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Dear Reader:

For the first time in the history of NAB Annual Conferences,
Proceedings are being published ahead of the 1983 Conference in
Las Vegas for your use during and after the Conference.

These Proceedings present the 1983 technical state of the
industry. Within this document are papers on important technical
issues concerning all broadcasters (spectrum management and satellites),
timely papers on new uses of our broadcasting spectrum (FM-SCA,
digital audio and advanced television systems), reference papers
(technical descriptions of five AM stereo systems), and state of the
art papers on interesting and useful new technology in radio and
television broadcasting.

Take the time to read and learn from the technical papers within
this volume. To a large extent, the future of our industry depends
upon your desire and ability to understand and implement the new ideas
and technology presented here. In many respects they are blueprints
for our future; a how-to manual of success, and a useful reference
manual to compliment the NAB Engineering Handbook.

We at NAB are proud to publish these Proceedings. Your comments
on any of the papers or any aspect of the '83 Convention are always
welcome.

Best personal regards,

Thomas B. Keller
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Reducing Operating Costs and Improving
Performance in Older THF Transmitters

David C, Danielsons
Harris Corroration

Quincy, 11.

The cost of operating a UHF broadcast station today has risen
sharply over the past several years., Electrical companies have
been granted large rate increases, some of which are on the order
of 30% to E0%. This means that for a EEkW station, running 16
hours rer day, the electrical bill can exceed $5500 per month at
$.06 rer kWhr, These rising operating costs have forced the
broadcaster to look for ways of imrroving the efficiency of the
transmitter,

Tocay's technoloegy now provides the means for the broadcaster
to reduce his oreratine cost, while at the same t*me improving the
performance of his transmitter. Three methods now exist by which
this may be done.

I'he klystrons shipped today by reputable manufacturers will
usualy exceed thelir efficiency srecifications becauvse the speci-
fied efficiency always represents the minumum rerformance a manu-
facturer is willing to ship. Also to insure low rhase distortion
and good linearity the klystron is never orerated near saturatjon,

By orerating the klystron closer to saturation one can egain
higher efficiency, at the exrense of increased distorti~n. Filgure
1 shows a klystron orerating near saturation and the resulting
increase of distortion. There i1s of course a4 trade off between
efficiency and distortion and this is where new technology comes
In to play,

New exciters are available which far exceed their predecessor
in correction capability. These exciters can easily correct the
distortions introduced by the klystron when it is operated near
saturation, Todays exciters are capable of correcting up to 20%
of linearity distortion and 10 degrees of rhase distortion, the
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Figure 1

Operation of a klystron near saturation,

Note the sync compression,



two most prredominant nonlinearities of the klystron.

Thus, by careful adjustment of his ecuipment, a skilled
broadcast engineer can often lncrease the efficiency of his
transmitter with out sacrificing picture cuality,

Combining the mod anode rulser with the new outrut loading
and tuning has shown that beam power can be reduced by up to 359,
This reduction in beuam power cuts the orerating costs of a UHF
station significantly. For a ¢FkW station this Imrlies a savines
of 31400 per month,

In a klystron the beam is velocity modulated by the input
cavity and after some distance a comronant of the current aprears
as an amplitude modulation of the beam density. The intermediate
cavities enhance this modulation so that at the output cavity the
electrons are forced into tight bunches, At the output cavity
the electrons are slowed down or stopped as their velocity is
transformed into power by the outrut courling presenting a resis-
tance to the density amplitude modulated componant of the beam.

When the current is reduced, less electrons are available to
be modulated and this causes a reduction in the density amrlitude
modulated component of the beam, In order to recover the maximum
amount of eneregy from the bunches, a higher resistance must be
rresented to the beam at the output ecan.

By rlacing a matching network between the outrut courling
and the rf transmission line, the resistance rresented to the
beam can be changed. A4 shorted stub, located 3/8 of a waveleneth
from the outrut loopr of the klystron , can chance the resistance
seen by the gar without presenting any reactive compinent which
would chanee the resonant frenuency of the output cavity. Fileure
2 shows how this occurs on a Smith Chart. TIf the length of the
stub is 1/4 wavelenegth, then no susceptance is presented to the
transmission line. When the stub is lengthened, 1t presents a
capacitive susceptance to tihe transmission line. The 3/8 wave-
length line between the stub and the output loop transforms the
suscertance into oure conductance,

A matching network of this type was constructed by Varian
Associates, Inc, It consists of a section of transmission line
3/8 wavelength long and a movable shorted stub, Figure 3 shows
the basic construction of the coupler.

The coupler was tested in a Harrlis TV-FEU color transmitter
orerating on channel 26 with an output power of FEkW, The per-
formance of the transmitter was measured without the coupler and
without the pulser, Table 1 shows the transmitter performance
in this configuration, Figure l shows the transmitter tuning,

The coupler was swept on a bench and the stub was tuned
for 1/l wavelength, 'The courler was installed in the trans-
mitter and no change in performance was secn,
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Original transmitter tuning.

The length of the stub was increased by a small amount and
an increase in output power was seen and a increase in sync over-
shoot and sync ringing was seen. By widening the klystron's
bandwidth with cavity's 3 and 4, and tuning cavity's 1,2,5, for
a flat passband, the increase in sync overshoot and ringing,
caused by the raise in the resistance presented to the beam, was
canceled.

Beam current was then reduced to lower the outrut rower to
ECkW, Cavity's 1,2,%, were again adjusted for a flat rassband
to compensate for the change in tuning caused bv the reduction
in beam current,.

This rrocess was revmeated until a veake in efficiency was
found, Final cavity tuning is shown in ficure € With this

P

tuning and cavity loading beam input power was reduced by 28kw
and peak of sync efficiency was raised to 48%.



Ficure €

Final klystron tuning with variable visual courler.

The rulser was then turned on and ad justed, beam inrut
power was reduced by 29kW and peak of sync efficliency raised
to 62%. Table 1 compures the transmitters performance before
and after, Filgures 6 thru 10 are actual photographs of the
trunsmitters response at 62% peak of sync efficiency.

Figure 6
Horizontal interval shows sync overshoot of
less than 2%,
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Figure 9

2T Pulse response shows a 1% K Factor.

Figure 10

Corrected incidental phase is kess than 0.50.



Parameter

Output Power
Beam Voltage
Beam Current
Beam Efficiency*
Diff Gain

Diff Thase
Incidental Phase
2T K Factor
Delay 12,57

Low Freo, Lin,
Reg., Of Output

Variation Of Output

2%

Feak of sync

Table 1

No Coupler

No Pulser

EEKW
2L.1kV
6A

387

Coupler

Pulser

EEkW
2l 1kV
3.65A
627

29,
0.5°

L

c©O

=l



Figure 11

A gide view 6f the klystron shows the variable
load coupler in a Harris TV-FEU transmitter,
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During the previous year several UHF broadcasters have
retrofitted their transmitters for efficiency improvements,
Among these retrofits are the installation of pulsers in RCA,
G.E., and Harris transmitters, Fower savings have been sub-
stantial, for exumple WETK, Burlington, Vt. reduced power input

by 317 on their RCA-TTU30A,

Variable visual couplers have also been retrofitted in Harris
transmitters and are soon to be installed in RCA and G.E. trans-
mitters. Fower savings here are also high, WHRO, Norfolk, Va,
saved 18.5% by adding a coupler to their BTFFU,

The largest savines have accured by adding both pulsers
and visual courlers. WUHF, Rochester, NY., saved 38,89 by
retrofitting his TVECU,

Table 2 shows a tyrical 1list of several UHF broadcasters
who have retrofitted thelr transmitters with pulsers or couplers
or both,

Fulsers have been relatively easy to install in UHF trans-
mitters., 1n a Harris transmitter the vrulser mounts directly
to the rear of the visual cabinet, see Fiesure 11. For the RCA
transmitter, pulsers were also mounted on the rear of the visual
cabinet but on a hince so that access to the klystron and magnet
was available, see figure 12 and 13. The resistor divider
network was mounted on a aluminum panel and suspended from the
ceiling in the H.V, cage., Figure 1l shows the pulser mounted
to a G.E. 60kW,

Eigure 11

Mod anode puvlser mounted on rear of a Harris
Uhf transmitter,



Figure 12

Fulser mounted on the rear of the visual
cabinet on WVIA-TV's RCA-TTU30A,.

Figure 13

Pulser hinged out to gain access to klystron
and magnet,

13
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Figure 1l

Aluminum panel with zener board, resistor
divider, motorized pot., Fanel is mounted
in H.V, area.

&P
- /

T L Y
v

Figure 1€
Fulser mounted overhead on a G.E. 60kW at
WEDW-TV, Bridgeport, Connecticut,
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UHF RETROFIT EFFICIENCY IMPROVEMENTS

BEFORE AFTER
CALL CITY, STATE CH | XMTR TUBE BEAM I | BEAM V| POWER EFF X MOD BEAM I POWER POWER POWER EFF %
LETTERS TYPE TYPE (4) (KV) CONS TYPE CONS SAVING | SAVING
(KW) (KW) (KW) %

WVTA Windsor, VT 41| TTU30A | VAB9OH 4.7 19.0 89.3 33.6 P 3.3 62.7 26.6 29.8 47.8
WETK Burlington, VT 33| TTU30A | VABI0H 4.85 19.0 92.2 32.6 P 3.35 63.7 28.5 31.0 47.1
WHRO Norfolk, VA 15( BT55U VA953G 6.5 25.0 162.5 33.9 C 5.3 132.0 30.0 18.5 41.5
WSNL Long Island, NY 67] BT55U { VA955G 6.8 24.0 163.2 33.7 P 5.0 120.0 43.2 26.5 45.8
WFLX West Palm Beach, FL| 29[ TV55U VA953H 6.4 24.0 153.6 35.8 P 5.3 127.2 26.4 17.2 43.2
WFLX West Palm Beach, FL| 29| TV55U VA953H 6.4 24.0 153.6 35.8 C 5.4 129.6 24.0 15.6 42.4
WFLX West Palm Beach, FL{ 29| TV55U VA953H 6.4 24.0 153.6 35.8 P/C 4.65 111.6 42.0 27.3 49.2
WAWS Jacksonville, FL 30| TV55U VA954H 6.4 24.0 153.6 35.8 C 5.5 132.0 21.6 14.1 41.6
WAWS Jacksonville, FL 30 TV55U VA954H 6.4 24.0 153.6 35.8 P/C 4.2 100.8 52.8 34.4 54.6
WUHF Rochester, NY 31} TV55U VA954H 6.7 24.0 160.8 34.2 P 5.5 132.0 28.8 17.9 41.6
WUHF Rochester, NY 31| TV55U VA954H 6.7 24.0 160.8 34.2 P/C 4.1 98.4 62.4 38.8 55.9

MODIFICATION CODES:

P=PULSER C=COUPLER P/C=PULSER + COUPLER
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UHF TV TRANSMITTER PLANT ECONOMIES

John H. Battison

Director of Engineering

WOSU Stations

Columbus, Ohio

Most of the educational/non-commercial television stations operate in the
UHF band. At one time the UHF transmitter operator had a very tough row to hoe,
not only because of alleged inferior reception but also because of the horren-
dous cost involved in generating megawatts of power in an effort to compete
equally with his VHF brethern. The UHF's burden falls twice as heavily on the
educational/non-commercial operator. We have to contend not only with greater
viewer resistance and dimishing state or independent operating budgets, but
also decreasing support from the various parent university licensees. For these,
and other reasons, it has become even more essential for the non-commercial
operator to practice every possible economy in these days of exorbitant power
costs.

As UHF television transmitter design has continued to improve, tremendous
improvements in reduction of power consumption and improvement of efficiency
figures have been promulgated. If one believes everything that we hear it is
now possible to obtain as much as 60% efficiency in the UHF television trans-
mitter! That is wonderful if you happen to have a new "state of the art"
transmitter. Unfortunately, many of the educational stations are the posses-
sors of old, very far from state of the art equipment. WOSU-TV, and WPBO-TV
our Portsmouth satellite both use old GE transmitters which were designed about
15 years ago. WOSU-TV in Columbus, Ohio has a 60 KW transmitter and WPBO-TV
has the 30 KW version which sports only one Klystron in the visual stage.

The operators of these old transmitters remind me of owners of an older
house where heat is lost through inadequate insulation, and leakage through
walls and windows. It is surprising what economies can be effected around the
transmitter plant itself, even before one pays attention to the transmitter,
by shutting off leaks of a few kilowatts here and there.

At WOSU-TV I discovered that the transmitter building did not have a main
disconnect switch! The specifications that I unearthed showed that a main dis-

17
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connect switch had been called for, but somehow it had not been installed, and
the state electrical inspectors had failed to note its absence! This in itself
may seem a small thing. However, it involved us in about $2500.00 in repair and
overtime costs, as well as a very uncomfortable 12 hours in an unheated building
working inside and out in many inches of snow replacing a burned out primary
feed. Because there was no disconnect, the main breaker had been overworked as
a means of disconnecting the transmitter at the close of each operating day.
Over the years this improper use had worn the breaker so that one day -- natur-
ally it was below zero and had been snowing hard -- it caught fire. The result-
ing fire burned the cable insulation, ruined the breaker, the three phase
metering transformers, and in general caused a lot of problems on a below zero
Saturday afternoon and evening! As I shall relate later in this paper this lack
of disconnect had been costing us wasted power for many years.

If you mention the word "economy" and UHF transmitter operation in the
same sentence most engineers will immediately think of improvements in trans-
mitter efficiency. This is natural, because by their training, engineers are
predisposed to look toward efficient operation. The use of hundreds of kilo-
watts of power with a transmitter output of 25 to 60 KW certainly galls the
economy/efficiency minded engineer. His immediate reaction is to start looking
for ways of improving transmitter circuitry and operating parameters in efforts
to raise the operating efficiency above 30%!

Unfortunately, owners of older and more inefficient transmitters are
frequently circumscribed in their choice of improvements. Therefore after
doing as much as possible to improve the transmitter the only other place to
look is in the operation of the transmitter plant itself. It is here that
surprising reductions in total power consumption can be made by careful use of
load control philosophies. The normal method of measuring power consumption as
used by the power companies is to install a demand meter and the usual con-
sumption meter. Methods of power consumption and charges therefore, vary in
different parts of the country and in even different parts of the state! We
operate WOSU-TV in Columbus, Ohio and WPBO-TV in Portsmouth, Ohio. Each
transmitter is supplied by a different electric power company. Each company
has a different method of calculating power costs. But each method has some-
thing in common. The higher the demand meter reading, the higher the overall
bill.

In Portsmouth every kilowatt of demand costs us approximately $5.00. 1In
Columbus the demand after the first 50 kilowatts, which cost $520, is approxi-
mately $5.00 per kilowatt hour. This demand meter reading is also used in
calculating the total power consumed, for billing purposes. The power company
has explained to me several times the method of applying the demand figure to
the calculations. It is a little complicated and certainly quite time con-
suming, so I shall not go into it here. The important thing to remember is to
keep the demand meter reading as low as possible. Every kilowatt that meter
reads will cost another $5.00, or more, depending on your local supplier.

I mentioned differences in applying the demand meter reading to power
consumption calculations. In the Columbus area the demand meter records the
highest figure used in a half-hour period. At Portsmouth, the demand meter
records the highest figure used during a fifteen minute period. These figures



are progressive in that if the highest demand recorded in a given month is 150
kilowatts and a heater load of, say 20 KW, comes on for 35 minutes you will be
charged an additional 20 KW at $5.00 per kilowatt hour, or $100.00. This is in
addition to the consumption recorded on your regular meter. Thus 35 minutes use
of an electric heater has increased your month's power bill by at least $100.00!
Pretty expensive comfort isn't it? Now in the case of our Portsmouth trans-
mitter it would have taken only 20 minutes to hit the $100.00 mark because of
the shorter, 15 minute, demand meter measuring period.

The main thing that becomes apparent is to keep demand figures as low as
possible, and avoid putting additional power consuming equipment on circuit
when the transmitter is in use. When the transmitter is not operating, any
loads totalling less than the transmitter's normal consumption will not affect
the demand meter. Similiarly, once a given reading has been reached on the
demand meter a combination of loads totalling less than this recorded figure
will not change its reading.

Our transmitters at Columbus and Portsmouth are both manned; therefore
human comfort must be considered in addition to environmental requirements for
the transmitters. Normally there is sufficient heat from the transmitter in the
winter to keep the operating areas at a comfortable temperature; thus additional
heat is very seldom required in the daytime. At night, between sign-off at mid-
night and sign-on at 6 a.m., electric heaters (50 KW) come on as required to
maintain a reasonable temperature and to prevent freezing of the transmitter
coolant. I found that in the past these heaters were frequently switched on
while the transmitter was sti1ll operating. This resulted in a load overlap so
that our demand would go up by 50 KW! Careful observation by the transmitter
crew of load control eliminated this problem.

In the summer, air conditioning is necessary to maintain a reasonable
environment. Fortunately it has been possible to control the compressors so
that they run for less than half-an-hour at a time in the case of Columbus,
thus keeping the recorded demand tc a minimum.

In the case of our Portsmouth transmitter, where the demand recording
period is only 15 minutes, such short compressor '"on" time is usually im-
practical and in the summer we have to live with the increased load.

Another source of unnecessary power consumption can be found in the heat
exchanger system. Our GE transmitter came with two heat exchanger pumps for the
60 KW unit. Much of the year it is possible to run with only one pump load in
use. This gaves us 9.1 KW per hour. As soon as the Klystron temperature
reaches 145 the second pump comes into circuit. Unfortunately this was not
possible for our 30 KW transmitter at Portsmouth, because only one pump is
used.

Another 7.5 KW leak was discovered at the voltage regulator. Again,
because of errors in the original installation over 10 years ago, provision had
not been made to disconnect the voltage regulator when the transmitter shut down.
Therefore, all through the night when the transmitter is not in use the voltage
regulators continued to operate and impose a load of 7.5 KW. 1Intelligent re-
wiring and reconfiguration of control circuits eliminated this unwanted load!



20

It might be interesting to consider for a moment electrical wiring
considerations in transmitters. Many of us are not fortunate enough to be 1in
on the ground floor, and able to plan and design our transmitter installations
exactly the way that we would like to have them. Usually we inherit somebody
elses' "baby'", which may or may not be a well disciplined infant! It is very
easy to go into an installation and, taking an overall view, continue to act on
the assumption that your predecessors were very power cost conscious, and had
done everything to ensure the highest efficiency of operation. 1In our case, it
was not until the energy crunch came that we looked into sources of unwanted
loads and wasted power. 1I'm not advocating a penny pinching, skinflint, miserly
type of operation in which everybody has to switch off lights the second they
leave a room because this can be self defeating. There's an old adage "take
care of the pennies and the dollars take care of themselves". Today with
energy costs being what they are,saving the odd two or three hundred watts can
add up to a sizeable sum. Merely changing over from incandescent to fluorescent
lighting can make a noticeable change in power consumption if the area to be
illuminated is large. Of course, the cost of the changeover must be weighed
against the power costs saved, and the pay-out period has to be reasonable.

Now, turning to the transmitter itself; what can one do to improve its
efficiency? Probably the first thing that comes to mind these days is to add
mod pulsing. This is fine -- if you have a reasonably new transmitter that
uses IF modulation and is easily adapted to this modification. Another change
that can be made is switching from internal, to external, cavity Klystrons.

This involves the addition of new magnetics and poses problems of tube compati-
bility and interchangeability. For example, our 60 KW transmitter uses three
Klystrons, one in the audio and two in the visual PA. The question of changing
from internal to external has to be considered in light of the tube complement.
Another possibility is the installation of output couplers. Again, the feasi-
bility of this modification depends on the type of Klystrons used and the trans-
mitter itself.

Many of the older transmitters employed bias supplies to the modulating
anode whose output voltage was controlled by taps. This provided adequate
control of voltage so that the transmitter operated properly but, perhaps, not
at maximum efficiency. We bought two of the variable power supplies made by
George Townsend and immediately were able to save nearly two amps at 18.5 KV
through proper adjustment of this voltage. No compromises in terms of band
width standards were made, and this resulted in a savings of about 30% of our
previous power consumption.

Another device that we added, while not being strictly in the field
of power consumption reduction, certainly earns a place for itself in the area
of operating costs reduction. From about 1978 on we began to incur multiple
power surges, spikes and all kinds of line disturbances on our primary power.
This became so bad that we began to lose stacks of 50 rectifiers at a time.
Conversations with the power company had no effect. So we installed a set of
the late Duffy Wilkinson's surge protection equipment. Whether it was just
luck, providence, some cooperation from the power company or just the plain fact
that Duffy's surge protector works, we haven't lost a single diode since then'
The $1,000.00 that it cost for the surge protection equipment was very well
worth it in terms of overtime hours, replacement parts and general morale.



We looked into the use of mod pulsing with our transmitter and for a
couple of years it appeared to be completely out of the question because of the

need to spend about $100,000.00 for a new driver that would enable us to use it.

We also considered the use of two English Electric 55 KW high efficiency Kly-
strons in place of our two 30 KW Klystrons in the Columbus transmitter. Un-
fortunately although this would have resulted in considerable operating
efficiency, the cost of new magnetics required made the project unrealistic in
terms of return on our investment. Even although Harris has now come out with
a replacement driver stage at a very reasonable price, the cost of the driver
stage, and adding mod pulsing, would still run well over $100,000 per trans-
mitter and I don't feel that we would recoup our investment before the trans-
mitters are scrapped. Therefore we have decided to operate our transmitting
plant as efficiently as possible until replacement funds for the transmitters
become available. In the case of the Columbus transmitter we have applied for
a grant to replace the antenna, transmission line and transmitter. At this
point we are concentrating, and have been for the last few years, on obtaining
the most efficient operation possible. This has resulted in overall plant
efficiency of about 40% which is a great improvement over 25%.

I've not touched on one improvement that is usually beyond the scope
of the average station unless they happen to be in a very fortunate situation.
We use 6 1/8" coax to the top of our 1000 ft. tower. Everyone knows losses in
a line of this size at 600 mHz are not negligible. Part of our new project is
the installation of waveguide. Fortunately our tower 1s stressed to carry this
at the size required, and we shall have the choice of maintaining our ERP and
reducing operating costs, or increasing ERP and reducing our operating costs
to a lessor extent through the power losses that will be eliminated in the
waveguide.

A closing point of interest 1s that Channel 28, WITE-TV, will be
joining us on our tower this summer. In the meantime, a new building is under
construction to house their transmicter as well as our new one. We are
planning joint use of circular waveguide to serve both WOSU's channel 34 and
WITE's Channel 28 antennas. Fortunately the tower was planned by foresighted
people many years ago and it was designed for three antennas and assoclated
transmission lines.
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New Developments In High Efficiency

High Power U.H.F. T.V. Klystrons

Dr R Heppinstall
English Electric Valve Company Limited

Chelmsford Essex England

Introduction

The prime interest of the U.H.F. T.V. broadcaster is to transmit a signal
which meets the required specification at minimum cost. The cost of ownership
of the transmitter itself is therefore of considerable importance to him and a
significant contribution to this is the operating cost of the high power
amplifier. Klystrons have performed admirably in this service for many years,
with a well proven record of long life and reliability. During recent years
klystron manufacturers and transmitter manufacturers and users alike have been
investigating various improvements in klystron design and operating techniques
directed towards achieving an appreciable increase in klystron efficiency with
consequent reductions in the overall operating cost of the transmitter.
English Electric Valve Co. is currently carrying out a comprehensive development
programme in this field and this paper describes some of the results obtained
from this work.

Sync. Pulsing

The operating efficiency of a klystron amplifier in a U.H.F. T.V.
transmitter can be defined as the ratio of peak sync. output power to average
beam power. It can be increased appreciably by adopting the sync. pulsing
technique. This consists of pulsing the voltage of a suitable electrode in the
electron gun of the klystron so that the beam current and hence the beam power
is high during the sync. pulse period and much lower during the picture period.
This technique can be applied to three types of electron gun design which can
be characterised by the magnitude of the voltage swing required to produce the
required change in beam current.
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Investigations have been carried out on klystrons having electron guns of
the traditional design in which the modulating anode is pulsed. Relatively
large voltage swings are required but nevertheless this technique has become
established as economically viable, particularly in high power transmitters.

Recently klystrons have been manufactured in which the electron gun
incorporates a beam control device (BCD), similar to the focus electrode in the
conventional electron gun. When this BCD electrode is connected externally to
the cathode the klystron's performance characteristics are the same as that of
a standard klystron. However if a negative voltage (with respect to cathode)
is applied to the electrode the beam current is reduced. Medium amplitude
voltage pulses are required to produce significant beam power savings.
Klystrons incorporating beam control devices are now in production.

Another arrangement for producing changes in beam current is to incorporate
a shadow grid structure in the electron gun - a pair of carefully matched,
carefully aligned grids are mounted close to the cathode surface. EEV has
produced samples of its 40kW K3217H klystron incorporating a shadow gridded
electron gun (Ref. 1). Experimental investigations, conducted under test
conditions at the BBC's Crystal Palace transmitter have provided valuable
results on the performance of a pulsed klystron in a U.H.F. T.V. transmitter.

In order to optimise the transmitter efficiency when the klystron is being
operated in the beam current pulsed mode it is necessary at all times to have
just sufficient klystron beam power available to produce the required R.F.
output signal. However there are a number of practical factors which may
provide a limit to the efficiency which can be achieved. These factors are the
klystron tuning method adopted and the provision of an R.F. drive with the
required correction features.

An experimental investigation has been made to establish guidelines on the
method of tuning the klystron for pulsed operation. The T.V. waveform is such
that the picture period is present for a high proportion (about 93%) of the
line period. However tuning the klystron to give optimum performance during
the picture period - in order to obtain the best overall efficiency - results
in an output cavity loop position which means that the loop is significantly
undercoupled during the sync. pulse period. This leads to unsatisfactory
performance. It is therefore important that the output cavity loop is
positioned so as to provide maximum output power during the sync. pulse period -
a condition which corresponds to being overcoupled during the picture region.
The klystron should then be tuned using the remaining controls to give the
required frequency response for the picture region operating conditions.

Examination of the R.F. transfer characteristics (Figure 1) shows that the
R.F. drive power needed to saturate the klystron when operated at the voltage
and current corresponding to peak sync. output power is appreciably less than
that needed under the picture operating conditions. The driver must therefore
meet this requirement. The driver must also have far greater correction
facilities than were previously necessary. During the picture region the
saturated output power of the klystron will be much closer to black level and
therefore the non-linearity of the klystron will be appreciably greater.



The results are shown in Tables 1 and 2.

Beam voltage (kV) 23.0
Beam current (A) 2.6
Output power, black level (kw) 23.5
Input power, black level (w) 4.2
Input power, peak sync. (w) 3.0
Grid voltage, black level (V) 136
Grid voltage, peak sync. (V) 416
Grid voltage swing (V) 280
Effective peak sync. efficiency (%) 70
Basic klystron efficiency (%) 40

Table 1: Gridded klystron pulsed performance.

Before After

correction correction
Linearity % 20 99
Differential Gain % 47 95
Differential Phase Deg 5 1
Peak sync. incidental phase Deg 63 4

Table 2: Gridded Kklystron : T.V. performance.

These show that an increase in operating efficiency from 40% in the
unpulsed mode to 70% in the pulsed mode has been obtained whilst at the same
time the T.V. parameters of linearity, differential gain, differential phase and
incidental phase have all been corrected. The saturated output power of the
klystron during the picture region was 24.9kW, giving a black level to
saturation power ratio of 94%. The beam power in the pulsed mode is only 60kW,
a saving of 43kW compared with the corresponding beam power of 103kW in the
unpulsed mode. This represents a saving of about 20,000 dollars per year in
electricity costs.

The possibility of full time modulation, in which the beam current is
controlled according to the instantaneous luminance level, is attractive. The
associated correction problems need careful evaluation. However, it is worth
noting that the voltage swings required on a gridded klystron would be
relatively small - a 70% reduction in beam current can be achieved at the 40kW
power level by a swing of about 450 volts. This is well within the capability
of a solid state pulser.

The pulsed up mode of operation

The underlying assumption on which the pulse work so far described has been
based is that the peak sync. R.F. output power level of the transmitter remains
unchanged. An intriguing possibility is to consider using the pulsed technique
to increase the peak sync. output power level obtained from an existing klystron.
This may be achievable by applying a positive voltage pulse to the modulating
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anode to increase the beam current during the sync. pulse period. Such a
technique is feasible only if the klystron design is capable of providing the
required performance at the higher power level. In particular the cathode must
be capable of providing the increased current, the output cavity must be capable
of transmitting both the increased peak sync. and the increased mean R.F. power
levels and the focussing characteristics must remain satisfactory.

The cathodes used in U.H.F. T.V. klystrons are often conservatively rated
and many are quite capable of providing an increased current during the sync.
pulse period. Further, during routine production testing at EEV klystrons are
driven c.w. at the saturated power level for some time, demonstrating that the
output ceramic can satisfactorily transmit higher mean R.F. power levels than
are generally experienced during T.V. transmission. The peak R.F. transmitting
capability of an external cavity is also high - EEV have for many years
manufactured an external cavity radar klystron having a peak output power of
500 kilowatts at 600MHz.

An investigation into the pulsed up mode has been made, using an EEV
klystron type K370, which normally operates at a beam voltage of 12.5kV and
a beam current of 2.8A, giving an output power of 11.5kW. Positive voltage
pulses of various amplitudes were applied to the modulating anode and the
resultant output power determined. Figure 2 shows the percentage increase in
output power as the pulse amplitude is increased. Raising the pulse amplitude
from zero to 2kV (corresponding to an increase in beam current from 2.8 to 3.5A)
resulted in a significant increase in output power. Further increases in pulse
amplitude resulted in no further significant increase in output power due to a
reduction in klystron efficiency cancelling out any expected increase in output
power resulting from the increased beam power. The beam focussing
characteristics remained good for the range of pulse voltages employed.

Based on this preliminary work it seems possible that an increase of the
order of 15 to 20% in peak sync. level may be expected from a given klystron by
adopting the pulse up technique.

A wideband 40/55kW klystron

One important factor in the cost of ownership of a transmitter is the cost
of holding spares. For many years three klystrons were customarily required
at each power level to obtain full coverage of the U.H.F. T.V. range
(470-860MHz) and this had an adverse effect on spares holding costs. EEV have
now designed klystron and circuit assemblies so that at power levels up to
about 30kW the full frequency range can be covered by a single tube - for
example the EEV external cavity K3270 klystron covers the power levels up to
15kW and the K3271 klystron covers the range up to 30kW. Essentially the
increased frequency range has been obtained by constructing klystrons using
cavity ceramics of smaller diameter together with cavities having a much
longer door travel. Associated circuit assemblies occupying significantly
less floor space were also designed.

In principal such techniques can be applied to klystrons designed for the
higher power levels. This possibility has been investigated. The initial
objective was to construct a klystron using smaller diameter ceramics and
covering the combined frequency range of the EEV K3276H and K3277H klystrons
(470-704MHz). A further design requirement was that the tube would fit inside
the existing K3276H or K3277H magnetic frame. Sample klystrons have been



designed and constructed. Specially designed cavities have also been
constructed and test work has demonstrated that an upper frequency limit of
at least 750MHz has been obtained.

Further work in hand is designed to increase the frequency range to around
810MHz and provide a new compact circuit assembly occupying only about 22" by
22" of transmitter floor space.

Reference

1. "A 40/55kW Gridded Klystron for T.V. Transmitters" by R. Heppinstall,
A. H. Whiteside and S. J. Bainbridge. Proceedings of the International
Broadcast Convention 1982, pp 101-103.
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INCREASED EFFICIENCY FROM FIVE-CAVITY KLYSTRONS

Robert S. Symons

Varian Associates, Inc.

Palo Alto, California 94303

Recent work at Varian Associates is demonstrating that the efficiency
of five-cavity klystrons can be increased significantly by changing the
cavity tunings and Q's and increasing drive power. This has been done
without making any significant changes in the outline of the tube which
would interfere with the use of the tube in existing transmitters.

It is well known that changed tunings and Q's tpgether with changes in
drift lengths can lead to higher klystron efficiency~. Such tubes will soon
become more widely available for UHF television applications. A saturation
efficiency of 59% from an experimentgl 100 kW klystron incorporating such
features was recently reported by us“. This tube, however, will not be of
much help to broadcasters who have recently purchased modern transmitters
using our 55 kW klystrons. We have therefore undertaken a parallel program
to find out what can be done to improve tubes suitable for use in existing
transmitters. 1Initial results of this program are very encouraging indeed,
and it is now safe to say that a great deal can be done.

Most people who have used klystrons are familiar with the fact that
inductive tuning (or tuning to a higher frequency) of the cavity just before
the output cavity of a klystron will increase the efficiency. This occurs
because an electron bunch in a klystron forms around an electron which
passes through the gaps as the voltage goes from being decelerating to
accelerating, so the speeded electrons catch up with the slowed ones. When
this bunch reaches the next cavity, if the cavity is tuned to the drive
frequency, and so presents a resistive impedance, the gap voltage will be in
phase with the current. As a result, a new bunch formed at this gap will be
90 out of phase with the old bunch as a consequence of the fact that the
new bunch will again form about the electron which passes through this gap
when this gap voltage is zero. The cure is to tune the later cavities
inductively so their gap voltages are out of phase with the electron bunches
and the bunching effects of all gaps are cumulative. Figure 1 shows, by
means of an Applegate diagram (named after the patent illustrator who drew
the figures for the original Varian klystron patent) how electron bunches
form in the drift space between klystron cavities and how proper tuning of a
cavity creates a gap voltage which has the same phase relation to the bunch
as did the voltage that originally formed it. 1In looking at an Applegate
diagram, it helps to realize that the slope of the electron trajectories is
proportional to the electron velocity.

31



92

From the first uses of multicavity klystrons everyone has tuned the
next-to-the-last or penultimate cavity to the high side of the drive
frequency. It has not been as generally appreciated that further increases
in efficiency could be achieved by tuning virtually all the intermediate
cavities to the high side of the operating frequency while driving the tube
harder and garder (nor has it been practical because of a lack of drive
power). We~ observed this, first, while working on a 10 megawatt radar
klystron which gave 12% bandwidth in 1958. We tried this tuning pattern
because theory predicted that it would give the greatest gain - bandwidth
product in a short klystron, but we soon found that it also gave the highest
efficiency, particularly at the low end of the band.

It turns out that efficiency at the low end of the passband is the only
place that efficiency matters in UHF television applications. The sync
pulse is essentially a pulse of power at the carrier frequency and only the
double sideband portion of the spectrum about the carrier frequency contains
significant energy. Voltages of the upper sideband components never drive
the klystron to saturation and the gain of a klystron, tuned as has been
described, is just as flat, below saturation, as that of any conventionally
tuned klystron.

After investigating the described tuning on a computer, which confirmed
the efficiency advantage, a special VA-953 was built. In order to obtain a
flat passband with the proposed tuning, a much smaller loop than usual was
used in the input cavity, and a large loop for connection to an external
load was added to the second cavity. The first and last cavities were tuned
to the carrier frequency, the second cavity was tuned to the high frequency
end of the channel and the third and fourth cavities were tuned well above
the passband. Efficiencies of about 55% at saturation were observed between
channels 14 and 29 with drive powers below 50 watts and with a variable
visual coupler on the output of the tube. This compares with about 50% for
a conventional VA-953H, represents a 10% power saving, and indicates that a
peak-of-sync efficiency in excess of 65% should be possible in a transmitter
using beam current pulsing.

When the third and fourth cavities were brought closer to the band,
gain equal to that of a standard VA-953H was achieved with slightly higher

efficiency, but the 10% reduction in input power needed the higher drive
levels.

Figure 2 shows phase-space diagrams for a conventional VA-953H and for
the special tube. These phase-space diagrams are like the Applegate
diagrams of Figure 1 except that the slope representing the average electron
velocity has been subtracted out. Notice that the bunch in the special tube
is not as tight in the drift space preceding the output gap but contains
more electrons when it passes through the output gap. Also, from the
increased spacing between electrons that pass through the output gap 180°
phase away from the bunch center, one can see that the current density on
the gap when the gap field is accelerating is substantially less, and fewer
electrons take energy from the output cavity gap and waste it in the
collector.



As a result of the higher intrinsic gain of five-cavity klystrons, it
appears that one can achieve higher efficiencies in these tubes while still
maintaining a gain that is adequate for use with modern solid-state drivers.
The lower gain of four-cavity tubes makes such a gain-efficiency trade-off

less practical.

In the future, the features of the special tube described above will be
incorporated in our line of five-cavity 55 kW klystrons.
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A DUAL CHANNEL SYMMETRICAL WAVEGUIDE SYSTEM

RICHARD E. FIORE & MARK A. AITKEN
COMARK COMMUNICATIONS, INC.

SOUTHWICK, MASSACHUSETTS

Introduction: The purpose of this paper is to describe in detail the
design criteria utilized in determining the component design of a
symmetrical waveguide system for the effective combining of dual
television channels, the problems encountered in fabrication and test,
and the final installed system operating characteristics.

The system under consideration is presently installed and
operating on a tall tower structure in Cocoa, Florida, and utilizes
square waveguide components. Two high power UHF television stations,
operating on Channel 43 and 52, are effectively radiating through
separate and isolated antennas through a single square waveguide
transmission line feed system.

A complete comparison of the square waveguide operating
characteristics relative to the conventional rectangular waveguide
and circular waveguide is provided. Hopefully, sufficient information
is presented such that the reader may fully understand why square
waveguide was selected over circular waveguide as the transmission
line medium. A treatment of the '"Cross-pole'" problems associated
with polarized waveguide systems is presented and the methods utilized
by various manufacturers to eliminate the unwanted side effects are
discussed in some detail.

General Background On Waveguide Structures: The theoretical character-
istics of rectangular, square, and circular waveguide have been well
documented and utilized by Microwave System Design Engineers for

many years. It is a well known fact that the most complete treatment
of all types of waveguide theory and applications was completely
documented in the well known and widely used "M.I.T. Rad. Lab. Series"
of technical publications. This series of publications was the end
result of a major effort extended during the pre-war years of
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World War II. This dates the effort to the period of 1939 to 1946.
To many of us, this represents a look back into history. To some
of us it represents a time when we were first utilizing these
publications as design standard reference books.

Possibly the best and most universally used handbook that was an
outgrowth of the "M.I.T. Rad. Lab. Series'" was a work compiled by
Theodore Moreno, entitled "Microwave Transmission Design Data."l
This writer can well recall one of his associates once saying that
the only qualifications necessary to be a Microwave Design Engineer
were to have a sharp file, a firm hammer and a copy of Moreno's
Microwave Transmission Design Data Handbook. To be sure, if one
were to be thoroughly acquainted with the contents of Moreno's
handbook, one would certainly qualify as a practical microwave
component design engineer. Mention of this reference text is
brought to the readers attention since a selection of topics and
time proven formulas relevant to this paper were obtained from it.

For purposes of this discussion, only symmetrical hollow pipe
waveguide structures will be considered. Of specific interest is
square and circular waveguide. It should be noted that all hollow
pipe waveguide structures are subjected to the same physical laws in
determining their individual basic operating parameters. It is only
man who manipulates these physical qualities to suit his individual
intent and purpose. For example:

(1) All uniform hollow pipe waveguide structures are high pass
devices by nature. This means that they exhibit a minimum
low frequency of operation at which all propagation ceases
to exist. This frequency is designated as the cut-off
frequency and is a function of the waveguide physical
dimensions.

(2) All uniform hollow pipe waveguide structures are phase
dispersive. This is to say that the wavelength in waveguide
always exceeds the free-space wavelength and as the operating
frequency approaches the waveguide cut-off frequency, the
guide wavelength becomes increasingly greater and reaches
infinity at low frequency cut-off.

(3) All uniform hollow pipe waveguide structures exhibit
desirable impedance and insertion loss characteristics.
Some guides offer exceptional characteristics depending
upon physical dimensions for a given mechanical config-
uration and frequency of operation. Strangely enough,
all hollow pipe waveguide structures exhibit decreasing
insertion loss characteristics as a function of increasing
frequency of operation; a characteristic that is exactly
opposite to that of coaxial transmission line systems.

1Refer to list of reference articles in Appendix



(4) All uniform hollow pipe waveguide structures are capable
of exhibiting undesirable operating characteristics.
Some are able to be controlled by exercising proper
theoretical conditions; some are inherent and difficult
to eliminate on a practical basis and some will never
absolutely be eliminated and the design engineer will
have to live with the resulting consequences.

Consideration of items (1) through (4) are essential in
developing the rational for selecting square waveguide over all
other types for a dual signal propagating medium. It will be shown,
hopefully to the readers satisfaction, that item (4) is the over-
riding consideration. A thorough understanding of item (4) by the
cautious and knowledgeable consultant engineer will enable him to
avoid the pitfall of selecting unique waveguide systems requiring
sophisticated mode suppression techniques to provide long term,
trouble free operation.

Introduction To Basic Theory of Symmetrical Waveguide: The require-
ment of signal isolation by geometric means and the subsequent
propagation of orthogonal polarized signals immediately precludes

the use of coaxial transmission line, rectangular, eliptical and
single ridge waveguide structures. The necessary criteria for the
required propagation requires axial circular symmetry about the
transverse axis of the hollow pipe structure. Since actual pure
single mode propagation is allowed by controlling physical dimensions,
triangular cross sections are ruled out. This leaves square, circular,
and a wide variety of the '"zgonal" family. Such devices having
hexagonal or octagonal cross sections will work, but the utilization
of even sided cross sections will result in the optimum circular
cross section as a limit, hence, let us consider circular and square
waveguide as the ideal structures for this discussion.

It is now essential to the discussion that the electrical and
mechanical properties of circular and square waveguide be evaluated
on a comparative basis.

Operating Bandwidth: Theoretically all waveguides can be operated
from their lower limit cut-off frequency to their upper limit cut-off
frequency, (fco), defined as that frequency, if exceeded, will

allow the waveguide to support the next higher mode. Practically,
for rectangular and square waveguides, it is advisable to limit the
band of operation to:

Low Frequency Limit = 1.2 x lléggg , (MHz)
High Frequency Limit = 1 8 x llfggg , (MHz)

Width of the waveguide
in inches

_*_ f Where: a

RECT. |b= SQUARE | b=Q.

[-e—Q_—.-[T _*_ b Height of the waveguide
I-.-Q_.-l in inches

For square waveguide a = b

NP
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Example: Compute the operating bandwidth of WR1500 waveguide

Low Freq. Limit = 18180 - 472wz
Upper Freq. Limit = 21%%59- 708 MHz

Which yields an available useful bandwidth of 236 MHz.

Therefore, the usable bandwidth is computed to be 472 MHz to
708 MHz. If the interested reader checks further into bandwidths
recommended by manufacturers for broadcast television purposes, he
will discover that the usable bandwidth is further reduced to guard
against:

(a) High attenuation characteristics at lower frequencies,

(b) Greater phase dispersion characteristics at lower
frequencies,

(c) More rapid impedance change at lower frequencies,

(d) Possibility of moding and loss of efficiency at higher
frequencies in complex waveguide systems.

It must be noted that the geometry of square waveguide is such
that the dominant TEjp mode will be propagated in both the horizontal
and vertical plane due to its symmetry,

Recently circular waveguide has been introduced to the broadcast
industry since it exhibits very desirably low insertion loss
characteristics and improved tower windloading factors. These
characteristics compared to rectangular and square waveguide seems
on the surface to be an answer to a '"Maidens prayer". In order to
obtain these desirable characteristics, one must utilize the waveguide
in a region of its characteristic curves that allows more than one
waveguide mode to propagate. This method is termed an "over-moded
condition" and will be discussed in more detail later in this paper.

Admittedly there are various methods of mode suppression available
to the design engineer, however the merit of these techniques should
be critically examined. The one electrical design consideration that
severely limits the practicality of symmetrical waveguide systems for
broadcast purposes is the ability of circular or square waveguides
to cross couple to their dominant modes and set up fields that are
orthogonal to the field of the dominant mode. All of the literature
available seems to indicate that there essentially is no complete
solution to this problem except to provide a mechanism for extracting
and dissipating the energy. This method of course requires that the
Cross-pole component be accounted for in the published insertion loss
data. The ITT Reference Data For Radio Engineersl states that, "In
practice waveguides capable of supporting propagation of dual-polarized

1Refer to list of reference articles in Appendix



signals are subject to cross-pole problems. In practice, wall losses,
surface irregularities and unequal transverse interior dimensions
give rise to cross-conversion of the dominant propagating mode of the
waveguide. Certain design considerations are given to minimize this
effect. These considerations deal with the frequency band existing

between cut-off and the first higher order mode frequency of propagation.

Specifically, it is recommended that the lowest frequency of operation
be 25% above the dominant mode cut-off and well below the next higher
order mode frequency.'" The definition of "Well below" is left to the
reader but would suggest 25% below as a minimum. Further clarification
of the subject is given by Morenol on Page 118 of his handbook.

This reference clearly states that, "In general, if a circular waveguide
is deformed, the wave being transmitted will split into two components
that proceed down the pipe with different phase velocities and

different attenuation. This instability will be found in all cases
except the following:

1. When deformation is along an axis of symmetry of the wave.
2. When the wave has circular symmetry (e.g., TEg; or TMy; wave).

Under these conditions, it can be expected that even the most precise
waveguide structures available will be subjected at some time or
place to environmental conditions that will cause undesirable system
problems."

In the case of circular waveguides, the waveguide useful bandwidth
limitations are more critical. The reason for this is that for a
given diameter of circular waveguide the total bandwidth existing
between cut-off and the first higher mode limiting frequency is only
a fraction of the bandwidth available to square waveguide users.
The available bandwidth is defined by:

6915 (MHz)
£ co (Lowest Freq.) = —gw-
. 9039 (MHz)
(Highest Freq.) fHCO = o

Using the same criteria as used with square waveguide concerning
the 20% frequency buffer zone above the low cut-off frequency and below
the next higher moding frequency, there would be no usable bandwidth
left. Thus, it is up to the design engineer to determine what
technical liabilities he will be subject to and make his decision
accordingly. This writers experience has shown a good rule of thumb
to be to limit the usable bandwidth of any customized circular
waveguide to:

Lowest Frequency = Z%%Q (e
Highest Frequency = §%%9'(MHZ)

Example: Determine the optimum size circular waveguide for Channel 28
(557 + 3 MHz)

1Refer to list of reference articles in Appendix
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(a) Determine diameter D in inches from

D" = %329 : fCB = 557 MHz
CB
DiUE= g%gg = 14.72" diameter circular waveguide

Which size according to available published data, indicates an
attenuation figure of approximately 0.065 dB/100'.

This data proves to be no better than that data published
for WR1600 rectangular waveguide. It should be pointed out that the
published data for circular waveguide encompasses frequencies of
operation above the frequency of the first higher order mode and
up to the frequency of the second higher order mode. This places
the user of this data in a very precarious position unless he is
fully cognizant of the pitfalls and problems associated with higher
order modes in circular waveguide.

Circular waveguide as compared to square waveguide will propagate
the dominant TE;; mode in an infinite number of planes along the
transverse axis instead of being confined to the vertical and horizontal
planes of a properly designed square waveguide system supporting the
dominant TE;qp mode.

Insertion Loss Characteristics

Typically, any comparison of insertion loss comparison calcula-
tions can be made to furnish any desired result based upon the
physical assumptions made. For this reason it is essential that
certain basic assumptions be made that allow the comparison of
""Apples to Apples' as applied to waveguides.

Contained in the appendix of this document is an analysis of
the insertion loss of circular waveguide as compared to square
waveguide; under the assumptions that:

(1) The same design frequency is used.
(2) Basic waveguide dimensions allow only the dominant
mode to propagate. This condition is imposed purely for
purposes of determining the most logical selection of
the type of waveguide to be used in a dual mode waveguide
system such as that under consideration in this paper.
(3) Pure copper conductors are utilized throughout.

The calculations clearly indicate under the conditions imposed
that square waveguide is at least 25% more efficient than circular
waveguide of the same size. This statement may cause some eyebrows
to be raised; however, under the assumed conditions, it standsas a valid
and a defensible statement.



Power Handling, Impedance and VSWR Characteristics Power Handling:
Unobstructed waveguide be it rectangular, square or circular will

handle extremely high power levels at the designed frequency of
operation. The ability of waveguide to handle power only becomes limited
when such items as resonant structures, matching (VSWR) devices and
screw tuners (threaded rods) are scattered about with wreckless abandon.
One capacitive tuning slug placed in the maximum electric field position
of a waveguide can reduce the voltage flash over by a factor of 10:1.
Even under these conditions, waveguides will more than handle any
broadcast television maximum power levels with a substantial margin

of safety.

Impedance: Waveguide impedance is the underlying reason why waveguide
is more efficient than other transmission line types and account for
its high power handling capability. The universal expression for
waveguide impedance is given by:

2og = 240'“’—12 %ﬂ (rectangular waveguide)
& ¢ b=0.5a

Rectangular waveguide impedance decreases as frequency increases
exhibiting values of 700 ohms to 450 ohms over its useful range.

Thus the principal of transferring large amounts of energy long
distances follows the high voltage low current philosophy utilized

by commercial utilities. In this case, large amounts of radio frequency
energy propagate through high impedance devices with considerably

less attenuation. For square and circular waveguides, the characteristic
impedance is normally twice that of standard rectangular waveguide.

Due to the much larger characteristic impedance, (Zo), which is
determined by physical parameters, small impedance fluctuations

due to bends, ripples or oil canning as a result of the fabrication
process has much less effect resulting in a smoothing of the VSWR
characteristic.

System VSWR: For some unknown reason, a cursory examination of

most waveguide manufacturers sales literature reveals the interesting
fact that extensive tuning of rectangular waveguide systems utilizing
individual external waveguide tuning mechanisms are required to
achieve optimum VSWR results on tall tower structures. This writer
finds the statement hard to believe, since every system designed

and installed according to the theory about to be discussed has
resulted in excellent operating results with no external tuning
mechanisms of any kind applied to the vertical run.

There are three essential design considerations that must be
understood and precisely adhered to in order to develop waveguide
systems for tall tower structures, they are:

(1) Strict attention to maintaining minimum physical dimensional
tolerances during the actual fabrication process is essential,

(2) Techniques to eliminate unwanted axial twist build-up in
waveguide structures must be developed,

(3) Each length of the vertical run must be precisely machined
to a fixed dimension; an odd multiple of waveguide quarter
wavelengths.
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Design considerations for selecting the optimum system configuration
for the simultaneous transmission of two television channels
efficiently through a single tall tower waveguide system.

Up to this point in the discussion, basic theoretical concepts
have been presented in order to acquaint the reader with the
characteristics of symmetrical waveguide. Now with the preliminaries
out of the way, the moment of truth is at hand as to what type of
waveguide structure would perform the required task most effectively.
The basic system requirements to be met are as follows:

@ Select a waveguide structure that will allow orthogonal
mode propagation with maximum isolation.
@ Select an efficient, low loss, structure.

@ Select a waveguide structure with sufficient bandwidth
that will allow optimum VSWR characteristics for two
channels separated by a minimum of sixty (60 MHz).

@® Select a waveguide structure with mechanical integrity and
as low a windload factor as possible.

Required Circular Square
Characteristic Waveguide Waveguide
Insertion Loss Good To Excellent Good To Excellent
Theoretical Poor To Good
Orthogonal With Mode Excellent
Mode Purity Suppression
Mode Free Poor Excellent
Bandwidth
Structural
Integrity § Excellent Good
Windload

The above chart was determined from the previous discussed
component system considerations. As can be expected, for a "First of
its type' system, the degree of success in achieving an operational
dual channel system would favor the use of square waveguide. Therefore
the balance of this paper will be concerned with the design criteria
basic component design and final system operational characteristics of
a square waveguide system.

System Design Objective: To design and develop a single run of

transmission line to propagate two separate and distinct high power
UHF broadcast television channels up a tall tower structure without
the utilization of frequency sensitive channel combining equipment

at the input and output terminals requires the transmission line to:



(a)
(b)

Accept polarized signals and maintain the plane of polarity.
Maintain the isolation of the polarized signals relative to
each other such that moding and cross-pole coupling does not
cause degradation of picture quality and system efficiency.

Polarized non-coherent frequencies can only be propagated through
hollow wall waveguide that is, as a minimum, symmetrical in two
orthogonal planes normal to the axis of propagation. The two most
desirable types of waveguide that will perform the required task are
circular and square waveguide supporting dominant modes in two planes

as shown in fig. 1.

As stated previously, theoretically both types of

waveguide should exhibit infinite isolation between the two modes.

TEq1;

(AA, BB)

fig. 1
B
|
A A- jue A
(o)
B
TEs,
(AA, BB)

On. .
Direction of Propagation
into paper.

In real life such a condition

is impractical and as the signals
propagate down the length of the
transmission line, mechanical
forces take over and degrade the
level of isolation as a function
of total length, This condition
in addition to flange interface
reflections and cross-pole

due to higher order moding
problems are all summed up to
form a single resultant amplitude
and phase distortion problem.

The amplitude problem takes

the form of increased insertion
loss; the phase distortion problem
results in a critical group delay

problem relative to allowable group delay of the transmitted signal.

The cause and effect of these problems are well documented and the reader
is encouraged to obtain copies of the listed referenced articles (4, 5, 6)
listed in the appendix for more information on the subject.

Once again so that the reader will fully understand the logic
behind selecting square waveguide for the propagating media of the
system under consideration, the reasons are clearly stated.

(1

(2)

Both circular and square waveguide are susceptible to
cross-pole generated signals. The fact that the square
waveguide fixes the plane of orthogonality for the two
signals as compared to circular guide where the planes

of polarization are free to rotate relative to one another
is of considerable importance.

The mode free percentage bandwidth for square waveguide

is much greater than circular waveguide, thereby decreasing
the probability of moding problems for two channels separated
by a significant percentage of the available waveguide

bandwidth,
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(3) Since propagation in the square waveguide is limited
to the TEjgp mode by design and the major planes of
propagation are defined, it is predicted that control of
the magnitude of the cross-pole component will be more
easily accomplished. In the case of circular waveguide,
a cross-pole component can exist in any plane depending
upon the rotation of the plane as function of forces acting
along the path of propagation. In a dual signal system
both signals start out orthogonal, however as they travel
along the waveguide both signals will rotate to some degree
in a random fashion, absolute control of the cross-pole
components is then a difficult problem to overcome.

(4) The insertion loss of square versus circular waveguide
is essentially the same and not a consideration.

(5) The mechanical problems in fabricating and in supporting
square waveguide on a tall tower structure are essentially
the same as those of circular waveguide. Admittedly square
waveguide would be subject to slight twist as compared
to circular; however, these problems have been expertly
examined by leading structural consultants and suitable
techniques on restraining motion have been designed and
are available for use.

Design criteria for optimizing square waveguide dimensions to
propagate two separate TV channels efficiently.

As previously discussed in this paper all single channel bandwidth
waveguide systems are usually designed to efficiently operate about
the center frequency of the television channel bandwidth under consider-
ation e.g, fo * 3 MHz. The usual procedure to derive an optimum design
is to first select the largest size waveguide that will meet all
propagation requirements including higher order moding considerations;
second, determine the optimum per-unit piece length to minimize flange
interface reflections and produce the lowest realizable bandwidth VSWR
characteristic. It has been this writers experience that if this
procedure is rigorously followed, waveguide systems manufactured to
EIA tolerance specifications for various vertical heights as shown in

fig. 2 will exhibit excellent

fig. 2 < system VSWR characteristics
without the requirement of
external tuning devices.
In the case of a waveguide
designed to operate efficiently
on two different channels
the optimizing procedure
is somewhat more complicated,
but certainly mathematically
realizable.
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Design criteria for launching two independent television channel
signals into a square (or circular waveguide) system.

As is generally the case in any system design, there is at least
one key component that allows the system to be realizable. In the
case of a dual mode system such as that under discussion, this component
is the orthogonal mode transducer.

The orthogonal mode transducer in simple terms is an impedance
transforming device which allows the low impedance rectangular wave-
guide to be coupled efficiently to the high impedance square waveguide
yet maintain signal isolation between channels. Since the signals
are to be combined at the base of the tower, they in turn must be
separated at the top of the tower when channelized antennas are employed.
Since this is the case under consideration, the system as designed
requires two orthogonal mode transducers one at the input and one at
the output to be a practical system.

The basic design criteria of orthogonal mode transducers has been
common knowledge in the field of microwave component design for many
years. This writer participated in a lengthly and complicated design of
broadband orthogonal mode transducers utilizing circular waveguide
while toiling in the ivory halls of the Radio Corporation of America
some odd thirty years ago. This work was completely documented in a
published technical paper1 at the culmination of the project. The
sum and substance of the design project was that broadband orthogonal
mode transducers could be developed which exhibited exceptional
broadband frequency isolation and low VSWR characteristics. Much of
the information derived from this design effort was later utilized in
developing a product line of very high power variable waveguide
attenuators and specialized polarized antenna feed systems.

Having this prior experience to generate the required technical
know-how it was a relatively simple task to generate a conceptual
design of the orthogonal mode transducer required for the symmetrical
waveguide system under discussion.

As is the case in all conceptual design projects, the design
engineer is usually confronted with several unpredictable design
flaws that if not solved will quickly terminate the program. Such
was the case experienced in this instance. Two problems developed

that at first seemed insurmountable. The two problems stated in simple
terms were:

i:
Refer to list of reference articles in Appendix
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1. Internal structures of the orthogonal mode transducer
caused unwanted resonance characteristics to be evident
in the operating waveguide bandwidth.

2. Mode conversion characteristics of the waveguide structures
utilized caused periodic pertubations in the Amplitude and
Phase transfer functions of the passive system components
under test.

The first of the two problems, the resonance phenomena was
determined to be due to critical septum lengths that were essential
to the operation of the orthogonal mode transducer. It is common
knowledge to those technical inclined that the presence of such resonances
guarantee undesirably high dissipation losses and unacceptable amplitude
and phase transfer characteristics. The proper solution to solving
this problem was found to be available through optimizing the dimensions
of the biforcating septum of the square waveguide structure (See
fig. 3). It was first discovered that the unwanted resonances could
be moved outside of the critical channel bandwidths under consideration.
Later on it was discovered that by extending the septum through the
transforming devices that the resonances could be eliminated altogether.
fig. 3 shows the basic geometry of the orthogonal mode transducer with
the critical septum dimensions indicated for the readers edification.
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fig. 3 ENDVIEW

The second of the two problems, the mode conversion character-
istics of symmetrical waveguide structures be they square or circular
waveguide could easily develop into a subject for a doctoral thesis
for some aspiring graduate student. Since this writer does not have
these aspirations, a more profound attempt will be made to document
the cause, effect and remedy of the mode conversion problem.



A considerable amount of information has been written concerning
the utilization of over-moded waveguide structures to obtain very low
loss waveguide system characteristics.l 1In all of these articles, the
primary concern is highlighted to be the elimination of the mode
conversion process through a number of available techniques, yet realize
that the best of available techniques are not loss free and those losses
must be accounted for when the ultimate system analysis is made.

The factors that determine the absolute amount of energy loss
due to the mode conversion process of a symmetrical transmission line
system are:

1. The basic physical configuration of the symmetrical waveguide
structure which determine the over-moding characteristics of
the system.

2. The technology utilized in designing the optimum mode transducer
for the system under consideration.

3. The precision required to fabricate the final system components
such that the completed components are as perfectly symmetrical
as required by theory.

4. Waveguide component tolerances as prescribed by the method of
manufacture.

5. Flange interface problems due to mechanical dimensions and
fabrication techniques.

6. The total length of the transmission line system.
7. Methods utilized to suppress undesirable mode characteristics.

8. Effects of system environment upon long term stability of
final system.

For purposes intended, let us consider the factors listed.

The first factor, Physical configuration, determines the ability
of any symmetrical waveguide structure to propagate the dominant
mode only or is purposely designed large enough to allow propagation
of one or more higher order modes. In the case at hand, this would be:

Dominant 1st Higher 2nd Higher
Mode Order Mode Order Mode
a a o
Square TE10 TM11 TE11
Circular TEllo TM01° TE21°

Currently, all of the most recent published technical articles and
manufacturers data concerning circular waveguide, stress the use
of circular waveguide utilized in the over-moded state. This means

1Se'e Appendix for technical listing of references.
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that in order to achieve the desired low system insertion loss (dB
attenuation per unit length), the circular waveguide must by necessity
be physically designed to support one or more higher order modes in
addition to the dominant TEj;. Once the design engineer commits to
this criteria, the system design becomes much more complex.

To appreciate the complexity of the problem, the interested
reader need only read the referenced applicable articles listed
in the appendix of this paper. To outline some of the more critical
problems, the need for:

@ Ultra precision fabrication techniques are necessary.

Utilization of mode suppressors absolutely required.

o

@ All losses due to mode conversion and mode suppression
must be accounted for in the overall system.

o

For systems where mode conversion at both ends of an
over-moded waveguide single-mode or rectangular waveguide
or eliptical waveguides, a mode suppressor must be built
into the transmission line system to avoid the peak losses
due to trapping of higher order modes at the transition at
each end of the transmission line system.

@ Long term environmental conditions should be examined
for any frequency sensitive mode suppressing techniques
utilized.

@ The mechanical strength of the over-moded waveguide
components should be such that suppressed trapped resonant
spikes do not reappear when the transmission line is
subjected to all forms of external forces and environmental
conditions.

Fortunately for the telecommunications industry, the systems are
short in physical dimensions (less than 200 feet) and the components
lend themself to precision electroforming techniques and heavy wall
tubing materials for structural ridgidity. Additionally, the mode
suppressing techniques need only absorb at best very low power levels.
When one thoroughly familiarizes himself with the problems that
must be resolved with small diameter tubing (4" dia. or less), one
must recognize the magnitude of the problem when the techniques
are applied to circular waveguide systems utilizing waveguide diameters
of from 12 to 20 inches.

With regard to precision components the electroform process is
not applicable to large waveguide structures. Standard large waveguide
fabrication techniques are limited to certain mechanical tolerances.
The mechanism for rolling, seam welding and flange welding are
fraught with distortion and stress relieving problems that cannot be
overlooked. Claims of super precision devices should be discounted to
what is possible to achieve and maintain as a function of time and
external forces encountered.



The utilization of absorbtive vane type broadband mode
suppressor devices are presently not applicable as high power broadcast
television waveguide components. This statement does not preclude
that high power-absorbtive mode suppressors will not be available
in the near future.

The utilization of external waveguide deforming mechanisms
to set up equal and opposite mode suppressing signals only serve to
increase overall attenuation characteristics due to mode losses.
This technique cannot be viewed as an optimum long term solution
to eliminate moding problems for tall tower waveguide systems designed
to propagate one television signal, let alone two signals under
severe environmental conditions.

It is difficult to comprehend how even the most precise large
diameter (12" to 28'") circular waveguide will not be subjected
to some mechanical deformation of an elyptical nature ( a problem
which most all of the technical information available sites as the
basic problem with circular waveguide systems. When one considers
that the intended system must operate from -25°F to +115°F with wind
velocities of up 100 MPH wher mounted on tall tower structures
(800 Ft to 1600 Ft), which by themselves subject the waveguide system
to severe stresses as a function of their physical construction,
one must conclude that extreme caution should be utilized in selecting
the type of waveguide system to be employed.

When one considers the arguments presented and substantiated
by documented data, even the most optimistic of microwave system
design engineers would be reluctant to select circular waveguide
operating in the over-moded method for the purposes intended in
this paper. Thus the only available alternative left after considering
the problems associated with circular waveguide was to select square
waveguide as previously concluded for the transmission line system.
The reader is cautioned that square waveguide can also be operated
in the over-moded condition, however, if the design criteria previously
established is utilized, that is limiting the waveguide size to
support only the dominant mode, the designer will only have to contend
with mode conversion from the TElO to TE% which reduces to a dominant
mode cross-pole problem without the complex1t1es of mode rotation
and loss of efficiency due to mode suppression and signal extraction
techniques.

One other factor that cannot be passed over lightly is what
this writer terms as the ''futures" of waveguide television systems.
If for example the mode suppression techniques available are found
to be limited and undesirable signal distortion characteristics
are reinserted into the swept bandwidth response of the television
transmitter signal, what profound effect will it have on proposed
future improvements in broadcast television systems. For example,
what would be the consequences of periodic envelope delay and amplitude
spikes upon the proposed multiple channel sound and high definition
(1000 1line) video systems. This leaves food for thought and encourages
restraint on the part of systems designers to offer a product that
will meet the needs of future broadcast television transmitter systems.
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Component Integration and Transmission Line System Test:

Upon completion of the orthogonal mode transducer design and
making the decision to utilize single mode square waveguide as the
transmission line mechanism, it was a relatively simple task to reduce
the prototype to functioning components. The completed production
model orthogonal mode transducer exhibited a maximum VSWR of 1.03
to 1 as viewed at the input orthogonal ports with the square waveguide
output port terminated in a matched load a VSWR of 1.02 to 1. The
back to back electrical test of two orthogonal mode transducers
(See fig. 4) resulted in tunable VSWR maximums of 1.03:1 with orthogonal
signal isolation of greater than 34 dB for each channel bandwidth
of interest. The assembly was also checked for any sign of moding
problems or undesirable resonances with no evidence of any undesirable
signal distortions.
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fig. 4

The next phase of the test procedure was to start inserting the
production run of fabricated square waveguide sections between the
orthogonal mode transducers and recording the electrical parameters
as a function of total system length.

Prior to commencing this process, a mechanical (random sample)
inspection of ten sections of production fabricated square waveguide
(11.6" x 11.6" x 144") to check for manufacturing accuracy. The inside
dimensions were checked at two foot intervals along the Z axis of
the waveguide (12 foot dimension). A plot of deviation from specified
dimension is shown in fig. 5 for the random samples selected.

Deviation From )
Normal 0.010" Per Div.

Length In Feet
fig S.



It is quite evident from the sample data that square waveguide
can be easily manufactured to the standard EIA specified dimensions
associated with the WR series rectangular waveguides. Additionally,
the square waveguide was checked for '"squareness' or possibly better
termed the parallelogram effect. Again the tolerances were found
to be excellent for a first time through production run of waveguide
components.

Having ascertained the precise physical nature of the fabricated

square waveguide, the orthogonal mode transducers were positioned

on a flat factory floor surface and the square waveguide pieces

were stacked one at a time between the transducers and the electrical

parameters checked. Almost immediately it was evident that the

isolation characteristics between the two orthogonal mode transducers

became progressively worse as the number of pieces was increased.

For those readers familiar with orthogonal mode transducers, the

isolation characteristic is a COS“® function on a power basis as

Shown in fig. 6. Thus for each section added, any cross-pole

generated in each section should

o show an accumulative effect

"‘4~\~ ’ and cause the isolation to deteri-
f orate from some level in excess of

2 -36 dB. It was very evident that

Ror ’F‘PI COEG the degradation was broadband,

since channel to channel isolation

was decreasing approximately

ANGLE OF KOTATDN the same magnitude at the two

OF PRINCIP) channels of interest. It was

oC interesting to note that system

VSWR as a function of length

remained quite acceptable and

was relatively independent of length.

‘Flaé As a matter of fact it looked

-00 quite smooth and lacked the

O 0 20 30 40 50 60 T0 8 %O typical CUSP type impedance

DEGREES display when viewed using the

Hewlett Packard 8754A Network Analyzer in conjunction with the

Hewlett Packard transmission reflection test set Model 8502A.

It is important to point out that impedance and transfer function

measuring equipment of this type is absolutely essential to measuring

these parameters. This is due to the fact that any swept frequency

measuring device must be cautiously examined such that the gain

bandwidth product of the system is not violated and sharp discontinuity

peaks are not truly displayed due to their rapid frequency versus

amplitude excursions.
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Upon experiencing the decreasing isolation phenomena due to
cross-pole conversion, it was decided to stop the process and investigate
the problem to determine a satisfactory solution. Having anticipated
the possibility of such a problem before hand, the orthogonal mode
transducers were replaced with two rectangular to square waveguide
tapered transitions built specifically to investigate such effects.

The square waveguide was biforcated in one plane so that cross coupled
components were electrically shorted depending upon the plane of
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polarization being investigated. This was done to insure that only
cross-pole magnitudes free of second order effects would be electrically
visable for evaluation.
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fig. 7represents the evaluation technique used to observe the
cross-pole phenomena. fig. 8
indicates the spiking distortion
in both phase and amplitude
transfer function measured
characteristics.

A 1 The most simple technique
for rectifying the cross-pole

spiking problem was to resort
FREQUENCY (N MHz—s to some type of deformation

| process such as that thoroughly
h\‘ described by the Andrew Corp.
in published literature for
1[ their over-moded circular waveguide
zo ! systems designed for telecommuni-

cations purposes.l It was

fig. 8 quickly determined that by simply

exerting a mechanical force

component across the diagonal dimension of the square waveguide,
the cross-pole spiking problem was practically eliminated. It was
interesting to note that the entire bandwidth of interest (640 MHz to
710 MHz) was compensated with equal effect. This situation seems to
differ drastically from the effect noticed when the same technique
was utilized with over-moded circular waveguide systems. In such
cases a narrow band distortion free frequency window is created.
Additionally, some random spiking of rather limited amplitude was
noted in the actual passband of interest. (See fig. 9). This
situation would leave one to believe that the magnitude of the spiking
problem was more complicated due to the circular symmetry, thus allowing

many more mode components to generate, each contributing to the overall
total problem.

1Refer to material listed in index of referenced technical articles
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The Final System Configuration: With the completion of the back to
back orthogonal mode transducers and the square waveguide stacked for a
linear distance of five hundred feet, one would feel confident with
overall system performance data as shown in fig. 10.
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Indeed there is a certain degree of satisfaction in obtaining
good performance data concerning the overall system, however, as is
always the case, there is almost always a "slip between the cup and the
lip" in most complex systems designs. In this instance there was one
problem that required a proper solution.

As the data indicates in fig.10, the isolation characteristic
between operating channels car be identified to be a nominal 28 dB when
the system is properly adjusted. It was quickly determined that the
isolation varied *3dB about the nominal when the system was subjected to
extreme environmental conditions. For example the waveguide structure
sitting in the hot sun can accumulate a surface temperature of upwards
of 115°F, suddenly a cold front thunder shower moves through the area
reducing the waveguide surface temperature to 50°F due to upper
atmosphere physical conditions. If such temperature extremes do influence
the system electrical properties, does not it make sense to compensate
the system for long term variations and provide additional filtering
to remedy any problems caused by periodic isolation variations.
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decibels

To be perfectly clear on the subject, tests were conducted with
dual system isolation as low as 23 dB. No detrimental system effects
were noted on individual transmitter performance specifications. This
is reasonable since the two channel frequencies are some fifty megahertz
(50 MHz) separated and the selectivity of the klystron cavities provides
sufficient roll-off isolation to prohibit any non-linearities. Unfor-
tunately, the fault sensing systems are not so frequency selective and
record such signals as high VSWR values on transmitter reflectometers.
Since thirty decibels of isolation calculates to be an indicated VSWR
of 1.06:1, a reading that would completely mask the actual transmitter
system VSWR monitoring circuit protection capabilities; it became evident

that some method of filtering to improve system isolation to forty decibels

(40 dB) under the most severe environmental conditions was an absolute

necessity. Additionally, any filtering utilized had to be effective over

a wide temperature extreme. The solution to the problem was relatively

simple to solve when properly analyzed. By building dual notch filters

for both the visual and aural carrier frequencies of both channels and

stagger tuning for maximum bandwidth about carrier (See fig. 11), the

carrier frequencies will always be attenuated a minimum of 15 dB over the
lowest isolation figure. This

0\ A computes to be -40 dB and reduces

20 / the deflection of the VSWR meter

circuits due to isolation to a
negligible level. The final filter
1) = assemblies were incorporated into

the transmission line feeding

the orthogonal mode transducer at the
/’ \ bottom of the tower. The reason

o

VISUAL for positioning them at this point
_CARRIER  was to eliminate the possibility
5 64525  of any ghost signals due to phase
’A<:s MR differences of reflected signals.
The final system configuration

=7 v +7 (hHe) is shown in Drawing A500050
fig. 11 on Page 27 of this report.

Conclusions: The fundamental conclusion that one can draw from the
system design described by this paper is that it is entirely possible
to utilize a symmetrical waveguide system to feed two channelized
antennas with excellent electrical characteristics. The question

that an attempt has been made to answer, is it more realistic to
utilize an under-moded square waveguide with its slightly larger
windloading factor as compared to circular waveguide or to use
over-moded circular waveguide and live with the possibility of unwanted
side effects associated with the over-moded principal of operation.
Certainly when one takes into consideration that essentially little if
any improvement of insertion loss is achieved in a properly terminated
over-moded symmetrical waveguide system due to its inherent complexities
the question becomes moot. Operation of the square waveguide in what

might be called the 'under-moded" condition as relative to the "over-moded"

condition does in truth restrict the magnitude and phase orientation of
the principal traveling wave "E'" field configuration. In the case of
circular waveguide, where the cross-pole and over-moded components can
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wander about the axis and propagate at various phase velocities, it
seems difficult to comprehend how optimum values of fundamental signals
can be coupled out to the antenna structures through any kind of a coupling
device. Again, in the case of square waveguide, orthogonality of dual
signals is maintained, thus isolation between the two antennas is
maintained. It seems that in circular waveguide, the final orientation
of the fundamental "E" field configurations could be easily something
other than orthogonal thereby causing less than optimum power being
transferred to the proper radiating structures. Until the mechanism
for maintaining orthogonality and isolation are more thoroughly investi-
gated in an actual dual channel circular waveguide system, the logical
approach to dual signal systems favors the less problematic square
waveguide configuration.

In the evaluation period prior to completing the final system
design, it was determined from actual field and laboratory observations
that no sensational or phenominal improvement in total system insertion
loss was going to be in evidence by utilizing circular or square waveguide
in any mode of operation. By the time component loss factors due to
dominant mode cross-pole, higher order mode conversion, isolation factors
and component interface losses are collectively accounted for, the
absolute value of system insertion loss was found to be only a small
percentage improvement over optimized conventional rectangular waveguide
systems. Naturally it is essential to remind the reader that drastic
improvement of insertion loss was not the ultimate goal of this exercise.
The propagation of two signals in one transmission line system could
not be achieved in a conventional transmission line system without the
use of complex channel combiners and broadband antenna structures.

To terminate this dissertation with a plus for the reader; particu-
larly for those who still have mixed emotions concerning rectangular,
circular or square waveguide; let your fears be put to rest. Included
in the appendix of this report is a typical specification that any
critical consultant engineer would want to include in his bid request
package as applicable to waveguide systems of any type. A specification
of this nature can only provide peace of mind and protect the welfare
of his client over the useful life of the equipment package under
consideration.

Richard E. Fiore

Mark A. Aitken
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APPENDIX

Comparison of Attenuation Characteristics of Circular to Square Waveguide

Assumptions

(a) Assume design frequency 635 Miz (average frequency of usable
UHF high power television band 470 to 800 Miz).

(b) Assume waveguide dimensions based upon 635 MHz being the mid-
frequency between the low frequency of cut-off and the high
frequency which allows the propagation of the next higher
order mode.

(c) Assume pure copper conductor

Circular Waveguide Square Waveguide
The theoretical bandwidth of a The theoretical bandwidth of a
circular waveguide operating square waveguide operating at
at 635 MHz is: 635 MHz is:
-
a" = 0.347 Ao FaE 13
7\ w _ 11,800 , inches At = 11,800 , inches
o ~ fo (MHz) I 1.5 fo (MHz)
a" = 6.46" (radius) e A— A =12,39"
D' = 12.92" A=B
The expression for the theoret- The expression for the theoretical
ical attenuation of a copper attenuation of copper square
circular waveguide of radius waveguide of dimension A" is:
a" is:
PN /] dB/ fo\-2 1 ffo \3/2
Sy e — 1]
0 fo + 1 _(fo 100" D 1.107 fco) + Z'fc;) dB/100
0.423|\fco 2.38 \fco X =
X.= 7372 c A 3/2 —~
=R ‘/ £ 2 o -\{ fo 1
( = -1 fco)
fco,
a = Radius in inches A = Height or width in inches
fo = 635MHz; fco = 550 MHz fo = 635 MHz; fco = 476 MH:z
fo _ 635 _ fo _ 635 _
fco - 550 - 1-1° fco ~ 476 - 1334
Thus / fo\-1 _ -3 Thus/ fo\-} 1
foo) = (1.15) % = 0.933 ng) “=(1.334)-2 = 0.866
3/2 3/2 3/2
el % 3/2'& fo = s
foo = (1.15) 51,25 (ﬁ) (1.334) = 1.54]1
fo\2 ;- V (1.15)2-1=0.568 fo - "\(‘Tﬂ -1 = 0.883
< 1 oo - 1 =
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Substituting the derived values Substituting the derived values
_0.423 0.933 + o.51§]dB/ s = L:107 0.866 + o.77_] dB/
~(6.46)3/2 0.5679 | 100" 17(12.39)3/2 0.883 | 100

0.0258 (2.555) 0.0254 [1.853]

0.047 dB/100"

0.066 dB/100"

The conclusion that can be made from the attenuation calculations
is that for a square waveguide system operating at the mid frequency
between the waveguide cut-off frequency and that frequency at which
the next higher order mode will be supported, the attenuation of
square waveguide is 29% less than that of equivalent size circular

waveguide.
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ANALYTICAL AND EXPERIMENTAL DATA

ON CIRCULAR WAVEGUIDE FOR UHF-TV

A, G. Holtum
T. H. Greenway
T. J. Vaughan

MICRO COMMUNICATIONS, INC.

MANCHESTER, NEW HAMPSHIRE

1.0 INTRODUCTION

Circular waveguide transports energy and-intelligence
with less attenuation than other uniform cross-sections such
as rectangular or square.

The dominant TE 11 mode in circular waveguide has been
used for many years at microwave frequencies in the
waveguides that connect the transmitter-receiver system to
the antenna in many common carrier microwave radio relay
links.

Micro Communications, Inc. has recently introduced
circular waveguide for UHF-TV applications. 1In addition to
the advantage of lower attenuation for a single channel, the
circular guide can be used for transmitting two channels in
orthogonal polarized modes, so that a single line can be used
to feed two TV antennas.

The problems at UHF are the same as those for the
microwave frequencies. That is, in using circular guide, we
are mostly concerned with maintaining mode purity and
preventing inadvertant conversion to higher order modes
and/or inadvertant polarization coupling.
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MCI has done considerable development work on the degree
of mode purity and the amount of cross-polarization
permitted. Measurements show that the performance can be
optimized and the total characteristics determined from the
input. A number of installations (up to 1500 feet) have been
installed and tested.

There is a significant cost advantage when using
circular wavegquide with present high power UHF transmitters.
For example, the transmission line cost for a 110 kW
transmitter feeding a 1,500 foot tower (at channel 30) would
be:

Coax, 8-3/16": $282,700
Circular Waveguide: $194,200

In addition to the initial bhardware savings, there is a
significant power savings due to the lower attenuation. The
power at the far end delivered to the antenna would be:

Coax, 8-3/16": 79.6 kw
Circular Waveguide: 96.5 kw

With power costing about $1500 per kilowatt year, this
16.9 kW savings represents a $25,300 per year power bill
savings.

2.0 NEED FOR CIRCULAR WAVEGUIDE

Circular and rectangular wavegquides, unlike coax line,
have no inner conductor. These types of transmission line
are, in effect, high pass filters; that is, no energy will
propagate below a critical frequency. Coaxial line, on the
other hand, can conduct energy from very low frequencies to
very high frequencies. The usable upper frequency for
coaxial line is determined by the onset of higher order
moding.

Power Handling

The average power handling capability of coaxial line
depends on the allowable temperature rise of the inner
conductor. The EIA specifies tpe maximum safe inner
conductor temperature to be 1000C . With the increase in
power of UHF transmitters from 55 kW to 110 kW and 220 kw, it
is necessary to increase the size of the coax line from
6-1/8" to 8-3/16" and 9-3/16".



The recommended upper frequency and average power limits
for coax line and waveguide are shown below:

TRANSMISSION UPPZR FREQUENCY UPPER POWER
_LINE SIZE LIMIT C U LIMIT
COAX:

6-1/8 - 50 816 MHz 56 kW
8-3/16 - 500 613 MHz 120 kW
8-3/16 - 75% 689 MHz 80 KW
9-3/16 - 500 543 MHz 180 kW
9-3/16 - 75% 611 MHz 120 kW
RECTANGULAR W/G

WR-1800 640 MHz 1,000 kW
WR-1500 750 MHz 600 kW
WR-1150 960 MHz 350 kW
CIRCULAR W/G

WC-1800 600 MHz 1,250 kW
WC-1500 725 MHz 750 kW
WC-1200 901 MHz 430 kW
Efficiency

The efficiency of circular guide is significantly better
than coax line and rectangular waveguide. The attenuation of
the three types of lines is shown in Figure 1.

Moding

The electric field vectors for dominant mode propagation
in rectangular and circular guide are shown below:

)) (( it
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(dB per 100 Feet)

ATTENUATION

»02

CIRCULAR
WAVEGUIDE
DIAMETER (in)

| | l l

20 30 40 50 60

UHF CHANNEL

TRANSMISSION LINE ATTENUATION
FIGURE 1




Because the circular guide has the same cross-sectional
dimension in two perpendicular planes, it is possible to
propagate two independent fields (or 2 channels) in one guide.

Nite

This is possible with rectangular guide when the narrow
dimension is made equal to the broad dimension. The
resultant square guide, like the circular guide, can
propagate two independent fields (or channels).

Both the rectangular and circular guide must have dimensions

such that the operating frequency is well above the cut-off
frequency.

Moding problems will cccur for either waveguide if too
large a size is used. The EIA recommends the following:

Rectapngular = Circular
Lower Limit: .62 fc TE 02 1.15 fc TE 11
Upper Limit: .95 fc TE 02 .95 fc TE 21

1

See 'MCI Wavelength Tables"and'Waveguide or Coax for 5 MW"

by T. J. Vaughan, IEEE Transaction on Broadcasting, Vol.
BC-16, March 1970
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These criteria would result in the following channel
designations:

Rect. W/G - Chan. Cir. W/G - Chan.
WR-1800 14-39 WC-1800 14-35
WR-1500 17-60 WC-1500 24-55
WR-1150 42-70 WC-1200 46-70

It is obvious from Figure 1 that for circular waveguide,
the larger the diameter, the higher the efficiency, since the
attenuation for a fixed diameter continues to decrease with
increase in frequency for the ranges considered.

a
Efficiency (%) = 100 X 10 ~ (Tﬁ)

The higher order modes that can propagate if excited in
circular waveguide are shown in Figure 2. Energy cannot be
converted to these modes if (a) they are not excited, and (b)
if they are excited but the frequency is below the cut-off
for that mode.

To insure that the higher modes are not excited in
UHF-TV installations, rectangular waveguide is used in the
horizontal run from the building to the tower, and
rectangular elbows are used at the base of the tower. The
transmission line is transformed from rectangular to
circular* at the start of the vertical run and converted back
again to rectangular waveguide at the top of the tower.
Circular waveguide is therefore utilized only where it is
most useful from attenuation and wind load points of view.

Polarization Rotation

Polarization rotation can occur in circular guide. This
is not possible in the rectangular guide used for the
horizontal run because the rectangular shape tends to
polarize the field, and all cross-polarized fields, if
excited, are below cut-off. The polarization rotation is
corrected after installation by introducing, at the start of
the long vertical run of circular wavegquide, a complementary
elliptical polarized wave.* The technique used results in a
pure linearly polarized wave at the output end of the
circular run with exceptionally low VSWR and high efficiency.

*
Patent Pending
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3.0 THEORETICAL CONSIDERATIONS

The cut-off frequency for the first higher order mode,
TM 01, in circular wavegquide, is only 1.32 times the cut-off
frequency of the dominant TE 11 mode, somewhat less than that
for rectangular guide. To take full advantage of the lower
attenuation afforded by the circular guide, we must operate
in the region where the guide will support the TM 0l mode yet
below the cut-off frequency of the TE 21, so that if this or
higher order modes are excited, they will be attenuated in
relatively short distances (see Figure 2).

Mode Conversion

Energy conversion to the higher order modes can occur at
the rectangular to circular tranducer and at the flanges.
The MCI transducer has been carefully designed so that no
higher modes are generated.

Discontinuities due to flange misalignment while
operating in the TE 11 mode can excite different spurious
modes. The three basic types of discontinuities and the
corresponding (power) coupling coefficients are shown in
Table 1.

The spurious modes generated are well below cut-off for
the recommended diameters. The tolerance to diameter ratio
of circular guide is about 1000:1, therefore coupling to these
higher modes will be down approximately 60 dB.

c Pada o dpub

A problem area in any waveguide capable of supporting
two orthogonal signals in the dominant mode is the
cross-coupling effect (even if only one polarization is
used). Cross-coupling is caused by asymmetry of the guide
cross section such as ellipticity.

Elliptical guide can cause cross-coupling if the
direction of the E-vector is not coincidental with the major
or minor axis of the ellipse.

Shown below is an exaggerated elliptical cross section
and the relative position of the incident E-vector.




DISCOUNTINUITY SPURIOQOUS MODE POWER COUPLING
Off-Set:

S 2
= TE 01 N2 ()
b+

5
Tl
Dy(© 4
e TE 01 [2\I§n2 ()(3) x]
D 6
T
Diameter Change:
2
_ e ™ 11 [4 (%)]
j_D_‘_
S
Ref: "Low Loss Transmission Using Overmoded Wavequide"

by T. And2rson, IEEE-PGAP/MTT - 1981.

K 01 (K 11)?2

(K 012 - K 112) (K 11% - 1)’15

where K 01 = 3.832
K 11 = 1.841

TABLE 1

TE 11 TO SPURIOUS MODE COUPLING DUE TO
CIRCULAR WAVEGUIDE DISCONTINUITIES
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An initially linearly polarized wave can be broken into
two orthogonal components, Ex and Ey, parallel to the major
and minor axes as shown. Because of the geometry, the two
components travel at different velocities with the result
that they are out of phase by an amount:

_ N |
gx gy

where XAgx and )gy are the wavelengths in the guide for
the respective components and £ is the length. The wave
is now elliptically polarized. The degree of cross-
polarization may be defined by the axial ratio, (AR).
Expressed in dB, the axial ratio is:

Emax

AR = 20 log

Emin

Because of the randomness of perturbations such as
these, the major axis of the polarization ellipse will also
be rotated by a small angle relative to the incident
polarization. The most severe axial ratio is obtained when
the angle of the electric vector is oriented 45 degrees with
respect to the major axis of the guide ellipse.

Recombination of Orthogonal Polarizations

It is not possible to manufacture circular waveguide
sections with tolerances of sufficient precision that its
ellipticity will be insignificant nor is it feasible to
insure that the electric vector will always be coincidental
with the major or minor axis. Fortunately, if a component is
generated which is orthogonal to the incident polarization,
it can be corrected by generating another component which,
when combined with the original, will produce a linearly
polarized wave at the far end.



For very long runs of circular guide, we have only to
make a single correction in order that, when the elliptically
polarized wave arrives at the far end transducer, it is
linearly polarized. This is accomplished by introducing a
complementary ellipse at the tower base. 1In almost all
cases, virtually complete compensation is achieved, with the
result that linear polarization is restored, though the plane
of polarization may be rotated somewhat from that of the
original incident wave. This, in turn, is corrected by
rotating the output transition at the far end of the
waveqguide run at the top of the tower.

In the case where dual polarized signals are used, this
technique automatically compensates both polarizations. The
technique depends only on the geometry of the cross section
and is relatively insensitive to temperature and frequency.

4.0 MEASUREMENTS

Measurements made on circular waveguide of runs up to
1500 feet show that:

(a) Using a special transducer for the TE 11 mode,
higher order modes will not be excited.

(b) The cross polarized component normally
excited can be removed so that there is a pure
linearly polarized wave at the far end.

(c) The total attenuation due to any residual
cross polarized component can be determined
from Return Loss measurements.

(d) Return Loss (VSWR) of circular waveguide runs
are much better than rectangular or square
waveguides.

By means of both reflection and attenuation
measurements, it was determined that with the new TE 11 mode
transducer, no higher modes were excited. The cross-
polarized component of the TE 11 modes which does exist and
results in an elliptically polarized wave at the far end is
correctable.

The complete properties of any transmission line can be
determined by attenuation and reflection measurements. The
reflection measurement was made using a precision bridge and
and a Spectrum Analyzer. Return Loss was measured over the
desired frequency range under many conditions with (a) TE 11
mode cross-polarized component present and (b) with the TE 11
mode cross-polarized component removed. Attenuation was
measured under identical conditions using the cavity
resonance method.
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The results are shown in Figure 3A and 3B. It is
clearly evident from Figure 3A that, although the major axis
of the TE 11 wave is aligned with the far end transition, the
wave is elliptically polarized. Most of the energy is
coupled to the output transition. Some, however, is reflected
and the transmission line acts like a high Q resonant cavity
for the cross-polarized component.

The corresponding attenuation measurement shows there is
a relationship between the level of the spikes and the loss
at that frequency. The total attenuation is:

g Cross normal

The loss due to mismatch is neglected since it is only
.004 dB for a Return Loss of 30 dB (VSWR 1.06). Total
insertion loss was measured for a large number of
cross-polarization spikes which were deliberately introduced.
The results are plotted against spike Return Loss (Figure 4).
The data shows that for the spike loss to be negligible, the
spike Return Loss should be less than (a larger number than)

Return Typical

4088 __Bun _
24 dB - 1500 Feet
26 dB - 1000 Feet
30 dB - 380 Feet

and that, when the cross polarized component is removed,
the attenuation measured is the calculated value for the
guide in question.

After each test where the cross-polarization was
deliberately introduced, the same waveguide was then
optimized by compensation. As shown in Figure 3B the spikes
disappeared and the measured insertion loss was then equal to
the theoretical IZR loss in the guide. The test transition used
had been previously measured to have a loss of 0.116 dB with
an rms error of +/- 0.01 4B.

The VSWR or Return Loss of a long circular waveguide run
tends to be much better than that of rectangular waveguide
because the impedance-determining dimension is twice that of
rectangular waveguide and the tolerance to diameter ratio is
1000:1 as compared to 250:1 for rectangular guide. Flange
discontinuity of circular guide is negligible. VSWR
measurements made on many installations, some up to 1500
feet, show no flange build-up, unlike rectangular waveguide
or coax line.
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A plot of VSWR and measured insertion loss for a typical
1000 foot installation is shown in Figure 5.

5.0 DUAL_ CHANNEL CIRCULAR WAVEGUIDE

Many UHF installations have more than one antenna at the
tower top. Most of the new wavequide installations are
mounted inside the tower in space normally occupied by other
lines, ladders, elevators, etc. A dual channel circular
waveguide will not only have a significant wind load
advantage, but will also save space.

The design problems associated with this type of
transmission line are:

(a) Band width at each channel

(b) Coupling between the two transmitter at the
tower base

(c) Coupling into the other antenna

The band width is the principle design problem. The
dual mode tranducers must operate over the band width of both
channels. 1In any installations, this is a minimum of six
channels or an 8% band width as compared with a 1% band width
for a single channel application.

It is necessary to maintain a 30-35 dB isolation between
the transmitters at the tower base to reduce intermodulation.
It is also desirable to maintain at least a 35 dB isolation
between antennas to minimize ghosting problems.

Measurements made on a dual channel system (Figure 6)
show that this performance can be achieved.
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COMPARISON OF C BAND AND Ku BAND FOR BROADCAST QUALITY
TELEVISION TRANSMISSION BY SATELLITE

Norman P. Weinhouse
Hughes Communications, Inc.

ABSTRACT

This paper compares C band and Ku band satel-
lite transmission for delivery and distribution in
the United States of broadcast quality television
signals. Both existing and proposed satellites are
considered. The standard of comparison 1is EIA
document RS250B, which calls for a signal-to-noise
(S/N) ratio of 56 dB for satellite transmission and
a 99.99 percent continuity of service. The satel-
lite link is quantified in terms of satellite power
(EIRP) and receiving station merit (gain to temper-
ature ratio). Factors which affect reliability of
propagation are discussed and are quantified for
the diverse weather conditions in the United

States. Results of the comparison show a slight
clear weather advantage to Ku band but an
overwhelming advantage to C band to achieve

coninuity of service objectives. Overcoming inter-
ference from terrestrial microwave sources at
C band is discussed.

INTRODUCTION

This document presents an objective comparison
of the use of Ku band (12 GHz) and C band (4 GHz)
for satellite delivery of "high quality"” television
for broadcast service. The standard used is EIA
document RS250B, specifically generated for trans-
migssion of broadcast television. The parameters
assumed for this comparison are signal-to-noise
ratio (paragraphs 5.3.1 and 6.3 of RS250B) and con-
tinuity of service (paragraphs 5.4 and 6.5 of
RS250B) since these are the only factors affected
by propagation. All of the other parameters are
related to system equipment, which can be selected
to support the requirements regardless of the radio
frequency used. It is assumed that frequency modu-
lation is used in the satellite link.

SATELLITE LINK

Figure 1 graphically depicts a satellite
link. For simplicity the satellite is shown to
have gain and to contain a noise generator. The
link consists of two microwave hops called uplink
and downlink.

The overall predetection carrier-to-noise (C/N)
ratio is

UPLINK DOWNLINK
—— P

UPLINK

ANTENNA

SATELLITE RCVR

FIGURE 1. SATELLITE LINK POWER CHART

(C/N)PD = (C/N)y & (C/N)p & (C/T) g (1)
where
@ denotes power summation

(C/I)T is total carrier-to-interference
power ratio

(€/Nyy = [Pp + Gap - Cay + (6/Tg -
(k + B) ] dB
(C/N)D bl (EIRP)S = ®p + (G/T)R -

(k + B)] dB

For an FM receiver operating above threshold,
the video signal-to-noise ratio (peak luminance
signal to rms noise) can be expressed by

s/ = 60

) (C/N) o (PW) (2)
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where
: . . AF
m is modulation index (E;)
AF is deviation of main carrier by video
B is predetection bandwidth

fm is highest modulation frequency
(4.2 MHz for NTSC)

(pw) is combined pre-emphasis and
weighting improvement factor (12.8 dB
for U.S. and CCIR standards)

This equation can be expressed in decibels as

(8/N)y = [10 log AF? + 10 log B
+ (C/N)pp - 178.1) dB

The standard for this parameter from RS250B is
56 dB. Prudence and good design practice dictate
that at least 2 dB margin be included to guard
against equipment degradation and/or antenna point-
ing errors. Using (S/N)y = 58 dB and rearranging
terms, the clear weather (C/N)PD would be

(C/N)pp = 236.1 - 10 log ( A F?B) dB 3)

This expression is shown graphically in Fig-
ure 2 as a plot of (C/N) versus deviation AF,
assuming a fixed relation between bandwidth (B)
and AF as B = 2 {( AF+7). It is no suprise that
for a given signal-to-noise ratio, wider deviation
allows for a lower carrier-to-noise ratio. How-
ever, there is another important practical consid-
eration shown in Figure 2. The very best threshold
extension receivers exhibit impulse noise with a
predetection carrier-to-noise of 8 dB or lower.
Conventional receivers exhibit impulse noise at a
predetection C/N of approximately 12 dB. This
means that a system providing a given S/N using
wide deviation would have less fade margin than the
system using narrow deviation which provides the
same S/N.
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FIGURE 2. FM DEVIATION VERSUS C/N, SATELLITE LINK

C BAND LINK - CLEAR WEATHER

Current and projected C band (6 GHz up, 4 GHz
down) U.S. domestic satellites have a frequency
reuse plan such that each transponder has a 36 MHz
bandwidth. One authorized satellite operator has
some transponders with a 72 MHz bandwidth. All
C band statellites are designed such that if a
saturating signal is sent from the uplink station,
the uplink clear weather C/N is greater than
30 4B. Furthermore, internal interference and
external interference with well designed earth sta-
tions will produce an overall (C/I)T greater than
23 dB. From Equation 1, the predetection carrier-
to-noise ratio is

(C/N)pp = (C/N), @30 @ 23 4B
= (C/N), @ 22.2 aB

From above considerations
58 dB] , the

[(S/N)V e
(C/N)pp = 19.7 aB
Therefore

(C/N)p = 21.7 dB

From the above expression for (C/N)D, and sub-
stituting appropriate values

21.7 @B = [EIRP - (196.0 £ 0.5) + G/T
+ 228.6 - 75.6] aB

(EIRP + G/T) = (64.7 £0.5) dB (4)
The %0.5 dB factor is due to the difference in
slant range from the satellite to various points

in the U.S., assuming the satellite is at the
extremes of the assigned orbital arc.

KU BAND LINK - CLEAR WEATHER

The Ku band 1link is somewhat difficult to
quantify since there has been limited experience.
The existing and proposed transponders have band-
widths from 54 MHz to 36 MHz (the proposed direct
broadcast system (DBS) standard is 18 MHz). There
is a wide range of uplink performance as well as a
wide range of EIRP for various kinds of coverage.
Here, in all cases the best case conditions are
assigned to the clear weather Ku band link.

30 @B

1) Assume (C/N)U

30 dB

2)  Assume (C/I)g
Therefore

(C/Nypp = (C/N)p, @ 27 aB

With an available bandwidth of 54 MHz, the
(C/N)PD can be 12.8 dB to produce a (S/N); of 58 dB



Therefore
(C/N)D =13 dB

Making the appropriate substitutions (as in the
C band case above)

13 dB = [ EIRP -~ (205.5 % 0.5) + G/T + 228.6
- 77.3]

(EIRP + G/T) = (67.2 + 0.5) 4B (5)

C BAND AND KU BAND COMPARISON -
CLEAR WEATHER

An appropriate assumption for C band EIRF for
CONUS coverage would be 35 dBW for current satel-
lites. Again, giving clear weather benefit to Ku
band with "time zone beams,"” an appropriate assump-
tion for EIRP would be 48 dBW. A comparison of
receiving earth station G/T for overall CONUS is:

G/T = 29.2 dB to 30.2 dB (C band)

i

G/T 19.7 dB to 20.7 dB (Ku band)

Current technology indicates that the C band
requirement in clear weather can be met with 10
meter diameter antennas with 809K low noise
amplifier (GaAsFET).

The Ku band requirement in clear weather could
be met with 3 meter diameter antenna and <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>