentary
forms this is a simple neon lamp, the brightness of which increases
with the intensity of the altermating electric field in which it is
placed. A more camplicated indicator might consist of a pick~up probe or
loop coupled to a resonant circuit across which is placed a resousnce
indicator, such as a valve voltmeter. This is more accurate thar
the neon indicator, and, since it absorbs but little cnergy, can be
designed to have negligible effect on the line under test. The
indicator is moved along the line with a constant disposition relat-
ive to the conductors, and the meter or neon shows the increase orvr
decrease in intensity. Matching devices are then adjusted until the
standing wave ratio is & minimum.

If the meter is a sjuare~law device, as is oftten the case, it
is the square of the standing wave ratio, or as it is sometimes called,
the Power Standing Wave Ratio, which is obtained directly from maximum
and minimum readings.

40. Common T/R Circuits

Radar systems which use a common aerial for transmitting and
receiving require a special type of transmission system which ensures
that the signal energy takes the correct path on each occasion. Two
basic circuits, the series and parallel combinations, are depicted in
Fig. 178. 1In both arrangements it is desirable that, to avoid stand=-
ing waves, the characteristic impedances of the three cables at the
Jjunction should have the same walue, Rg.

In the parallel circuit, ideally:~
when transmitting, zZy ¥ Ros 2p =Rg, 2p = @; -

when receiving, Zp = Rgs Zp = @, zp Rge
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In the series circuit, ideally:-

when transmitting, 2y =Rys 2p =Ry 2p = 0;
when receiving, zy = Ro" Zy = o, zp = Rge
L f
+ _
| |
2z, -— -2z 7 .- -z
PARALLEL SERIES

i3ze 178 = Altermative arrangements for
conmon T/R working.

In aadition, in the series case the spacing of the lines must
not be such as substantially to increase the path lengths of one
conductor compared with the other either when transmitting or when
receiving., / This amounts to the normal requirement that the spacing
of the conductors must be small compared with the wavelencth. _}a

These changes in impedance must be synchronised with the
firing of the transmitter, The change in zp may be due merely to
the transmitter ceasing to operate. If the impedance waich it pres—
ents at the junction changes from R, to either a sufficiently high
or a sufficiently low value when oscillations cease, one of the
requirements of the basic.circuits is thereby automatically satisfied.
The other requirement necdessitates special provision to change the
input impedance to the reveiver line.

b
@ A ®

™
(e
GAS
DISCHARGE
TUBE N
O
A

© b2 e
O

D

Jige 179 - Basic switching circuit ard modifications.

-

A basic circuit for providing this change is shown in Pig.

179. A A section of transmission line isterminated in a spark gap
1
or other discharge walve. The voltage of the received pulse is quite
inadequate for igniting this valve, so that its impedance remains very
large during reception. When the transmitter fires, the pulse
ignites the walve which then possesses a small impedance, which is main-
tained by the ionized gases without absorbing further appreciable
energy from the pulse. This small terminating impedance makes the
input impedance to the A line very large.
N

If an extra A line is added to the left of the section, as in

5
.Fig. 179(b), the input impedance changes from an open circuit to a
short circuit as the transmitter fires, since the line then acts as

a A section, (1:1 transformer).
2 A

It is en advantage to add to the section an extra® line, short-
circuited at the termination, as shown in Fig. 179(c). This ensures
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that before the valwve strikes it is positioned at a voltage antinode
and is thus more readily ignited by the transmitted pulse.

This arrangement is incorporated as a shunt element in the
parallel circuit shown in Fig.180(2) and in the series arrangement
of Fig. 180(b). Alternatively a similar arrangement may be used as

o series element, as in Figs.180(c) and (d%. It is left to the reader
to verify that these arrangements satisfy the basic requirements for

Pig.178, described at the beginning of this section.

I /
Za lfA -
I ] S | .
] |
A A
(a) 2 (b) 2
#} \l) Fig. 180 -~
4 4 Incorporation of
N N switching valve in
comon T/R circuits.
(c) (d) T
3 %
) M A
L ‘
a4 [i. < IR
o4 -0 O )

It shquld be noted that the A or A sections fulfil their
L 2

functions in the steady states ohly. There is always a build-up
time required, during which the wavefront of the transmitter pulse
divides at the junction and part is carried to th® aerial, part to
the switching valve section in the receiver lead, and part is re—
flected because of the temporary mismatch. This transient period
will occupy & number of cyoles, but forms only a negligible fraction
of the pulse width, provided a sufficiently high frequency is employ-
ed,

It is common to use more than one valve or ocher switching
device, at different points on the receiver feeder, as it is more
reliable to use severel relatively simple switches rather than to
attempt to provide a sufficient degriee of reliability with a single
switch,

Where it is not possible to rely upon the change in output
impedance of the transmitter to provide the necessary switching in
tm% branch of the circuit, an additional switching circuit is necess=—
ary. Alternative arrangements are shown in Fig. 181. In the para-
llel ocase (a) or (c), the input impedance zp changes from an open
circuit, its value when the transmitter is not pulsing and the valve
is open, to Ry when the transmitter fires and closes the valve. In
the series case (b) or (&) zp changes from a shert-circuit to R, as
the transmitter fires.

Neon valves and open or enclosed spark gaps may be used as
switching valves with open-wire lines. Open spark gaps may or may not
be "blown", and a "keep-alive" electrode, although sometimes desirable,
is not always necessary (See Chapter 6):
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Jig, 181 = Altermative arrangements for
switching the transmitter branch of the
feeder system.

In the adaptation of this technique to coaxial lines or wave
guides a soft rhumbatron is commonly used as a gwitching device.
The valve may be inserted in series with the receiver lead, as shown
in Pig. 182(a); the equivalent circuit is shown at (b). The input
impedance of this valve is normally resistive and of magnitude Rg,
the rhumbatron acting as a transformer which is adjusted by the
positioning of the current loops, When the transmitter fires, the
gases in the valve ionize and this condition corresponds to short-
circuiting the secondary circuit between A and B. The input imped-
ance becomes smell and almost purely reactive, It is this change in
input impedance that fulfils the function of the switching valve.

TO RE?EIVER
& ‘
Pige 182 = Use of
soft rhunbatron as
8 switching valve,
TO JUNCTION

(@)

(b)  EQUIVALENT CIRCUIT

Pig. 183 = Simple but
inefficient system which
relies on change in trans-
mitter impedance.

Ry ~—— —»Ra

Rr = PRT WHEN THE TRANSMITTER IS PULSING .
Rr = oy WHEN THE TRANSMITTER IS QUIESCENT

A very simple buf inefficient common T/R system can operate
without any switching valves, relying entirely on the change in out-
put impedance of the transmitter and allowing considerable mismatch-
ing on reception. This may be illustrated with reference to Fig. 183,
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If Ry is the input resistance of the trans.uitter branch of
the feeder system at the junction when the transmitter is pulsing,
and , when it is quiescent, the followinz relations should be sate
igfidd.

(1) pBp = Ry + Ry, and RA» Rp; this ensures that on trans=-
mission, most of the energy goes to the aerial, and that
the system is then properly matched,

(11} Rp D (Bp; this ensures that on reception most of the

energy goes to the receiver., However, the previous
requirement, R, » , implies that a mismatch on
receiving is inevitable,

The overall requirements are;=
Fo > By D Bg D .

The corresponding relations for the parallel circuis of RFig.
178 are obtained by reversing the inequalities throughout; viz;

IB’l‘(RA«RR« QRT'

LIMITATIONS OF TRANS: ISSION LINES

41. Resisgtive and Dieleciric Losses

It was stated in Sec. 18 that the propagation constant per
unit length of a transmission line may bewitten

z’te J(Rz + ije)(Gg + ijD

ap  + iy,

where Qg is the loss in nepers per wnit length. 1In Sec. 22 it was
further stated that whenwLy » 1 andwCy > 1 it is wswlly

R Gy
sufficiently accurate to take the loss in nepers as

1

o= %g% + Gy 303

= QC +°ld,

R
wWheredl, = -Z‘;_ , and is the loss attributable to the finite conduct-
o

G/ R .
ivity of the conductors, andQg = { 2° , representing the dielectric
loss factor.

L2. Resistiwve Losses

For a parallel pair, of radius r cn. separation d, the wvalue
of Ry may be written as

provided 4 > r,
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M being the permeability and ¢ the conductivity of the metal, and £
the frequency.

For a coaxial cable of inner radius r. and outer rp,

1
2= M1 ,)“
R[ = Vi §%i' 5?"";2 Es;, where the suffixes 1

and 2 correspond to the innerand outer conductors respgctively.

Using the formula for R, given in Section 18, we may writ,:-

to Bt
B 5B

138
7 o @)

In the particular case where Ay = M, 0 =0,

-1 JKF (2,1
a-cﬁ%ﬁgﬁ Fzg

logyo (22
!.1)

From these results we may conclude that for both balanced=-
pair and coaxial lines;-

(i) e ocv/E.
2
(ii) for a given Ry (i.e., a fixed ratio T or %),ozc is reduc-

ed by increasing the size of the conductors.

(iii) o, is reduced by using metals with high conductivity and
low permeability,

Further results applicable to coaxial cables only are:-
r.
(iv) There is an optimum value of —2 which depends on the
conditions imposed on the variation of ry and ro.

Viz. For minimum resistive losses with a constant
value for rp, 2 should be 3-6.
r

For maximum dielectric strength, giving the least
chance of a breakdown, % should be 2+72,

(v) When the conductivities do not have to be equal, the
higher conductivity should be.given to the iuner
conductor,

Results applicable to balanced-pair lines only are;=

(vi) Por minimum resistive losses with a constant value for
d, & should be approximately L.
r

Por maximum dielectric strength the ontimum ratio is
approximately d = Sek.
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L3. Dielectric Losses

The power factor P of a dielectric is equal to cos @ , where
tan £ =wC¢ ., Since we arc concerned with low Losses only, we may

G
take ¢
Wwey » Gy
so that F-.':-.; °°t¢=§éi‘
Hence G{v &= wC,F:

Substituting this in the expression forag given in Sec, 41,
we have

Q3 = woy o = wWF VTG - since R, %= /%f

2 2
= 2R
. 211
= TiF , «Where u is the velocity of propagation
u

in the dielectric,

L4, Frequency Effects

" Since resistive losses are proportional toff, and dielectric
losses to £, it follows that the former predominate at low, and thne
latter at high, frequencies, Cables are normally used below the
frecuency at which dielectric and resistive losses are equal.

45. Coaxial Cables with Low Losses

Cables with the lowest attenuation are those with air as di-
electrice The central conductor should be rigidly supported on
insulating spacers of low-loss material (e.g., distrene} in order to
preserve the characteristic properties of the cable. Such a cable
is usually inflexible. Flexible cables require some dielectric
filling to support the inner conductor and to keep it central, and a
dielectric should be employed, if one exists, such thatd j is less
than d, at the operating frequency.

The radius ry, of the inner conductor should be chosen as
large as possible consistent with flexibility, and the outer should
be given a redius r2 = 3+6ry, (approximatelyj.

For a solid copper inner conductor a typical value of the
diameter is 0+056 inches, with O-33 inches for the outer. With di=-
electric constant 2«3, the characteristic impedance would be Rgp =
‘75 ohms, To increase the effective radius of the inner while re-
taining flexibility, a strended inner is sometimes employed. This
procedure is successful at the lower frequencies, but at higher
frequencies stranding increases the loss in the inner., It is
important to protect the outer conmductor, which is oftten braided for
flexibility, from corrosion, which increases the loss and causes the
cable to exhibit inconsistent electrical behaviour. Protection is
afforded usually by an outer sheath of polyvinyl chloride or by a
coating of enamel. Where a braided outer conductor is used the
paths of the currents along the strands of the braid are oblique to
the axis, and are effectively lengthened so that the loss in the outer
is somewhat increased,
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L6, OQOther Losses in Open-wire Feeders

The effect of weather on open-wire lines may be serious if
the line is several wavelengths long, Damp on insulators and spacers
may considerably alter line characteristics and cause standing waves
to develop. 1t is possible to minimise these effects by using
conductors stretched between f{ixed end supports rather than support-
ed at intervals along the line; and these supports should be of the
metal insulator type.

Losses occur at
frequencies at which the Q@ (b)
spacing between the cond- = =
uctors is comparable with @ 2 '
the wavelength, If —;—3'—-—
there are discoutinuities § ©
in the line (and at either P e GE
the beginning or the end
some form of discontinuity
is inevitable) radiation
losses occur. But in any sle w84 = Desultant fields due to
case, the existence of 2 alternatiug currents when d is
comparatively large induc- comparable with A .

tion fields at points unear

the line may cause consider-~

able loss due to pickup in

neighbouring conductors. These conductors may dissipate the energy
in the form of heat or, which is usually even more undesirable,
radiate electroma_netic energy waich would interfere with the direct--
ivity of the main aerial system,

The manner in which these fields occur is shown in FPig. 18L4.
The vector f_-'f represents the time-variable electric field a. Q due
to the current in a small element of the line at Pj, and ES that due
to the corresponding element at Pp. These currents are in opposition,
s0 that, provided Q is equidistant from P and P2, the equal vectors
ET and ED will be antiphase and the resultant wector will be of
negligible magnitude.

This will be true for all positions of Q provided P} and P
are separated by d <K A, as for the case (b). Where d is not small
compared with A, there will be positions of Q for which the differ—
ence in ggthlengﬁhs P1 @ and P2 Q causes an appreciable phase differ-
ence in Ej and E3 at Q as at (c). There is thus a resultant vector,
whose magnitude is not negligible, at points several wavelengths fram
the conductors. This normally represents the induction field, but
at discontinuities in the conductors the same applies to the radiation
field ; [for a consideration of +these different fields see
BR 229 Sec. B para. 7 or AP 1093 Chap. V1L  para. 3i.]

In general, more energy is stored in the electric and magnetic
fields at regions further from the conductors and moie extraneous
radiation of energy occurs as the frequency is raised.’

A short length of transmission line improperly terminated may
be used as an aerial because of this fact, Some microwave oscilla-
tors have open-circuited lines built into the welve-circuits inside
the envelope and these fulfil the dual role of resonant circuits and
radiators, They may be iunserted in waveguides without external
gonnections, encrgy being rediated direct from the standing wave

system on the open=circuited line.
|
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CIRCLE DIAGRALE

47. Introduction

In Sec. 16 an analybical expresssion was given for the input
impedance of a wniform lossless line of characteristic iumpedance Rg
terminated in any i.npedance zp. Practical problems recuiring the use
of such relationships in successive applications give rise to
complicated arithmetical menipulations which make the analytical
method of solution tedious and which mask the physical significance
of the processes employed. A geometrical method of tackling such
problems involving tne use of Circle Diagrams gives results which are
sufficiently accurate fo. most practical work, and are speedily
obtainable with a little practice and familiarity with the method.
Also the pictorial representation involved in this method helps to
keep the physical principles in mind, since movement from one part of
a2 line to another is represented by a particular type of movement
from one part of the diagram to another. The subsequent sections
are devoted to a description of the Circle Diagram or Transmission
Line Calculator and the methods by which it may be used in the solu~
tion of transmission line (and wavegulde) problems, By this means
same of the problems already dealt with qualitetively can be given
a quantitative interpretation.

We make no attempt to discuss the theory of circle diagrams
but merely show how they can be employed to solve transmission line
problems. Further, although two forms of circle diagrams are in
common use, the Cartesian and the Polar, we shall here limit our-
selves to a description of the former alone,

48. Normalised Impedances and Admittances

The fundamental formula of Section 16,

~R, z +,7R°tan¢
. tan g ° (8 =2

z
g R°+JZ

may be witten in the form:
Zr .
Zg = Ro + J tan g

Ro 14 j2ctn g
RO

ZB zr d N
If we now replace-R—o- and K, by and E] respectively, we have

EB-:- jtend
D- 1+ 3 . tan ¢
that the formula connecting and [z | depends only on { and not
so e form ~c nec A

on Roe.

The ratio E z is called a Normalised Impedance, and is

dimensionless.

Similarly, = g‘; is called a Normalised Admittance;

(G‘o = _]&_ )o
Ro

* In diagrams, italics are used to denote normalised impedances
and admittances,
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Clearly,

]

E“"' N Iéd c:;Dr~<=

so that the recip: ca” relation between admittance and impedance
holds also for their norr.:lised equivalences,

The use of normalised impedances and admittances makes it
possible to use the same system of co-ordinates for all circle dia-
grams applied to any uniform loss-less line, Also, the sane

normalised quantity [:z:[ or may be taken to represent either an
impedance or an admitfance (mormelised) since both are dimensionless.

If z =R ¥ JX,
then E] = @ +« J E[] , where [E and are the
normalised recsistance and reactance respectively, given by

@:R and 2.;_..

RBo Ro
Similarly, if y = G &+ JB,

then' = +J [B], where [G] = .gi; and=g_'.

o

49. _Ihe Cartesian Circle Diagram

Pig. 185 iz an example of a Cartesian Circle Diagrem, It
comprises a Cartesian system of axes as a background which is indicated
separately in Fig.186(a). When working with circle diagrams, imped-
ances and sdmittances must first be reduced to their normalised forms

[a = Z/Ro. and = y/G-on
An impedance = + J' is represented on the

diagram by the point P R E} whose co-ordinates are apd

as shown,

The impedance @ can be regarded as being represented either
-
by the point P or by the vector ®. 1In the same way an admittance

= ‘ + j is represented by the vectora or by the point
Q (Pig. 186(a)).

Superimposed on the Cartesian reference system is a family
of coamplete circles, the u~circles, and another family of circular
arcs, the n-arcs, that cut the u-circles at right angles. It is
not necessary to understand the theory and construction of the dia=-
gram in order to use it, but for interest some properties of the
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The circle u = O is therefore the same as the + jix] (+J
axis. ( )

At the other extreme, when u = @, then, according to (2)
the radius of the circle is zero and its centre is the point (1,0).
The circle given by )
u= oo

is the point C in Fig. 186(b). Finite values of u give circles of
the type shown.

In practice, the quantity u is associated with the loss in
amplitude on reflection at an impedance, or with the attenuation of
a travelling wave, and it is convenient to attach to each circle its
u=value in decibels instead of its immediate u-value in nepers, This
has been done in Fig. 185.

If E] is put equal to zero in equation (1) we find that the
circle cuts the @ -axis at distances a.nd from the origin
suwch that,

= coth 2u # cosech 2u
whence, @ = tanh u and = coth u
and @ = 1,
This is equivalent to the equation

zg = Roz/zr' of section 3k, where zy and z, are both
resistive.
h-arcs

These are arcs of circles whose equations are,

[R] 2 + ([X] + cot 4 w n)a = cosec® LT n esevsse(3)s

Their centres therefore lie on the + j@axis at the points,
‘ (0, = cot LT D) eeseeccescoveseiosassannnnssose(l)

and their radii are: cosec 4Tn,

For each value of n within the renge O to % we obtein an arc, but the
sequence of arcs repeats if n i increased beyond the value of 3.

An n-arc is shown in Fig. 186(c). According to equation (4)
and Fig, 186(c), since in the triangle ODC, OD = - cot 4Tn and
DC = cosec 4TTn, the angle ODC = =4 Xn and OC = 1,

Thus, all n-arcs start out from the unit point ¢ (1,0).

When n = O the centre of the arc lies at minus infinity on
the jaxi.s. The arc n = O is therefore the portion CO of the

real axis. As n is increased the centres D move up the + ,j
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circles are given in
the following (starred)
paragraph.

20

Properties of the Circles
and Arcs

u-circles are the
loci traced out by the

point . given by

. @+Jtan2ﬂn

1+ J [Zp| tan 2fn
vhere n = <
A

-

when is kept constant,
but n is allowed to vary.

If n is kept
censtant and is allowed

to assume various purely
resistive values, the locus
of is an n-arc.

u-circles

It may be shown that
the equation of a u-circle in

the @ » @ system of co-
ordinates is

(r_ﬂ — coth 2u)2+ @ 2.

cosech2 2u ..o.u-n.o-oo(l)-

The centre of this
circle lies-on the
axis at the point

(’.)Oth 211, 0) .ot'oo.t'.(z),
and its radius is,

a = cosech 2u .
A u=circle is shown in Fig.
186(b).

By assigning to ua
sequence of values a family
of circles is obtained in
which one circle corresponds
to one value of w.

When u = O, equation (2} gives
the circle an infinite radius
and places its centre at plus

infinity along the @ =axise

Chapull-, Sect.b-9
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Fige 186 = Properties of circle
diagrame
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axis and finally reach the origin when n = 1/8 e As n increases
further the centre D continues to move upwards and disappears to plus
infinity at n = 1/,

The portion CG of the real axis is the arc n = 1/,. Whenn
increases in a series of equal increments a set of arcs is obtained
in the upper half of the diagram as shown.  Those in the lower half
are easily obtained by completing the semicircie of which each n=arc
in the upper half is a portion. The completing arc, dotted in Iig,
186(c), is called the complementary arc. If the n-value of an upper
arc is n, then that of its complementary arc is (n + 1/4). Thus,
the n~values of the upper arcs range fromn = 0 ton = ]/4, and of the
lower arcs fromn = 1/4 ton = /2, The arc n = /2 is again the
line CO which is also the arc n = O.

If n exceeds the value of 1/2 and is for instance equal to

n= (-!51 + n') where h = 1, 2, 3, etc. then the arc n is the same as
the arc n'.

The distances from the origin @ and at which the
same semicircle (arcs n and n + 1/L) cuts the + j[X]axis are obtained
by putting @ = 0 in equation (3).

Thus, @ = + cosec Lmn - cot LXn =+ L - cos kTN
sin 4Tn

That is,
= tan 27n; = =cot 2TN  esceescscoscsess(5)
as shown in Fig. 81(c).
it follows that,
="1 0..0'!0.'0!00.5.0.'.i.vo.l..(s)‘
If is a normalised reactance then is the corresponding

normalised susceptance and conversely.

50. Applicatioms of the Circle Diagram

Fach u~-circle corresponds to a particular standing wave
distribution on the line. All points correspeonding to input imped~-
ances at varicus positions on the same standing wave system lie on
the same u~circle. The application of circle diagrams to lossy
lines, in which the standing wave ratio varies from point to point,
is discussed in Seec. 53.

Each n~arc corresponds to the position of points relative to
the standing wave system in which they are located. The difference
between two wvalues of n corresponds to the distance along the line,
measured in wavelengths; i,e.

ny =n, = .*;_\
An inportant property of the diagram is illustrated iu Fig,

186(d). It shows a complete u~circle enclosing the unit point

c(1, 0) and two n-arcs, CP and CQ that intersect it at P and Q. The

n-value of each nwarc is marked on it near its end and e«ch u~circle
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elso is meded wita its u-value (Fig. 185). As an inspection of the
chart will reveal  the values of n run from zero for the arc
CO to n = 1/2 as CO is reached again from below, whereas the values
of u range from zero for the reactive axis of co-ordinates to infin-
ity at the limiting point C. In Fig. 186(d) the arcs CP and CQ bel=-
ong to the same semicircle and are called complementary. It will be
round that if the n-value of any arc CP is n, then that of its
complementary arc CQ is (n + %).

Further, if OP represents the normalised impedance
z = [R] + J[X] (i.e. P is the point [R], [X] ) then OQ represents
the normalised impedance (or normalised admittance) =1[z] .
By this we mean that if the length of OP ias IZ_], the magnitude of
[z], and the angle GoP is @, then the length of 0Q is [27] =[§-.]:]
and the angle COQ is &' = = . It must be stressed that for this
to be true CP and CQ must be complsmentary arcs.

Thus, if [z] = [R] + j{X] is & normalised impedance represent-

ed by -65, then the associated normalised admittance =é]=@ + J

is represented by 0Q. (Fig. 186(d)).

In particular, if the angle A is zero then P lies on the
real axis and OP represents a pure normalised resistance, say.

The point Q will also fall on the real axis at the opposite end of
the dismeter and will correspond to the conductance = IRII’

such that = 1.

Similarly, when ot = 90° the arc CP meets the imsginary axis
- in the reactance point «+ a‘@. Then the arc CQ meets this axis at

the corréspond.ing susceptance point -j @ such tbat,_g] = =l.

51,  Numerical Examples

To find the Input Impedance z_ given Ry, %, { amd A .
The line is assumed to be loss-free. = Refer to Fig. 187(a).

Procedure
1. First normalise %,, the terminating impedance; thus
zr=.z.I=§.E 4.3.].[2 =+J.
R, Ro Ro r
2. Plot the point = * J on the cartesian diagram

(Point P, Fig. 187(a)).

3. Note the value of
(i) the n-arc n.,

(ii) the u—circle up ,
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that pass throuzh P (or
sstimate these values by
interpolation between
circles and arcs).

Lo Zvaluate '[/7\ and
add it to nr to obtain

4
ng=n, + /A
Since the line is loss-free,
us = urc

5e Traverse in a clockwise
sense the u~circle u = u,

until it meets the n-arc
n_-:ns_—,nr.'. /7\’ at the

point Q. At this point
the normalised impedance

ia

"R+ I

The input impedance is, as
required

ZS:RO * I R, :

Ry + Ji¥g.

Example 1

A loss~-free trans-
mission line whose charact-
eristic impedance is 300 ohms
and whose length is O*3A is
terminated by a load, z, =

(600 + 3 300).
Find the input impedance.
The normalised load is
3
Z = = (2 jl) .
T (2 + 31)

From Mg, 185 the u and n~
values of the impedance

point: 2+ 51, are :-
w, =35 db; n, = 0213 .
Zvaluate ‘
ug =W ngo= 0213 + ‘!/7\
= 0°513,

Ghap.l;., Secta51

Rg= Ny + %
X 25=Rs+/Xé
X Q
Us ="ty
iy
X- - %
o
Ry Ry R
ZSA-» Ro lr
; { g
@
7, = (025~ %L)
X
A
v
z
o
L
S

()

Tige 187 - Use of circle diagraus,

The arc n = 0*513 is the same as the arc ng = 0-013.

The point of intersection of the circle u = w. = 3°5 @b and the arc

n:ns =0'013 is

[Es]= (0°38+ 3 0-07).
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The input impedsnce is therefore

z_ = 300 = (114 + § 21).

Example 2

The transmission line of exsmple 1 is terminated by an admit-
tance yr = Gr +* j Br = (0‘01 + j 0‘005).

Find the input admittance.

We treat admittances exactly as if they were impedances. We
therefore follow the procedure formulated above:~-

The normalised admittance is,

Pe] = ?’;I = By ¥p =300y, =(3+J15).
-]

Plot the point = (3+ J 1°5) and note w, and n,.  From
Fig. 185 we read,

w, =2:32db; u, = 0°227.

Form mg = n. + "/;\ = 0:227 & 03 = 0°527.

We may therefore take ng to be 0027,

The point o0f intersection of the arc ng = 0027 and the
circle w. = 2432 is,

@ = 0028 & j Oe17.
The input admittance is,

Ys = Ge =@= ____1_0'28200 0-17

= 00009 4+ J 000057

Exgple 5

Find the normalised admittance that corresponds to the imped-
me@ of example 1.

According to Sec. 50, and Pig. 186(d) the admittance of the

impedance E} which lies at the interasection of the circle u ard arc
n (vector OF Fig. 186(d)) is represented by thé point of intersection
of the circle u and the complementary arc (m +.%).

Prom exsmple 1,

z,l = 2+ J1; w,=35 db; n, = 0°213.
Censequently, for @'—_— 1

u=up=35db; n=(n,+%) = 0463,
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From Fig. 185
= (o'}+ - j 0'2)0

(By calculat ion: yr - 1 = 1 = 2= "ll - s ﬂ)
- —— ——— = = Qe l| - Q°

Example 4

The transmission line of example 1l'is terminated by an
inductive reactance Xp = 150 obms. Find zg when{ = G*3A.,

We have;~
Xr -‘-'E = _X_I;_ . = j .
5 - . ge o, 043 05
From Fig.185

w. = 0; n, = 0.074
For []; ', =w.=0; m =n_+ Yp = 0074 + 0-3 = 0-37h.

From the chart = = jl. Hence zg4 is a capacitive
reactance of 300 ohms.

B le

Find the standing wave ratio S on the transmission line of
example 1.

lN)
1}
=

According to Sec. 13, S =
Re

The point = 2+ jl lies on the u-circle w, = 3¢5 db
and arc n, = 0-213,

The impedance zg; becomes purely resistive at the points
and where this circle cuts the resistive axis.

From Fig.185, this occurs at

= 24623 = X = o0-382.
2062

Whence S = 2:62.
A
The distance [l of s Which is that of the nearest voltage
antinode from is given by:
An = 0.25 - 0-213 = 0:037 =4, .
/A

Whence fl Q037N .

L]

Similarly the distance of the nearest voltage node is at

[2 = {05 = 0213} A= 0°287A.
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52. Use of Circle Diagram .o Deteriaine the Magnitude of the Load
Iupedance from 2 Knowledge of .ae Standing Wave Pattern

A knowledge of the standing wave pattern cnables us to detere
mine S and A, and shows the distances of the voltage nodes and anti~
nodes from the termination. At voltage antinodes and nodes the
line impedance becgmes purely resistive and attains its maximum and
minimun values Z and Z.

Further (see Sec. 13)

I R

S= 2. = ~2 , 80 that
Ro Z

A v - 2

Z 2 = RS,

We may write

s = |2]

L
~ .
Since S determines and » the representative u~circle is

determined uniquely by the standing wawve ratio, (S, 0) and (% s 0)
being the ends of its resistive-axis diameter.

As the distance { from the load is increased the representative point
Q of the impedance (Fig. 187(a)) traverses its u-circle.

A displacement of 7‘/ 2 along the line from any position takes
Q exactly once round the u-circle so that it returns to the original

impedance . Thus the magnitude of the normalised impedance
oscillates between the extremes of and as Q continues to
traverse the circumference.

Whea S, A and !l (the distance of the first voltage antinode
from the termination) are known from the standing wave pattern then
the procedure of example 5, Sec. 51, may be reversed to give z,.

Thus we plot = S on the real axis (arc n = 1/4} as shown
in Fig. 187(b).

As we fnove away from the generator towards the load the moving
point Q traverses the u-circle in a counter-clockwise sense.

If, thercfore, Q starts at 3, the position of wvoltage antinode,
it reaches the point P corresponding to z, where the u-circle through
S cuts the arc n = np = (0°25 ~ 41/7\), since z, lies at a distance €3
from the voltage antinode on the side away from the generator. The
normalised line impedances at all other positions in this ganding
wave pattern are represented by points on the u-circle through S.

Example
Suppose S = 5 and 4./1 = 0+1A, Find zp.

Then u = 1.8. The intersection of the circle u = 1+8 with
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the arc n = 0425 = 01 = 0.15 is the point E'a'_a = 055 &+ j 1-23,

53. Application of Circle Diagrams to Lines wita Low Losses

When the line loss cannot be neglccted then it is not only
necessary to evaluate n = n,+ 1/7\ but also to determine the wulue

of ug which is no longer equal to w,; that is, the representative
point dees not remain on the same u-circle for different lengths of
the line, If the movement on the line is away from the”load
towards the generator then uy increases with 4 and Q moves on the
disgram in a spiral towards the’ limiting point C (1,0). Whend
becomes large then the input impedance z_, is always represented by
& point very near C. This is equivalent to -aying that the normal-
ised input impedance of a long attenuating transmission line is

.=. 1; i.eo, zs%Roo

The conversion of u to ug is made as follows. It is supposed
that the signal logs in decibels in a standard length of the line
(say 100 feet) is known., Suppose that the transmission line shown
in Fig. 187(a)produces an attenuation in a travelling wave of ay
decibels per unit length and therefore a = ay{ decibels for length? .
To find the normalised inmput impeda.nce when @ is known
proceed as follows:~

Locate as before on the diagram and note u, and n, .
(u. in decibels).

= 4
Evaluate ug = (ur +a)andn = (nr + ).

Move clockwise around the up, circle up to the arc ng. Move
inwards along the ng arc to its point of intersection with the circle

ug.
This determines the representative point of

Emaple

A resistance of 200 ohms terminates a 50 £t length of Uni-
radio 1 cable (Rg = 72 olms; ay = 3-5 db. per 100 feet at 200 Mc/s.
and K &= 2:25). Find the input impedance at a frequency of 200 Mc/ s.

a= o.[[ = 3.5 x% = 1:75 ab.

The wavelength in air is 1% metres and in the cable is

3¢ 1 o . ¥) s .25,
< ﬂ 1 metre Whence /A &= 1525
=200 = 2.78 je O

Prom Fig. 185
W, = 3°3; B, = 025
Uy = 3¢5 + 1075 = 505 db; mng = np + 15°25 = 15+ 5

The arc n = ng is equivalent to the arc n =0
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From Fig. 183

s 72 = (37.% + Je0)e

5Lh. Application of Circle Diagrams to Matching Devices constructed
from Sections of Uniform Loss~free Transmission Line

]

0.53‘1‘ j-o .

Hence P

i

(1) Important Property of Circle Diagrams

Refer to Pig. 188; let zﬁ{’represent the impedance , and
5 the corresponding input impedance at the point P distance { r fram
R, If varies in such a manner that the point R traces out a

circle, then it can be shown P
mathematically or by plotting }:7 A
a series of points that the B
point P also traces a circle,
(or, in some cases, a straight
line). (d)

R

25

R -

The method of plotting
the point P corresponding to a
particular position of R is X
indicated in the figure. In Rl
the particular case when the A T \win(tocus of R)
circle~locus of R degenerates
into a straight line (circle g {
of infinite radius) the locus
of P is still in general, a
Cimlen

R

\
1
|
:
i
Il
7

i
s

The property is of N u-cirere

importance in the demon=- THROUCH R
stration of some matching
probleme using circle diagrams.
It is used in the cases given (wocus o )
belew, of Double Stub Matching )
and ‘Matching by Slugs.
2% % Mathematically, the sig. 188. ~ Important property oif
relation circle diagraiise
1+ j[]ten 2nd
zg| Ly A » Where {4 is constant,

2R<L
+j tan A

is of the form

= o+ |;;l where, in general, & ,

’

8
3 2
:)/ +68 El are complex as well asazﬁ

This may be written in the form
[zz], a + _B¢ , and is equivalent to the following

E—E]q-)( ' stepss=
203



Chap.4, Sect.5k

(1) a translation,

(2) an inversion,

(3) & magnification and a ro‘ﬁation, and
(4) a fucther translation,

None of these steps distorts the circular shape of the locus of E!.

/ Step (2) may transform a circle into & straight line - i.e., &
circle of infinite radius - or vice versa,

(ii) A/2 Transformer

The action of this, the simplestof line transformers, is
demonstrated by the movement of the point P (Fig. 186(d)) once
completely round the appropriate u=circle.

(iii) ML Transformer

In this case the point P, corresponding to (Fig. 186(4))

traverses the appropriate u-circle from the n-arc te the (n + )-arc,

i.e. to the peint Q.

(iv) Double "/i Transformers

Consider first the
behaviour of a single -7\- transg-

L

former when a small increase
in frequency causes the line to
become rather more than

A in length. This is illuat-
i

trated in Fig. 189(a), for the
case in which input ard output
impedances are required to be
resistive. If the terminating
impedance is Ry, (assume R,> Rp),
normaliged impedance is given

bygl = £, where S is the stand-

ing waveoratie, and is represent-

ed by R. The input impedance
R 2 Re
©_ when normalised is "I'{ and

e

is represented by P(S, 0)
provided the length of the trens-
former isexactly A . If this
i
is increased a reactive term is
introdaced, illustrated by the
peint P'. Although the resis-
tive component of the inmput
impedance is still spproximately
cerrect a considerable phase
error may be introduced for a
small change in wavelength.

Fig. 189(b) shows a
double A transformer used
4

X

©
O\
0 l=——stle R
fpz Q2 Q '4A
n
An Pl\L

@

Fig. 189 - Double /L
transformer.

204



Chapal, Sect.5h

to minimise the above effect. The characteristic impedances; 1R¢
and 2-g of thezl\: sections of line are related to the resistances

at the receiving and sending ends ¢f the line, in 1his case the
charsacteristic resistances of the respective feeders, by the rela-
tions

Re 4

2
1B, =& R, andzﬁ.a'a..lRo ,where;;:a.

The change of characteristic impedance at the junction
generally necessitates changing from cne u=circle to another,
since for each separate section of line the impedance considered
must be normalised with respect to th= ap~ropriate characteristic
resisiance.

This is illustrated at (c) for the case when each sedion of

the double~transformer is exactly% in length. Since Br =1,
I'o &

the standing wave ratio for the first % section is & , and the point
R of the circle diagram, corresponding to the input impedamce at R

(Fig. 189(b)), normalised with respect to jR,, is the poinmt (%-, 0).
The point ¢ (1,0) represents the terminating impedance Ry normalised
with respect to itself, Hence we may consider the change in characte
eristic impedance at R to be represented on the diagram by movemeut

of the representestive peint from ¢ to R. The change due to the
movement from R to P (Fig. 189(h)) 15 represented by movement from R

te P; along the u~circle. Since R is tne point (%, 0), Py is the

point (a2, O). The change in characteristic impedance from 1Ro to

o &t P mecessitates dividing the nommalised impedances by a2, since
2Rg = 121R., sothat. _z__ 1 . _2z_ . This transfers the represent-

o 25 1Ro

ative point te P2, which is (31: » 0), the same as R. JMcvement fom
P to Q (Fig. 189(b)) is represented by movement along the u—circle
from P2 teo Q1 in Fig. 189(c). Finally, since Rg = a. jRg, the
change in impedance levels at Q is represented by dividing the new
impedance by a; i.e., the representative point returns tec Q, = C
and the liqe is properly matched.

If the frequency is dlightly increased so that the electrical
lengthi. of each of the matching sections is increased by the same

amount, the conditions are altered to those shown in Fig. 189(d).
Provided the frequency shift is not too large the change in n-value
at Pp is the same as at Py (this can be verified from Fig. 185) so
that to s first approximation Qi is not shifted, and the input imped-
ance represented by Qo satisfies the requirements for a broad-band
match.

A similar argument shows that any odd number of transformers
with appropriate characteristic impedances, used in cascade, is

sensitive to changes im frequency, Whereas any even number is note
However, the more 7_2\; sections there are inserted between Ry and Rg the

smeller is the standing wave ratio on each section and the more
clesely do the appropriate u-circles approach the point C. If a
lerge number of such transformers is used, with their characteristic
impedances exponentially graded, & wide-band match is achieved irres-
pective of whether the number of sections is odd or even,
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(v) Single Shunt Stub

This matching device is illustrated in Fig. 190(a). The
position of the stub, distant ¢ 3 from the termination T Tp is
variable, and also the length,fz of the stub. It is required to
sdjust {47 and ¥p so that the input admittence at Py P2 has a
required value yg (usually the characteristic admittance ol the line
connected to P; Po).

B
_ {2 P, T
/t' ﬁ?r Q r’f?___\\
A K B T
4 o ‘c R
@
B & 1
A @) /B2
,r' 14
/lﬂr (C)
o ‘/ /é(l.o) R B
g \\\ ns
\\ P /qs)
\/B;
PI
) c
. " R
(o) 1Bz T
Q@ F7y TN P
Fige 190 - Matching by means of PN &L
a single sliding stub. P
d

The terminating admittance yy and the characteristic imped=
ance R, determine the standing wave pattern and the appropriate u=
circle u = ur for the section PT (Fig. 190(b}). On this circle the
points T and P (representing the required input admittance) are
known., The stub—lengbb! 2 is adjusted wntil a susceptance j

is shunted across the line at Py Pp. This procedure determines the
point P*.  (There are two alternative positions for P! corresponding
to two complementary solutions to the problem., They are the inter-
sections with the circle u = u. of a vertical line drawn through

. Only one of these two positions is shown on the diagram}.

P! determines the value ng of the required n-arc, The distance «”1

between stub and termination is given by f; =ng = Np .

If may have any value a match is not always possible,
i.e. the line through parallel to the susceptance axis may not

intersect the circle u = ur. In most cases however is the
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characteristic admittance of a line identical with that forming
the section PT so that ﬂ = 1. In this case is the point

Cc (1,0) and two solutions are always possible, one of which corres-
pords to a length fl. less than, and the other greater than 7‘/4,
The shorter length is usually preferable, The length [2 corres—
ponding to the susceptance may be obtained from the circle

diagram as indicated below or from the formulae;

X
= - cot 2 {2 for a short-circuited stub.
{
=4 tan 2 T %2 for an open~circuited stub.

The determination from the circle diagram of the 1engtb.«.‘7 2
corresponding to the susceptance is illustrated at (c¢). For
an open-circuited stub draw 0Q so that 0OQ = « The value n2 of
the n=-arc through Q@ then gives { » from the relation
4
= 2
TR
It is important that the direction of the admittance j is deter=-

mined correctly. In the case illustrated at (d) the point Q lies
below the origin, cerresponding to & value of np between 0-25 and O+5.

If & short-circuited stub is used 0¢25 A must be added to,
or subtracted from, the length 4 o obtained above for the open~circuited

stub.

Numerical example

The results of an actual experiment are quoted in illustra-
tion.

. The nscreened twin transmission line of Fig. 191 comprised
a pair of copper wires in tension, The characteristic impedance
was Ry = 320 ohms.

E] oo
“— £ _‘4"— R‘ w
o
METAL REFLECTING
((1) PLATE

Fige 191 ~ Measurement of an
impedance at 1% Mc/s.

77 C-4l A
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The lines with the stub cmitted were fed from a low power,
leosely coupled 200 Mc/s. oscillator and & complete standing wave
was preduced on the line by using the metal plate termination shown.
The wavelength was obtained from the stending wave pattern using a
standing wave indicator.

The measured wavelength was 151 centimetres.

It was found that a voltage antinode existed exactly at /4
frem the plate which behaved therefore as a termimration of zere

impedance.

A resistor whose nominal value was 560 ohms was shunted
scress the line at /) from the plate, i.e. where the line imped=
ance was infinite, The terminating impedance of the line to the
left was therefore that ef the resistor alone., A standing wave ratio
S = 184 was found on the line and a voltage node was located at
4." = 39 centimetres frem the resistor towards the generator, At
this peint the normalised admittance of the line is S + j.O =
1484 + j.O {See Sec. 52). This point lies on the cirele u = 53 db,
ard the arc n = 025, We have ln/,\ =39 = 0-258. Conseqguently,

151 .
the admittance peint of the terminatien is the point of inter—

section of the circle u = 5+3 db, and the arc u = (0~25 - 0-258) =
=0+008 which is qquivalent to the arc m = 0-492, This gives (y.| =

0+54 = 0°0L4j

or [z.] = Qebk *+ 00kJ = 1.8+ j, 0:136.
(0.54)2 &+ (0-04)

320 = (576 + 3. 4°36),

Zp

i.e. the "560 ohm resistor™ has in fact a resistance of 576 okms in
series with an induwtive reactance of 4°36 ,0hms.

The standing wave on the line was eliminated by the use of a
short-circuited shunt stub as in Fig. 191(a). The point y, eccupies
2 position en the circle u = 5+3 db. as shown in FigJol (b). The
length of line from yy. to P* is given by

Ap 0¢15 = 0*49 = =0+34 which is equivalent to

Ay = 0416
Hence the stub must be placed 0«16 A frem the losd, i.e.
41 = 242 cms.

Since a short=circuited stub is used its length {'2 is given
by [2/7\ = 0°25 + mp . From the circle diagram we obtain n2 = O-ld,
so that Y2/, = 0¢66 which is equivalent to [2/2\ = 0.16. Hence {2

also is 242 cms,

(vi) Double Shunt Stub

Fig. 192(a) illustrates the use of two shunt stubs of variable
lengths 11 and 4.’3 separated by a fixed dista?ce [2 for matching a line
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to & terminating admit-
tance ypr. It will be
sssumed, as is common in
practice, that all per-
tions of the line and
stub have the same char-
acteristic admittance

Gg. It is thus required
tc adjust the lengths
and {, 80 ‘that the
terminating admittance y,
is correctly matched te
Ge-

As ¢, is varied
the normalised admittance
given by:-

[72] = fz] + 3y

= + iBrle ) LIMITS WITHIN WHICH ¥s MUST
LIE FOR A MATCH TO BE POSSIBLE
traces a line parallel te
the suscaptance axis B
through ( [G], 0), Fig. ¥
192(b). Since{2 is AR

constant the corresponding
sdnittance (y3) traces out

a eircle (see (i) above), B,
This =~ cirele touches
the cirele u = O (the ;]

susceptance axis) corres-
pending to the short-
circuiting ef the line
when /1 = 0, (n = 0-25),
the peint ef contact
being given by u= 0,

=Ry + 0025 = 7\+0'25

It alse touches the circle
w=w When B+ By =0 AL

¥ 4—}2 Locus
(i.e. =[(£| + 3.0 ,

the point of centact being

given by u = W, R =Ny

when { lamdns= n, + Fig 192 - Matching by double shunt
stub.

0°25 when > 1.

Actuslly the - circle

can be shown to have centre

2@00390 (2 T 1\2) - J cet (27fn2)
and radius
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cosec? (27 no)e

e
Aﬂ = +j = +J'(E5:’ +) the posaible

range of available for a given is given by the vertical

belt shown enclosing the -circle.

For the required value of ,

73] = Ba] = 3] = [B] < 2 (] - [B))

and the locus of satisfactory values for is another line para-
1lel to the susceptance axis, this time through . From an

intersection, following in a counter-clockwise direction the circle
u = U, which passes through the chosen point, for a distance corres-

ponding to my = _?\‘?., the appropriate walue of is reached.
Only one of the two possible solutions is illustrated in Fig. 192(b).

The stub lengths ) and {; may be determined froa the
normalised susceptances and by the method indicated in

(v) above,

(vii) Matching by slugs

In general two degrees of fresdom are nceded in a device for
matching a line to a given load, so that a single slug is not adequate.
A slug may be combined with another imatching device, such as a shunt
stub. The following demonstration will be restricted to the part-
icular case in which two identical movable /14. slugs are employed.

Suppose that two 7\/14. slugs are inserted in a line of characte—
eristic impedance R, so that the line with the slug present hag &

characteristic impedance _R° (m > 1), as shown in Fig. 195(&)

Suppose that the standlng wave ratio on the lengtn«” is S and that
it is required to adjust »f’l and {9, if possible, so that the line
at A is properly matched.

Phe circle diagram (b} illustrates the procedure, The
circle u = u, represents the input impedance of the line to the

right of D. This circle has as the extremities of a diameter the
points (.. s 0) and (S, O). For brevity we shall denote this and

gimilar c:.mles as the circle (% 5> S). The impedance
corresponus to a point on the circle u = Uy the position of this
point depending on the exact position of and the value of
n = -7\]-' « It is necessary to convert the locus u= B to the
locus of the iupedance » which is the impedance of 2z
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normalised with respect to 'Brr'i.' « This is dome by multiplying each
value of B by m; the circle labelled wp is thereby obtained

(not & u-circle). The ends of its [R] ~exis diameter are ( , mS).

As mZD traverses the circle wp the input impedance

mzc: =L (normalised with respect to %12 ) at G, % from D, traces

another circle w,. (See (:L) at the beginming of this sectionm).

This circle is given by (mS ’ m). To convertthis impedance =

variation so that it represents the termination of the portion BC
(normalised with respect to Ro) it is necessary to divide each
impedance wg by m, the locus of Z, is thereby obtained, this
circle Wg' being glven by the peints (=L 1

% H 52)0
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Hence as the line length 4 1 is wvaried, with a constant term-
ination @ the input impedance seen looking to the right at C traces
the circle w,'.

We now consider the conditions at the sending end. The imped-
ance to the left of 4 is Ro, denoted by A' (1, 0). (The primed letters
are here used te denote that the impedance is viewed from the right
in Fig. 193(a), not from the left as for the unprimed letters). The
impedance to the left of B is given by Rp where

R RB = (%’!)2; i.e, RB = 1%1.!2 s and its normalised

value is -!'-é- o This gives the point B'. The circle u = w4, which
m

corresponds to the standing wave pattern on the line BC is then the

circle (;%2 s mz), and the distance [2 from B to C (Fig. 193(a)) is

given by the change in the !'n'~value of the n-arcs from BY to C!
traversed in &n aunticlockwise direction, i.e.,

An2= _{;.\2_ = n(B') = n(C*).

The condition for a cerrect match at C is that the impedances
denoted by C and C' should be conjugate, C must therefore lie at
the oppesite end fram C' of a vertical chord of the circle u = u,.
Hence it is necessary that the circles u = u, andw = w,t intersect,
The point B' always lies inside the wg' ~circle, since the ends of

. R . 1 s . . 1
diameter of this circle are —g = and B! is the peint .[] ===
m ’ m2 m2

S being greater than 1. Hence for intersection to eccur it is
necessary that the other end of tnis diameter, [R] =m2, sheuld lie

outside the w, '~circle, i.e.,

s L

m2>h;.2., or S <m .

Hence matching is pessible by this method preovided the
standing wave ratio introduced by the mis-—match at the terminetion

is not greazter than mb.

The various impedance transformations which eccur in this
methed of matching are illustrated by the heavy lines in Fig.
193(b). Two solutions are possible, but only one is indicated.
For simplicity the transformation due to the ;\; transformer AB is

shown as a straight line from A' to B'. As described in (iii) abeve
the impedance actually follows a u~-circle (after first being normal-

ised with respect ’co% )« The distance 12 may be determined dir-

ectly, as indicated, and the distance [l, cen be similarly determined

when the position of the load impedance is located on the circle
us=

The problem of slug~matching is more complicated if the slugs
are not 71\; in length, but the procedure is the same. The loci are

still circles, but the mutual relations are more complex and are not
considered further.
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(viii) Wide-band stub support (metallic insulator)

The arrangement is illustrated in Fig. 194(a). Suppose

the characteristic resistances eof the lines FQ, QR are each Ro ,
m

where R, is the characteristic resistance of the main line and m >1.
The circle u = uy {Fig. 194(b)) indicates the input admitiance of the line

QP terminated at P in R, for various lengths. If this line ia 7‘/1’_

in length, @ is the current sntinode on this u~circle. If the
frequency of operation increases so that the line is slightly more
than 7\/ 4, Q appears as shown, 30 that the admittance 0Q contains a

small inductive susceptance, If the input admittance j[B] of the

_s_?pub ﬁ is _<_>£ the right magnitude, the resultant admittance,

0Q + QR' = 0Q' brings the admittance back en to the circle u=wu,,
and the input admittance of the line RQ at B, terminated as it iS at
Q, is the same as that at P, namely G, as shown by its normalised

value X,
m

T

Thus, provided the
change of frequency which
introduces the indwetive
susceptance in the input
admittance &t Q produces
sust the right capactive
susceptance in the input
admittance of the stub QT,
a8 wide=band match is
obtained.

If the character—
istic resistance of the
stub is Ro , it may be

A

%
suown that tk}e condition
for a correct match is
given by °

t=2m (w2 ~1).

A particular case arises

vhen t =@ = ‘Z-. In
b

this case the same

thickness of inner cable

may be used for both the - Wi

Stub and the thickened Fig. 19l - Wide-baml stub support.

line PR.
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INTRODUCTION

l. General

We have seen in Chap. 4 that electromagnetic waves may be
propegated between a pair of pasrallel conducting cylinders or between
a pair of cosxial cylinders and that the transmission line system so
formed provides a oconvenient means for conveying high frequency
power from a source to & load. It is also possible to pass an
electromagnetic wave along the inside of a metal tube and, for
various ressons which will be elaborated below, this is a desirsble
proocedure at centimetre wavelengths. In place of the metal tube o
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 transmission lines in terms of the voltages and currents
associated with the wave disturbance it is more useful in the study
of weveguides to concentrate sttention on the electric and magnetic
fields of the wave in the tube, It is useful, therefore, before
proceeding to a detalled discussion of waveguide,propagation to sum—
marise the principle features of theelectromagnetic fields of waves
in free spaoce and on transmission lines.

Fige 195 - Field distributions in a
plane polarised electromagnetic plane wave,

2. Properties of Electramagnetic Waves in Free Space

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

(1) The wave comprises oscillations of an electric field

E and a magnetic field H in directions at right angles
to each other and to the direction of propagation,
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(i1) the waves are transverse both in E and H and are,
therefore, of the type celled TEM (Transverse-Electro-
Magnetic); that is, there is no component of E or H
in the direction of propagation,

(ii1i) The velocity of propagetion in free space is equal to
c, the velocity of light (3 x 108 m/sec.) 1In a
medium of dielectric constant K and permeability M
the velocity is

iz

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

k]

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

3e Behaviour of an Electromegnetic 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 conductivity, It can be shown that the electric
field E is perpendicular to the metal at its surface (as in electro-
statics), or, in other words, the tangential component of the electric
field vanishes at the surface of a perfect conductors The magnetic
Pield H of the wave is everywhere tangentisl to the surface; that
is, there is no normal component of H at the surface. H is zero in-
side the conductor, (Fig. 196). To support the discontinuity in H
at the surface, i.e.; to allow the magnetic field to change suddenly
from H to zero in crossing the conducting surface from without to
within the conductor, there is a current sheet at the surface of the
conductor.

Since any metal
possesses a finite conduct-
ivity the above description
of the electramagnetic field
idealises the actual con-
ditions, but the behaviour CURRENT SHEET AT
in the idea.l case iS a very MAGNETIC INTENSITY=H SURFACEGNTO PAPEPD
close epproximation to the
actusl behaviour at a metal
surface when the frequency MAGNETIC INTENSITY ZERO
of the wave is high, At
low frequencies electro-

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

corresponding currents are

distributed throughout a

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

phenomenon of Skin Effect,
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4o Waves guided by Pairs of Conductors (Transmission Lines)

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

13

© CURRENT out Of PAPER ([0
@) ® CURRENT INTO PAPER ( )

i
4

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

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

(1)

(1)

(4ii)

(iv)
(v)

The wave is propagated parallel to the axes of the
cylinders, and is transverse both in E and H; i.e,,
the electric and magnetic fields are each perpendicular
t0 the direction of travel and lie in a plane para-
1llel 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 suitable difference of
potential. Hence, each line of force arises from a
surface charge on one conductor and ends on a surface
charge of opposite sign on the other conductore. The
lines also cut the surface of the conductors at right
angles,

(Boundary conditions, Sec. 3).

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

At 8ll points the two fields are mutually perpendicular,

The velocity of the wave is the same as that for the
unguided wave and is the same for all frequencies,
There is no limit to the frequency of the wave which
can be propagateds

219



Chap.5, Sect.5,6

5. Limitetions of Cebles and Adventages of Weveguides at Centimetre
Wavelengths

As explained in Chap. 4 Secs. 41 - 45, one limitation to
the geéneral use of coaxial cebles at centimetre wavelengths is set by
excessive absorption of power, This absorption arises both fram
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 frequenoy snd the latter to the frequency itself. In both
cages the Joss is accentuated by tHe presence of the immer conductor.
The currents responsible for the ommic logs 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 inner conductor which has the smaller
surface. The dielectric loss increases with the field strength, and
since the field is greater near the inner conductor these losses also
axre concentrated there,

It is to be anticipated, therefore, that when electro-
magnetic waves are propagated in tubes, in which both immer conductor
and dielectric are sbsent, the attemuation is relatively mmall and
comparable with that due to the outer comductor of a coexial cable of
the same dimensions, Such tubes are known as Waveguides and because
of the small attenuation suffered by electromagnetic waves in them
they are often preferred to cables in applications using centimetre
wavelengthss A dielectric rod or tube may also be used as a wave-
guide, but in such a 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-spaced coaxisl transmission line, The precise
attenuation coefficient in a weveguide depends on the wawelength,
cross-section and form of wave, but whereas in a gpod cable the
attenuation coefficient for a wawe of length 10 am. is of the order of
0°5 db/metre, in a waveguide it can be of the order of 0+025 db/metre.
At wavelengths of 3 centimetres the attenuation coefficient in the
cable would exceed 1 db/metre and that in the guide would have risen
to 0,075 db/metres. It therefore follows that cables would not be
used at wavelengths of 3 centimetres except in very short lengths.

Loss of energy from a wave as it travels along a trans-
migsion line is objectionable not only because it weakens the signel
vhich arrives at the other end, but also because of the undesirable
heating produced by the wasted energy. In the case of high power
tranamission this heating is often sufficient to soften the polythene
(softening point about 100°C) in the cable and csuse breakdown.

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

Transmission Lines

The salient features of weaves 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 principsl types. Two different nomenclatures
are in use for describing the waves, Sometimes the
wave is nowmn in terms of that field component which
ig entirely transverse; it is called, for example, a
Trensverse Eleotric, or TE wave, Sometimes the same
wave is kmown in terms of the field camponent which
has a longitudinal component, a wave with a longi-
tudinsl H-component, for example, being called an
H-wave, The two principal types are therefore :-
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(1)

(1i%)

(iv)

Cnap.5, Sect.6

(2) H-waves
Transverse Blectriae
(TE) waves .

MoV g

in which the electric
field E is entirely
trensverse but the
magnetic field H
possesses a cauponent
H, in the direction
of propagation
(longitudinal ocome
ponent) as well as a
transverse component
He, Fige 198(a). " Fig, 198 — Component vectors
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,

£z

(b)

——> DIRECTION Of PROPAGATION

(b) E-~waves

Transverse Magnetic (IM) )}

waves,

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

The smplitudes of E and H ere not constant over a wave
front. In the simple case of & rectangulsr 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 called the Phase Velocity Uy whilst the speed

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

2
up . U.G = 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 sre propagated as waves
inside a metal tube only if the free space wavelength

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

fo = cf A o is called the Cut~off Prequency. The cut-
off wavelength is detemmined by the type of wave and the
geametry and dimensions of the cross-section of the tube,
but in a given tube the grestest value of Ac is of the
order of magnitude of the larger cross—sectional dimension

of the guide.
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(w) The following relation exists between the wavelength
A g of a wawe in a guide, its cut-off wawelength

A, &nd the free-space wawelength A 3w

R e I
5 ‘
Ag A2 A2
multiplication by 1/£2 gives :-
Ao= 1 - —2—12—— .
u% az £° Ne

The phase welocity v, in the guide is evidently a functiom

of the frequency; whereas the veloci‘i;y in free space is the same for
all frequencies,

WAVES IX A RECTANGULAR TUBE

7. Synthesis of sn H-Wawe

Most of the importent festures of waves travellimg in
guides csn be derived quite easlly from a consideration of the casze of
a rectangular guide carrying a simple form of H-wave lknown as the Hy

wave, This derivation is so instructive that it will be given-in
detail snd the important points brought out. For more complicated
cases results only will be quoted and no detailed derivation will be
given, There are no importent fundamentsal points which cennot be seen
from the simple treatment now to be given, and it should not be thought
that any complicated "mathematical®™ anslysis can give any deeper in-
sight into the phenomena.

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

-if a train of plane electromagnetic weves is incident obliquely &n a
perfectly conducting sheet of metal then the incident and reflected
waves combine to produce outside the metsl a composite wave in which
the motion appears to take place in a direction parallel to the sur-
face of the metsl, This moving wave system can, if we wish, he
thought of as & peculiar type of wave guided by a single infimite
-metal sheet. Precisely the same wave disturbance is produced when a
wave is incident at an sngle on to a plane surface of the earth which
can be congidered to be perfectly conducting, A detailed discussion
of this case of an incident wave combining with its reflected wave
after reflection from the surface of the earth is given in Chap. 17.
We shell also show that in this type of wave the amplitudes of the
electromagnetic fields alter as we cross the wave front and moreowver
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 general that it will disturb the wave pattern. It
is found, however, that a metal sheet can be inserted without dis-
turbing the wave system in certain planes where the magnitudes and
directions of the fields are suitable, TUnder these conditions we
have a wave system which is guided between two parallel planes which
can be thought of as two opposite sides of a wawveguide, 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 detail, Let AB re-
present a metal sheet of infinite conductivity and suppose that a
train of plane waves incident upon it in air (ideslly, vacuum) di-
electric, Pig. 199 (a), gives rise to an equal reflected wave (b)e
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The disgrams illustrate the distribution of fields in space at any
chosen instant. The full lines are wave fronts over which E and H
have maximum values; over the dotted lines mid-way between, E and H
are everywhere zero, The section through the wave fronts ia so chosen
that the magnetic veotors H (represented by arrows on the full lines)
lie in the plane of the paper, and the electric vectors E (represented
by circles with a dot or cross inside) stand perpendiculer to the
plane of the paper. A is the free-space wavelength, and the arrows c
indicate the directions of the incident and reflected waves. Hetween
one full line and the next there is a complete reversal of both E and
H fields, corresponding to a phase shift of 180°, Comsequently, the
separation of the full lines is A,

2

(©) — == RESULTANT H -~FIELD
© E OUT OF PAPER
@ E INTO PAPER

A
)

Fig. 199 - Synthesis of an Hon-wave.

As the time t changes the patterns move in the directions indicated by
the arrows perpendicular to the wave fronts and with the velocity of
light ce In Fig. 199 (c) the two wave trains are shown passing across
the same region of space 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 megnetic fields of the
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originel wave treins. The direction of the resultant H-field is
indicated by the arrows on the heavy lines. At certain points of the
pettern the direction of the resultant field may be seen by inspection.
For instance, at all points on a dotted wave front the fislds of that
wave train are zero end the resultant field is that of the other wave
trains, Thus, along a dotted line the direction of H is varallel to
the wave fronts of the other wave system, as for example at the point
P, Where two dotted lines cross 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 sppropriate to the intersecting weve fronts., The points
Q and R of Fig. 199 {c), shown separately in Rig, 199 (d), provide

examples,

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

Since the electric fields of the elementary plane waves
shown at (a) and (b{ are everywhere directed either up or down per—
rendicilar to the plane of the peper, the resultant electric field
in the pattern shown at {¢) is also normal to the plane of the paper
and attains a maximumm strength twice that of the field in the separate
wave trains, The circles with a cross or dot within indicate the
sense of the locsl resultant electric field, It is to be understood
that the pattern extends in depth into azrd out of the plane of the
Paper,

8._Pattern Velocity (Phase V¥elocity) of H-waves

4 fixed feature of the pattern shown in Fig. 199 (e}, such
as the resultant magnetic field at the point Q, is aessociated 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 and QG in Fig, 200,

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

Q to K in the time taken for F to move fram F to K or G fram G to K.
Let the angle FEQ (equel to GKQ) be @ 3 then, since the angles X¥Q
and KGQ are right angles, it follows that -

%K . s = g (See 6 (ii1)),
c K ~
or v, = cfcos . = © sec .

It is convenient at this point to summarise what has slready
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 propagation
of the new wave is parallel to the plane of the metal and the pattern
velocity v, is greater than the velocity c. It is shown that vy, =

c/cos A , where o is the angle of incidence of the originsl wave om

to the metal. 22 4
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Let us now examine
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
two layers of magnetic leops, \C

the magnetic field is everywhere
tangential te the plane and ®
the electrie field is zero at
all points of the plane, Such
planes are nodal planes of E, .
Oonversely, at the intervening
planes such as IM, L'M' the
magnetio field is perpendioular
to these planes and the electrie
field reaches its maximum
values., The distance ST, con~ Fige 200 =~ Illustration of
taining two cemplete leops as phase velocity

shown, is the wavelength ?\‘

of the campesite pattern sinee

the pattern repeats idemtiocally in a displacement of this amownt
parellel te XY. The cemposite pattern showmn in Pig. 199 (c) refers

to a chosen instant of time, but as the patterns of the elementary waves
shown at (a) and (b) meve ebliquely with a velocity c, se is the
composite pattern displaced witheut distertien in the directien of
symmetry XY at anether velooity Uge

The magnetie ficld ecmprises a system of clesed loops and
consequently pessesses in general a oompenent H in the direction of
propagatien; tho electrie field E is entirely transverse but its
amplitude varies in a directien perpendisular teo the direction of
prepagation XY and lying im the plsme ef H. This wave is of the type
called am H-wave in See. 6.

Tho H-wave is, as yet, of wmlimited extent and it is
necessery te discever wheother such a wave een be caused to travel dowm
a metal tube. We preceed in stages by censiderimg first the possib-
ility of prepagating am H-wave between a pair of parallel metal plates
of unlimited exteat.

9. Propagatien Between Parallel Plates snd in Rectangular Tubes

As alreaiy mentioned, over the nedal E-planes XY, X'I',
etce (Fige 199 (¢)) which separate adjacent layers of magnetic leops,
the eleotrie vester vanishes, snd the magnetic vester is tangential to
these planes, Referense te !

Sec, 3 shews that over these
nodsl planes, the behaviewr
of the electremagnetic field X — ———- —— Y

of the H-wave is the seme as oINS T ~
that at the surfaes of a per- © A8 AN @
fect conducter. If, there- = =
fore, a perfectly condusting @ R N1 Ve Yo
plate is inserted inte the Moo St SN “
wave pattern of Fig. 199(o) X g S

to eoincide with 2 nedal
E-~plens such as XY, the

att above the plate is
Tadisturbed snd that belew Fig, 201 ~ Positions of nodal
may ke remeved, The pattera planes,
ebgve is cupperted by {rons-
verse smrfsec currenis i as
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‘indicated in Pig. 201.

It is, therefore, pessible to insert a secend metal sheet
at any of these planes te form with the first a pair of sides of a
waveguide, The secend plate may be inserted so that it oceincides
with ene of the more distant nedal planes such as X'Y' er X"Y'., 1In
this way any desired mmber of layers of leops of Fig, 199 (c) and 201,
may we trapped between the pPlates to give an H-wave Prepagated at ’
veleadty tangential te the plates dut cenfined to the region between
them, Th® elementery waves of Fig, 199 (a) and 199 (») may now be
considered te underge successive reflections at the plates. Fig. 202
depiets a three-layer H-wave propagated between a pair of parallel
Plates at a separatien » but of unlimited lateral exten -

Pig. 202 -~ Three-layer H-wave.

Te convert the parallel plate system inte a rectangulay
tube it is necessary te insert liuvnllsinaudaamthtthebomip
ery oenditiens to be satisfied at the wall surfaee are eensistent with
the preservation of the wave pattern, The walls must evidently be
inserted as shewn in Fig, 203, that is, the wall surfaces are parallel
te the planes centaining the magnetie leops. . Censequently H is
everywhere tangential to these wallg and, as indicated in the figure,

E is perpendieular to them. The separation a in thé present instance
oan be given any velue.

An H-wave of the
nature deseribed abeve is
et the enly type of wave that
san be propagated in a rect-
angular tube and it is there-
fore cenvenient at this stage
te give the H-wave under
discussien its usual designa-
tien. A wave of the type
shewn in Pig. 203, Wut with
& mumber n of osmplete layers
of magnetie leops in the *»*
dimensien is oalled an H,-

(er TEByp) wave. That shewn
in Pig. 203 is, therefore s an
Ho; wave,
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The interpretation of the suffix gerc is as follows s~
if we cheose sny starting point on the fece AP (Fig. 203%) and move
parallel to AD aeress to the opposite point on the wall (D, no
variatien in any cemponent of H or E occurs. The suffix zero in-
dicates this independenee of E and H of displacements parallel te the
edge 'a' of the tube sectien. On the.other hand, in meving parallel
te AB from the fase AD to the faoe BC n layers of H-loeps are cressed
(or, more accurately, n halfecycles of variation in any ene of the
components of E or H are observed).

Of the possible Hon—vaves in rectangulsr waveguides one is
of outstanding practical importance; it is the Hoy-wave md it will

be further disocussed below.
10. The Hol-wave in a Rectangular 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 oconducting pisics are inserted at
adjacent nodal planes XY and X'Y' (Fig. 201). Fig. 204 represents
a section parallel to both the H-field and the &rection eof propagation
of an Hpj-wave in & rectangular waveguide,

The
wave fronts (e.g. AC)
of the elementary
plane waves reflected
from plate to plate
sre shown, as well as
e magnetiec loop of
the resultant Hpy-wave. T
The ray direction
corresponding te the ¢ b
wave front AC is BO and | !
it is suppesed that l
this ray makes an -
angle of elevation
with the reflecting
planes, as shewn. The

digtenee BO is A/4 . - . g
where A is the free- Fig. 20k - Section of Hy -wave
dépace wavelength of the in a rectangular guide,

waves, and CO = 2‘&/"”
where Az iz the wave~
length of the Hgy-wave in the guide.

From the diagram we deduce :-
sin a = BO/AO = 7\/23 vevs0coce0sssevorNcROO RS (1)9

[« -¥:} d, = BO/(X) = A/hg = O/up [E TR TR YRR YRR TR YR ] (2)-

Squaring both (1) end (2), and adding, gives
(A2 e (Afa?=1,

2 1
(—l——) = —-L— 2000080000 00000 0900000000 (5)'

hg A2 (2b)2

227



Chap.5, Sect.ll

Equations (1), (2) and (3) are easily adapted to cover the
case of an Hy,-wave by replacing b everywhere by b/n, since the

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

Thus, Sin (e} =N ?\/2b-o-oc..ooo.no-cooo-oco-co-o(la)i
cos O = 7"/7\“= C/L'lp .ooo-oo--.00~o-0-oooo‘(23)9
1/ 7\22 = l/]\z - (n/2'b)2...............u..(Ja)o

11. Cut-Off Wavelength of the Hyj-wave

If a wave which hes
a wavelength A in free space
is to We fitted into a tube by

reflection back and forth N
between faces we have seen that 9
it must be inclined so that %

N\,

the distance between nodal
planes is equal to 1/nth of the
distanoce b between the faces
where n is any integers

Pige. 205 shows that if 1A is
less than b this can be done
for n=1, As A deoreases,

the steepness of incidence of A

the wave will decrease and

all wavelengths down to zero /// \

can be fitted into the tube, WAVE FRONTS OF

As A tends to zero the M aNENT Y

original wave tends to travel

along the surface of the metal.

Incident and reflected waves

tend to coincide and the pattern Fige 205 - HOl-wave:

velocity approximates to that .

in free space. As the free- relative dimensions.

space wavelength increasses 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 incid«nt
and reflected waves combine to give a standing wave system with nodal
planes at the two metal surfaces. This limit is reached when the
distance b is equal to # A , and waves which have wavelengths greater

than

AC = 2b 0000800000000 0 000000000000 000000000s00e (ZL)

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

£, = C = —-—9— b4 @0 c0 000000000 rssccccse RO (5)

¢ A o 2b

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

A — 2b 000 CVENPOPER 000000000000 00000 000000 00be ()'Oa)‘
¢
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We have already deduced the following relation (3a) between
the free-space wavelength and the pattern wavelength in the guide for
an Hon-wave -

2 2 2
<1>=(i;~(n ) s
Mg 2
and we now see that this can be written :~

1y 1 _ 1
(7\3) —2'\7 ——7\02 0000000000000 00800000000000COYCSESY (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 than A_. We have

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

In order to examine this problem let us write the equation
for a wave of frequency f and wavelength ?\g in the ocomplex exponential

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

: x
y= yo e 2 T‘J(ft -i:) 0000000000000 080000008000 (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 _3_-5. is
A

negative so that .7%; is a purely imaginary quantity which nigay be written:-
g

—-1—-' :jdo
Ag

The wave motion of equation (7) then becomes :~

y =73, EZT(j(ﬂ. Tiax)

+ 2TQx €521rf'c

= y°€ o..cooooooooooo.c.(a)

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

" smme phase with the frequency £ (factor € J2Tft) yyut their amplitudes
die away exponentially with increasing distances (facter ci2wa x).

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

13. Cut-Off Wevelength:of Different Modes of H-Waves

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

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

In a given tube there are no modes with cut-off wavelengths
greater than that of the Hpj-mode. The mode is therefore of great
practical importance, for it is possible to convey power down a guide
of suitable dimensions by the Hy;~wave 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 predictaeble manner because the distribution
of field across the end of the guide is due to the Hpol-wave alone.
There are also other advantages, connected with switching and matching,
in retaining only a single travelling wave in the guide.

As a practical example, we consider a waveguide which has
been used in practice at a wavelength of sbout 9 cme Its sectional
dimensions are a = 1"; b = 24", (Fig. 203). Thus, corresponding to
dimension a, the cut-off wavelength of the Hgpj-mode is gAp, = 2% =
5°1 ame, #nd to dimension b, pAg = 5" = 12:7 an. It is possible,
therefore, to propagate in this guide an Hgy--wave at A = 9 an, 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 cn. and 2b = 127 am. we find

O = 5° and Z\g = 13 an. The corresponding’ cut-off wawelengths
of the Hy, mode are  aAq = 1" = 2°54 am. and pAc = 25" = 6°35 om,
This and higher modes are, therefore, evanescent for waves of

A= 9 am,

14e Method of Launching an Hoj-wave in a Rectangular Waveguide

A €
/‘ PROB!

SHORT- CIRCUITING PISTON

Fig. 206 = Launching an Hyy-wave .

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

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

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

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

————— MACNETIC LINES

CURRENT

Fig, 207 - Wall currents: Hgy-wave.

Fig, 207 illustrates the instantaneous directions of flow of the surface
currents in the walls of a rectangular guide in relation to the mag-
netic field, The cwrent flows everywhere at right angles to the
magnetic field at the wallses Thus, on the face ADEF to which the
magnetic loops are parallel, the currents comwverge on the ares around
P and diverge from Q. Thus positive charge is beginning to accumulate
around P and negative charge around Q. There are no fields, how-
ever, at P and Q. The region around R carries negative 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 anéd Q. The currents on the wall ABCD
and the opposite wall are entirely transverse, as shown, and the

whole current pasttern is carried along with the rest of the wave
pattern at speed Uy

It is important to asppreciate 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 walls 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 currents
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

Q’l&Pl 171 Secs. 54 - 56.

16, Ep-waves and Hp,-waves

By following the procedure of Sec, 7 we may also synthesise
an E,-wave capable of propagation between a pair of parallel conducting
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planes from & 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 paper and H to stand perpendicular to the plane of the
paper, Consequently, in the modified diagram the arrows along the
wavefronts represent the direction of E and the circles with a cross
or dot within represent H, With the directions of ¢ as shown, how-
ever, when the arrows are also drawn as shown, it is necessary to re-
verse the sense of the H vectors from those indicated by the circles.

In the composite
diﬁw Fj-s. 199 (0) the —_—uUp
closed loops now represent
the B-lines and the ciraies

| S— | C——"C —
snamena (C N IC
s, therefore, an ve ==

1% o el

(TX wave). To imprison

B loops of this wave © H OUT OF PAPER
pattern between a pair of ® H INTO PAPER
parallel conducting plates @

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

not infringeds Since the
closed loops are now E-
lines and the transverse
lines those of H, the
correct positions.for the
vlates are any two of the
planes LM, L'N', etc,,

over which the tangential
component of E vanishes and
H ia entirely transwerse,
A cross-section of an (9]

E on~"Rve between two

plates is showm in Pig,

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

Fig. 208 (b)o

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

When, howewer, an attempt is made to transfomm the pair
of plates imnto a tube by putting in side walls the wave system is
disturbed since H is.normal to these walls and E entirely tangential,
Thus, there is no Egy-wave in a rectengular tube, The simplest E-wave
in a rectangular tu'be is the Ey,-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 psrallel to one of the
walls. The electric lines of force are in the form of loops which
meet the walls perpendiculsrly. Along the axis the lines are grouped
into bundles. Fig. 209 (b) is a transverse section of the wave pattern
at the position P in (a) with the wave approaching the observer. The
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centre of the section is a source of electric lines which diwerge fram
en axial bundle and terminate on the walls,.

The magnetic field
is entirely transverse and
consists of closed loops
surrounding the central
bundle of electric lines as
showmm, The pattern in the
section at Q (a) is the
ssme as that shom at (b)
but with the directions of
the fieélds everywhere re-
versed, The central
region of the section, @ ® H INTO PAPER
therefore, is a "sink" of © H OUT OF PAPER
eleotric lines instead of a
source,

One method (but
not the simplest) of de-
dueing the form of the By~
wave pattern is to build
up the wave from an original
plane wave sent into the
tube in a suitable direction Fig. 209 - E;;-wave in a
s0 that successive reflections
occur from all four wallse rectangular tube,

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

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

2 2
1. 1 (A 1
—;\—2—- —-A—z—- é(za + (Zb); XY XYY RAEREREE RN Y ] (9)-
g

The cut-off wavelength may be deduced from equation (1), since when
A= ?‘c the wavelength in the guide is infinite.

Hence 0=1_ - 1 2 . (,1__) 2
AZ 23-) 2b ?
[+
2 2
i.e. —;I'-- = L + -]-'—- 00064000 00000 sboRcOse0ne 10).
1@’ @ eeee (0)
[+

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

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

- adistribution. Further, in any peir of adjecent wnit patterns the
one has a source at its centre P end the other a sink Qs By inter-
posing meteallic pertitions these patterns could be isolated into m
independent E;j-waves. The suffix n is usually associated with the
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horizontal dimension a, and m with vertical dimension b, It may be
inferred frem formula (2) above thet, since the equivalent sectional
dimensions of one of the constituent Ejj-waves are s/ and b/n, the
cut-off wavelength of the Ep,-wave is given by :~

1 m )2 n y2
’X’g‘ 5('5;) ""(EE‘) 00 ve0ssececsncesesseners (ll)-

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
H,,-wave whose sectional pattern is shewn in Fig. 211, The corners of
tPe' section are sources and sinks of H-lines which 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 OUT OF PAPER
~—E

E)z—WAVE IN A RECTANCULAR GUIDE aem=-H
Fig, 210 - E32-wave in a rect- Fige 211 = Hu-\mve in
angular guide . a rectangular guide,

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

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

Of the possible E~ and Hp,-waves in rectengular guides
enly the Hy has found extensive practical application, for reasons

already given in Sec. 13. COonsequently the properties of the general
E - or Hy~waves will not be further discussed.

NAVES IN CIRCULAR TUBES
17. General

Waves can be propagated in guides whose cross section is
other than rectangular. The most commonly used of these other types
has a circuler cross section. A more detailed treatment of the possible
modes of propegation 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. Egl:vave in a Circuler Guide

We begin with an Hgj-wave propagated between a pair of paral-
1el conducting plates as shown in Fig. 212 (a). The plates are next
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\
Zoio i ere v o
WAVE ADVANCING P .Y Al T S,
OUT OF PAPER Ac=2h
—E : ® £ INTO PAPER
-~ H OF OUT OF PAPER

(c)

Fig.-le-Hm-waveonacoaﬁalliu.

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

imner cylinder snd the other the outer as shown at (») and (c)¢ The
-wave pattern hetween the plates transforms, on curvature, to an

Hyp-wave Between the coaxisl cylinders as depicted at (c)e This

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

ovaxial line used as a waveguide, It should not be oconfused with the

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

of propagation in a coaxisl line,

Suppese the immer oylinder of the coaxisl system of
Fige 212 (c) were to shrink, so that it becomes an axial wire,: The
magnetic leopa now virtually touch en the axis but are in fact sepa—
rated by the wire, Since there is no discontinuity in H at the su~
face of the wire, mo cwrrent is needed to support the H-fleld so that
the wire is superflucus and may be removed, There remains a heollew
tube with a wave travelling aleng it., This is the Hy-~wave for a
circuler waveguide (Fig. 213). We can obtain a2 rough idea of the
magnitude of its cut-off wavelength es follows, The cut-off wave-
length of the wave in the original rectangular guide is 2b and as a
result of the deformation of the rectengle the dimensien b beoomes
approximately equivelent to the radius r < of the circular guids,

Henoce we expeot the cut-off wavelength to be approximateély 2r‘.
Exact calculation shows it to be 1.6 rge
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Fige 213 = Horuve in a clroular
guide.

19.\ Clagsification of Waves in Circular Guides

It is convenient at this point to remark on the significence
of the suffixes in the appellatien HpL of the wave which has Jjust been
degoribed, and to generalise the nomenclature to deal with
H .~ and Ej-waves,

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

In the case of waves in circular tubes, cylindrical oco-
ordinates are required, Thus, the position of a point P, Pig. 212(c),
within a section of the wave pattern is given in terms of ita polar
co-ordinates (r, ), A horizontal displacement across the pattern
between the plates of Fig, 212(a) transforms to a circular displace-
ment of P on a circle of constant radius r. Thus, the suffix sereo
mindicates no variation in any component due to a change in @ at a

ed r,

An Hm-van between coaxials is sinilerly obtained Wy
transforming sn ~wave between plates (Fig. 202) inte a cylindrical
pattern as desoribed above. This becomes an Hgy,-wave in a circular

guide when the redius of the imner cylinder is reduced to sere. The
pattern of this wave alse exhibits axial symmetry, But ocentains n
layers of H-lines in the radial direction. o

We note that the suffix zero of an Hy - (or Eg;) wave be-
tween cylinders or in a circular tube demotes that the wave possesses
axial symmetry.

As for waves in a rectangular guide, the symbol H indiocates
that there is a lengitudinal ocomponent of H in the wave propagated
slong the guide, and similarly the symbol E indicates a longitudinal
canponent of E,

An E-wave, or an H -wave has 2n units of the basic
pattern in the variation of @ from Q to 2 T (i.e, it is divided by n
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T T o

Hiz - WAVE E22 -WAVE

[ (S—"; | w——;

)
R |,

© H OUT OF PAPER
WAVE ADVANCING ® H INTO PAPER
OUT OF PAPER ©

E;n - WAVE

Fige 21} - Waves in cirocular guides.

dismeters) and m units in the varistion of r from O to rg, where g is

the radius of the guide., 4&s exsmples of the system of classification
Fig. 214 shows cross-sectiomal drawings of an H),-wave (a) and an Eyym

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

20, The By ~wave in a Circular Guide

This wave is the analogue of the Bjj-wave in a rectangular

guide shown in Pig. 209. If the guide be given a asquare sectien
which is then distorted inte a circular section, the pattern of Fig. 209
transforms into that of Pig, 215.

A (o]
| O H OUT OF PAPER
0’7‘[?
" @ H INTO PAPER
A =261%
Q& Qe S

WAVE AOVANCING OUT
OF PAPER
RADIUS = 7}1

Fige 215 = Eo]_-wave in a circulaxr
guida.
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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 divergence of the E-lines.

The cut-off wavelength of the Ejj-wave in a square
section tube of side b is Ao = b,\/-Z—. If we make the crude identifi-
cation of radius rg of the circuler section with b/2, half the side
of the square, the following approximate formuls for the cut-off in
the circular guide is obtained :-

7\c=2r¢/23-a;2-8r‘ .

The corréct formula is A, = 261 L

A methed of launching the Eg)-wave in
a circular guide is indicated in ==y
Pig. 216, The wave is radiated from N\ {
a probe through the centre of a
terminating plate at the end of the
guide. The E,;-wave in a rect~

Fig, 216 = Launching an

angular guide may also be launched
in this fashion. Eo.l-wa.ve in a circular guide.

The Egp-wave is of con=-
siderable practical importance
since it is commonly employed in roteting joints for use with scanners
at wavelengths of ; cms, Its importance lies in the fact thet of the
waves with axial symmetry in a circular guide it possesses the greatest
cut-eff wavelength, Further, it is easily excited by an Hy-wave in
a rectangular guide feeding through a junction in the wall of the
circular guide, It is, however, more 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 Fig. 217 (a).

The guide is again curved into a ooaxial system but this time
it is the edge b which is curved. The two original side walls are
retained snd merged into a single metallic septum which supports the
imner cylinder., This structure is called a Septate Waveguide. The
field of the wave is distorted as indicated in the figure, The
original flat magnetic loops are bent over so that their longitudinal
portions run in opposite senses one on either side of the septum.
There is thus & discontinuity in H in crossing the septum which
therefere carries surface cwrrents to support this dlscontimuity.
The electric field in the wave is entirely radial, It vanishes on
each face of the septum and is a maximunm dismetrically epposite the

septum,

the 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 Fig. 217 (a) is A = 2b,

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

)\‘{3.2 1% (rl"'rz)-
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WAVE
Ut OF PAPER SEPTUM A= 2T ()
(b} (c)  TemEmOT

IQOAXIAL, , _ _ SEPTATE COAXIAL!
LINE CUIDE LINE |

/ )
T a
i seerom 77 ) KJ

(d)

Fig. 217 - Septate guide.

Thias cut-off wavelength is spproximately twioe as great as the lengest
cut~off wavelength of any wave in a circular guide of the same out~

side radius z'z = Tpe

The similerity of the sectional pattern (Fig. 217(d))of
the septate wave to the pattern in the principal wave of a coaxial
line permits the septate wave to be eazily fed from s cosxial trans-
mission line formed as an extension of the immer oylinder witheut
the septum, The septate pattern also feeds efficiently into a
coaxial line (d). Since the principal wave in a ceaxial line pos-
sesses axial symmetry, the combination of a septate guide with short
lengths of coaxial line at each end may be used to previde o rotat-
able joint at wavelengths of the order of 10 cms Because the Eg~wave

requires a waveguide whose radius is inoonveniently large at these
wavelengths,

The combination of septate guide and cosxisl line is
virtually a oocexial line in whieh the diclectric support for the
inner is replaced by the septum. The ccubination is capeble of
handling higher pewers than a polythene cable,

22+ The Hu—la're in a Girecular Guide

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

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

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

Since the magnetioc lines on opposite sides of each septum are in the
same direction and of equal density, the septa are suerfluous and
may be removed without affecting the field. The field pattern of
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this coaxial mode iz that shown at (c).

The walue of ?\o

for each of the prototype

guides of (a) is A, = 2b. T s
The analogue of 2b in (c) é

is the mean circumference. ‘

Thus for this ocoaxial mode Y

we have
= T .
Ay = (rl + rp)e The

electric field is entirely
transverse and oppositely
directed at diametrically
opposite points of the
section. Of supplementary
modes in coexial cables
this mode possesses the
greatest cut-off wavew
length snd is consequently

the one that is most read- Ae = TP+ 7 Ac = 39279
ily excited, © @)
To obtain an .
Hyj-wave in a ciroular Pig, 218 - Hjj-wave in a
guide the imnner cylinder circular guide,

of the coaxiel 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 across 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, = T ro
The correct formula is A, = 342 re vwhere r‘ is the radius of the
guide,

Fig. 219 illustrates one LINE
method of launching an H;j-wave in TUNING PISTON
a guide. The inner conductor of i ———
the coaxial line is carried across Cj €
the guide and terminates in another —
coaxial line with an adjustable I

tuning pisten. This piston to~
gether with the movable terminating TERCORTING,

piston in the guide itself sexves PISTON
to match the guide to the line,
Another method employs & simple Fige 219 - Launching sn

A/l probe as indicated in Fig.206. Hy y-wave
- [ 4

The Hyq-wave is the
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analogue of the Hpyj-wave in a rectangmlar guide, It is often used
because it possesses the largest value of A, of any mode in a
circular guide,

ATTENUATION IN WAVEGUIDKS
23, Attenuation of Propageated 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,
eleetricel conductivity and the currents that flow in them when an
electromagnetic wave is propagated along the guide are accompanied
by the generation of heat, The energy transformmed into heat is
ebstracted from the power carried by the wave whose field components
are therefore attenuated with axial distance z away from the source.
In the expressions for the amplitude of each component of the electric
field E and of the magnetic field H there must now be included a factor

oz

gH . The ratio of the field amplitudes at two corresponding
positions on the cross~section at distance 2z and (z + d) is therefore
¢4 and the logarithm of this ratio to the base € , is ol 2d; this

is the loss, measured in nepers, suffered by the wave, The loss per
unit lengtn is therefore d; nepers or ay = 8686 oty decibels. The
loss coefficient depends on the eleotricel conductivity of the

material of the walls, the frequency, the mode of wave being transmitted
and the dimensions and geometry of the waveguide, When the loss
(opng nepers) suffered in a distance equal to the wavelength A g is

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

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

The field pattern is assumed to be the same as for a wave-
guide formed of perfectly conducting material, with the exception that
the smplitudes of all field components are exponentially attenuated in
passage dom the guide. In other words, apart 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 & hypothetical waveguide with perfectly conducting walls; whereas
in fact there is a smsll component of the electric intensity E
tangential to the metal surface,

The components of E and H each contain the factor g~H ’z
consequently the power W treansmitted over a cross section of the
waveguide, which is obtained by integrating the product of the trans-
verse components of E and H over the croas section, contains the
factor € =292

Thus,
2027
W=VW,€ 2%

where W, is the power trensmitted
and

daw

——— = = d o

iz 20yW

aw
But the loss of power per unit length,™ T3, is the energy dissipated
in the walls of the waveguide in ohmic heating. This energy loss per

241



Chap.S, Secta25

unit length can be calculated separately from the currents in the
walls which are directly proportional to the tangential camponents
of the magnetio field at the wsll, and in terms of the conductivity
of the metal and the frequency. Calling this energy loss per unit
length A, we have

- aw
A - - E = 2d! w.
or
’ oy = .2.'L nepers per unit length.

Thus, the loss coefficient is found theoretically by celculating the
energy lost per unit length in chmio heating, and the flux of power W
over the corresponding cross seotion. This procedure leads to the
following formulae for attenuation coefficients of progressive waves

in rectangular waveguldes.

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

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

& and b are the diménsions of the waveguide eross section
measured in metres; the dimension a is associated
with the mode integer n snd b with m.

R is the gurface resistance in olms per unit square of
the metal surface; that is, power is dissigated in
wit area of the surface at the rate ¥ Ry I< watts,
where I is the RMS value of the total surface current
in empéres per unit length. R is found from the
following formula:

R, = 2 7 (2077 p.f) % ohms per unit square....(l)
where R is the specifio resistance of the wall metal in olms per
metre cube,

For copper, p = le6x lof'8 olms per metre cube; con-
sequently, with copper walls,

R, =87 x1078:/F,

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

N . [ Pmetal |
p copper
oy 1is the loss coefficient in nepers per metre, To obtaln the loss
in decibels per metre it is necessary to multiply the value in nepers

by 8.686.
Formulae for loss coefficients in rect ar sir-filled Wave Guides :

The Hlo-hw

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

£.12
o= B, 1 : l:1+ 2b —-‘i} ]
1207 A =77 32 a
- (fc/f) { £
nepers per Metre ,scecesescccscsecosee. (2)-

To obtain oy for the Hy-mode, interchange a and b in this

famula.
The Emr‘“
ZR' 1 m2 (b/a)j + n?
d ’ L] _ L
! 1207b V1 - (fc/f)z ml (b/")2 + n2
n@“‘ Per nme 0090000000000 000000 (3)'
The Hm-Wavo
8 E(nz.l:. * n2) 2 ﬁ'
= 11 - (%)
1207 ( »%(By2+n? /2
a

) (%+1» gggz] ” Vi -l(r )
¢:/f

nepers per metTe sececcsccssccccoces (ll-)'

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

(a) the size of the tube,
(b) the ratio of the cross~sectionsl dimensions,

(c) the resistivity of the wall ,

(a) the frequency.

We shall not, however, discuss the influence of these
factors in detail, because in radar practice the only wave that is
employed to osrry power through a long run of waveguide is theHOI—
wave in a rectanguler guide and it will suffice to disocuss the sttenua-
tion of this wave in the actual 23" x 1" and 3" x 1" waveguides used

in service equipments.

The losses in copper waveguides with these standard intermal
dimensions are calculated as a function of frequency from formmla (2).
The results are exhibited in the curves of Figs.220 (2) and (b) which
give the loss ay in decibels per metre suffered by an Hys-wave, as a

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

According to formula (2) the loss becomes infinite at the
frequency f = f  due to the factor 1/4/ 1 - (fc/ )2
f

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

220 (a) and (b). The asymptotic approach of &y to infinity as £
approaches fc and the minimum for each curve are indicated.

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

to multiply the ordinates of the ocurve by a factor y . [ 0 metal
J p cOppery

where P is the specific resistanoe.
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Thus :=-

METAL BRASS SILVER ALUMINIUM
N 2+1 097 1-27

With iron, the factor N is
N -;/_f_EEL_x permeability 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 cm. 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 sbout 0«027 N db, per metre. For equipments working at wave-
lengths at the other end of the band, from 10 - 11 cms, this wave-
guide would be operated on the rising portion of the curve (a). Con-
sequently it is desirable to employ a guide of larger dimensions for
which the 10 - 11 cm band is nearer the loss minimum., Curve (b) shows
how this is achieved by the use of a 3" by 1" guide, The attenuation
at the operating frequencies in both waveguides is therefore approxi-
mately 0025 N db. per metre and in a brass waveguide this is 0+025 x
2:1 =°0525 db. per metre.

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

mato

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

24, Attenuation of Evanescent Modes

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

4 1
g m whereélm—Z‘Kl:_—_i - '_7\5’]

and is the loss coefficient of the mode of order mm. We have pos-
tulated however that A greatly exceeds A ¢, m’ oconsequently,

smn:: 27N
* Ae, m
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Thus, the spaller the cut-off wavelength A c,mm 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 persists, provided its relative amplitude 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 smplitude of all the field
components of the residual disturbance decay with distance according to
a simple exponential law, i.e.

-8z
£

14

whered= 2 © /A o* N 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 coaxisl ceble is Vj at z = zl,but v,
at 5 = z,, with the loop similarly situated with respeot to the field in
the two cases, then

2o g=8z-1z),

V1
The reduction of signal strength in distence (sp - %) is:

V.
log € (%): 5(22 - zl) nepers,
or: v
20 loglo ?A = 8-6868(52 - !.l) db.
2

Thus, reduction in signal strength measured in decibels (or nepera) N
depends only on the displacement (2, - 2) of the loop in a given tube,
& being a oconstant, 27 /A os independent of frequency. This result
is in effect correct for all frequenocies which are low compared with the
cut-off frequency.

We have, therefore, a method of reducing a signal, say that
at z = 27, 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
& voltage which is a given fraction of the input voltage, and this
fraction can be altered by a linear displacement of the pick-up loop.
Moreover, for wavelengths about 10 ams or less such an attenuator is
campact and is suitable for inclusion in test equipment, A device of
this nature is called a Piston Attenuator.

CGAVITY RESONATORS

25. General

It is found that electromagnetic oscillations can be excited
vithin 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 resonate at a mumber of dis-
crete frequencies each corresponding to a particular mode of oscillation
with its own characteristic electromegnetic 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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stsnding wave,

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

(11) Whereas in the progressive wave the field patterns
are propagated aleng the axis of the waveguids at
speed Uy, but the field imtensities in the moving
patterns are unchanged, in the stationary wave the
patterns are fixed in pesitiom but the field inten-
sities escillate harmenically between maximum positive
and negative values,

=~} Ho)-WAVE
YOO TRAVELLING
)
@ - We I el T a @ Ho-wave
/- SIS s N ; O1® TRAVELLING
o \ /

== oo, COMP

LETE STANDING
\| WAVE , MAGNETIC
1} FIELDS REINFORCE,
4/ ELECTRIC FIELDS

£ CANCEL

I
1
i
L THE LOOPS REPRESENT MACNETIC LINES
OF FORCE

E© OUT OF PAPER
E @ INTO PAPER

CORRESPONDING PATTERN
OF ((J) DISPLACED A/a
< TORIGHT,

~ CORRESPONDING PATTERN
OF (1) DISPLACED A/4
TO LEFT.

STANDINC WAVE

MACNETIC FIELDS
CANCEL; ELECTRIC
FIELDS REINFORCE

| o S Aas e
) V2
) @4 ® 10 RickT.

7

+ CORRESPONOINC PATTERN
OF ((J) DISPLACED A/2
TO LEFT.

== STANDING WAVE.
1 MAGNETIC FIELDS
| REINFORCE ,ELECTRIC
L

Y

< i = Al I] FIELDS CANCEI
PP vy 3= 2 PHASE OF MAGNETIC
- FIELD 180° DIFFERENT

FROM THAT AT £ = ¢

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

(i1) In the progressive waves the transverse components 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 of the
magnetic and electric fields have maximm itudes
are separated by a quarter of a wave-length Al/h)'
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(Thselectric field is cencentrated around the centre
of a magnetic loop).

(iv) The resultant electric and magnetic fields within each
7\‘/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 eell of the
pattarn is transfermed every quarter-period frem the
magnetic to the eleectric form, and back again in the
sucoeeding quarter-period. The oscillations of the
electro-magnetic field are therefore anslogous te the
mechaniocsl vibrations of a pendulum or an escapement
wheel in which the energy is transformed alternately
from one to the other of the kinetic and potential forms.

27. Field Patterns in Cavity Resonators

We have ebtained a stationary but oscillating eleetro-
magnetic 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 swfaece of the cavity; i.e.
where it does not ‘vanish it must lie tangentially against the surface:
the electric field en the other hand carnot lie slong the boundary but
where it does net vanish must stand at right sngles to the surface.
Evidently, as appears from
Pig. 222, the standing-wave
pattern of Fig. 221 can be
fitted into a rectangular box,
formed by placing conducting
partitions across the wave-
guide a distance apart equal to
PAg/, where p is en 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
Pig. 222 for the csse p = 2,
Figs. 222 (a) and (¥)
illustrate respectively the
fields at times t = o, when
the field is entirely magnetiec,

and t = T/k’ 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 the 3012 mode in a rectangular
at the near left-hand cormer, cavity.

as shown, then with respect

to these axes the comstituent

travelling weves 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 resonator, and since the mode is derived from progressive

Hy)-waves, it is designated H012.
It is evident that the same procedure will lead to the field

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

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

———
7
i 4 1 Y2Ag
Loz ;
(G iy
t=0 ,g"»y;;/ﬁ-n?—-—
b,
FIELD ENTIRELY ELECTRIC FIELD ENTIRELY ELECTRIC FIELDO ENTIRELY MAGNETIC
!
ZAA
(4] “ \\
: [ r Y \ \
t=%T ! t ! ‘ ‘ )
_______ J A :
4 /
- / v’
FIELD ENTIRELY MAGNETIC FIELD ENTIRELY MAGNETIC FIELD ENTIRELY ELECTRIC
E:r ~MODE E 011~ MODE Mo —MODE
(@) (b) ©)

Fig, 223 -~ Examples of modes of
oscillation in cawities.

Examples are shown in Figs. 223 (a), (b) and (c) respectively,
of the E,,, - mode in a rectangular cavity and the Ejjy - and Hyyp -

modes in a cylindricel cavity, at times t = 0o and t = T/Z... As shown
in the earlier example, the magnetic and electric fields oscillate in
quadrature and are displaced relatively by a distance 7\3/4 in com~

parison with their positions in the corresponding patterms of the
travelling waves,

28, Resonant Wavelength of the Cavity

Sinos the Etmp -~ and Hmnp - modes have field patterns the

same as those of sets of p elementary cells of the corresponding
Em - and Hyp - standing waves in a waveguide, it follows that the
length of the resonator must be p A g ” each cell ocoupying a

length 7\1/2 of the guide, If, therefore, the length of the reso-
nater is @, resonance occurs for en nm p - mode when

a = p A3/2" [ E R R RN ER RN RN RN RS AN S RN RN AR R AL S RS (1)

where 7\3 is the guide - wavelength of the associated Enpp - or Hpy -~
wove in a waveguide whose cross section is identical 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 equationm

1 1 1 (2)
b d = —2 * il [ FERY AR RN R R NN RN XN X ] ,
Az (ap) (Ag)
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it follows from (1) and (2) that the resonant free-space wavelength of
the cavity is given by
1 N P 2 1 2 00002000007 00000CR0REEOISIVPOIORNTLS (3):
—— t —
A2 Ga "+ Ae)
We consider in turn rectangular and cylindricel resonators.

Rectangulsr Resonators

The linear dimenaions of the resonator shown in Fig., 222
along Ox, Oy and Oz are reaspectively a, b and d. The cut-off wave-
length ?\c of an E - or an B, - wave in a rectangular guide whose
cross section has linear dimensions a and b is given by

(7:-1;? = (-29-1;)2 + (-%b)z esevecresceessssscscecer e (ll-)-

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

(.X%-m;)zt (El%)z + (-2-%——)2 + (5%')2 00050000000000(5)-

The resonant frequency is

%
f = %g (_%)2 + (%)2 + (&)2 vecesecse (6)

., &
M2 (A mp)

where ¢ 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 Hpjj~ mode is

1
z

f = © ¢ 1 1
o fg;f?i

end if » > a this is the lowest frequency at which the cavity can
resonate. Sinoe there is wo Ean - or E,, - wave in a rectanguler
guide the E - mode of the resonator with lowest frequency is the By ;-

mode whose frequency 3,7 is also that of the Hyqq-mode,

1, 1 ,,_1_;%
2 2 2]

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

1 = 2. "E
011 2 a

or Agyy = «/ 2 a, the diagonal of a face, This
shows, as mentioned in Sec. 25, that the fundamentel wavelength is of
the order of magnitude of the linesr dimensions of the cavity,
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The smallest cube that wili resonate at 2 wavelength of
10 ams (fy3; = 3,000 Mc/s) has an edge length of 7+07 cm.

Qylindricel Resonators

The cut-off wavelengths A ; of waves in circular guides

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

Woas | my | By oy & By

A 342 Ty 2+61 T 164 re

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

1 2 1 2
( 5-1.2 rg ) + ( 2& ) secovsoccecse Hlll.
1 1
1 (mg )2+ (53 ) TR N €8
m— =
a2
Tanp

1 2 1 42 oy
( m‘ ) + ('?a.—') eesecssvveen noll and Elllo

29. Charges and Currents on Internal Surface of Resonator

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

field at the surface, The A — - : . e - :
current is shown converging Pt T =
towards the central region of 4‘:’%'\"?"’:/\@ w W \:%ffﬁﬂ__ B’
face ABCD (Fig. 224 (a)) and LN

away from face A'B'C'D'. A ‘o B A T B
These faces become fully CURRENT

charged one quarter of a = ~—°7° H

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

Fig. 22l (b), and electric

lines of force run from the Fige 224 - Well currents in a
positive to the negative cavity resonator.

charges. 2 5 2
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30+ Methods of Excitation of a Cavity Resonator

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

must be so introduced [”l i ¢! o . <!
that lines of megnetic ° o( o PN
force can thread through G@’Q e B VA
it. Fig. 225 (a) shows R

two of seversal possible A U ® A ®

positions for the loop. b
As shown, one loop could (q) (b)

be an input loop and
;he °th°;hmd§“tput . Fig, 225 - Exitation of the

oop. e degree o mode i engular
coupling can be con- HOll © in a rect

trolled by rotation of resonators

the plane of the loop.

¥hen 8 probe is used it is introduced into a place of maximum electric
field gtrength and is set parallel to the electric field. Thus in
Fige 199 (b) the probe is shown projecting into the cavity from the
face A'B'C'D'.

Excitation to resonance can also 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 could be fed into the cavity.

31, The Q-factor of a Cavity

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

_Energy stored .
Q= 2K(Energy dizsipated per chle ) *sseonevvcnce (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 energy dissipated
per cycle is (G.W )'l‘ and expression (6) may be written:
dat

teeerreeeneenese (7).

@) &)
t dt

Whence,
éﬂ = 2 W L seeccccevtecascenccsesceventias (8).
dat Q
Thus,
S8,
w= wo 8 Q IR R R R N R Y R RN R R RN NN (9)5

where Wo is the stored energy at t = O.
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If, therefore, the resonator is shock-excited and left to osciliate
freely, the stored energy is reduced to 1/f of its initial value in

atimet':g‘gﬂ s
w 27

80 that Q = 21‘{;_'_ 0080000000000 c000 0000000000000 (1.0)0

According to (10) an alternative interpretation of Q is
that it is 2 ¥ tires the number of cyacles required for the stored
energy to decay to 1/¢ (approximately one-third) of its initiel
value.

Since Q values of 10“’ and greater are easily achieved, it
is evident that a cavity will ring for a great many cycles before the
stored energy is reduced to a mmall fractlion of its initial velue.

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

Q:= VOIWC Of mﬂt’ [ EE R ERARNNRERE N NN ] (ll).
* b x surface of Cavity

A formula for & in terms of the wave length ané well
conductivity is :

§ = 2:82.1072, /—2‘-— metres.

where 8 and A are in metres and ¢ is in mhos per metre cube,

Suppose the resonator to be made of copper for which o = 58 x 107

mhos per metre cube, Then 0 = 3°7 x 10‘64 A metres.

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

. 6
= a = a . 10 ®eesescocessesos (12)‘
Y - 3T
For the Hou—mode, A =a./2, then,
Q. 108 . /A8
222

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

Q = 1°1.10°

Suc . . Q 102 _ A
uch a cavity, if shock-excited, would ring for,3e- = g~ = 1+7 . 10

periods before the stored energy was reduced to L of its initial
value, 2
Each period {( A = 10 ca) is 3030 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 sre
used as wave-ueters st centimetre wavelengths. This, and other
appliecations of importance in rader are deacribed below,
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32. Applications of Cavity Resonators

(1) Wave Meters

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

to the ocoaxial transmis-
sion line system formed by INDICATOR @-ﬂ
the cavity and the rod. ——jw CRYSTAL
The cavity is caury e /\nV ” i
exaited by injecting sn ¥ RN ION”

EMP into the imput loop

from the source whose

wavelength is required, Fig, 226 - Opaxial line wave-meter,
and the rod is moved by

means of the pinion until

a position of resonanee is indicated by the detecting crystal and
microammeter fed from the output loop., The shortest resonant length
{ of the rod within the cavity is slightly less then A/ since the
trensmission line system is open~circuited but with some amall 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 carry 2 scale and vernier from which the
digplacement of the rod can be measured directly in centimetres. The
displacement of the rod between successive resonances is equal to
A/2 snd gives directly the wavelength on the coaxisl line, which is
the seme as the free-space wavelength of the source.

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

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

which is excited by an input loop near the middle of the cavity, as
shom, and resonance is indicated by means of an output loop, at the
seme height but shifted through a quadrant, and a crystal detector and
microammeter combination. 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 seme resonant frequency as the Holl—moc'le s the
movable end clears the cylinder wall with a small gap. The currents

in the HOll-mode flow on the cavity surface in.circles sbout the axis

(Pig. 227) and no flow occurs from the flat ends to the curved surface.
The current distribution is therefore indifferent to the presence of
the gap between the movable flat end and the cwrved wall. In all
other modes, except Hom-modes, current is required to flow from the

£lat ends to the curved well; 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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Fig, 227 - Cavity wave-meter and magnetic
field in Hyyy-mode (a). Gurrent flow in walls

of cavity (b).

accurate to measure dis-
placements of the lid by

means of a micrometer screw AMPLITUDE

and scele, as indicated.

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

of a orystal oscillator,
or,more crudely, ageinst the

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

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

ment of the movable end,
The interior of the cavity :;:ninin? megnetron frequenqy

is usually silvered so that
a large Q 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) ZEcho 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 st suiteble ranges, For instance a radar
equipment in an aircraft msy have its scanner directed downwards so
that it is impossible to obtain echoes when the aircraft is on the
ground, The echo box is a simple device for checking roughly the
overall performance of a set. It is merely a resonant cavity designed
to possess a high Q. The eavity is shock-excited by the tranamitter
pulse and continues to ring and emit a signal which is spread along the
time base for an appreciable distance after the cessation of the tran~-
smitter pulse. A possible arrangement is shown in Fig. 229. The
echo box is fed via a screened low-loss cable from a pick-up probe
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fixed near the edge of the mirror. The energy asbstracted 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 Siglal TRANSM: TTER
saturates the receiver but @

finally decays 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-
appears into the noise gives
an indication of the overall
performance of the set,

ECHO |-
80X [~

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

is not used.

Untuned echo boxes are very large cavity resonators whose
lowest modes, H,,,, Ej;q etc., correspond to wavelengths much greater
than the wavelength of the radar set. They are usually hollow cubes
with copper wells.

The modes that are excited by the radar transmitter are
therefore higher order Emp-—and Hmnp—modes vhere m, n and p are re-

latively large integers.

Consider a cubical resonator whose edge a comprises
several wevelengths,

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

= g . (AD). g Y. . (AL
N.an)\j (A)SK;\3(f)

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

N=8n(EY (B - en (B3 (5D

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

p 8T, 103 _ 8%
= T3 . 105 3

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

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

(11i) Cevi’y Resonators in Centimetre Wave Oscillators

The usual resonant circuits, comprising lumped inductances,
capacitances and resistances, cannot be oonstructed in a useful form
at wavelengths of 10 centimetres and less, and it is necessary to
replace them by other resonant systems such as resonant lengths of
coaxial trensmission line or resonant cavities, In the klystron
oscillator,whose main application is as low~power local oscillator
in centimetre wave radar receivers, a resonant cavity is used in which
a mode of oscillation is maintained by a bunched electron stream,

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

In one type of reflector klystron, the Sutton Tube, an
exsmple of which is the CV67, the resonator (rhmbatmn) assumes the
form indicated in Fig. 230 (b). This rhumbatron 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 knom that when an alternating EMF is applied across the gap the
péir of cones forms a transmission line system and that a principal
(TEM) wave is guided along them, The lines of electric and magnetioc
foree rwn as shown in the figure, If a conduoting spherical surface

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

a complete standing wave is produced on the transmission line which
then forms a resonant system, The equivalent twin tranerission line
system is shown in Pig. 230 (¢)s We may, however, regard the system

of Fig. 230 {a) as a hollow spherical cavity resonator with a pair of
conical projections, It follows from what has been said that the
fundsmental resonant wavelength of this resonator is four times the
redius of the sphere. & voltage antinode is located at the gep AB
where the electric 7ield attains its greatest intensity. It is

possible therefore to maintain such a rhumbatron in resopence by passing
a bunched eléatron stresm across the gap AB. In practice, in the
reflector klystron used as a local oscillator, it is necessary to
control the resonant frequency by means of external tuning screws;
consequently, the rhumbstron 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 envelope 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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Fig. 230 « Common types of resonators.

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

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

The high operating voltage is an inconvenience and a more
convenient form of klystron, operates on a voltage of 300 and is there-
fore able to use the seme power pack as the radar receiver, The
resonator here comprises a short -~ circuited ooexial tranamission line
with a gap between the imner and the end plate of the outer at the top,
as shom in Fig, 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
gauge 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 Fig, 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 can
be supplied at lowervaltage and larger current,

The operation of klystrons is discussed more fully in
Chap.8, Secs.22 and 23.
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Various types of cavity resonators which may be employed in
the Resonant Cavity Magnetron are illustrated in Chap. 8 Secs. 27 and
31, where the many possible modes of oscillation are discussed,
CHOICE OF WAVEGUIDE SHAPE AND DIMENSIONS

33+ Genersl Considerations

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

The primary 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. In fact, wave-
gaides are required to perform the same functions at these wavelengths
ag are performed by transmission lines at longer wawelengths,.

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

To achiewe these objectives certain ancillary devices such as reactive
stubs, quarter-wave insulators, quarter- and half-wave transformers and
the like, are employed, In what follows we shall dikcuss the parallel
problems of waveguide practice and investigate the character of the
snslogues of the ancillary devices.

When wmaveguides were first recognised as providing the most
suitable method of conveying large powers fram a source to an aerial at
wavelengths of 10 oms and less, it became a matter of practical import-
ance to answer oorrectly the following questions :-

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

(31) what is the best geometriocal form to give it ?
We shall consider these queries in the following sections.

3ke Choice of Waveguide Dimensions

Transnission line practice is based on the fact that at the
usual frequemcies progressive waves exist only in the principal or
TEX 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
choosing the cross-sectional dimemsions of the guide that the free-space
wavelength of the wave to be propagated is less then the greatest of
the cut-off wavelengths of the various modes in the waveguide, but
greater than those of all other modess, In this weay the mode with the
greatest cut—off wavelength is preaent as a progressive wave, but all
other modes are evanescente

For instance, in the exsmple given in Sec. 13, the longer
cross—sectional dimension of a rectanguler waveguide designed to carry
waves whose free-space wavelength A is 9 ams, is b = 25 inches, The
cut--c;ff wavelength of this guide for the Hy-mode is A c = 2b = 5 inches
= 12-7 ams The Hy;-wave is therefore propagated in this waveguide,
but as the ocut-off wavelengths of all other E gz~ or Hj -modes, given
by tes
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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 rect-
angular sections and it is found that, except in specialiged devices
such as rotary Jjoints, circular sections are unsatisfactory.

For instance, the.wave in the circular waveguide would
normelly be an Hyj-wave sinoe this mode possesses the greatest cutwe

off wavelength. Should, the tube howewer, be slightly elliptical
over an appreciable length the Hjj-wave would then resolve into two
waves with different waluesz of Uy, 50 that on recanbination where the
tube again assumes & circuler section, the plane of polarisation in
the resulting Hjy-wave is rotated with respect to the original plane.

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

The dimensions a and b of the rectangular cross section
are always made unequal in such guidess The amaller dimension a is
such that 2a is leas than the wawvelength of the Bol-mode, but the
dimensiun b accepts the H°1~nxode ap a progressive wave but no other

modes, Thus the field pattern preserves e unique sense and can be
propegated only with the trensverse eleotric field parallel to the
shorter edge s The following are dimensions of typicel waveguidess-

Pree~space wavelength Internsl Guide Dimensions
10 cm, 3" x 1*
9 cm. 2%% x 1
3+3 om. 1* x %" (British)

0-9" x 0-4* (American)

I% is undesirable to operate the waveguide near the out-off
frequency of the Hp~wave since dispersion (that is, the dependence of
u, on frequency) is very marked near the cut-off frequency (Sece 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 ean affect the shape
of a pulse, The dimensions giwen in the table above remove the cute
of f wavelength well awey from the operating wavelength; for instance,
in the 9 am. guide whose dimensions sre 21" x 1*, the angle of in-
cidence (90° - @) (Fig. 204) of the weves successively reflected
between the walls is 45°, whereas at cut-off it is zero.

STANDING WAVES IN WAVEGUIDES

36e Wave Impedance

It is shown in Chap, 17 Sec. 7 that when a plane~polarised
electromagnetic plane wave is propagated in free speoe, the wave front
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Chap.5, Sect.36

is presented with the equivalent of a resistance whose magnitude is given

by
R, = 120 T ohms. .

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

B

R = 120 T ohms,.
g (<)

A similer result holds for weves propagated in waveguides.
Considering the Hop-wave of Sece 7, depicted in Pigs. 199 and 200, there
are seen to be two camponents of the H-field, one along the gulde and the
other transverse (vertical) whilst there is a single transverse component
of the E-field perpendicular to the plane of the paper, If axes x, y,
and g, are taken as irdicated in Fig. 195 these components are given bys-

Hy = 2H cos Q sin(z—%z . sina) cos (0t - -—2-;{—Eoosc!)

Hy = 2H sin Ost(g-;‘-\z . sina) sin (Wt - __?{1 cosQ)
2n%
A

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

E = 2F. ain(g—;-(\x . sina) cos (Wt = 0sa)

x

Whereas Hy and E, oscillate in phase, H, is in quadrature with
the other two, and msy be considered as supplying the reactive or storage
component of the resultant fields in the guide, The other two componenta
convey the energy along the guide., By 3ivision we obtaln

%' % secQ,

Since % is the ratio of E-field to H-field in a plane

polarised electromagnetic plens wave in free space, of the type considered
in Chap. 17 Sec, 7, its value is 120 /n = 377 oms.

Hence E

£ = 120./T ssca = 377 sec & oms.
Hy
Since, for an H -mode, sec Q - Z\AE , this equation msy be written

XL op0./7 %E.

By

. 5 E transverse ?_‘_g
In general the equation - PTESt— o 120./% 5* holds for all

H-waves propagated in rectangulsr guidsse The corresponding result
for Epy-waves is

E transverse o A
T trensverss = 20 /T Ny

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

E is 1ess them thet vor free space).

E
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This ratio -E transverse  ;; ,,1743 the Wave Iupedanse
H transverse

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

If a waveguide is terminated in a resistive film whose
resistanoe per unit area is equal to the wave impedanoce the de is
properly matched for the mode considered (see Sec. 37 and 38?31 For
any other termination some refleetion ocours and 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 a standing wave indicator, and verious means may
be adopted of eliminating the standing waves on the main run of the
guide, Since for a single mode in a given guide the SWR and the positien
of nodes and antinodes gives a sufficiently complete descriptiom of
the stending wave pattern for practicsl pwrposes, it is possible to
apply the same techniques for dealing with stending wave problems inm
waveguides as are used for transmission lines, In particular, circle
diagrams may be used, the value of the normalised impedance (Chap.l,
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 circle diagrams are used to illustrate waveguide
properties it is assumed that the reader is femiliar with the treatment

of airele diagrams given in Chape L
37. Reflection fran the Waveguide Termination

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

of the wave refleoted is given by :~
[2]- 1
PR
P is called the reflection coefficient (occmpare Tranmission Lines,
Chap. 4, Sec. 9)s If nz 1 the waveguide is properly matched and
no reflection occurs. If the guide is terminated in a perfectly oom~
duoting metal sheet, = Q and P = ~1, so that the temination acts

as a short=circuit sand at the temination the E-field of the reflected
wave is in opposition to the E-field of the direct wave, If = 0,

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

The equ:\.;\nlent of an open-circuit termination is provided by
g

a short~circuited - gection of the guide (compere Chap. 4, Sec. 26).

The input impedsnoe of such a section, if losses are neglected, is
infinite,
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Chape.5, Sect.38

A theoretically perfect match is obtained for any mode if
the guide is temminsted in e resistive film whose resistance per umit
area is equal to the wave-impedance for that partiaﬂ.a{ mode in the

guide, The film must be backed by a short-circuited l_'.S-section of

the guide so that the finite impedance at the open end does not
appear in parsllel 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 occurs, the standing wawve ratio is given by :-
A

S = E ﬁ= 1+|Pl

v

E H 1- Pl

where ﬁ, E and ﬁ, fi, sre maximum and minimun values of the transverse
components of electric and magnetic fields respectively, measured at
corresponding positions of the guide cross-section.

38. Practical Methods of Achieving a Reflectionless Termination

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

A practical form of termination that givés negligible re-
flection and is suitable for work at low powers is the wooden load.
Wood, as a material,strongly absorbs electromasgnetic radiations at
centimetre wavelengths; consequently if a wooden wedge of either of
the farms of Fig. 231 is inserted into the end of a rectangular wave-
guide which it fits closely, the two component plane waves of the H01-
wave in the guide enter the wood at the sloping face and penetrate into
its interior where they are absorbed so that there is little reflection
at the surface,

The sloping faces
of the loads are parallel

the inctdent Bgomavr I e
.consequently Fig. 231 re- (@

presents a view of the .

broad face of the wave- ¢ M
guide, That portion of *

the wave which is re- (b)

flected from the wood sur-

face continues to travel

along the guide in the Fig, 231 - Reflectionless terminations.
same direction, obeying the

optical law

fugle of Incidence = Angle of Reflection,

and undergoes succesgive reflections until the energy is almost com-
pletely absorbeds To avoid sppreciable reflection the sloping faces
should not be less than 2 Ag 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 cylindricel butt-ends As an alternative to wood, a composition
of bakelite and graphite is sometimes used, and for work at high powers
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“OHEP.5, Sect.39,40
a mixture of praphite and sand is employed.

In both rectengular and circular guides there is an optimm
value for the angle between the waveguide wells and the sloping sur-
faoce 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 easential to isolate the generator from the standing
wave indicator and the termination in order to avoid variations in
the load on the generator which could affect both its frequency and
power outputs This is achieved by the inclusion of an attenuvating
length of waveguide which is merely a length of normal rect
guide with a thin strip of absorbing meterial, wood or bekelite im-
pregnated with graphite, fixed internally to one of the narrow faces,
The attenuation of some 10 db, in the signel which is thus achieved
is sufficient to isolate the generator. No 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 & wave is reflected back along the guide (Pig. 232). Another
wave is generally reradiated from the obstacle away from the source,
but this does not interfere with the imput admittanoe of the guide
and is, for the moment, ignored, The obstacle may thms be regarded
as introducing an additional impedance or admittance either in series
or in parallel with the impedance already present, Whether this
impedance must be oonsidered as a series or as 2 shunt impedance de-
pends on the shape and position of the obstacle in relation to the
fields end walls of the guide,

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

Obstacles possessing geometrical symmetry when placed with
an axis of symetry parallel to the eleotric vector, scatter symetri-
cally and therefore behave asshunt elements,

CYLINDRICAL
O8STACLE

Fig, 232 - Soattering of
waves by an cbstacle in

a rectangular guide,

7
REFLECTIONLESS
TERMINATION Vs

LONG ARROW - INCIDENT WAVE
SHORT ARROWS:~ WAVES ORICINATING
AT OBSTACLE
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Chapso, Sest-40
9K
Determination of the Admittanoce of an Obstacle

Consider a rectangular waveguide (Fig. 232) terminated in
a reflectionless load, within which a metallioc obstacle has been placed,
The obstacle may be, for instance, a thin metal cylinder that projects
& short distance into the waveguide, with its axis parallel to the
short edge of the cross~section. When the cylinder is withdrawn the
electromagnetic fleld 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 because the oamponent

of the electric field tangential to the surface of the cbstacle must
vanishe In the particular 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 exis of the cylinder. The dis-
torted field near the dotted section can be resolved into the following
constituents s-

() The original Hgj-incident wave (indiocated by the long
arrow in'PFig., 232).

(1) A pair of Hy -waves originating at the obstacle, the

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

(i11) A series of evanescent modes which are prominent near
the obstacle but dissppear at a sufficient distence from
it. These form the storage field.

The relative amplitudes and phases of the components (i), (ii) and
(1i1), of the field are such that the tangential electric field is zero
both over the surface of the obstacle and at the walls of the waveguide,
Take the cross~section of the waveguide at which the oylinder is

intro as the section{= 0. At another section at a sufficient
distenee { away towards the generator, the evanescent waves will have
beoome unimportant and the electromagnetic field reduces to that of the
incident wave, A ocos (Wt + k7 ) with that of the reflected wave

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

E= A cos (wt-t»k[)-rBoos (Wt =X + 9),
31/;;. (et +x{ )+ |n| oos (Wt - xkf +ﬁ217,
whers, B/A = |h| auﬂ. k=27 / A gt Or in oomplex notation,
E=A € Jwt (e.‘ik[ +h€"5k[),
where he |nc¥
Thus from the standpoint of the section at position {19" the section at
L]

2 = 0 possesses a reflection coefficient h = |h|¢ when the
costacle is in position, snd an associsted admittanoce y; = (1 - h)/(1 +h)

=Gt+£t.

When the obstacle is removed the refleotion coefficient of
the section { = O becomes zero, and its normalised sdmittance becomes
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The coefficient h = 1h|€ ¥ is the reflection coefficient
of the obatacle for a single progressive wave incident on it.

To find the individual admittanoe ¥y of an obstacle of

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

pattern. At this place the admittance of the seotion is sero
and becomes = when the cbstacle is imtroduced, The stand~
ing wave pattern between the obstacle and the generator is now investi-

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

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

position. The impedance of the section then beoomes |yy|= 1+|y;|.

Obstacles that do not themselves absord power possess

admittances that are pure susceptances, [y;|= ¥ ;j. When the

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

L. Standing Wave Indicater

The deleterious effests of standing waves in transmission
lines have been discussed in Chap. 4, Sec. 32 VWhilst standing weves
may be introduoed deliberately into short seotions of waveguide for
matohing purposes, thelr presence in gensral is equally undesirable, snd
for similar reasons, as in the case of transmission lines. It is
therefore usual to inecorporate in the guide same devioe for deteeting the
presence of standing waves sc that metching systems can be adjusted to
minimise 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
apertures may be made in the guide so that amall, evanescent waves are
formed outside the guide, indicative of the field strength inside,
Oare must be taken that the energy radiated thro the alot or aperture
is negligible, and that the irregulerity int into the waveguide
does not appreciably disturb the mode of propagstion (see Sec. 15).
The field strength is indicated by a suitable form of gnlmmeter,
such as a neon lsmp, valve voltmeter or crystal detector and micro-
smmeter. The variation in field strength at different points along
the guide indicates the presénce of standing waves, and the ratio of
meximum to minimum emplitudes gives the standing wave ratio,

If suitably desiprncd, the standing wave indicator may be
calibrated so that it fulfils the dual role of measuring both standing
wave ratlo snd elso absolute f‘s.ela strength.

A novel form of standing wave indicator, suitable for

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

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

comnon to both guides where
the wells are in contact. \\_/’
Thus power can be radiated A . P

-

from the straight waveguide sLots
through the slots into the L—" k‘ ~T 310 LOAD
arms A and B of the curved FROM SOURCE Har =T REFUSEC

guide, By this arrangement
the radietions from the slots
which are excited by the Fig, 233 = Fixed frequency

direct wave in the main
guide (travelling from left stending wave indicator.

to right in Pig., 233)rein-

foroe to give a wave in the

arm B, but cancel to give

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

Thus, waves travel in the axms A and B whose amplitudes are
proportional to the reflected snd incident waves in the main 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. In practice it is difficult to obtein meters of
equal sensgitivity 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 wave does not vary, the standing-wave ratio may be read
directly from the meter at A. This device can be used at only one
wavelength since the slots must be Ag/l apart.

42, Eliminstion of a Reflected Wave

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

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

becomes = 14+ j - j’r.' 1. (It is assumed that the obstacle may
be represented as a shunt impedance (see Sec., 40)). The reflection
coefficient pt = ( 1 - /@ +)therefore becomes zero and no

reflected wave returns to the generator.

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

the circle diagrem corresponds to this position along the guide. The
point L corresponds to the position where the admittance is =1+ ;j(

It is a distance 1’1 = m Ay away from the E antinode in the direction of
the generator where ny is the n~value of the arc ML on the circle diagram.
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It is required to add the susceptance - j EB:] at this point in order

to match the wawveguide, Altermatively an admittance + j could be

a.déedatadistanoe 12=n2 Agwhich corresponds to the point N on
the diagrem with n, as the n-wvalue of the arc MN,

[e]

@

£ ANTINODE —

LOAD

b

5¢

Fige 234 - Elimination of reflected wave.

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

A 23" x 1" rectangular waveguide with an open end was fed by 2 9 an
generator under the following conditions e

Wavelength 7\g in guide = 138 an (twice distanoce between

adjacent minima),
Standing wave ratio § = 2+83,

Distance !1 of nearest E antinode from the open end
= 6°6 am = 0°478 7\-3.
From the circie diagram we findiw
(2] = 2-46 = 0:893 or,= 036 « 0135 .
Thus the impedance is, clearly, not infinite but a

resistance and a cepacitance in series, or, regerded as an admittance,
a conductanee and a cepacitive susceptance in shunt.

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

pedanoe R, terminated in a load comprising a resistance 246 R, and
a reactence (condenser) = J.0°89R, in series, or alternatively in a
resistance whose conductance is 0-36/R, and a condenser whose sus-
ceptance is J.0-13/R; in shmnt,
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These loads possess the same reflection coefficient and
produce the zeme 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 admittence at an E antinode is -%— = 0°354 consequently, OK in

PFige. 234 (a) is equal to 0°354. From e circle diagram it is found that,
for the point L,[y]= (1 + j@),nl = 0°163 and ML = 1°07.

We conclude that at a section which lies at a distance
!, = mAg= 0:163 x 13°8 = 2°25 cm away on the generator side of any

E antinode, the sdmittance of the guide is there equal to |y|=
(3 + 3.1-07). At the point N we find ny, = 0-337 and MN = =j.1+07.

The admittance at a distance (2 = 0°337 o 13°8 = 4*65 am
is therefore = (L = Jo 1°07).

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

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

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

= (1~ 3.1:07) +[yg]=1
= +d - 1.070

This length of screw therefore possesses a capscitive gus-
ceptance = 1°07. To check the value of this susceptanoe the end

of the waveguide was closed by a metal plate and the screw removed, A
standing wave indiceator 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 screw; that is, the E antinode lay 1¢8 am away from the screw on
the side away from the generator.

If we fomm n' = 1°8/Ag = 0°13 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 = jo1+07. This follows because a displacement of (05 - 0°13) Ng

from the screw towards the generator leads to a position of szero
susceptance (E antinode). The corresponding motion on the circle
diagram is slong the imaginary axis from P upwards to plus infinity and
then from minus infinity to Q.
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It ig found that when the screw is short its susceptance is
positiwve (capacitive) but when it extends across the guide almost to the
opposite face its susceptance becomes negative (inductive). There is
an intermediate resonant length (approximately A/)) at which the sus-
ceptance is gero. A4 wire extending across the centre of the wawveguide
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 symmetrical type which in effect introducesa suscept-
ance in parallelwith the guide, The only series obstacles in common
use are slots in the walls,used for purposes of radiation and switching
end these are dealt with elsewhere (Aerials, Chap. 17 Sec. 54).

Although in general, the only method of finding the sus-
ceptance of an obstacle is to measure it, yet the principles of electrow
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 susceptance. 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 sectiom of the waveguide and
stretching from one wall to its opposite. Such devices are commonly
called irises, but this term should be reserved for diasphragms which
can be varied mechanically.

The principal types are :=-

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

The Capacitive Diaphragm (Hyp-mode)

In this case the strips are normal to the electric field as
shown in Fig. 235. The formula for the normelised susceptence of this
Iris is 3~

@' j'j ‘%%‘g' 1088 cosec (g‘—a') .

The field in the viocinity
of the edges of the strips A A—
resembles the electro- T

static field that would a TE

uist were the Side v.l]“' DIRECTION OF PROPAGCATION ——pm
;ﬁwtge‘ﬁgl:;etng:rr:;a CROSS SECTION LONGITUDINAL SECTION
lower faces to become a

parallel plate condenser.

e Q_->4

-
=

TRANSMISSION LINE ANALOGUE

This quasi-
electrostatic storage
field can be represented
mﬁ:ﬁa’::s? set of Fige 235 = Capacitiw)a 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 gcattered HOl—-waves. The presence of the storage field
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introduces a phase difference betwesen these oscillatory currents and
the oscillations of the incident E-field, so that a phase shift ¢ 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 concentration of electric field at the
edge tends to cause breakiown in the dielectric (air).

The Induotive Diaphragm (Hgy-mode)

Here the strips run psrsllel to the electric field, as
1llustrated in Pig. 236,

.r——————g —_—
]
0 ) :
@) (b)
CROSS SECTION OF GUIDE TRANSMISSION LINE
. ANALOGUE

Pige 236 - Inductive diaphragm (Ho]_-wave)-

By
P
-2:0 T
I -
\
N
| \ | I
i \ %“?b = ~ CoTa(I‘z_E)
—-1-0 .
EEEREEE
\ 4
-05 l‘ .
+
, AN |
. | N L
T T \\
,_+_+ - [ e
00'3 - 0!4 0-5 0-6 o7 0-8 Q-9 1-0 D/b

Fige 237 =~ Design curve for inductive
diaphragm in rectangular guide (Hyj-wave).
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The formula for the susoeptance of this diaphragm is
()= =ifBy] = -3 & oot? (nD) .
2b

Bilv
Fig. 237 is a design curve in which is plotted as a function of

g
D/be The currents driven in the strips by the incident E veotor
excite a storage field resolvable into evanescent H-modes and at the
same time radiate an Hj;)-wave,part of which is reflected back along

the guide. This diaphragm behaves like an inductance shunted across
a transmission line. It is used in practice to eliminate the wave
reflected from the open end of a waveguide.

Inductive Wire (H,,-mods)

A cylindricsl wire stretched scross the waveguide parallel
to the E field hehaves
as an indactive ghunpt-
jng suscepiance, The
susceptance of the

wire shown In Fige e 53;;
238 is, when the wire A
is whin (v KA b
- a
- e
-5 2N e—— b ——] ()]
%
’ @

(1oge%§—’ -2)
¥ig, 238 = Inductive wire (Hbl-wave).

Diaphragms in Circular Waveguides (Hll-mode)

When a circulsr weveguide is designed to carry an Hyj -wave

but no other, then suitsble disphragis can be used to eliminate re~
fleotions as in rectangular waveguides,

Figs. 239 () and 239 (b) illustrate respectively the forms
agsuwed by a capacitive and aan inductive diaphragm in a circular
vaveruide carrying en Hll-wave. The shaded regions represent thin
metal diaphragms that lie in the plane of the cross-section.

CURRENT

% //?‘ CURRENT
% P
£

(@) (b)
CAPACITIVE DIAPHKAGM INDUCTIVE DIAPHRAGM

Fig, 239 - Diaphracms in circular puides
{Ell-wv@s Je
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Resonant Diaphragms

We next con-~ [

sider how it is possible ' t
to combine a capacitive - I ¢ mi e
and an inductive diaphragm N
to produce a composite \
diaphragm whose admittance !

is sero and which i ] A9 |
therefore does not reflect the 2
wave, Consider first Q)

the arrangement of irises =] Q
indicated in Fig. 240, for _L %

an H,)-wave in & rectangular

g'llideo

The waveguide, AQ
vwhich ends in a reflection-
less load, carries a (b)
capacitive diaphragm at the
section P. The admittance
of this section iz _ Fige 240 = Resonent diavhrarms

1 + j[B1]) where [B,]ia the - T
(@ + 3[E1) (e rave).
sugceptance of the diaphragm,
The admitience ot the wave-
guide section at 4 s distance 7\8/2 nearer the source then P is also
o
1+ J|By|) before the introduction of ke inductive diaphragm. Vhen an
inductive diaphragm whose susceptance is ~é§8§ ‘ is introduced at B the
admztiance of the section at ¢ becomss

=1+ 3[By}- 3@:1

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

There is clearly am infinity of paire of diaphragms (& j@ )y

that can be combined in this wey to produce s reflectionless combinas
tion. It would clearly be more convenient however if the two diaphragms
could be caubined at the ssme seotion, Q for instance, instead of at
separate sections P and Q. It is, in fact, found possible to superw
impose a capacitive aad an inductive diaphragm to produce a reflectionless
rectangular structure such as thet shown in Fig, 241 (a). Such is

knovm as a Resonant Diaphragme Its admittence is zero. It is found that
the widths of the cepacitive and inductive portions of the resonant
diaphragm are not the same as those required to give nc reflection with the
arrangement of Fig, 240 (a). This is because the storage fields of

the two diaphra-ms are now interningled and the inductive and capacitive

porvions do not behave

independently or each B

other. A userul, but S SIS LS
approeXiuuate, aesign ? ST al £ .
procedure is illustrated ar oMb g
in Fig. 241 (b}, where 2 / !' vy
PQRS represents the ) SU < C- - R
section of the rect- T (bﬂi ”

angular wavegvide, The
curves FLY and QUR are
the two bLranches ol a Fige 241 - Resonant diaparasa

hyperbola that passes {1 -vave),
oL
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through the oorners PQRS and such that the distence between the poles
IM 18 Afy ( A = free-space wavelength). If the corners of the aper-
ture of the composite diaphragm are made to fall on this hyperbola then
the diaphr: 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 is equivaleat to the following
relation between theae dimensions.

YR VAR AL

It may be seen from Fig. 241 (b) that when a'/b' is smell, then b!
is approximately equal to A/2; that is, the resonant length f any
narrow slot centrally placed in a diaphrégm, with its length per-
pendicular to the electric field, is very nearly N2,

The transmission line analogue of a resonant diaphragm is
showmn in Fig. 242. At resorence the L-0 cirocuit beéomes a rejector
circuit that places zero shunt admittance across the line, Con-
sequently a progressive wave passes the structure without reflection.
A thin A/2 slot out in a motel dlaphragm across a circular guide
carrying en H;-wave and placed with its léngth at right angles to
the electric field behaves as a resonant iris that transmits the
incident wave oampletely.

Fige. 242 - Analogue circuit

for resonant diaphragm.
zo % L %C

77

ey

27

Fige 243 = Trens-
perent struotures.

@ () ® @) © ¢ @ (Ho)

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-C résonent iris of
Fig. 243 (o) the imer oircumference of thé gap at resonance, when
thin, is almost equal to A

The Q-Factor of Resanant Diaphragms

Although the diaphragm at resonance is almost perfectly
transparent to the mode for which it is designed, changes in the
frequency of the wave propagated along the guide cause changes in
the admittance of the diaphragm and partial reflection occurs.
The behaviour is similar to that exhibited by a parallel resonant
eircuit shunted across a transmission line.
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4s shown in Chap. 1., Sec. 19 , the amplitude ¥ of the
voltage developed across a parallel resonent circuit when supplied
with a constant feed current is given by

G = Qr Cos d,
where tan § = 2Q8,5 being the fractionsl detuning t%:‘-"— and
. r
¥_ the value of ¥ at resonance, It is thus possible to measure the

Qrof & 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 voliage 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 probes Thus, when Q is large the diaphragm
begins to give rise to serious reflections for a small fractional
frequency shift + f£/fy, but if Q is small then it remains
transparent over a reasonably large range of frequencies.

As exsmple , consider the resonant structures shown in
Fige 243. At a wavelength of 9°1 =m. it was found that the Q of the
slot of Fig. 243 (a) was 25 for a slot width of '0°5 mm but equal to
50 for a width of O°l mme In general; the narrower the slot the
larger is the value of Q.

The value of Q may be reduced by using the structure of
Fig.243(bjinstead of & slot, With the r.reight section 4°2 mm. wide
and the r=dius of the end circies equal <c l¢4. mn the Q was reduced
to the vaiue 9. Such & siructure th-refore is lranaperent over a
relatively wide range of frequencies.

The ¢ values in terse »r riig wiith for the diaphragnm
of Fig. 243 (c) were as follo's i~

Ring width in mz.| O-1 05 08

) 40 20 16

i
In 21l these examples the diaphragres were made of foil 0-004" thick.
When brass of thicknes: * was used the Q factors were approximately
doubled,

4he Switches and Protective Devices.

The electric field strength at the centre of a resonant
slot is msny times gresater 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
gape This fact is made use of in the gas-filled resonant cell,

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

Fige 244 (a) - COPPER
represents a sectional
view of Fig. 243 (c), and
Pig. 244 (b) a secticnal
view of Fig. 243 (a),
each representing a re-
sonant diaphragn enclosed in
a gas~filled cell. These
cells with the diaphragms Pige 244 - Simple T/R cell.
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projecting as rims caen be fitted into circular waveguides. They are
quite transparent to waves of low power, such as the signal to the
receiver, but spark over and become completely reflecting when a
powerful wave from the transmitter strikes them.

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

Since cells are used to provide automatic switching of
power in common T/R systems with waveguides, they are often referred
to as T/R cells. A disadvantege of the simple cell of the type
CV.1l1l5 is that when used for receiver protection the spark gap can-
not be relied upon to strike immediately. When lag in striking
occurs enough power may pass to the receiver to burn out the crystal.

4 modified form of cell (American type 1B.24, British type
CV.221) which affords satisfactary protection of the crystal is shown,
diagrammatically, in Fig. 245. It is used at 3 ams wavelengths and
breaks down at weasker field strengths than those required for the
CV,1l5 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 AN 7 sea
coupled at each end by o ]

/ /
FLANGE
Ve

WAVEGUIDE
)

slots. The cell cavity ™~
is separated from the two
portions of the waveguide

T0 GLASS g i —_GLASS FROM
by glass windows, It is RECEIVER ™ WINDOW nr A o WINDOW  ~“TRansmiTTER
brought to resouance by AT

. S T~ :
adjusting the separation NEON CAS AT FLEXIBLE WALL

LOW PRESSURE L
\TUNINC SCREW

of the two spikes that
project into it as shown,
the upper spike bei
houoﬁf” ';phis ad;ju:%ment Fig. 245 - Adjustable T/R cell.

is scoomplished 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 cell, a glow discharge is kept running between the probe and the
inner wall of the upper spike, This spike nas a hole in the end and
electrons diffuse from the glow discharge into the space between the
spikes to provide the initial ionisation from which whe high Ifrequency
discnarge is able to build up without lag. A high resistance 1s
included in series with the probe to limit the g ow discharge, buc 1ts
value must be chosen to avoid an intemmittent discharge, for then the
protective action might be vitiated; {compare Flashing Neon,

Chape 10 Sec. 1 and Chap. 19 Sec. 10). The cell permits weak signels
to pass unaffected but blocks strong signals.

A soft rhumbatron may also be used as a T/R oell, in a
marmer similar to that suployed in transmission line circuitvts. In-
stead of the resonant cavity being coupled by means of pick-up loups,
as described in Chap. 4; windows are used, the whole cell being
tuned by the cavity tuning adjustment. The arrangement 18 furtaer
degeribed in Sec. 50.

45, Reflectors in Waveguides

Various reflecting diaphragms are depicted in Fig. 246,
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Wren each is compared with the corresponding resonant diaphragm of Fig.243,
it will be observed that the reflectors are obtained by an interchange

of' the metal and the open portions of the diaphragms followed 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,

tg:

@) (b)("u) ©)tn) GG

I+

Fig. 246 ~ Reflecting diaphragms.

the eleutrical behaviour of the thin ring in Pig. 246 (c) may be
compared with that of* its counterpart, the thin circular slot of

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

Reflecting
rings form very con~
venient mechanicsl
awitches for diverting

power alternately from S ™ ~__~
one branch in a wave- 3?_—"3?;" g 7
guide to another. The 3 o b
suall inertia of the T 1
switches allows them to

be turned at high speed.

Two exsmples of the use

of ring switches are @ b

given in Fig. 247. The

reflectors must-be
sitioned as showm in

ﬁg. 246 in order to Fig. 247 - Use of rotating

reflect almost completely diaphragm for switching.

the incident wave and

nust be turned through a

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

are to allow the incident wave to be propagsted wndisturbed, This may
be achieved if the iris is rotated sbout the horisontal transverse 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

(Fige. 246 (d) to fit into the waveguide crouss section: Its total
perimeter is still of the order of one wavelength.
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REFLECTIONS FROM JOINTS AND BENDS IN WAVEGUIDES

46. General

In radar a magnetron oscillator is often connected directly
to a waveguide so that the circuit load on the magnetron is the im-
pedance which the waveguide presents at its input ends It is explained
in Chap. 8 Sec. 41 that the frequency of oscillation of a magnetron is
peculiarly sensitive to the nature of the load, If therefore any
irregularity is present in a waveguide, 30 as to cause a reflected wave,
it may produce an effective impedance at the magnetron end which will
cauge the oscillation t0 take place at some undesirable frequency.
This control of the frequency of oscillation by the attached waveguide
is called Frequency Pulling, When a long run of waveguide ig -employed
an additional effect called Frequency Splitting is observed when the
termination reflects a wave down the guide, This effect does not
appear when ‘»'/?\g is small,

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

47. Waveguide Joints
%}_4 At wavelengths of 9 and 10 centimetres coupling between two
s

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

FLANGES IN CONTACT

O O O

WAVECUIDE WALL
-——

Ol
(SHAGED) WALL OF WALL OF
LEFT HAND  RICHT HAND
WAVECUIDE WAVEQUIDE

1 Q00O

I \ JUNCTION
FLANGE ggt; FOR CLAMPING

@

®

Fig, 248 - Flanges for commecting
waveguide seotions,

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

The principsl causes of reflection at these Jjunctions are :-

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

located accurstely.

(11) Gaps between the waveguide walls across the junction
either due to imperfections in the plane surfaces of the flanges or
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bessuse they nve oot lush with the ends of the guides. Fig. 249
indicates what may ¢~ciw when the
flange faces are not scocurately plane,
The flanges sre in contact at C but
have left a gap at G between the
waveguide wallse The two flange
faces between G and C may be re-
garded as a pair of transmission
lines of length { and short-
circuited at G, so that if by Ik
chance { is spproximately equal to G waLL Ofoe
A /) ( A = free-space wavelength) ¢
an E antinode and an H-node occur
at the gap G There is therefore -
a discontinuity in the transverse giﬁ' tghglanf;::egularity
component of H in the Hjj-wave in oo

the guide at G, and therefore elso

in the longitudinal wall current. Such a gap causes a serious re-
flection, Conmsequently, the faces of the flanges should be made as
nearly as possible accurately plane and parallel. Alternatively a
copper gasket fitted between the flanges may be used to ensure good
contact.

RINGC NUT

HOLE FOR
DOWEL - DOWEL PIN
PIN ™~
/

P l‘/\JUNCT!ON fWAVE cuiDe]
i ; !L ] =
WAVEGUIDE % “
WALL RiNG //"

Fige 250 - Coupling unit far
A = 3 cms.

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

As mentioned above and illustrated in Fig, 249 a commnon
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 Jjoints,
commonly called choke or capacity Jjoints, is shown in Fig. 25l. &n
L-shaped recess GBA is formed by suitably shaping the surface of one
of the flanges, the other remaining plain. This recess follows the
contour of the section of the waveguide wall end may be employed with
either circular or rectangular waveguides.

280



Chap.5, Sect.47,48

The lengths BG 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, iy
the short-circuit at A is trans- ‘
ferred to G where the standing l

wave in the recess produces an H- / - -
antinode, The transverse caupon-— /fﬁ/}%ar N 3
ent of H in the wave thus remains i ST
continuous across the gap. Hence, WAVEGUIDE

equal longitudinel currents flow ®H

into and out fram the gap as e
indicated, and no reflected wave %

is generated in the waveguide at e

Go s}

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

The Double l\f; Tuning Plunger indicated in Fig. 252 achieves both
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