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Preface

INCE the last edition of the VHF/UHF Manual was published in 1983 there has

been rapid progress, particularly in the hardware associated with VHF and UHF.
For example, it is now possible to build a legal-limit linear amplifier using only
solid-state devices. In reception, devices with very low noise levels have appeared
and, furthermore, integrated circuits containing most of the ‘works’ of a receiver
have also arrived on the scene.

There is one major departure in this book from its predecessor — no microwave
chapter. This is because there is now the Microwave Handbook published by the
RSGB. There is a little overlap as both books contain information on the 23cm
(1.3GHz) band. Another area left out, apart from its operation, is mobile work since
nearly everyone uses commercial equipment now.

The only disappointing trend since the VHF/UHF Manual was last published is
the reduction in interest in home construction. One of the aims of this book is to
promote that facet of amateur radio by including tried and tested circuits for receiv-
ers and transverters as well as for building blocks for receivers, transceivers and
transmitters. It is the editor’s belief that any amateur ought to be able, and should be
encouraged, to build something, even a complete receiver, transmitter or transceiver.
These should be at least as good as the commercial articles but may not be as neat or
as small. By doing this, he or she can incorporate only the ‘bells and whistles’ that
are needed.

Dick Biddulph, GS8DPS



1 Introduction to VHF/UHF

WHAT IS VHF/UHF?

The electromagnetic spectrum cannot be infinite due to limi-
tations imposed by the finite age of our universe and by there
only being a finite amount of energy in it. Nevertheless, the
range of frequencies at which something, somewhere, is hap-
pening is immense. The (relatively) much smaller range of
frequencies used for deliberate communication is still too big
to contemplate all at once.

VHF (very high frequencies) is the name given to the 30 to
300MHz part of the electromagnetic spectrum. UHF (ultra
high frequencies) is the name given to the 300 to 3000MHz
part.

The whole of the ‘radio’ part of the electromagnetic spec-
trum is divided into a series of named ranges. The boundaries
between ranges are at 3, 30, 300, 3000MHz (or not quite ex-
actly at 100, 10, 1, 0.1 metres wavelength). Fig 1.1 shows the
broad picture of the electromagnetic spectrum. Fig 1.2 fo-
cuses on the part of the spectrum used for radio communica-
tions.

The boundaries were just chosen arbitrarily at nice, round,
numbers. Nothing abrupt happens at them. It is well known
that there are differences in the propagation characteristics of
radio signals of different frequencies, but these are caused by
the environment — our atmosphere and terrain — rather than
being direct consequences of the frequency of the signal. As
a result of changing weather and upper-atmospheric condi-
tions, the frequencies where changes in propagation effects
occur are not fixed. They can move by at least a factor of 10,
and the changes may be abrupt or gradual. Without any fixed
natural landmarks, any fixed divisions have to be arbitrary.
Any attempt to fix boundaries based on the different tech-
nologies we use would fare no better, as they too would shift
as new technologies evolve.

30 to 3000MHz is still a very large chunk of spectrum, and
while someone studying propagation may be interested in the
whole of it, most amateur interest naturally focuses on the
bands where our licences permit us to transmit. Table 1.1
shows the worldwide VHF and UHF amateur bands.

Region 2 Region 3

Region 1

Band (MHZ)

50-54 UK 50-562MHz* Yes Yes
144-146 Yes Yes Yes*
146-148 No Yes Yes*
220225 No Yes* No
430-440 Yes* Yes* Yes*
902-928 No Yes* No
1240-1300 Yes* Yes* Yes*
2300-2450 Yes* Yes* Yes*

*Shared band

THE BORDER WITH MICROWAVES

Although the formal definition of UHF extends up to
3000MHz, traditionally some of the higher-frequency part of
the range has been considered to be ‘microwaves’ and treated
separately, with its own technologies, literature and special-
ists. The word ‘microwave’ does not feature on the HF, VHF,
UHF, SHF, EHF etc scale. It’s really an older name from an
earlier nomenclature of the spectrum and overlays part of UHF
upwards, right up to infra-red light. It doesn’t have any defi-
nite frequency boundaries, but you will find that contests,
specialist groups and specialist publications have drawn their
own (sometimes different) arbitrary lines and class everything
higher in frequency as ‘microwaves’.

Historically, microwaves were treated separately from the
rest of radio technology because of the very different tech-
niques that had to be used at such frequencies. Waveguide
structures, dishes, horns, klystrons, and cavity magnetrons
made up the armoury of the microwave engineer. Active de-
vices were unusual in that the dimensions of their internal
components were chosen to be resonant at their intended op-
erating frequency. Conventional radio techniques of the time
were simply not capable of approaching these frequencies.
Lumped components and pin-based valves worked well into
the VHF region, while microwave components had an effec-
tive limit to how low a frequency they could be made for —
imposed simply by what physical size could be tolerated.

——NNEER
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Fig 1.1. The electromagnetic spectrum
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this band has reinforced this. There is a still-
higher UHF band at 2310MHz, but it is cur-
rently thought of as being a microwave band
even though it’s definitely in the UHF range.
Technology continues to advance and the
‘13cm’ band at 2310MHz may eventually be
poached from the microwave people . . .

1)
THE -
T

THE BORDER WITH HF
Radio signals do not halt obediently at na-
tional borders, so the governments of the
world have long been forced to meet in or-
der to plan the usage of the electromagnetic
spectrum. The level of chaos that would re-
sult without meticulously detailed planning
is a powerful incentive. Even those nations
who frequently refuse to sit around the same
= table send their representatives, who sit down
and get on with some good, pragmatic com-
promising. The ITU is the overall interna-
tional co-ordinating body for all communi-
cations, covering wired and optical fibre sys-
tems as well as radio. The CCIR is its main
committee on radio matters. The large spec-
trum management meetings are called the
World Administrative Radio Conferences
(WARCs), and are usually given a year
number suffix. WARCs are not held regu-
larly, but are called when there is sufficient
need. The amount of information gathering
and planning needed to put together propos-
als for such meetings mean that several years
notice is normally given, though it may be
less if the amount of spectrum scheduled for
review is limited. WARC79 was a major one
which reviewed the entire spectrum and gave
us three new HF amateur bands. There have
since been a number of smaller conferences
but WARCO7 is the next major one.
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= The HF-VHF boundary, at 30MHz, is the

major breakpoint in this planning process.
Signals below 30MHz are treated as if they
could propagate over the entire planet, and
thus need to be co-ordinated globally. Those

Fig 1.2. Amateur bands in relation to other services

Progress is rarely smooth, and the frantic development of
centimetric radar in the ’forties was a sudden jump to much
higher frequencies than had ever before been used. It opened
up a gap in the VHF/UHF region where available techniques
were much less advanced than those used at both lower and
higher frequencies. Subsequent advances have filled in the
gap, and the whole of the VHF/UHF range is now fought
over as prime territory for many different uses. Modern semi-
conductors, surface-mount components, and stripline tech-
niques allow printed circuit type construction to be used well
into microwave territory. The 1296MHz amateur band used
to be considered to be a microwave band, but advancing tech-
nology has meant that techniques used at 144 and 430MHz
can now be used at 1296MHz, so it is now firmly in the UHF
fold. The appearance of commercially made equipment for

above 30MHz are treated as if long-distance

propagation is rare, and so need only rela-
tively local co-ordination. This is rather simplistic and fails
to take into account the large variations in propagation that
occur in this area, but it has been made to work reasonably
well to date. Consequently, changes to the plans above 30MHz
can be made readily by more frequent and smaller meetings
than the global-scale ones that have to be called to make de-
cisions below 30MHz. Above 30MHz, the ITU regulations
give a lot more freedom for individual administrations to cre-
ate their own variations to suit their particular countries. In
the UK, these freedoms can be seen in the existence of the
4m and 6m bands as well as the Class B licence.

PREHISTORY
Faraday, Oersted, Gauss and others had discovered that there
was some sort of relationship between electric charge,



motion and magnetism. They had performed a variety of ex-
periments and evolved a number of theories, but there was
something missing. The ideas of forces that acted at right-
angles to motion and action at a distance seemed bizarre com-
pared to classical mechanics. James Clark Maxwell set out to
tidy up the theories, and produce something simpler that would
collect them all together and cover all the known phenom-
ena. Between 1864 and 1873 he published four very small
equations that did just that. They were written in partial-dif-
ferential form, in a dialect of mathematics he had learned at
Cambridge. They were quite general and covered all condi-
tions, but when they were used to study what would happen
if an electric charge was oscillated, they predicted something
new. They predicted that it would cause a pair of moving
waves, one of electric field, the other of magnetic field, to
radiate away from it. They also predicted that the waves would
be in phase with each other, moving at the same speed, the
speed of light. They showed that the two fields would be ori-
ented at right-angles to each other, and be transverse to the
direction of propagation. The concept of electromagnetic
waves had been born.

Theory is fine, as far as it goes, but experimental verifica-
tion does a lot to help make it believable. The first experi-
ment looked like a disaster. Maxwell had thought of how
sound waves are carried in air, and how waves of the nautical
sort are carried in water, and proposed that there had to be a
medium that carried electromagnetic waves. It was called the
ether. Michelson and Morley devised a neat experiment in
1881 to prove the existence of the ether. Surprisingly, it proved
that the ether did not exist. This destroyed the concept of any
sort of carrier medium for electromagnetic waves, and caused
a great upset that eventually resulted in the theories of rela-
tivity. It did not destroy Maxwell’s equations, though. They
described moving waves, irrespective of whatever they did
or did not move in. Maxwell’s equations similarly survived
the theories of relativity, and are still believed to be generally
valid today.

Heinrich Hertz set out to make some electromagnetic waves.
Michelson and Morley had needed waves of extremely short
wavelength to make their experiment practicable, and had
chosen light (wavelength about 0.0005mm). Hertz wanted to
show the relationship with electricity and used a gapped metal
ring which he excited with a spark. His receiver was a second
gapped ring which would spark across its gap if it was close
enough when the transmitter was excited. Using amazingly
simple apparatus, he showed that electromagnetic waves did
indeed travel at the speed of light. He demonstrated polarisa-
tion and the fact that the electric and magnetic field compo-
nents lay in orthogonal planes, transverse to the direction of
motion. With different-sized rings he made signals of differ-
ent wavelengths, and showed that a similar-sized receiving
ring was needed to be able to detect a signal.

Many people believe that radio started on long wave, and
only much later expanded into the VHF, then UHF, regions.
This is completely wrong! Hertz had chosen to make his ap-
paratus a comfortable size for bench-top experimentation. His
early experiments were at UHF, about 800MHz, as a conse-
quence. Just for fun, it could be argued that because Hertz’s
receiver produced light as its output, then the first-ever radio
link was in fact UHF television. Admittedly, it was only of
one pixel resolution, but at least its intensity could be varied!

INTRODUCTION TO VHF/UHF  [EER

Hertz had no interest in long-distance communication. He
had been inspired by the work of Helmholtz and Maxwell,
and had produced the necessary experimental support for their
theories. ‘Action at a distance’ was no longer dubious, it was
demonstrable. Hertz’s work, in its turn, was the inspiration
for others. Marconi saw great possibilities in developing
Hertz’s laboratory toys. After a start at UHF, radio technol-
ogy entered a period of rapid evolution with antennas getting
higher, power levels getting higher and frequencies getting
far lower.

HISTORY

The history of the development of long-wave communica-
tions and broadcasting, followed by the revolutionary discov-
ery of the capabilities of short waves is widely known and oft
repeated. Comparatively unknown, perhaps simply lost in the
tumult of new LEF/HF developments, people were experiment-
ing at even higher frequencies.

In 1919, Marconi was experimenting at 150MHz, pushing
the limits of what valves could then do. He used dipole an-
tennas with the oscillator and detector placed right at their
centres, and used parabolic reflectors to form the emission
into a narrow beam. Also in 1919, Barkhausen discovered
that ordinary, cylindrical anode, triodes could be made to os-
cillate internally. Frequencies up to 900MHz could be cre-
ated under very peculiar bias conditions, with the anode
slightly negative and the grid at a high positive voltage.

In 1920, Hull applied a strong magnetic field to a simple
diode valve. He could make the electrons spiral out from the
cathode to the anode because their trajectories were bent by
the magnetic field. With a strong enough field, the anode cur-
rent cut off as the electrons went into circular orbits. With
anode current flowing, useful oscillation could be achieved
to several hundred megahertz. A later refinement, splitting
the cylindrical anode into two pieces with separate connec-
tions, made it much easier to extract a signal from the valve,
and the magnetron was born. George Jessop reported that one
commercial type was capable of 50W output at 144MHz. This
was before strong, compact, permanent magnets had been
developed, so early magnetrons were rather unwieldy — just
recall the loudspeakers of the period with their huge perma-
nent magnets or large field-coils.

The discovery, by amateurs, that the short waves were not
after all useless, but instead were dramatically better than long
waves for long-distance communication, made people won-
der what might be found at still higher frequencies. If a move
to higher frequencies produced wonderful results, then maybe
going still higher might produce still . . . people had to try it.
It was not long before commercial use of the short waves
started. This fuelled the development of improved valves for
high-frequency use.

One proud tradition of amateur radio — give an amateur a
new device and he’ll soon extract more power and higher fre-
quencies from it than the designer ever thought possible —
goes right back to the beginning. HF ionospheric propaga-
tion had been explored with signals coaxed out of valves in-
tended for LF use. Small ‘short-wave’ triodes with the elec-
trode connections brought straight out of the bulb to avoid
the stray capacitance and inductive coupling of convention-
ally-based types proved useful up to 50-70MHz.
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Fig 1.3. Marconi’s 2m receiver and transmitter, made in 1919, which demonstrated the production of a beam using a parabolic reflector

All valves were very expensive in this period, so minimis-
ing the number needed was a very high priority. A typical
transmitter would have been a pair of triodes configured as a
push-pull oscillator, while super-regenerative receivers pro-
vided the necessary sensitivity with the minimum number of
valves. Wire antennas were used, based on those used at lower
frequencies.

In Japan, Yagi and Uda were experimenting with arrays of
dipoles and had discovered the ability of non-driven dipoles
to reflect or direct the signals from a driven one. From this, in
the late ’twenties, they developed the Yagi-Uda array, much
better known as the Yagi antenna. The ability of this new
antenna to concentrate the radiated power in a narrow beam
made up for the difficulty of generating appreciable power at
higher frequencies, though only in the direction it was pointed.
Marconi experimented with Yagi antennas and special valves
at S00MHz and proved that communication beyond the vis-
ible horizon was possible. Up to this time, VHF and UHF

signals had been assumed to behave like light, and the first
sign of a flaw in this belief helped to stimulate increased in-
terest in these frequencies.

Commercial research is done with a view to eventual profit.
Academic research is done with a view to the publication of
new knowledge. Both have to justify their existence; there
has to be some possible outcome that can be explained to the
controllers of their sources of funding. We amateurs are free
to explore where our interests take us. We may not have in-
dustrial-strength budgets to spend, but we do have a unique
level of freedom. In the late *twenties, SSB was invented by a
telephone company as a means of multiplexing several tel-
ephone channels onto one wire. It was considered to be eso-
teric and rather fragile in view of the quality of cable it needed
to make it work acceptably. No-one thought that a radio con-
nection could be good enough to carry it until amateurs dem-
onstrated reliable intercontinental SSB contacts. Earlier, it was
the sheer number of amateur stations, their geographic
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diversity and their operation at all
hours that allowed the totally un-
expected propagation effects of
HF to be discovered.

The amateurs exploring VHF
were developing new techniques
and setting new records. Almost
everything that could be thought
of was being tried. The small size
of efficient VHF antennas must
have made trials from aircraft
seem natural. One VHF DX-
pedition of 1935 ran an exten-
sively equipped 5m station at the
top of Snowdon and logged a 205-

mile contact with Romford,
Essex.

Higher-frequency bands were tried and techniques were
developed to suit them. Coaxial cavities and troughlines gave
the frequency stability needed to get results on 112MHz.
‘Acorn’ valves like the 955 triode appeared and were pressed
into service up to 500MHz. Their extremely direct electrode
connections and small size made them ideal.

WAR

The 1939-1945 period saw some of the most intense devel-
opment of radio and electronics ever. The skills of the radio
amateurs were quickly put to work as operators, technicians,
instructors and researchers. Because of the amateur’s insatia-
ble desire for long-distance contacts, much of the commer-
cially made equipment for the amateur market represented
the state of the art. The American Hallicrafters S27 receiver
covered from 28 to 142MHz and proved to be the only avail-
able instrument that could be used in the hunt for the first
VHF radio navigational aids that had been revealed in notes
from crashed aircraft. According to an unsubstantiated leg-
end, the entire stock of S27s at Webbs Radio, Soho, was
bought up by an RAF signals officer — on credit! One lesson
learned from this was that even line-of sight frequencies can
be used over large distances when one station is on a high-
flying aircraft, without needing any help from unusual propa-
gation. The navigational beams were simple extensions of
the Lorenz landing aid that had been developed in the mid-
*thirties. The ILS system still in use today is a direct descend-
ant.

The possibility of making directional antennas of conven-
ient size made the VHF part of the spectrum the natural choice
for beam-type navigational systems. Throughout the war a
cat-and-mouse game of progressively more sophisticated navi-
gational systems and their subsequent countermeasures was
played. Perhaps we ought not to get too focused on the inter-
esting technology of it all — we must always remember that
these ‘games’ were literally deadly to people on both sides.
As fast as new valves could be developed to make high power
at higher frequencies, radar moved up in frequency to take
advantage of the increased directivity of the antennas that
could be made in the available space. Night fighters were
larger than their daytime equivalents and had arrays of Yagi
beam antennas pointing forwards from their noses. Imagine a
respectable 2m or 70cm moonbounce array bolted to the front
of an aircraft! Ground-based radar could detect nocturnal

An early 2.3GHz klystron oscillator and receiver

bombers, and could direct fighters to their rough location,
but the fighters needed their own radar to close the remaining
distance.

In the late thirties, a system of electronically-scanned tel-
evision had been developed at EMI to challenge Baird’s me-
chanically scanned system. This had created a whole new sort
of electronics: sawtooth ‘timebase’ oscillators, cathode-ray
tubes, pulse amplifiers, synchronisation and triggering cir-
cuits. Previously the only signals that anyone had had much
experience with had been sine waves, speech and modulated
sine waves. Britain’s lead in the strange new circuits of elec-
tronic television was a great help to the radar pioneers. Be-
cause several megahertz of bandwidth were needed to trans-
mit what was then called ‘high-definition’ 405-line televi-
sion, operation in the deserted parts of the VHF band was
inevitable. Not only did television create the signal-process-
ing circuits needed by radar, but it also created the high-power
VHF transmitter technology. After the war, radar repaid its
debts because the new valves and circuits that had been de-
veloped for it gave a flying re-start to the infant TV industry.

Ships’ masts are the obvious mountings for sea-borne ra-
dar antennas, and for an uninterrupted view, the radar an-
tenna has to go on top. This means that the size of the antenna
has a large effect on the stability of the ship as well as on its
visibility. Rayleigh’s criterion from optics works for all wave
phenomena, so the Royal Navy was able to estimate what
angular resolution it needed, and what size of antenna it could
tolerate, in order to decide on the minimum frequency they
needed. They commissioned a team at Birmingham Univer-
sity to develop radar at 3000MHz. This was a huge step from
the existing systems which had been in the 30, 50 and 200MHz
regions. Radar requires very high peak power pulsed trans-
mitters and the increase in frequency required a step far be-
yond the limits of any known technology. One group at Bir-
mingham based their work on the klystron valve that was
known to be able to oscillate at 3GHz, but they could not
achieve anything like the power output needed. Instead, the
klystron was to prove useful as the receiver local oscillator.
In one of those jokes that Nature sometimes plays, John
Randall and Harry Boot were working on the Barkhausen-
Kurz oscillator (the mis-biased triode described earlier) to
develop it as the receiver local oscillator. Eventually, they
gave up hope of getting enough power to drive a mixer, or
good enough frequency stability, and switched their
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attentions to the split-anode magnetron. This was at least
known to be capable of moderate power, although the fre-
quency stability was known to be poor.

Randall and Boot attacked the frequency stability issue by
replacing the simple split anode with a solid block of copper,
drilled to make a group of resonant chambers, sized for the
wanted frequency. Their prototype had six resonator cavi-
ties, each linked to the central cavity by a slot. It was reputed
to have been made by using the cylinder of a revolver as a
drilling jig. It burned out their dummy load and easily pro-
duced several hundred watts, close to the intended frequency.
Permanent magnets had been greatly improved by this time,
and the quest for a receiver LO had produced a marvellous
high-power transmitter. Small, robust, and efficient, the cav-
ity magnetron was simply ideal, and could easily produce peak
powers of many kilowatts in pulsed radar duty. Klystrons,
which had started out being groomed for the power output
job, made great LOs for superhet receivers. Centimetric ra-
dar had arrived, right at the upper limit of UHF.

Just after the war, many people were using beam antennas,
crystal-controlled transmitters and superheterodyne receiv-
ers. The first trans-American contact had been made at
50MHz, showing that VHF was sometimes anything but
‘optical’.

WAR SURPLUS

At the end of hostilities, the immense military organisations
could not be dismantled instantly, and time was needed for
the world’s economies to change back to peacetime activi-
ties. Military service and rationing continued for several years
in some countries. Huge quantities of hardware became sur-
plus to requirements. Cryptographic equipment and other
highly secret things were stockpiled or were carefully de-
stroyed to protect their secrets, but tremendous amounts of
communications equipment and components were sold off.
Disposable incomes were very low before the economies re-
covered, so technical treasure could only be sold for a tiny
fraction of its original cost.

It took until the middle of the ’sixties for the flow of war-
surplus goodies to dry up — there was simply so much of it. In
the space of a couple of decades we had gone from it taking
many weeks worth of the average income to buy one valve,
to amazing devices, being sold by the tea-chest-full, at dis-
posal prices. Large numbers of people had been trained as
makers, operators and repairers of all manner of communica-
tions and radar equipment. They, too, had become surplus to
requirements. Suddenly dumping large quantities of people
or things onto an open market is usually a precursor to disas-
ter, but in this case the things and people were complemen-
tary and were just what the emerging civilian markets needed.
Radar experience was very appropriate to television, and the
work done in developing CRTs and wide-band valves was
not wasted. Many home-brew TV receivers were founded on
the VCR97 electrostatic CRT and the EF50 VHF pentode.

Most amateurs were primarily interested in HF activities,
so the demand created a scale of prices, with radios like AR88s
at the top, then down through the HRO, CR100, BC348,
R1155 etc. The 19 set tank radio was one of the bargain-base-
ment jobs, and although it had a crude VHF transceiver built
into it, the VHF section was usually unceremoniously ripped
out to make space for an audio amplifier. The period of

homebrew television construction created a market for some
VHF bits and pieces, but it was relatively short lived as com-
mercially made televisions became available. Perhaps black-
and-green pictures on Sin screens just didn’t fit in with the
entertainment needs of other members of households? Spe-
cialised VHF or radar equipment and components went for
junk prices.

No true amateur can ever turn down something for nothing
or even close to nothing, so a lot of strange things wound up
in the hands of people who then wondered what they could
do with them. In addition to the dispersal of all this bounty,
there was the dispersal of the knowledge to go with it. There
was a big influx into the hobby caused by some of all those
highly trained people looking for an outlet for their curiosity.
Many of them had been involved with VHF/microwave tech-
nology. With advanced components and knowledge the
records previously set on the VHF/UHF bands were highly
vulnerable, and new frequencies with no records had become
accessible. The 144 and 432MHz bands were allocated in the
late ’forties, virgin territory for new explorers.

As had happened earlier on short waves, it was the crea-
tion of a large number of stations spread across the world,
operating at all hours, looking for long-distance contacts,
which led to new discoveries. Two American stations made
the first moonbounce contact in 1953. One bunch of radio
astronomers-to-be tried to use the surplus mobile radar unit
they had obtained to detect their own lunar echoes. They in-
cluded Bernard Lovell, and they went on to build the Jodrell
Bank radio telescope. Terrestrial propagation studies got a
boost in 1957, the International Geophysical Year, with the
opening of GB3IGY, the first of the VHF beacons. The po-
tential of meteor-scatter and sporadic-E propagation were
beginning to be discovered. In 1959, a sporadic-E opening
gave contacts between the UK and Italy. In America, 400 miles
was achieved on 1.3GHz, then California and Hawaii were
linked on 220MHz. Records and ‘firsts’ were there for the
taking.

THE RISE AND RISE OF THE TRANSISTOR
Typical VHF/UHF stations of the time consisted of a crystal
oscillator-multiplier-PA chain as the transmitter, with a crys-
tal-controlled converter ahead of a standard HF receiver as
the receiver. In the ’sixties, commercial VHF transceivers
became commonplace in emergency services vehicles, with
utilities, and with taxi firms. There had been experiments with
mobile ‘two-way’ radio much earlier, on HF and VHF, but
this was the full-scale deployment of private mobile radio
(PMR). Successive generations of PMR mobiles were rap-
idly developed, as new types of transistors became available,
capable of supplanting valves in progressively more awkward
applications. Some of these earlier generations of PMR sets
found their way into amateur hands when they were prema-
turely pensioned off to make way for each successive smaller
and cooler replacement. It was not difficult to re-crystal some
of them for 144MHz, though some people who acquired ‘low-
band’ units had to put in a lot of work rebuilding their RF
stages to convert them into ‘high-band’ units. Up to the ap-
pearance of this equipment, anyone who wanted to operate
mobile had to build their entire station.

On HF, the arrival of the transistor coincided with the rapid
growth of high-power short-wave broadcasting, so the



Manuafacturers introduced smaller and smaller valves for VHF
mobile radio, such as this 6W double tetrode (Mullard QQV02-6),
but all-transistor technology was already on the way

sudden worsening of the ability of receivers to handle nearby
big signals was rather badly timed. It took over two decades
to make up for this great step backwards, and to be able to
make semiconductor-based HF receivers that were in no way
inferior to the best of the valved units. On VHF/UHF, condi-
tions were more favourable, receivers were not being ‘ten-
derised’ to the same extent, and semiconductors offered pro-
gressively lower noise figures, a great boon where noise limi-
tation was far more likely than overload problems.

In 1961, just four years after the first-ever artificial satel-
lite, Sputnik-1, the first amateur satellite, Oscar 1, was
launched. It transmitted telemetry on a low-power beacon in
the 144MHz band. Later amateur satellites offered commu-
nications facilities for short periods. While these were mar-
vellous advertisements for the hobby, and a great deal was
learned from them, satellite operation in the ’sixties was very
much a minority interest. Many people listened to them, but
only the very dedicated built the multiband stations with azi-
muth-elevation mounted antenna arrays needed for two-way
working through something that might only last weeks, if it
made orbit at all. It was Oscar 6, which was launched in 1972
and survived for four years, that broke the pattern and showed
that satellite DX was a long-term proposition. Four years was
more than long enough for the exploits of the pioneer users,
and the details of how to follow their lead, to reach print and
become general knowledge.

CLASS B LICENCES
The ITU Regulations call on member states to require proof
of proficiency at Morse code from anyone to be awarded an
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amateur licence giving access to the bands below 30MHz.
This was a simple consequence of some MF/HF amateur bands
being shared with higher-priority users, who were only
equipped for CW transmission and might need to request an
amateur station to close down. Without this requirement, we
would probably not have those bands at all. However, be-
cause signals above 30MHz were not expected to travel far,
countries were left free to make their own decisions about
Morse proficiency and access to these bands. The UK took
advantage of this and created a new type of licence limited to
430MHz and above, and issued it without requiring the usual
Morse test pass slip. Later, this ‘B’ licence was extended to
include the 144MHz band, and more recently, to cover all
bands above 30MHz. An experiment in the ’eighties to allow
Class B licence holders to use Morse code on the air proved
very successful, and it is now permanent.

The Class B licence (and similar licences in other coun-
tries) has had a very large effect on amateur radio. Once upon
a time, the usual mode of entry to the hobby started with a
period of short-wave listening with one of those war-surplus
HF receivers, while reading and re-reading every book and
magazine that could be found on the subject. Local amateurs
offered encouragement, help, and the loan of books and maga-
zines from their joist-threatening ‘archives’. After enough of
this, the beginner would be ready to attempt the Radio Ama-
teurs’ Examination, which then had a small number of ques-
tions, each requiring a mini-essay as an answer. The candi-
dates were also expected to be able to draw circuit diagrams
from memory of typical sections of transmitters and receiv-
ers. This was not as fearsome as it might sound today — ra-
dios were a lot simpler then, and there were only a few cir-
cuits that were ever called for. After plenty of listening to
Morse transmissions, especially the low-speed training broad-
casts, the beginner would take the dreaded Morse test at a
shore station or other Post Office radio establishment. De-
spite a few stations that were reputed to have had at least one
ogre on their staff, many amateurs have described examiners
making great effort to be welcoming, encouraging and to help
candidates overcome their nerves.

The freshly licensed beginner went on the air after some
years of familiarisation with operating practices. The 1.8MHz
band was the most popular starting point because the receiver
used for the short-wave listening period could be used with a
cheap and easily built low-power transmitter. On the 1.8MHz
band, everyone was limited to low power, so the beginner
was at little disadvantage with a simple transmitter.

The Class B licence now allows someone to go on the air
after passing just the RAE, and the only extra limitation on
them is the 30MHz barrier. If someone wishes to learn Morse
code, either for VHF use or to gain access to the bands below
30MHz, they can now get a Class B licence, and join in one
of the Morse training nets on 144—146MHz. This is a lot less
lonely than just listening, and a lot more encouraging. Copy
can be read back for checking, and the instructor can choose
the speed to suit the progress of the group. Due to the relative
price and availability of commercially made radios for the
different bands available to the Class B licensee, the FM seg-
ment of the 144-145MHz band has replaced the 1.8MHz band
as the ‘nursery slopes’ of amateur radio, where the majority
of newcomers make their first contacts.

The Class B licence has now been with us for a few decades,
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and, contrary to the predictions of some of its critics, the world
has not ended. It has been the entry point for many good peo-
ple. It can justly be called a success. The USA has recently
introduced its first-ever no-Morse-required VHF-and-above
licence and is still suffering the inevitable flare-up of its branch
of the great Morse debate.

ENTER THE ‘BIG THREFE’

In Japan, amateur radio had long been practised by a much
larger fraction of their population than had been the case in
the West. This proved to be a fertile market for the evolution
of a number of fiercely competitive manufacturers, each large
enough to support mass-production methods. Once their home
market approached saturation, they looked to exports for fur-
ther expansion. The Western manufacturers never knew what
hit them.

The radio amateurs in the West were abruptly confronted
with shiny, new, feature-packed radios at much more afford-
able prices than ever before, and the move from home-built
to purchased equipment was fully underway. The first equip-
ment from Japan concentrated on HF SSB operation and rode
the change from AM to SSB on those bands. Soon afterwards,
the Japanese companies started to export their VHF models.
The VHF bands had never before been served by specifically
manufactured equipment, and affordable off-the-peg radios
were an attractive alternative to scratch-building or modify-
ing surplus PMR equipment. In the UK, the appearance of
these radios fuelled the rise in popularity of the Class B li-
cence.

REPEATERS

The amateur world was awash with affordable, commercially
made, 2m band FM transceivers. Some were retuned, re-
crystalled commercial PMR sets, others were purpose made
for the amateur market. The 144-146MHz band had been
fairly popular for local natter using AM PMR equipment, but
the switch to FM accompanied a big increase in occupancy.
The majority of PMR sets had been designed for mobile or
portable operation, and the Japanese manufacturers produced
portable and mobile models. To enhance the coverage of all
these mobiles, an extensive network of repeaters has been
built. With the part of the 145-146MHz bandplan assigned to
repeaters pretty much full, most new repeater development
has shifted to the 430—-440MHz band. Not all repeaters are
FM, just the majority, so the rarer SSB and TV repeaters are
especially interesting.

The repeaters have acted as magnets for a very small
number of disaffected people who try to jam them. This is
antisocial, illegal, and damages the reputation of the hobby.
Their motivation seems to be a mixture of wanting to annoy
people so that they can listen to the resulting anger, and of
wanting to get attention. If you do encounter a repeater
jammer, the best advice is to do nothing that acknowledges
their existence in any way. Do not rise to any taunts. Any sign
whatsoever that they have been noticed seems to encourage
them. Quietly log the times, the signal strength on the input
frequency (and direction, if possible) as this may later help.
Never discuss such things on the air as this may either
encourage them or tip them off. Ultimately, the Radiocomm-
unications Agency has the power to prosecute, leading to
confiscation of equipment and fines. Finding theperpetratoris

only part of the problem; sufficient evidence has to be col-
lected in a way that is admissible in court. All this work goes
on behind the scenes, and all that is ever seen is a small piece
in the news columns of Radio Communication magazine
announcing the result of a court case. The number of jammers
is very small indeed (though they try to make as much
nuisance as possible), and the number of prosecutions indi-
cates an excellent clean-up rate. Some have tried jamming
while mobile, but now their vehicles are atrisk of confiscation.

Based on the number of QSOs and the number of users,
the repeater network is very successful. Very few of the QSOs
may contain matters of direct importance to amateur radio,
but they are useful indirect tools that allow the communities
around them to organise various activities.

THE 6m BAND

The creation of a 6m band in the UK came as a large surprise,
and was solid evidence that the DTI looks favourably on the
Amateur Service. This part of the spectrum was freed up when
the 405-line TV broadcast system was closed down and, al-
though it is assigned as an amateur band in the Americas, in
our region it is not. The first amateur use was by a few sta-
tions with special licence variations as an experiment. Part of
the experiment was to investigate the effect on French TV
which was still active on low VHF. As the French TV service
had coped with our old 405-line TV transmitters, each blast-
ing out many kilowatts across the same band, some care over
our power output and antenna configurations ensured a satis-
factory demonstration of co-existence. The experiment turned
into a permanent new band. It is ideally situated, with inter-
esting propagation effects to be explored and a heavily
equipped continent just an ocean away to form the other end
of long-range contacts.

DATA MODES
The radio-teleprinter techniques used on HF have always been
directly applicable on VHF, but the appearance of mass-mar-
ket home computers in the ’eighties prompted widespread
exploration of new possibilities. Just using the computer to
simulate the function of a classic electro-mechanical tel-
eprinter may not look like a bold step forward, but the reduc-
tion of size, noise and weight in a domestic environment did
alot to increase the numbers of people prepared to try RTTY.
The X.25 protocol of the packet-switched data technology,
used in some parts of the public telephone network, was modi-
fied for use on the air (AX.25) and grew into the packet radio
network. The originators of X.25 never considered it suitable
to be deployed over links made out of simple speech-type
radios, but amateurs love making the unexpected work. To
the basic packet radio network, bulletin board servers have
been added, offering news and electronic mail facilities. Spe-
cialised bulletin board servers have been linked to make the
DX clusters which rapidly distribute news of interesting band
openings or the appearance of rare stations. They may be a
mixed blessing, for while the news of a band opening can stir
up activity on that band, the ‘spots’ of rare stations do tend to
create beautifully synchronised pile-ups — though mostly on
HF! The packet format is well suited to VHF/UHF condi-
tions, and does not work anywhere near as well when tried on
HF.



Here Belgian and Dutch radio amateurs are exchanging TV pic-
tures via the British TV repeater GB3LO

IMAGE MODES

Slow-scan TV works well on VHF/UHF and, compared to
HF, the clearer channels give less interference on the pic-
tures. Once again home computers have made things much
easier and have replaced the long-persistence CRTSs, photo-
graphic drum printers and scanners that were once the only
way of handling slow-scan and facsimile images. The UHF
and microwave bands offer the space needed to carry a con-
ventional TV signal. TV repeaters have also been built. Digi-
tised images can be treated just as any other data files and
sent by the normal data modes.

SPACE

There are amateur satellites acting as very-wide-area repeat-
ers for SSB, while some provide images of the Earth and oth-
ers carry packet mailboxes. Send your long-distance email
up when the satellite is over you, and the recipient can read it
when the satellite passes over him or her. Astronauts and cos-
monauts have taken out amateur licences, and taken up ama-
teur transceivers. There have been many contacts with Mir
and the Space Shuttle. One group onboard Mir actually did
their exam in space to get their licences before the end of
their mission, and had equipment sent up on a routine supply
rocket. Amateur radio has become a popular hobby with space-
men and spacewomen everywhere. It is probable that most
future missions will have some amateur radio content. As part
of the first-ever amateur operation from orbit, Owen Garriott
also sent slow-scan TV images of the interior of the Space
Shuttle in the 2m band. Average VHF stations were suffi-
cient to receive these. Few of us will get the chance to try
radio actually in orbit, but we can all be Earth stations if we
wish and join in the funding, design and development of fu-
ture amateur satellites.

THE PRESENT AND THE FUTURE

History is not ‘bunk’, it is simply inaccessible, and we can
neither visit it nor change it. Living in the present, we can see
the past clearly, yet our influence is over a future that we
cannot see. This seems like a recipe for disaster. Given the
unfair advantage of the certainty of the past over the uncer-
tainty of the future, it is easy to believe that most of the won-
derful things have already been done, and that there is little
left worth doing. This is very probably not so — such things
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The Phase 3C amateur radio satellite being packed for transit to
the launch site

have been said for centuries by people who ought to have
known better.

Amateur radio is now quite a mature interest and, with the
advances in communications in general, it must now look not
at all magical to the layman. One of the greatest challenges of
the future must be the attraction of new people.

The future holds great threats to the survival of the hobby,
especially on VHF/UHF. In the ’eighties, the liberalisation
and privatisation of telephone companies in various countries
hasled to aboominradio-based communications services that
is still continuing. The analogue cellphone networks may be
close to their peak, but the digital networks will replace them
and grow much larger still. Public appreciation of the relative
security of their conversations on different types of telephones
canonly increase. Some companies are trying to sell cellphones
not just as mobile devices, but also as alternatives to wired
phones in homes. The network of wires leading from the
telephone exchanges to their subscribers is something that
cannot be duplicated to allow free-market choice without
astronomical cost, so there are plans for competitive phone
networks using fixed radio links to homes and businesses.
Add in the growth of cordless telephones, cordless burglar
alarms, remote control devices, and car key-fob transmitters,
and it can be seen that the demand for space in the RF spectrum
is accelerating dramatically. Proposals for global spectrum
allocations for use by low-orbit satellite-to-person communi-
cations have included requests for the reassignment of all of
our prime VHF and UHF bands. The idea of a wristwatch
phone that will work anywhere on Earth (or in nearby space)
with everyone having a single personal telephone number,
without geographic codes, is now very close to being achieved.
Such progress cannot and should not be stopped, but nor
should it be allowed to simply destroy other services.
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Amateur radio above 30MHz is facing the most severe
threats ever. To fight these pressures we need to be able to
demonstrate large numbers of people regularly using all the
bands, and we need to be able to make good presentations of
the value of the continued existence of these amateur bands.

THINGS TO DO
There are plenty of things waiting to be done that will ad-
vance the individual and/or the hobby.

On 2m or 70cm FM, there are new people to be welcomed
and encouraged. This could range from informal help when
requested, to organised on-air RAE tuition for novices in your
area. The voice repeater network is still expanding but it is
fairly mature now. The receiver sections of many repeaters
are suffering from overload from adjacent paging transmit-
ters, so a high-dynamic-range receiver design would solve
many problems. Some groups are experimenting with solar
or wind powered repeaters to take advantage of low-cost iso-
lated sites, and also with linking groups of repeaters. A few
TV repeaters already exist, but more of them would stimulate
TV evening nets.

DXing can be done via sporadic-E openings, meteor-scat-
ter or moonbounce. The moonbounce station at GM4J1J is a
typical medium-sized installation for the 144MHz band, with
four long-boom Yagis driven by a pair of 4CX250B valves at
about 900W, allowed by a special experimental licence. A
small moonbounce station might have a single long-boom
Yagi fed from a 100W solid-state amplifier. There are big-
league stations with monster antenna arrays that can make
CW contact with small stations, or SSB contacts with me-
dium stations. Occasionally some amateurs get the tempo-
rary use of a really big dish and moonbounce contacts be-
come possible for quite modest stations.

The packet network is there to be explored, but it is now
bound by two limitations. Our licence conditions covering
message content and purpose prevent it becoming open to
full Internet traffic, because of the wide-open nature of that
network. More open to being fixed is the speed limitation
forced by channel bandwidths originally planned for narrow-
band FM speech. The progressive replacement of the network
with high data-rate microwave links could yield a great im-
provement in network capacity and response speed.

There is very little activity on the higher and microwave
bands other than during contests. On the use it or lose it prin-
ciple, we need to devise attractive new uses for these bands.
TV and fast data links are obviously suited to the great band-
width available, but what other possibilities are there?

In a market flooded with commercially made equipment,
there is still a place for home construction. Much of the com-
mercial gear tries to do everything at the cost of doing noth-
ing particularly well. If you want a competition-grade sys-
tem, think in terms of masthead pre-amps and home-made
transverters into HF transceivers, if not entirely home-built
transceivers. Much commercial equipment has been compro-
mised — the current fashion for wide receiver coverage has
made the receiver sections of many transceivers resemble
scanners, with a subsequently increased likelihood of
intermodulation and overload problems from out-of-band sig-
nals. Hand-held transceivers have responded to market

The moonbounce antenna at GM4JJJ

demands for smaller size, longer battery operation, as well as
wide range scanning. The tiny ‘rubber duck’ broad-band an-
tennas are very inefficient, but the receivers have been com-
promised by their wide range and low power consumption
design goals, such that the use of any better antenna risks
overload problems. Much better performance can be got from
aradio specifically optimised for amateur-band-only use. One
approach would be to convert one of the cheap ex-PMR hand-
helds that appear at all rallies. It would be unfashionably big,
but it would also be tough enough to knock nails in with and
would also maintain a QSO under conditions that would over-
load something more fashionable. Kitchen-table construction
can still produce things that can outdo the big firms if the
constructor targets his specific needs and tolerates a less ‘con-
sumer’ appearance.

WELCOME
Well, that’s a brief introduction to the VHF/UHF bands, a
place of threat and opportunity. It offers wide open spaces in
which to try out things that no-one has yet thought of, and it
offers many known activities that may still be adventurous
for the individual. The Brendan Trophy still awaits the first
transatlantic 2m QSO.

Anyone fancy a QSO with the first manned mission to
Mars?



2 Getting started

K, you’ve done it! The pass certificate for the Radio

Amateurs’ Examination is in your hand and perhaps the
Morse test on the way — you are ready to post off for your
licence but while you wait for that anticipated ‘M’ callsign
you will be thinking of where to start and what with.

You may have spent some time listening to the bands as a
short-wave listener and have a pretty good idea of where your
interests lie but there are those who do not have this precon-
ceived idea of their immediate future.

The best place for your first stop is your local club —if you
are not sure where your nearest club is located then a phone
call to the RSGB will give the required details of dates, times
and contacts. Most clubs give newcomers a hearty welcome
and this will be your chance to talk to other amateurs about
what they prefer. Many clubs have a club station where you
can get ‘hands on’ experience of some of the available trans-
ceivers and get some answers to those difficult questions.
Many of the local amateur radio retail outlets will also offer
advice but remember that they may be tempted to push the
higher-profit radios your way.

TRANSCEIVERS

The first real decision is which transceiver to obtain. There
are many on the market but which one is best for you? Should
you go for a hand-portable one (‘hand-held’), or a more ex-
pensive base unit to sit on the table at home? Would a mobile
unit be preferable and should it be just for FM or for SSB and
CW use too? Which bands do you want?

The questions are easy to ask but much more difficult to
answer, and of course the answers will be constrained by the
money you have available for the hobby or the units you are
willing and able to build. Let’s take a look at each in turn — it
should be noted that all comments made here refer to the 2m
band but are also applicable to all VHF and UHF bands too,
from 6m upwards to the microwave bands.

A great percentage of radio amateurs own a ‘hand-held’
transceiver — most are on the 2m (144MHz band), some are
only for the 70cm (432MHz) band and some are dual-banders
for 2m and 70cm together. They are typically FM only and
will only give an output power of about 1W when run from
the supplied battery. (Some may give higher power when run
from 12V, though.)

These hand-helds can be used while walking the dog, while
you are strolling around the local rally or even while mobile
or sitting in the armchair at home. When in use out walking,
the ‘rubber duck’ antenna supplied with the transceiver will
be used — these are helically wound in most cases and will
radiate a signal (of sorts). For base use or in an mobile envi-
ronment some form of outside antenna will be beneficial. It
must be remembered that the 1W output of these rigs will be
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heavily attenuated if poor-quality coaxial cable is used. Even
in short lengths a good proportion of the signal can be wasted.
Having said that, a good antenna can make all the difference
to any radiated signal, but more of that later.

So, we have our hand-held radio clipped to our belts or in
a pocket. It will prove very useful, but not so good for longer-
distance contacts except perhaps through a repeater or when
standing on the top of a hill. Many of these repeaters also
require slightly more power than the typical hand-held can
deliver.

There are many, many hand-helds available on the market,
both new and used. It all depends on what you require of your
rig, how much you can afford or more importantly how much
you are willing to spend. If this is your main interest than a
call into the local shop or a browse through the adverts in a
few magazines will point you in the right direction.

The older type of thumbwheel-tuned type such as the IC2E
has been used by many amateurs over the years. There are
even a few modern look-a-likes available too. They are sim-
ple, easy to use and above all cheap. The more modern type
of hand-held with its built-in processor may at times make
you feel that you need a degree in programming to under-
stand the way they work.

If your interest lies more further afield you may wish to
consider something a little different. While FM is a good chat
mode for stations fairly close to each other it is not as effi-
cient as single sideband working for longer-distance contacts.
In this mode the carrier is removed and thus more of the avail-
able power is used to concentrate the voice into a narrower
bandwidth than FM.

Single sideband is a much more efficient way of using the
available spectrum when conducting a contact — the FM sig-
nal is typically 12kHz wide, while the SSB signal is typically
only 2.5kHz. Thus the output power of the transmitter is more
efficiently used. It is because of this that an SSB signal will
be heard over a greater distance and stations that would be
impossible to work when using FM can be contacted with
ease when using SSB.

So, which transceivers are available for SSB and FM work-
ing? Without doubt the most famous of all the simple, low-
power transceivers ever built were the FT290R and the
FT790R from Yaesu. This is not meant as an adverse com-
ment about all the other manufacturers, but these rigs stand
out. Throughout the late seventies, the *eighties and the early
‘nineties almost every amateur owned one of these at one
time or another. They were used mobile, portable, at home,
and on planes and ships — truly versatile rigs. It is true that
they only gave 2.5W out on 2m or 1W on 70cm but they
worked and worked very well.

These radios gave the newly licensed amateurs their first
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taste of longer-distance working (DX) on VHF/UHF and the
addition of a small linear amplifier made the chance of those
200km-or-more contacts a distinct possibility. Like all good
things the early FT290R was superseded by a Mk 2 version
which in many people’s opinion never came up to the stand-
ard of its elder brother.

So, in the case of the hand-held transceiver, the advantages
are: portability, low weight, ease of use (mainly), and low
power consumption. The disadvantages are: low power out-
put, the need to recharge the batteries, and the ease of losing
the set if you are not careful.

The trusty hand-held with its 1W of power may seem very
basic, but under certain conditions can work very long dis-
tances — the chapter on propagation should be studied in de-
tail to give more information on this. Suffice it to say that I
have worked from my house in Folkestone, Kent to Paris,
France on FM with ‘flea power’ — just 2W into a vertical
antenna. On VHF you should be able to work all over Europe
with a couple of watts of CW.

Let’s look a little more closely at the larger transceivers
available for base use. These typically run off a mains supply
but after the introduction of the EMC regulations in 1996 most
of the big manufacturers changed over to transceivers that
required an external 12V supply.

During the late ’seventies and the early ’eighties the cham-
pion VHF rig was the FT221R. This transceiver was used by
most of the big contest groups and when fitted with the fa-
mous replacement muTek front-end became the ‘be-all and
end-all’ of contest rigs. These transceivers changed hands at
huge amounts of money. Because of trends they have become
less popular. These rigs didn’t have too many bells and whis-
tles but did work extremely well. They had analogue tuning
too —no digital frequency readout here. The advantage for us
now is that because of these supposed disadvantages the trans-
ceiver is considered ‘old hat’. The value has dropped consid-
erably but they still work very well when compared with
modern equipment. The later contest radios didn’t become
classics like the FT221R did, but some became firm favour-
ites. The Icom IC251E and the later IC271E were also very
good and the later IC275E was used by many contest groups.

The moral of this story is that even some of the older rigs
have good receivers and that is what is important. Remember
that 10W of RF from an cheap old transceiver will sound much
the same as that from its multi-thousand-pound rival. It’s the
receiver that counts!

For those who wish to have only a simple, inexpensive FM
rig for VHF/UHF the ex-PMR (private mobile radio) types
are an invaluable source of cheap rigs. Most will require some
work to get them onto the amateur frequencies but many of
these modifications have been published in the amateur press.
Chris Lorek, G4AHCL, has published a profusion of them. His
PMR Conversion Handbook (and its predecessor, Surplus 2-
Way Conversion Handbook) gives many. These transceivers
may be found at silly prices at your local rally. There are
always a selection available if you look around.

These days, there is a profusion of rigs that can be used by
the newly licensed, the only proviso being whether your
interests lie in only FM local contacts and/or SSB with longer-
distance contacts, packet use with the radio connected to your
computer or even the receiving and transmitting of ATV
(amateur television). There is of course a world of difference

in the way the various
modes are operated. There
is usually a huge differ-
ence in cost, too. The
multitude of transceivers
available will baffle most,
but eventually one will
stand out above the rest.
Listen to what the locals
say about it and try to lis-
ten to other owners of the
same model. See what
they think about it. Are
they happy with their pur-
chase?

Reviews of current and
older transceivers are al-
ways available. Finding
which magazine did the
review will not be diffi-
cult as they generally all
do a review of each one.
Read the reviews and see
what they say. Be careful
and read between the
lines — sometimes a lot
can be said by what is not
written about a radio.

So, we have discussed
the basic radios that you may consider. There is much more
than this of course. The old adage of “if you can’t hear them,
you can’t work them” makes sense.

If the long-distance station (DX) is inaudible at your sta-
tion then you will never work him. What can be done to rem-
edy this situation?

Fig 2.1. Typical collinear antenna

CHOOSING AN ANTENNA

No matter how much you spend on your shiny new or dusty
second-hand transceiver it will always be improved by a
better or more suitable antenna.

By now the newcomer should have a vague idea of where
his or her main interest lies — if it is for local chatting on the
FM simplex channels on VHF/UHF then even a modest out-
side antenna will give the transmitted (and received signal)
quite a boost.

Many amateurs keep their antennas in the loft of the house,
while others prefer to have them on the roof. Whichever you
choose, the higher the better.

The standard quarter-wave antenna will radiate an omni-
directional signal, that is a signal of the same strength in all
horizontal directions. This is what we need for our hand-held.
Convention has it that when using FM the antennas will be
vertically polarised. This means that the radiating element
will be in a up/down configuration. Don’t assume that the
antenna must always have the feeder at the bottom. There are
circumstances, such as when the antenna is fitted under the
eaves of the house, that it can be fitted with the feed point at
the higher point and the antenna is then ‘hanging upside
down’. This will not make for any difficulties in transmis-
sions — the antenna will still work very well. Fig 2.1 shows a
typical collinear antenna.



Fig 2.2. Vertically and horizontally polarised antennas on the same
mast. The upper one is a vertically polarised 70cm antenna, the
lower one is a horizontally polarised 2m antenna

By looking at the roofs of houses around us we will see
several antennas used for the reception of TV. Most of these
types are called Yagi beams. These have directional proper-
ties in that they ‘fire’ the signal in one particular direction to
the detriment of other directions. So, if that repeater you wish
to access is too far away for the omni-directional antenna,
put up a beam. Remember, for FM it should be mounted so
that the elements are vertical and for SSB work it should be
mounted horizontally. Do not do as one operator I know who
mounted the Yagi pointing to the sky and wondered why his
signals were not so strong! Fig 2.2 shows both vertically and
horizontally polarised antennas.

You don’t have to have two antennas if you swap between
these two modes. You can buy antennas specially made for
the job, where a single boom has two sets of elements run-
ning along it, one for vertical and the other for horizontal
polarisation. You will need either two lengths of feeder to the
shack and a switch box to select the polarisation required or
you may decide to have a relay at the antenna and just a sin-
gle line of feeder to the radio.

Of course the gain of any beam antenna works on receive
as well as transmit. While we mention ‘gain’ in an antenna it
must be remembered that if we supply an RF power level to
an antenna of, say, 10W, there is no way that this antenna can
increase this 10W level to a higher power level. What it can,
and does, do is ‘steal’ a little of this power from one (un-
wanted) direction and push it in an other direction. We still
have 10W being radiated from the antenna but not in every
direction. Look at Fig 2.3. It can be seen that the loss of ap-
parent power in one direction can give an apparent increase
in another. In this case the ‘loss’ is to the rear of the beam and
the ‘apparent’ gain to the front.

For those who prefer to sit and chat on the simplex FM

Direction of

maximum gain

CD1080

Fig 2.3. Yagi beam antenna showing direction of maximum gain
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Fig 2.4. Typical VHF/UHF antenna system featuring two 2m, two
70cm and one 23cm beam

frequencies then some form of vertically polarised antenna
will be required. This may be simply a vertically mounted
dipole, a simple ground plane or a collinear array. For those
who need to get a bit further in one particular direction then a
beam may be required. The photograph (Fig 2.4) shows the
antenna systems in use at my house.

The biggest and best antenna that can be put up is the one
to go for. A careful look at antenna design will give guidance
on which one will suit your particular location. But initially
look for one that has a good forward gain and a good front-
to-back ratio. This means that it radiates most of the signal
towards the front and little from the rear. This front-to-back
ratio is important as sometimes you may have a strong sta-
tion behind you and by turning the beam a little you may be
able to null them out. (Again, check the antenna chapter for
more information.)

On VHF and UHF, although most will start out with just
one beam, the wish to add another may come later, especially
on UHF where many stations use two or more. A pair will
increase the forward gain from the antennas by as much as
2.5dB. It has other advantages too. The receive capability will
increase too as the gain of the antennas works both ways. If
they are stacked, that is one mounted above the other, the
radiation pattern will be narrowed in the vertical plane. This
may help stop any potential EMC problems.

Having bought the antenna is not the end of it all — some
means of turning it must be found. The local TV shop may
well have a cheap rotator for sale in the window but these are
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usually intended for small TV beams only. They may last a
year or more with a small VHF beam but it would be much
better to get a proper rotator capable of handling the loading.
The instructions that come with the antenna should tell you
its wind loading. The rotator used should be capable of han-
dling this.

How is it all going to be held up in the air, though? The
dream of most amateurs is the 60 or 80ft tower with a cradle
of antennas bunched at the top. Of course, some of us can get
these up, but often neighbours and the local planning authori-
ties don’t see towers as much of a thing of beauty as we ama-
teurs do. Many will use a chimney lashing kit to bolt a short
stub mast to the chimney. The small rotator carrying the beam
will be safe with this. But just for safety, how about using a
double lashing kit and making sure, especially if a pair of
antennas are intended?

If you do intend to erect a pair of beams, it is no good
siting them a foot apart — they must be set the correct distance
apart to get this 2.5dB gain. Check out Chapter 5 — ‘Antennas
and transmission lines’ for more on this subject.

Antennas don’t have to be out in the open of course. Many
estates have restrictions on mounting antennas on houses
above the eaves or the ridge line. All is not lost. Many opera-
tors use a small rotatable beam in the loft. If a rotatable one
cannot be fitted, consider a pair of delta loops at 90° so you
can select one or the other. The radiation pattern will be off
the side of each. Not perfect but again a signal will be radi-
ated.

Many amateurs use scaffold poles to mount the antennas.
One easy way to do this is to beg, borrow, or buy two poles,
one of about 2m and one of 7m in length. The shorter one is
concreted into the ground and used as the support for the longer
one. A hinged scaffold clamp is used and thus the whole can
be lowered for work to be carried out on the antennas. If guy
ropes are used even two poles maybe used. See Fig 2.5. Even
unwanted windsurfer masts can be pressed into service but
these should be used with care when brackets are bolted on.

FEEDER

There is no point in putting a good-quality vertical antenna
up in the air and using a coaxial feeder such as RG58U. This
feeder has a loss of 4.65dB per 100ft at 100MHz, so if your
transmitter gave out 1W, and assuming no other losses, only
about 200mW would be radiated from the antenna. By chang-
ing to a better feeder these losses can be reduced by a huge
amount. The ‘common or garden’ RG213 has a loss of 1.9dB
at 100MHz per 100ft, about a third of that of the RG58U. See
Chapters 5 and 12 for more data on coaxial cables.

The benefit of choosing good-quality feeder is obvious.
There are many types available on the market today, ranging
from the very expensive Heliax type to the cheaper, but still
very good, Pope H100 and Westflex. Remember that, although
the transceiver gives you the results of the signal and the beam
radiates it, it is the feeder that gets it to the rig and the con-
nectors that join them together.

The station must be thought of as a whole, not as separate
parts. If one part fails, the whole will fail.

OTHER EQUIPMENT
Several other items of other equipment will be found in most
amateur shacks. Some of it will be essential, some may be

Antenna at top

7m pole

Swivel clamp

2m pole

Scaffold clamp

A
Ground level
Concrete base
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Fig 2.5. Using scaffold poles to mount antennas

just useful. Some may be borrowed from friends if they are
only required from time to time.

One essential item when putting the antennas up is either a
directional power meter or an VSWR (voltage standing wave
ratio) bridge/meter. The intention of these is to measure the
effectiveness of your antenna(s). Our requirement is that the
minimum amount of power is returned to the transmitter. The
directional power meter can be used to measure this actual
amount of returned power. The VSWR (usually abbreviated
to just ‘SWR’) bridge/meter will enable the user to measure
the ratio of power levels in the system. Usually we try to tune
for an SWR of unity or 1:1. This is often unobtainable, so
anything under 2:1 will be acceptable.

The power supply to drive all this amount of equipment
will be an essential item. The small SA CB power supplies
found cheaply are often not regulated to the extent we re-
quire. I have seen many trip into ‘over-voltage supply’, caus-
ing problems to the transceiver.

It may seem an extravagance but I would recommend buy-
ing the biggest power supply you can afford. It should be
capable of delivering a very stable 13.8V under load. It is no
point having a supply that ‘sags’ to 11V on load. A good one
that will deliver 20A will suffice until a bigger one comes
along.

Another essential is an accurate clock or watch. The type
that relies on Rugby MSF time clock signals for accuracy is
an excellent one. Some operators even have a pair in the shack,
one with CET (Central European Time) and the other with
local time.

The standard microphone supplied with the transmitter will



almost certainly provide good audio on the transmitted signal
but a base (free-standing) microphone may prove beneficial
and permit some hands-free use. The log book and notes can
then be completed during the contact. Later on a complete
headset (earphones and incorporated microphone) may be used
with a foot switch to give totally hands-free operation.

Initially the only Morse key will be the hand key required
for the Morse test. These can be used to provide good-quality
Morse code for long stretches but this takes practice. A good
electronic keyer with a twin paddle can provide easy sending
without fatigue over long periods. The only thing that moves
with the keyer is your two fingers. With the hand key the
whole arm from elbow to fingers moves. Remember, when
wiring your paddle and learning to send, that convention has
it that the thumb sends the dots and the finger the dashes!

The transceivers we have discussed so far have been run
‘barefoot’, ie without the addition of any form of amplifier to
boost the transmitted or received signal. There are three types
of amateur when it comes to amplifiers:

1. Those with a ‘big mouth and no ears’ (big linear transmit
amplifier and poor reception facilities)

2. Those with ‘big ears and no mouth’ (no big transmit am-
plifier but perhaps a masthead preamplifier). This is a much
better configuration.

3. Finally, there are those who have both a ‘big mouth and
big ears’. These are the full contest-style stations who have
possibly full legal output power available with multiple
antennas and a masthead receive preamp.

Many commercial linear power amplifiers incorporate a
preamplifier. While these will help a little with low signal
levels they also tend to amplify the noise on the feeder too.
The best place to fit the preamp is at the masthead where it
amplifies the signal at the antenna and passes it to the re-
ceiver.

Most commercial linear power amplifiers are excellent but
several will have been ‘got at” by previous owners. Always
check the signal quality of your new amplifier before going
on the air and never try to overdrive it.

WHERE TO PUT IT ALL

So, the antenna(s) are up in the air and we have a pile of other
bits in their boxes — where in the house is the best place to
operate from? This will very much depend on the space you
have available and the amount of equipment you have accu-
mulated.

For the VHF and the UHF station feed length may be a
little critical and the attic a good place to consider. Remem-
ber though that if it is in the attic sleeping children may hear
your signals and during the summer it may get very hot.

Many operators use a spare room for the shack; others pre-
fer a garden shed. Wherever you put your equipment make
sure it is safe from burglars and away from small hands when
not in use.

Remember, if you plan to operate for any length of time,
that the operating position should be comfortable. There is
no point in entering a contest when you have to sit awkwardly.
Set up the desk so that each item is within reach without
stretching. The most-used items such as the tuning control
should be closest to hand.
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OPERATING TECHNIQUES

For ease of use the whole of each amateur band is split into
segments, and a list of these can be found in the RSGB Year-
book and other publications. On VHF and UHF in the UK we
keep the bottom section for moonbounce (or EME as it is
known from ‘Earth-Moon-Earth’) where amateurs try to
bounce signals off the Moon back to Earth. The next section
is for dedicated Morse code users. There are separate sec-
tions for those interested in meteor scatter (MS) operation
using Morse code and another for those using MS SSB. The
next section is for those using SSB in normal terrestrial modes.
A small all-mode section is followed by the packet section,
the beacon subsection and the FM simplex channels and fi-
nally the satellite section. There are also sections for amateur
TV (ATV), QRP activity, and many more. Let’s look a little
more closely at a couple of these. (Check the current Year-
book for more details of the band plans.)

In the UK the main ‘calling frequency’ for FM work on
2m at present is known as ‘S20’ (simplex channel number
20). It is on 145.500MHz (on 70cm it is 433.500MHz and is
currently known as ‘SU20’). Operators should use the estab-
lished calling frequencies to only make initial contact and
agree another frequency to move to (QSY). Don’t stay and
chat on the calling frequency even if the band appears dead.
Keep all conversation on calling frequencies to an absolute
minimum.

The band is at the moment split into 25kHz sections so that
144.475MHz is known as ‘S19’°, 145.525 is ‘S21’ and so on.
However, a change to 12.5kHz spacing is currently taking
place and the names for channels are being revised. For
145MHz the letter “V” is used, and the number is the channel,
counting in 12.5kHz steps, above 145.000MHz. So
145.500MHz (°S20’) is now being called ‘V40’. For 435MHz
the letter ‘U’ is used, and the number is the channel, again
counting in 12.5kHz steps, above 430MHz. Thus 433.500MHz
(formerly ‘SU20’) is ‘U280’ in the new system.

In some areas such as London it may be difficult to find a
clear channel but in the outer regions it will be easy.

On SSB, the calling frequency is 144.300MHz and this has
often been the cause of contention. In the old days, it was the
norm to call CQ and state that you were ‘tuning high (or low)
for a contact’. Modern rigs have very stable VFOs and this
practice has now vanished.

Most UK and European mainland amateurs listen on
144.300MHz (50.150MHz, 432.200MHz) for an opening or
the band to liven up. Again, if this frequency is used to estab-
lish a contact then a move of frequency to complete the con-
tact should be made immediately away from 144.300/432.200.

We have covered part of the band plans and learnt to move
away from the calling frequency, but what actually is a valid
contact? If I hear a station calling CQ such as:

“CQ CQ CQ, HB9FAP, over”
and I answer with:
“HBO9FAP, you’re 59, roger?
He then replies with:
“Roger roger, you’re also 59 here, name Fabio, QSL?”

Is this a valid contact? No, of course not — let’s look at this
once again, only this time done properly . . .



XN VHF/UHF HANDBOOK

“CQ CQ CQ, HB9FAP, over”
“HB9FAP, you’re 59 from GOBPS, over”

“ GOBPS from HB9FAP. Many thanks, you’re also 59. My
name is Fabio. GOBPS from HB9FAP, over”

In this case both callsigns have been given by both parties so
there can be no confusion. In the first instance he may have
been answering another station, not you. In the latter there is
no mistake at all who he is talking to. A valid contact is where
both callsigns have been exchanged and also signal reports in
the usual RS(T) configuration. In some cases, especially on
VHF and UHF, the designated worldwide locator should be
given too. This comprises a set of two letters, two numbers
and two letters. For example, my locator is JOOloc.

Contests are a great way to make some longer-distance
contacts on all bands, but before jumping in listen for a while
and find out just what information is being exchanged. On
some contests the exchange of region may be required, in
others your county or even your age. In most, though, it will
be a signal report and a serial number. Your first contact in
the contest will be 001 (zero zero one) and increase one by
one from there. In most VHF/UHF contests the worldwide
locator will also be required. You may well hear something
like:

“DJ5VE from GOBPS, you’re 59085 in JO010C. QSL?”

and followed by “73 and good luck”.

Above all, listen before jumping in — you’ll be VERY un-
popular if you ask the other station what information he re-
quires if he has a pile-up going.

Never, never. ..

There may also be the occasion where you may hear a station
calling CQ but in a specific direction. On the VHF/UHF bands
you may hear a Dutch station perhaps (or even me) calling
“CQ Oscar Kilo or Sugar Papa, CQ Oscar Kilo or Sugar Papa”
(calling Czech Republic or Poland). It means that the station
wants to speak to Czech and Polish stations only.

I have often heard newly licensed stations hearing this type
of call and then calling the Dutch station. They do not want
to hear from you — if they did they would be calling CQ G!
The station calling a specific CQ as above only wants a call
from that specific area. If he wanted just anyone he would
call CQ (a general call for a contact), or CQ DX for further
afield. On the VHF and UHF bands DX is relative — for those
who have never worked further afield than the next county,
the next country will be DX. However, for those who can
regularly work 400-500km on a flat band, only a 500km+
contact will be considered by them to be DX.

The basic rule is never to call a station that is calling a
specific CQ unless you are in that country or area he is call-
ing. If you do answer them from a closer area, expect the
proverbial ‘flea in the ear’!

Often the station calling CQ OK or SP etc will be ‘big’, ie
running full legal power to several rotatable antennas, mast-
head preamp, quality feeder etc. Your 10W to a five-element
or so antenna does not make you DX, but if he slips up and
just calls CQ you can justifiably call him.

Remember a band devoid of signals does not mean that the
band is flat. It just means that there are no operators — often

there are people just listening for someone like you to call
CQ. So, a short CQ call may well bring forth a station that
may surprise you.

One of the most-misunderstood controls on many rigs is
the ‘clarifier’. This control is often referred to on HF as the
‘RIT’ (receiver incremental tuning). Its purpose is to enable
the operator to move the receive frequency away from the
transmit frequency.

Often we hear two newly licensed stations meeting and
agreeing to move to, say, 144.330MHz. Both change fre-
quency so that the dial on their rig shows this frequency and
call each other. It is most unlikely that the true frequency of
each rig exactly matches the other so the two stations are not
netted (on the exact same frequency). In with the clarifier . . .
and they can hear each other now. We now have in effect a
duplex contact with both receiving on the other’s transmit
frequency which differs to their own.

The simple answer is to agree who will call who when you
arrive at the agreed frequency. The other person should listen
and use their ears to get to the frequency that makes the other
station sound right. Ignore the tuning dial. It may well show
‘144.332 but if both stations avoid using the clarifier they
will both be on the same frequency and be operating in a sim-
plex mode or, as we say, ‘netted’ to each other. Best of all,
ignore the clarifier except for very exceptional occasions.

Talking English
Having established a contact you will wish to exchange some
information. Remember that if you bumped into a stranger at
a party you would introduce yourself perhaps with: “Hello,
my name is Dick and I live in Folkestone”. How many times
do we hear on the air “Personal here is Harry, QTH is
Lyminge” or similar? You wouldn’t talk at the party like that
so why on the air? Use plain English and avoid the royal ‘we’,
eg “We are running 100 watts . . .” when the operator is alone
in the shack. The use of Morse abbreviations on the air should
also be avoided — they were designed to speed up CW com-
munications and should remain there. The exception to this
rule, perhaps, is the use of ‘QSL’ when referring to the con-
tact-confirmed card!

When passing the contact to the other operator do so clearly
— listeners may want to know who is there, especially if you
have hooked a rare one. “HBOQS from GOBPS back to you”
or similar will suffice. If you are both a clear, strong signal
with each other, ie 57 or so, then you may wish to avoid pho-
netics, but if conditions are difficult it may be beneficial to
both to give full callsigns in phonetics. Stick to the proper
ones too. The oddball ones may help in rare occasions but
most operators’ ears are tuned to the correct ones and can
pick them out of the noise.

The pile-up

If you happen to hear a huge amount of noise on one fre-
quency it will be almost certain that a rare station has ap-
peared on the bands. This can provide you with two options.
Sit on the frequency and shout your call in amongst all the
others and hope, or . . . cheat!

Tune around the edges of the pile-up listening carefully as
you go. Very often the loudest rare station will have another
from the same area who is not so strong but is also audible.
Those in the pile-up won’t hear them, but those tuning the



edges will snap up the rare one and grin as they pass the noise
again.

If you do decide to go for the pile-up the first thing is to
listen, listen and then listen. Unless you are running a ‘big’
station the only option is to get all the information you need
such as callsign, locator and possibly their name first. When
you have this information you can try for the contact.

Many times we hear an operator in the pile-up calling the
DX station, getting answered and then asking for his callsign
first. Oh dear . . . We say listen and listen again — is the DX
station working simplex or on split frequencies? (That means
calling CQ on one frequency and listening a little higher, or
lower, in frequency.) If they are working ‘split’ never, never
call him on his transmitting frequency — the wrath of all and
sundry will fall upon you if you do. A transceiver with twin
VFOs is essential if the other operator is working ‘split’. Never
try to work them by tuning between the two frequencies — it
just won’t work.

Having found his listening frequency, which may even be
a small section of the band. you may then call him. If you are
competing with some high-power stations then skill, not
power, will be required. Listen for the style of his operating.
Yes, I know this requires a lot of listening, but I get more hits
than misses with my calls by listening carefully first. Having
established his rhythm give your callsign quickly and just
once without giving his. It will be assumed that all are calling
the DX station. Try and find the gap between all the others. I
know this will be difficult but that is the reason for listening
so much first.

If the full call doesn’t work try just giving the last two
letters of your callsign — use phonetics and call twice in a
gap. “Papa Sierra, Papa Sierra” is my way. Often the DX op-
erator will call back “Papa Sierra again”. You can then give
his callsign and yours, his report and your locator and name.
Do not give your station details etc unless they are asked for.
You will get his information and then maybe just “73 . . .
QRZ?” without waiting to see if you got the information. A
good operator will do a check though and often give his
callsign, locator and QSL manager where appropriate.

QSL cards are often exchanged to confirm contacts. It is
not essential that you send a card for every contact made.
Often you may see written that “a QSL is the final courtesy
of a QSO”. If you want a QSL card to confirm the contact,
say so, asking politely, and you will probably get one. How-
ever, if you have worked that square many times you may not
want it again, so say so. It is not essential to exchange cards
for every contact — they should be treated for special use only,
not as a matter of course for each contact.

Many stations that hold or use rare callsigns may prefer to
use a QSL manager — this is usually a friend who is willing
and able to handle the large amount of cards arriving for the
DX operator and enable them to spend their time on the air
rather than filling out cards. If a manager is given it is usual
to use that route.

If a card is required by the direct route then it is usual to
enclose one or two IRCs (International Reply Coupons) which
are available from the Post Office. You may instead prefer to
use a ‘green stamp’ — the name used by all amateurs through-
out the world for a one US dollar bill. Needless to say, from
one UK station to another a stamped, self-addressed enve-
lope (SSAE) will usually suffice.
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GOBPS

GOROO & M1ABJ
Is pleased to confirm a two way QSO with

Located in JOOTOC, WAB TR23 51°05'50"N 01°10'60"E
Seaview, Crete Road East, Folkestone. CT18 7EG. UK

Dick Pascoe GABPS To:
Date (. TRx 10275 or
Time ure Ant 2x/4x 9 Ele Vargarda

Mode: CW/SSB/ Power : 10/25/100/400 W

170m ASL, 15m AGL
73 de Dick

Band MHz

UrRST_

Pse/Tnx QSL

Via Buro

Fig 2.6. Front and rear of typical double-sided QSL card

QSL cards can be a pleasure — I have received many de-
lightful ones in full colour but most are on thin card and quite
plain. This is fine because I only need to have confirmation
of the new square — it doesn’t have to be a work of art. Talk to
the members at your local club and ask them what they have
on theirs.

Check out the adverts and send for samples. These will
give you a fair idea of what you may wish to see on yours. As
a minimum it should show your callsign, name, your locator,
your power used, QSL PSE/TNX. You may also wish to add
your address, your WAB information and your latitude/lon-
gitude. Simply add any information that you think the other
operator may find interesting. See the copy of mine shown in
Fig 2.6.

Single-sided cards are fine — double sided ones will cost
much more. Check out your local printer too. They will often
prove to be quite competitive when compared to those adver-
tising in the magazines.

Finally, the best advice I ever heard for the newcomer to
the bands is: “Listen, listen and then listen some more”.

REPEATERS

A large number of repeaters are scattered across the UK and
these are usually on the 2m and 70cm bands. Repeaters are
justa way of getting your signal a little further. They are typi-
cally set on a high site with a range dependent on the others
in the area. Each repeater is on a different frequency to those
others nearby. They will require either a short 1750Hz tone
burst of usually about 400 milliseconds. Most also have a
CTCSS tone access. This is a sub-audible tone that ‘opens’
the nearby repeater for you to make a call. Each one will have
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provide hours of fun.
AMATEUR RADIO STATION LOG JUSt beCauSe yOu are
DATE :';TE(ULZ', FRE(:(:E)NCV P(:)\Bﬂl:)ﬁ STATION - REPGRT’W s‘I::SL“:Vd REMARKS Operating from a Vehi-—
2Nov'gR|0800(0%I0| 3  U3E|20 |aMSABC sqt° | 595 Bert cle doesn’t mean that
u___|08l/1|0820| 45 |F3E|l6 | G7XY2 57 56 Terry first &7 you are restricted to FM
el 0825|0830| /¢ U3E|20 | CQ No reply
" 7251735 | 1.5 |F20| 16 | GB7XYZ Local packet mailbox only. Lots of fun can be
" 710 station clbsed down haq with the mobile
4 Nov BR|1030| [P | from |73 |Antenina Lane, Squelch-on-5ea whip on the gutter when
u 103/ |/036| 50 U3E| 1D | GIgXY2 s5 s6 Jim , Bridgetown using SSB. Yes, we
" 1036 llous| So  U3E|l0 | &rnve 58 s8 Arne, N* Squelch-on-Sea . RRM know that the preferred
» /12051215 | 433 F3E|/3 | G2xyz hée 47 R i R
v lzzo|  Staten dhsd down polarisation for SSB.1s
Shov'82(0a4S|  /P| from |73 | Antenna Lane, Sguelch-on-Sea horizontal, but the dif-
n___lo9splioos| 14 Y3E| 16 | GB2GUY 56 56 | Grthenine Fawkesville ference between verti-
" 010 |101S| Ity |RIA| 16 | GbS222 S¢2 S4| |~ @SB! QSL via WFAXYZ : .
" 0S2¢ /530 | t4y A |16 Gcw s74 s849 Gzod keying ! cal and horizontal is
v___|1s35| Stanan clised dawn_and dismantted only about 3dB.
7NoV'88\1%10 1902 | 43S IC3F|10 | G7ZZ2 P3 P3 Ted, first ATV conkact! What about your mo-
“ 10930 (9ys| 2/ J2Bl/e | VizAlC $§9 569 L~ RTTY, Sid at Bardedge bile whip? Will it lift
» 1946|2008 2/ Y2B| 16 | 23222 s6q | 559 |~ ISt ZL on RTTY
" P = i) Bt Caditon — Mg holed olutof the basej and han%
w2020  Shation dlosed dbwn " sideways, horizontally?
BNsv'E8173511737 | 7 U3E|20 c®@ Many do, and by rotat-
1738 /gos| 7 3|20 | grg2zz | 5% 58 Nobby- chatted pbowt &SRvart | ingthe whip around the
1930 19us| S| |IF3E| lo | GBSIX 55 55 Allen, wanted Wi rets base you can have a
1950 K sed] dodm. ) . g
o slightly directional an-
tenna. Yes, it is cheat-

Fig 2.7. Typical hand-written log page

a different CTCSS tone to stop operators opening those re-
peaters not required.

European repeaters in the 2m band use a 600kHz offset
between the transmit and receive frequencies, and in the UK
the user transmit frequency is the lower of the two. For ex-
ample, the repeater outside Folkestone in Kent is GB3KS
(Kent South) with an input frequency of 145.025MHz and a
repeater transmit frequency of 145.625MHz. On 70cm the
offset is 1.6MHz and on 23cm it is 6MHz except for ATV
where it is variable (see the current Yearbook for details).

Repeaters were first set up to enable mobile stations to have
contacts but of course base stations can use them, too. How-
ever, it is courteous to let any mobile station use take prefer-
ence over base station use.

Often there will be gatherings of users in the mornings and
evenings as amateurs travel to and from work.

There will be times during enhanced conditions when it
may well be possible to chat through other repeaters. During
one memorable opening a UK station was chatting to a Dan-
ish station through a UK repeater. Often stations in the Mid-
lands will be able to access Southern ones. The use of CTCSS
will help to stop this, though.

So far we have discussed terrestrial repeaters, but the ama-
teur also has access to satellites that are solely for amateur
use. These sometimes require two radios. Check the chapter
on satellites for more information on these.

Finally, you may also hear the request for a QSL card for a
repeater contact. You may of course exchange cards but they
will not be accepted for any awards or contests. Why? Be-
cause you have been in contact with a repeater, not the other
station direct.

MOBILE OPERATING
For those who do not have the facilities for an operating
position in the house a parking spot with a good take-off can

ing but it does work —
try it!

Before I had an antenna on the roof of the house I would
often take to the hills with a small beam antenna on a short pole
attached to the side of the car and the roof rack. I would point
the beam and call CQ either on FM or SSB from my old
FT290R. Only 2.5W out but I could have hours of fun. I well
remember taking to the hills at one of the better VHF/UHF
spots in a country lane for one of the QRP contests, never
dreaming that I would some years later buy a house only a few
hundred yards away on that same lane.

LOGGING

Before the advent of computers, and their acceptance by most,
all logging was done on paper. Many would keep a rough
scrap of paper beside the operating position and make notes
as time went past. They would then write up the log in a nice
neat hand after the operating session was over.

A paper log must not be loose leaf, must be indelible, and
must contain a certain amount of information. The minimum
requirement is that you record: date, time, callsign of station
worked or called, CQ calls made, frequency and the mode of
transmission used.

Many, if not all, operators prefer to add to this essential list
by including the reports exchanged, the power level used, the
name of the other operator, and whether a QSL card has been
sent and/or received. Fig 2.7 shows a typical written log page.

Since the advent of computers the rules have been relaxed
and the log book may be kept on the computer. I use the hard
disc drive for my main log and also every time I shut down the
log program I save a copy to floppy disc. I even use two discs
and alternate them. Fig 2.8 shows a computer printout log.

Apart from the essential information required by our li-
cences we can add any information we want to our logs. Where
possible, I always keep a note of names — it is so nice to hear
a station, check the log for their name and call them with a
“F6PBZ from GOBPS. Hello Mike, how are you?”
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~ | of the contact, da
Amateur radio station GOBFPS Page 1 . . - date,
time in UTC, fre-
quency, mode,
aso DATE UTC MHz MODE CALLSIGN RSTs RSTr LOCATOR REMARK  QSL .
callsign, report sent,
1091 25.07.96 2103 144  SSB LC3LAT 59 59 JO59HI BJIORN S- report received, the
1092 25.07.96 2105 144 SSB LA7TIA 57 57 JOS9FG JAN s~ .
1093 25.07.96 2121 144 SSB SMeval 59 59 JO67FA OLA -— worldwide locator of
1094 25.07.96 2126 144 SSB SM6USS 59 © 59 JO67AT DENNIS —— the other station, his
1095 25.07.96 2200 144 SSB SK6HD 59 59 JO68SD FRED s-
1096 25.07.96 2203 144 SSB  OZ1ABA/P 59 59 JOS5LR BOB s or her name and the
1097 25.07.96 2208 144  SSB DG2LBF 55 59 JO54BH BERND = QSL status.
1098 30.07.96 2037 144  SSB EA2AGZ 59 59 IN9L  —mmmmmmme e s- This program that
1099 30.07.96 2044 144 SSB EA1DDO 87 57 INS3UI MAX s— [ E .
1100 30.07.96 2047 144 SSB EA10S 55 53 INS3TI AL == use is widely avail-
1101 30.07.96 2117 144 SSB EA1DKY 59 59 INS3TJ JOSE s able for the PC on a
1102 30.07.96 2121 432 SSB EA1DKY 55 55 INS3TJ JOSE s h d-eniov b
1103 30.07.96 2205 144  SSB EA1BCB 57 s8 IN63ID SENEN s- S larc=and=enjoy- ba-
1104 30.07.96 2254 144 SSB EA1DDU 55 55 IN73FM MICK - sis from IOXGR and
1105 30.07.96 2255 144  SSB EB1EWE 00 00  ——m——- LOST -
1106 30.07.96 2300 144 SSB EB1HAL 53 59 IN63UN ———=—mmmmmeee s- can be found from
1107 30.07.96 2313 144 SSB PAOGHB 59 89  ————— GERARD == many software
1108 30.07.96 2333 144 SSB PAOGHB 59 L GERARD - _
1109 30.07.96 2321 144 SSB  EA10S 59 §9  ————ee TRYING 70CMS —- sources such as Ve
nus Electronics.
L]
There are many other
FASTLOG 3.2 signature sources of logging
software and each
Fig 2.8. Typical printout from a computer log will be slightly dif-

ferent. There are also
The particular opening shown was a great tropo opening  many programs specifically for contestlogging and these may
covering most of Europe. Inmy listing will be seen thenumber  also be found at the various amateur software sources.






3 Propagation

INTRODUCTION

In the early ’twenties communication engineers decided that
wavelengths of less than 200m were useless for serious mes-
sage handling — so they generously gave them all to amateur
operators. This was an action they were soon to regret, for by
the end of 1923 two amateurs using a wavelength of about
100m had carried out two-way exchanges with another in
France. The following year, transatlantic working was becom-
ing quite commonplace down at 100m, using considerably
less power than the ‘big boys’ were needing on their medium-
wave circuits.

The authorities acted swiftly and predictably. They called
a conference. At the end of it the amateurs found that they
had lost all of their gift apart from a sequence of harmoni-
cally related bands — 80, 40, 20, 10 and 5m.

Amateurs began to progress their way through the list of
assigned bands, tackling each in turn when it became practi-
cable by the state of the art. Their professional counterparts
were surprised to find that each time they seemed to work
longer ranges with lower powers, all the way to the 10m band.
Beyond that were ‘ultra short waves’, and there their luck
appeared to run out. The 5m band really did seem to be a
desert, with little prospect of any DX working at all.

Then came the war. Amateur activity ceased but many fu-
ture amateurs were fortunate enough to acquire a solid ground-
ing in radio communications while serving in the armed forces,
where they had been able to use up-to-date (and expensive)
commercial equipment rather than the customary pre-war
home-brew.

A lot of that sort of equipment came on the market after
the war at knock-down prices that people could afford. Many
post-war amateurs began their activities using modified
war-surplus gear and they were eager to find out just what it
was capable of doing, given a free rein. At that time everyone
started off with an interest in propagation, whether they ad-
mitted to it or not. A good proportion of those took it very
seriously indeed.

In the UK, television swallowed up the old 5Sm (56MHz)
band. So, in a way, everyone venturing on to VHF and UHF
after the war was starting with a clean slate. In the years that
followed they discovered that many of the features of propa-
gation that they were taking for granted were things that rocked
the foundations of previously held textbook theories. They
were working far greater distances than their limited power
should have allowed; they worked paths crossing mountain
ranges that, at VHF and UHF, should have been blocked com-
pletely by the terrain; they were finding that the ionosphere
could, on occasion, reflect signals of up to at least 200MHz —
about four times higher in frequency than had been expected
— and amateur experiments had revealed an unexpected mode
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of propagation, trans-equatorial, that had stimulated a wide
range of interest, particularly among broadcasters. They had
projects covering a variety of other modes, including auroral,
meteor-trail, moonbounce and propagation via field-aligned
irregularities, all active on a truly international scale and all
producing results which would have been unobtainable by
other means.

As aresult the Amateur Service enjoyed a rewarding rela-
tionship with professionals in the field of propagation research.
But, although the two sides were working towards the same
end, their reasons for doing so were poles apart. To an ama-
teur a ‘tropo opening’ is like a heaven-sent reward for eating
up all his spinach, whereas to a professional it signals a pe-
riod of frustration, when co-channel interference creates in-
terruptions in his data flow, patterning or breaking-up of his
television signals and dents in his reputation for reliability.
Despite that, both groups were interested in knowing such
things as: “When?”, “For how long?”, “Where?”, “To what
extent?” and those were just the sort of questions that ama-
teurs found themselves in an ideal position to answer.

Sadly, those golden periods of close co-operation are be-
coming less frequent nowadays. There are basically three rea-
sons for that. One is that the professional research interest
has moved beyond the VHF and UHF parts of the spectrum
to much higher frequencies, well outside the province of this
handbook, where point-to-point working involves extremely
narrow pencil beams. Our large and dense networks of po-
tential observers can contribute little to that sort of situation.
Secondly, many of the former problems have been avoided
by the routing of commercial traffic through satellite trans-
ponders. Thirdly, professional and commercial organisations
are cutting back on expenditure to such an extent that research
requirements are currently being shelved unless they can show
an immediate financial return against the investment support-
ing them.

That last consideration affects our activities also. To ana-
lyse our own original signal records in terms of cause and
effect we need an ongoing supply of solar and geophysical
data from official sources. In the past we have been very for-
tunate in being able to get what we need either on an ex-
change basis or through various ‘old boy’ networks. But now,
in many cases, such information has to be paid for and some
of the rates are extremely high. As a result, amateurs are gradu-
ally being priced out of individual research. In that we are not
alone; amateur meteorologists face a similar situation and fre-
quently voice their frustration in that respect.

The bottom line of this is that when it comes to citing cur-
rent sources of information this propagation chapter has had
to be much less precise than we would have liked. It may
well be that, during the time that this book is kept on sale, the
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situation will improve and new sources will become avail-
able. At the time of writing certain rumours abound, but noth-
ing is certain. But do not let that stop you from undertaking
research of your own. When the time comes to do something
with it you can always contact the RSGB for some up-to-date
advice on where to get the information you need.

But that, of course, is jumping rather far ahead. At this
stage you will be wanting to see what VHF/UHF propagation
is all about . . .

OUR FIELD OF INTEREST

The term ‘radio wave propagation’ really covers two objec-
tives. The first is to determine the nature of the mechanism
involved in getting signals from point A to point B, the sec-
ond to explain the route in terms of physical quantities. To do
this may require some knowledge of meteorology, the Earth’s
magnetic field and even of events taking place on the Sun.
There will be one or two close encounters with mathematics,
but surely nothing more complicated than is needed in order
to gain a pass in the Radio Amateurs’ Examination.

In the context of this handbook we are supposed to be con-
cerned only with those amateur bands that fall between the
lower limit of VHF (30MHz) and the upper limit of UHF
(3GHz). But the various modes of propagation do not sit eas-
ily within those confines and, at some time, you should take a
look at the wider picture that includes frequencies below (HF)
and above (SHF etc) where similar principles apply but the
end results may be very different. For example, there are sev-
eral references to the ionosphere in this chapter but we shall
not be concerned with the part it plays in everyday world-
wide communications.

Long, long ago, the Ancients believed that the world had
been formed on the top side of a disc, carried, it was said, on
the back of a giant turtle. From the propagation point of view
that would have simplified things considerably. Many of our
problems stem from the fact that we live on the surface of a
sphere. Electromagnetic radiation (which includes, among
other things, visible light and radio waves) travels in straight
lines so, if their rays are to be persuaded to follow the curva-
ture of the Earth, they must get themselves bent by some
means in order to achieve any significant distance and re-
main near to the ground. Fortunately for everyone concerned
with radio communications, Nature has thoughtfully provided
four alternative ways of getting beyond the horizon: reflec-
tion, refraction, diffraction and scatter. We shall see how they
operate later on.

As you turn the pages you may be surprised to find refer-
ences still to the ‘old’ form of QTH locator. That is not some-
thing left over from the last edition of the VHF/UHF Manual
that ought to have been edited out. The so-called ‘squares’,
1° of latitude by 2° of longitude, which happen to be com-
mon to both the old and the current systems, represent a net-
work of areas which are ideally sized for the needs of propa-
gation research. Although the IARU Maidenhead locator
(which is worldwide in coverage) has replaced the QTH
locator in most logs by now, many research workers continue
to use the two-letter designators when it comes to report stor-
age and analysis. There are two good reasons for that, one
being that only four characters serve to define a path instead
of eight, the other that it is easier to familiarise oneself with a
single grid of 26 x 26 lettered squares than it is to deal with

Table 3.1. Conversion between the old locator system
and the IARU locatar for main squares ;

Longitude (first QTH locator letter)

1st 1st I1ARU figure

1ARU

letter 0 1 2 3 4 5 6 7 8 9

1 —— — — U VvV W X Y Z

J A B. € b E F G H I J

K K L M N O P QR S8 T
Latitude ( d QTH locator letter}

2nd Second 1ARU figure

1ARU

letter 0 1 2 3 4 5 6 7 8 9

M Q R S T U V W X Y Z South
N A e D EF G H J

(o] K L Mm N O P Q@ R 8 T

P Uu v w X Y Z

P A B C D North
Examples:

1. To find QTH locator equivalent to IARU locator JN18. Enter

longitude table with first letter {(J} and first figure (1) to find first
fetter (B). Enter latitude table with the second letter {N) and the
second figure (8) to find the second letter {I}. Required locator is
Bi

2. To find IARU locator equivalent to QTH locator GP. Record
indicated IARU first letter and the first figure (J-6-}. Find second
letter (P} within the boxed section of the latitude table. Record
second letter and second figure {(-O-5}. Combine. The required
IARU locator is JOB65. Refer to the text for the use of the letters
outside the boxed section.

six or seven grids of 10 x 10, even though the areas covered
turn out to be much the same.

The propagation chapter in the RSGB Radio Communica-
tion Handbook contains tables showing how to convert be-
tween either the old locator or the new and latitude and longi-
tude (or vice versa, of course), and nowadays there are com-
puter programs which perform the same task. Here, what is
most often required is a simple conversion between the two
locator systems at the basic square level and that is provided
by Table 3.1.

A word of caution, however. For locations at latitudes be-
low 40°N (roughly the heel of Italy) and above 66°N (the
north end of the Gulf of Bothnia) there is an ambiguity be-
cause the lettered squares repeat. But that is easily resolved
by reference to the callsign of the station concerned. No trou-
ble if you are doing it manually, but a point to watch if you
entrust the job to a machine.

RECOGNISING VHF/UHF MODES OF
PROPAGATION

At frequencies above 30MHz (following the definition of the
terms ‘VHF’ and ‘UHF’) propagation by the regular layers of
the ionosphere takes place but rarely and then generally only
around times of maximum sunspot activity.

The usual mechanism governing the day-to-day per-
formance between two Earth-based stations has its origin in
the lower part of the atmosphere, at rarely more than 4-5km
above the ground. Tropospheric propagation is descriptive
of this mode and the fundamental properties of the air which
have the most influence are the vertical distributions of tem-
perature and water vapour, both of which tend to decrease
with height and, in so doing, cause elevated radio rays, such



as might otherwise escape into space, to bend back down to-
wards the ground, and to reach it beyond the normal visible
horizon. At times, when dry warm air overlays cool moist air,
usually in the presence of an anticyclone, ranges extend dra-
matically and signals from distances up to about 2000km may
be expected. At the same time the strength of nearer signals
may be enhanced, effects which extend throughout the VHF
and UHF parts of the radio spectrum. During a tropo open-
ing, as it is often called, signals generally rise slowly, accom-
panied by a progressively slower rate of fading. At peak
strength, fading may be absent altogether. A long period of
enhancement generally ends when a cold front reaches one
end of the transmission path.

Tropospheric scatter depends on the presence of small-scale
refractive index irregularities and dust or cloud particles in a
relatively small volume of the atmosphere towards which both
the transmitting and the receiving antennas are directed. High
power is required at the transmitter and good signal-to-noise
performance at the receiver. Scattered signals are weak, spread
in frequency by up to 1kHz either side of an unmodulated
carrier, due to the differing motions of the scattering parti-
cles, and several rates of fading may co-exist, often giving
the impression of a rough modulation. The rate at which in-
telligence may be sent is limited by blurring, introduced by
the range of signal path transit times possible within the up-
per and lower limits of the scattering volume.

At the top end of the UHF band atmospheric absorption
effects become noticeable, for beyond 3000MHz, in the SHF
part of the radio spectrum but outside the scope of this book,
attenuations due to oxygen, water vapour and precipitation
(rain, snow etc) become increasingly important. These affect
not only transmission paths that are wholly within the tropo-
sphere, but paths originating within and terminating without
— ground to satellite, EME etc — although there the effects
tend to diminish with increase of beam elevation as the length
of that part of the path which contains the absorbers and
attenuators decreases.

Although many textbooks still imply that the ionosphere
has little effect at VHF and above, a number of very impor-
tant events have their origin there. Nearly all of them are as-
sociated in some way with the level around 100km above the
ground, which is generally occupied during the day by the
regular E layer.

Of these the most important is sporadic-E, which radio
amateurs have studied particularly at 144MHz for many years,
despite the fact that its presence there, according to our
professional colleagues, ought to be impossible. In 1980 the
Amateur Service was invited to contribute to a symposium on
sporadic-E held at the Appleton Laboratory, and it was clear
that at that time the amateur activities concerning this mode of
propagation came as a surprise to many of the distinguished
authorities present. It is now acknowledged by them that such
amode does exist at frequencies that may exceed 200MHz for
short intervals of time, although the feeling is that it may not
be sporadic-E at all but an entirely different mechanism as yet
unidentified. In this chapter, it will still be referred to as
sporadic-E (or E;) until such time as its true identity is
discovered. VHF sporadic-E signals generally begin suddenly
and unpredictably (hence their name), bring in stations from
distances of 1000-2000km at excellent strength and clarity for
periods of up to several hours, and then, with a rapid decline,
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they cease. The duration of an opening decreases with increas-
ing radio frequency, the higher frequencies starting later and
finishing sooner than the lower ones. During the event the
locations heard gradually progress from one area to another.
Sporadic-E events at VHF within Europe are generally con-
fined to the months of May to August.

Operators living in southern Europe make use of another
VHF mode, which depends on the presence of field-aligned
irregularities (FAI) in the distribution of free electrons in the
ionosphere at E layer heights (around 110km). It has a simi-
lar seasonal variation to VHF sporadic-E but differs from it
in that signals do not follow the direct path between stations
but appear to originate from a scattering volume which is of-
ten situated near to the Swiss Alps or close to other moun-
tainous areas at about the same latitude.

Another ionospheric mode is associated with the appear-
ance in the northern sky of the aurora borealis (or ‘Northern
Lights’), which is caused by the interaction of streams of
charged particles from the Sun with the Earth’s magnetic field.
Signals reflected from the very mobile auroral-E curtains,
which usually accompany visual displays often seen in the
Northern Isles and the north of Scotland but less frequently
further south, are readily recognisable with their characteris-
tic tone, variously described as “rasping”, “ringing” or “wa-
tery”, and the fact that beam headings for optimum signal
strength are commonly well to the north of the great circle
path joining the two stations in contact.

Short-lived trails of ionisation due to the entry into the
Earth’s atmosphere of small particles of solid matter (seen at
night as shooting stars) can be responsible for meteor scatter,
where two stations, usually widely spaced, can establish con-
tact in intermittent bursts ranging in duration from several
seconds down to periods which afford little more than occa-
sional ‘pings’ of signal. Meteor-scatter signals should be
looked for at times of meteor showers, which are listed later
in this chapter. Duration of meteor reflections and their fre-
quency of occurrence decline with increasing frequency.
Meteor-scatter propagation has been used professionally at
operating frequencies of between 30 to 40MHz for commu-
nication purposes.

Trans-equatorial propagation is usually confined to paths
in which transmitter and receiver are situated approximately
equal distances either side of the magnetic equator (eg the
Mediterranean area and Zimbabwe). 144MHz openings seem
to require high solar flux and low geomagnetic index; fre-
quency spreading is apparent at 144 and 432MHz, with flut-
ter fading, often giving the signals a quality similar to that of
signals reflected from the aurora. On the Zimbabwe-Cyprus
path openings were centred on 2000 local time at Cyprus. It
is believed that extensions to TEP via E; or tropo may be
possible.

For many years any involvement of the F layers of the iono-
sphere with TEP was disputed but it now seems likely that
some, if not all, of the extreme ranges that have been recorded
may have come about as a result of double reflection at those
heights, without intermediate contact with the ground.

Without question there is an involvement of the regular F2
layer at S0MHz around the peak period of the solar cycle.
There should be no difficulty in recognising such signals
because they ought to bear all the characteristics of normal DX
working at HF. At the appropriate time the likelihood of
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Table 32 WOri’cingf.:;équeﬁcy hanﬁs of \iariﬂus VHF aﬁd v
UHF propagation modes {megahertz, unless shown
otherwise}

Aurora 50, 70, 144, 432

F2 layer 50

FAI 144

Meteor scatter 50, 70, 144, 432

Moonbounce 50, 144, 432, 1.3GHz, 2.3GHz
Sporadic-E 50,70, 144

TEP 50, 144

Tropospheric 50, 70, 144, 432, 1.3GHz, 2.3GHz
Troposcatter 70, 144, 432, 1.3GHz, 2.3GHz

FAl = field-aligned irregularities in the E layer
TEP = trans-equatorial propagation

regular layer propagation at SOMHz and the paths concerned
should be signalled in monthly ionospheric prediction tables.

Diffraction is a mechanism that is associated with signal
paths that cross sharp mountain ridges (it is sometimes re-
ferred to as knife-edge diffraction). At the ridge a small de-
gree of bending occurs, acting in the direction towards the
ground. It is the likely reason for the ability of near-mountain
stations to work out over seemingly impossible paths. How-
ever, it may be difficult to rule out assistance by tropospheric
refraction, particularly for places where the mountain crest
supports a blanket of snow which may be undergoing sublim-
ation, that is, going directly from the solid state to vapour. As
arule, signals may be considered to have been diffracted when
they have travelled along a path which has crossed a moun-
tain ridge and similar contacts have been possible between
the same two stations on a fairly regular basis.

Table 3.2 shows a summary of the bands in which the vari-
ous VHF and UHF modes play a part in propagation.

TROPOSPHERIC PROPAGATION

The propagation of light

It may be found helpful to begin this study of tropospheric
propagation by considering first some comparable aspects of
the propagation of light. In most cases the analogy is a close
one because radio and light are both forms of electromag-
netic radiation, differing only in wavelength (or its inverse,
frequency). However, light has the advantage of being read-
ily detectable by its direct action on one of our senses and
most of us have had many years of experience working with
it. We do not usually think of a torch bulb as being a trans-
mitter, nor our eyes as being receivers but they are neverthe-
less, and all the perturbing effects to which a radio wave is
subjected within the troposphere have their visual counter-
parts with which we are very familiar already.

A beam of light normally travels in a straight line unless
something is done to deflect it. This can be brought about by
reflection, as in a mirror or from the surface of a still pond,
refraction, when light passes from one medium to another
causing a straight rod in water to appear to be bent, or by
scattering as from the dust in a shaft of sunlight. Certain fre-
quencies can be made to suffer attenuation by inserting one
or more filters in the path of the beam, and a very important
filter which occurs naturally is provided by a layer of ozone
in the upper atmosphere which prevents harmful amounts of
ultra-violet light from destroying life on Earth. Mist and fog
are visible counterparts to attenuation and scatter.

It will be seen later that most tropospheric radio events of
any importance are manifestations of refraction. In terms of
light it is refraction which provides the lens with its well-
known properties, whereby light leaving one medium, such
as air, and entering another, such as glass, suffers a deflec-
tion. A Dutch scientist named Willebrord Snell discovered in
1621 that the sine of the angle made by the incident ray with
respect to the normal, divided by the sine of the angle made
by the refracted ray with respect to the normal, was a con-
stant for a given pair of media. The property possessed by
each of the materials involved is known as the refractive in-
dex, and Snell’s constant (sin i/sin r) is equal to the inverse
ratio of the refractive indices of the two media.

Changes in refractive index also occur in the atmosphere,
due to variations in density, usually as a result of the juxtapo-
sition of two unmixed layers differing greatly in temperature,
or due to the presence of a steep gradient of temperature within
a single layer. This is the origin of the optical mirage. When
air near the ground is heated, as over hot sand in the desert or
sometimes along a straight road, a line of sight directed down-
wards is refracted upwards, giving an unexpected (and usu-
ally unsuspected) view of the sky which appears as a shim-
mering pool some distance ahead. Conversely, where cool
air underlies warm air a line of sight directed slightly up-
wards is bent down, so that objects which are in reality well
beyond the normal horizon appear to be on it, or even above.
There was a famous occasion in 1798 when the whole of the
French coast from Calais to Dieppe became visible one after-
noon from the cliffs near Hastings.

Effects such as these are even more pronounced at radio
frequencies because the radio refractive index contains a term
which is dependent upon the amount of water vapour present,
and this is a parameter which is subject to considerable change
in the lower atmosphere in both space and time.

The radio refractive index of air

There are two basic methods used to determine the refractive
index of air; one is to measure it more or less directly using a
device called a refractometer, the other is to derive it from
other, more readily accessible, measurements of atmospheric
functions.

Refractometers are beyond the scope of the radio amateur.
They are usually airborne or tethered balloon-borne devices
constructed and operated by large research organisations. They
depend on the fact that the resonant frequency of an open
microwave cavity is a function of the dielectric constant of
the air within it, and that this is also a function of refractive
index.

The more common method is to use upper-air soundings
of pressure, temperature and humidity provided by meteoro-
logical services all over the world, generally on a twice-daily
basis, at midnight and midday GMT. This information is ob-
tained from cheap and simple balloon-borne telemetry de-
vices called radiosondes, which have been in regular use since
shortly before the Second World War.

The radio refractive index of the air, symbol #, is a quan-
tity which is only very slightly higher than unity, but the dif-
ference between, say, 1.000345 and 1.000300 is all-important
in propagation studies and may have a profound effect on the
path of a radio wave. To bring out this importance, and to
simplify subsequent calculations, it is usual to subtract 1 from
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Fig 3.1. Conversion scales based on the following expressions: (a)
Atmospheric pressure: inches and millibars. 29.53 inches Hg =
1000mb. (b) Temperature degrees Fahrenheit and Celsius. (°F) =
9/5 (°C) + 32. (c) Depression of wet bulb or depression of dew
point. (A°F) = 9/5 (A°C). (d) Saturation vapour pressure, e, in
millibars, given the ambient temperature in °C. See p3.6 for an
expression for e

the refractive index value and then multiply the remainder by
one million. This quantity is given the symbol N; in math-
ematical terms N = 10%(n — 1).

Before demonstrating how N values may be calculated from
meteorological data it will be advisable to define the units
involved, and, in some cases, to show how they can be ob-
tained from measurements made at home.

METEOROLOGICAL UNITS

Pressure

According to international agreement the current unit of pres-
sure is the hectopascal (hPa), which is equivalent to a force
of 100 newtons per square metre. However, the United King-
dom Meteorological Office (who provide most of the weather
observing and forecasting services in this country) have shown
themselves to be strangely reluctant to adopt the name
‘hectopascal’ in their dealings with the public, preferring to
stick with the millibar, which has exactly the same value. To
avoid confusion that practice will be followed here but at some
time in the future you may have to start getting used to the
new name. Your home barometer probably still has a scale
that is calibrated in inches, which is a relic of much earlier
days when air pressure was measured by balancing against it
a column of mercury and reporting its height. The units are

PROPAGATION

related such that 29.53 inches of mercury are equivalent to a
pressure of 1000 millibars or 1000 hectopascals. For ground
level values Fig 3.1(a) provides a rough conversion. Whole
millibars are sufficiently precise for most propagation pur-
poses.

Pressure decreases with height in an approximately loga-
rithmic manner. Near the ground the rate of change is about
Imb in 10m, but this should not be presumed to extend over
too great an interval because the relationship is actually a func-
tion of temperature also.

In meteorological studies it is customary to use pressure
rather than height as a measure of vertical displacement and
it will be found very convenient to carry over this practice
into propagation work, because the physical processes of the
atmosphere are a function of pressure, not of height, and any
attempt to make them otherwise will complicate normally
convenient relationships beyond belief. It requires some ad-
justment of ideas, not the least being that height is tradition-
ally measured upwards from the ground, whereas pressure is
measured from the top of the atmosphere downwards. But
the radio wave, once launched on its way from the transmit-
ting antenna, encounters nothing that can be identified di-
rectly with height. It ‘sees’ changes in air density and refrac-
tive index, which are themselves functions of pressure, tem-
perature and water vapour content. Height, as such, is not
one of the natural properties of the atmosphere, and that is
why aircraft altimeters, which appear to measure it, have to
be set to read zero at sea level before the pilot attempts to
land, for they are really barometers carrying an approximate
scale of feet or metres instead of an accurate one in millibars.

Very roughly indeed a pressure level of 900mb may be
considered as being equivalent to a height of 1km and the
700mb level as being approximately 3km. Exact equivalents
in respect of a given place and time form part of the basic
meteorological data used in analysis work.

Temperature

In scientific work temperatures are generally expressed in
degrees Celsius (°C, formerly known as Centigrade) or in kel-
vin (K). Strictly, kelvin are degrees Celsius plus 273.15 but
for our purposes the constant may be rounded off to 273 in
order to keep the working figures as whole numbers.

Relative humidity

This is a measure of the amount of moisture present in a sam-
ple of air, expressed as a percentage of the total amount which
could be contained at the given temperature. It can be ob-
tained from the readings of two identical thermometers, one
of which has its bulb surrounded by a muslin wick moistened
with distilled water.

They should be well-sited in the shade, and preferably en-
closed in a properly ventilated screen. The difference between
the two readings is the depression of the wet bulb, and the
percentage relative humidity can be found from Fig 3.2. If
the thermometers are calibrated in degrees Fahrenheit it is
better to convert their difference using the scale of Fig 3.1(¢)
than to find the difference of two converted figures.

Dew point
If a sample of air containing a given amount of moisture is
allowed to cool it will be found that the wet-bulb depression
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The water vapour present in a sample of air ex-
erts a contribution of its own to the total atmos-
pheric pressure. The scales of Fig 3.1(d) show
saturation vapour pressures corresponding to a
wide range of temperatures, but it has to be ad-
mitted that the scale is a difficult one to interpo-
late. The relationship between temperature and
saturation vapour pressure is a complex one and
in the past most calculations have involved the
use of tables. Recently, however, a number of
organisations have tried to find an acceptable
approximation, making use of an expression
which is within the capabilities of a ‘scientific’
pocket calculator. The following, which is due
to Parish and Purtnam of NASA, has been used
elsewhere in this chapter for the machine calcu-
lation of refractive index:

100°/o
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Relative humidity
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e, = 7‘—4,9283 X 10(235518 —(2937.4/T))

Fig 3.2. Percentage relative humidity as a function of temperature and wet-bulb

depression

where e, is saturated vapour pressure in milli-
bars and T'is the air temperature in kelvin.
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Fig 3.3. Percentage relative humidity as a function of temperature and dew-point
depression (may be used to convert radiosonde data published in the ‘wrong

units’)

decreases until eventually both wet and dry bulb thermom-
eters read the same. The relative humidity will have become
100% and the air is said to be saturated. The temperature at
which this occurs, the dew point, is therefore another way of
expressing the amount of water vapour contained in a sample
of air. Most upper-air reports nowadays show this as dew-
point depression, the difference between the dry-bulb tem-
perature and the temperature to which the air would have to
be cooled in order to reach saturation, but some still refer to
percentage relative humidity. The chart, Fig 3.3, can be used
to make a conversion either way.

where p is the atmospheric pressure in millibars,
e is the water vapour pressure in millibars and T
is the air temperature in kelvin. It is often more
convenient to expand this into:

_T1.6p 3.733x10° xe
T T’
because it then separates conveniently into a ‘dry’ term, cor-
responding approximately to the optical value of refractive
index, and a ‘wet’ term which contains all of the contribution
due to the presence of water vapour. The values which result
from these expressions are known as refractivities, but they
are often referred to simply as N-units.
The degree of ray bending which results from refractive
index changes can be assessed by calculating the decrease

N




| Table 3.3. Minimum duct thickness for the VHF and UHF

amateur bands

Band Minimum Approximate millibar
{MHz) {m) thickness (m}  equivalent
50 6.00 317 31
70 4.29 263 26
144 2.08 176 17
432 0.69 96 9
1296 0.23 52 5
2300 0.13 38 4

over unit height change. The normal gradient from the ground
may be regarded as being approximately —4ON-units/km.
Should it become —157N/km the curvature of the ray becomes
the same as that of the Earth, while gradients greater (ie more
negative) than —157N/km result in ducting, where the waves
travel for great distances, confined within a relatively shal-
low range of heights, suffering alternate refractions at the
steep-lapse layer and reflections from the ground.

Provided that well-marked contrasts in refractivity exist
above and below a ducting layer it is not essential for the
ground to be involved at all. Once signals have been trapped
in an elevated duct they may travel considerable distances
without being receivable by stations on the ground below the
transmission path. The waves eventually leak out of the duct
at some point where the necessary conditions are no longer
being fulfilled.

For efficient duct propagation the wavelength concerned
must be less than a critical value A, such that:

A.=19%x10*xD'8

where D is the duct thickness in metres.

Table 3.3 shows the minimum duct thickness and the ap-
proximate equivalent pressure difference in millibars, cen-
tred on 850mb, the pressure at a typical ducting height. The
figures cover all the VHF and UHF amateur bands.

The following example of a calculation directly from basic
meteorological data may be found useful:

p=900mb, T'=-3°C (= 270K), dew point depression = 8°C.

From this the dew point must be —11°C (= 262K) and the
corresponding vapour pressure from Fig 3.1(d) is 2.6mb.
Hence:

_77.6x900 3.733x10° 2.6

270 270x 270
=259+13=272
Table 3.4 outlines a skeleton program to calculate radio re-
fractive index N from basic meteorological data entered
sequentially for each of the available levels. It should be read-
ily adaptable for any type of scientific programmable calcu-
lator or a computer. Whole-number answers are adequate for
propagation studies and there is nothing to be gained by try-
ing to make the results seem more precise than the data can
support. Before undertaking extensive calculations make sure
that the test figures yield the result shown.

N

CAUSES OF TROPO DX

Having established a method of obtaining refractive index
values from standard meteorological upper-air observations it
is a natural progression to apply that knowledge to a study of

PROPAGATION

| Table 3.4. Computer or calculator program tao ohtain
;adio refractive index, N, from basic meteorological |
ata

S = Store

R = Recall from store

Load stores with constants:

S1 =273, S2 = 2937.4, S3 = -4.9283, S4 = 23.5518, S5 =
77.6, S6 = 4810

Input data for each level to be computed, pass to the
indicated stores:

Enter p = pressure in millibars (or hectopascals). To S7 (p)

Enter t = temperature °C. Add R1 to convert to kelvin.

To S8 (7

Enter D = dew point depression °C. Subtract from R8.

To 89 (T

Program

1. Evaluate vapour pressure, e
RgR3 * 10(R4—(R2/R9))

To S10 (e)
2. Evaluate radio refractive index, N

R5 (R7 = R6 * R10/R8) / R8
Round off the result to the nearest whole number.
Test
When p =900, t=-3.0 and D= 8, then N = 272

Note: A step-by-step calculator program {based on the TI58/59
calculator but easily adapted to suit any similar programmable
scientific calculator) may be found in the fourth edition of the VHF/
UHF Manual, p 2.5. It works on the TI66 which may still be available.

the atmosphere during a well-marked tropospheric ‘opening’
— probably the main reason why radio amateurs take an active
interest in this mode of radio propagation. For that purpose,
consider the situation late in the evening of 20 January 1974,
when continental Europe was ‘wide-open’ to the UK. This is
a good example of a notable winter event and, as will be seen,
it has been used to illustrate various aspects of a single
occasion, as is shown in Figs 3.4, 3.5 and 3.6.

Fig 3.4 shows a cross-section of the atmosphere up to
700mb (about 3km in terms of height), from Camborne in
SW England to Berlin. The isopleths join levels having equal
values of refractivity, scaled in N-units. There is no mistak-
ing the concentration formed in the lower part of the diagram.
This indicates a steep fall of refractive index with height and
is in the correct sense to cause the return to earth of rays which
would otherwise have been lost in space above the horizon.
Superrefraction of this sort produces bending towards the earth
in the case of both ascending and descending rays. Because
there is a normal tendency for refractive index to decrease
with height, this effect is nearly always present in some de-
gree and this accounts for the fact that radio communication
at VHF and UHF is usually possible beyond the visible hori-
zon. The presence in the lower atmosphere of a layer in which
refractivity decreases very rapidly with height, as in the case
being considered, is always accompanied by enhancement of
signal strengths and an increase in working range. However,
in the case where very-narrow-beamwidth antennas are used
at both ends of the path, received signal strengths may fall,
due to energy being deflected away from a path which has
been optimised under conditions of normal refractivity.

From a cross-section, such as Fig 3.4, it would be quite
possible to calculate the probable paths of rays leaving a trans-
mitting antenna at various angles of take-off, using Snell’s
Law, as with optical ray-tracing, but this is an exercise which
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Fig 3.4. Cross-section from SW England to Central Europe at
midnight (0000GMT) 21 January 1974, drawn in terms of conven-
tional refractive index V. The vertical scale is in terms of pressure.
700mb =3km approx. CA =Camborne, CR =Crawley, HE =Hemsby,
ES = Essen, HA = Hannover, BE = Berlin

is probably outside the needs of most amateurs. It should be
noted that the values of refractivity at ground level reveal
little of the situation above. For that reason the only really
effective study of tropospheric propagation phenomena in-
volves the acquisition of upper-air meteorological data.

THE ATMOSPHERE IN MOTION

It does not require a great deal of experience on the VHF and
UHF bands to realise that all the big ‘openings’ to the Conti-
nent occur during periods of high atmospheric pressure. In-
deed, some amateurs look upon an aneroid barometer in the
home as being their guide to the state of the bands. However,
whereas good conditions are accompanied by high-pressure
readings, high pressure is not always accompanied by good
conditions. Why should that be? The answer lies in an appre-
ciation of the role played by vertical motions in the atmos-
phere.

In general, rising air becomes cooler and moister, while
descending air warms and becomes more dry. Air is some-
times forced into vertical motion by the topography in its path;
it rises when it flows over hills and it descends into valleys.
However, the present context mainly concerns vertical mo-
tion associated with the two main types of pressure system.

Consider first a low-pressure system or ‘depression’. Air
circulates round it in an anticlockwise direction (in the north-
ern hemisphere), with a slight inclination towards the centre,

creating an inward spiral which leaves progressively less room
for the volume of air in motion. There is only one escape
route available, and that is upwards. So low-pressure systems
are associated with rising air.

On the other hand, anticyclones (high-pressure systems)
are characterised by light winds blowing clockwise round the
centre but with a slight deflection outwards. As the air spirals
outwards fresh quantities must be available to maintain the
supply and the only source is from aloft, resulting this time in
a downward flow. So high-pressure systems have descend-
ing air associated with them.

Adiabatic changes

Air in vertical motion changes in both volume and pressure
(they are directly related) and in temperature also, although
there need be no gain or loss of heat. This may appear at first
to be a contradiction in terms, for heat and temperature might
be thought to be alternative names for the same thing. In fact,
heat is a quantity which can be distributed either over a small
volume to provide a large increase in temperature, or spread
over a large volume to appear as a small increase in tempera-
ture. Thus 1kg of air descending from a height of 3km may
begin with a pressure of 700mb and a temperature of —5°C,
to arrive at 1.5km with a pressure of 850mb and a tempera-
ture of 10°C with no change of heat being involved. Such a
process is adiabatic, and it is an important principle in mete-
orology.

A homely demonstration of it at work may be found in the
case of the bicycle pump, the barrel of which gets hot in use
due to the air inside having been compressed.

When the air is anything other than dry another apparent
paradox links the amount of water vapour and the correspond-
ing humidity during the adiabatic process. Going back to the
example, at 700mb 3.78g of water vapour would have been
sufficient to produce saturation (100% relative humidity) in
the 1kg sample of air, whereas at 850mb the same amount
would give only 41.5% relative humidity because air at 10°C
could hold 9.1g of water vapour. So, air descending adiabati-
cally gets warmer and drier, although the actual amounts of
heat and water vapour remain unchanged.

The action is reversible but only up to a point. Ascending
air is accompanied by increasing relative humidity, which at
some stage will reach 100%. Any further lifting will result in
the appearance of liquid water, which will appear either as
cloud or larger droplets, which are likely to fall out of sus-
pension as rain. When condensation occurs, the rate of cool-
ing is altered by the appearance of latent heat, and the pre-
cipitation will alter the amount of moisture in the sample of
air.

No such considerations affect descending air once its rela-
tive humidity has fallen below 100%, although there will have
been alterations to the rate of change of temperature if liquid
droplets of water have been evaporating, again on account of
latent heat.

If the sample of air is taken adiabatically to a standard pres-
sure of 1000mb the temperature it assumes is known as the
potential temperature of the sample. It follows from this that
potential temperature is a quantity which remains constant
during any adiabatic change: conversely, a change is an adi-
abatic one if it is associated with constant potential tem-
perature.
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Potential refractive index
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for which a computer is advisable. An-
other disadvantage has been the difficulty
of recovering the original values of re-
fractive index from the final data (should
they be required elsewhere, or at a later date). The method to
be described was first proposed in 1959 by Dr K H Jehn of
the University of Texas, who does not seem to have taken
advantage of the full potential of his suggestion. Curiously,
little has been done outside amateur circles to exploit its use-
fulness; it involves a unit known as potential refractive index
(K).

It may be obtained from upper-air meteorological sound-
ing data in just the same way as has been described for N-units,
the only difference being that each sample of air, whatever its
true level may be, is presumed to have been transported
adiabatically to a pressure of 1000mb before the calculations
are made.

The advantages of this form of normalisation are consider-
able. By adopting a procedure which imitates the natural pro-
cess of the atmosphere, applying, for example, to the large
mass of air which subsides from aloft within an anticyclone,
each level of air is effectively labelled with a value of poten-
tial refractive index which remains with it during any adi-
abatic change.

The effect may be seen particularly well in time-sections,
such as that of Fig 3.5(a), which shows how the potential
refractive index pattern varied from day to day at a single
station, Crawley, over a period which included that eventful
evening of 20 January 1974.

There is no mistaking the extensive tongue of warm, dry,
subsiding air associated with an anticyclone and the steep-
lapse refractive index layer built up where it meets the op-
posing cool, moist air underneath.

Towards the right and left edges of the diagram may be
seen evidence of rising air which is associated with two de-
pressions, which preceded and followed the period of high
pressure. These potential refractive index isopleths are very
sensitive indicators of vertical motion in the atmosphere, and
the patterns on cross-sections and time-sections take on an
interesting three-dimensional aspect when viewed in conjunc-
tion with surface weather charts.

It is interesting to compare the potential refractive index

Fig 3.5. (a) Time-section showing isopleths of potential refractive index, K. Crawley, 18-
22 January 1974. (b) Time-section showing isopleths of radio refractive index, N. Crawley,
18-22 January 1974

time-section of Fig 3.5(a) with the corresponding section
drawn in terms of conventional radio refractive index, N, Fig
3.5(b). Note first that there are fewer lines on the potential
refractive index diagram, indicating that the normal fall-off
of refractive index with height has been considerably offset.
At the steep-lapse layer, the concentration of isopleths has
been greatly emphasised in Fig 3.5(a) but it is important to
notice that this has not been at the expense of accuracy in
indicating either the height at which the effect occurred or its
vertical extent.

Because air undergoing adiabatic changes has been shown
to carry its value of potential refractive index along with it,
no matter what its level, it should not be surprising that the
boundary layer across the whole of Fig 3.5(a) is formed of
basically the same set of K-values irrespective of changes in
pressure (or height). Fig 3.5(b) shows that the same is not
true for conventional refractive index. This is not to suggest
that the N-values are wrong, but rather to point out that they
do not share this very useful attribute of coherence independ-
ent of height which appears in diagrams like these. That the
same is true of cross-sections may be seen by comparing Fig
3.6 with Fig 3.4.

If values of atmospheric pressure are known (as they al-
ways are when radiosonde data have been used) a simple re-
lationship exists between potential refractive index and N.
This leads to the conversion chart shown in Fig 3.7, which
may also be used as a plotting chart, having the property that
an ascent plotted in terms of one of the units may be read off
in terms of the other by using the appropriate axes. In this
way the potential refractive index values may be converted
to N-units for ray-tracing purposes, or compared with N-unit
profiles produced elsewhere.

Alternatively, use may be made of the following expres-
sions:

N =0.00731 x p®"2x K
and
K=136.8xp72x N
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Fig 3.6. Cross-section from SW England to Central Europe, at
midnight (0000GMT) 21 January 1974, drawn in terms of potential
refractive index, K. Compare with Fig 3.4 and note here how the
steep-lapse layer contains the same values along the length of the
path

which may be performed without difficulty on a scientific
pocket calculator.

Although this conversion provides a way of obtaining po-
tential refractive index it is usually better to calculate values
directly from the radiosonde data. A method of doing that
using a calculator or computer will be found later in the chap-
ter, at Table 3.4.

ACQUIRING CURRENT UPPER-AIR
METEOROLOGICAL DATA

A much-quoted Victorian lady, Felicia Hemans, began her
poem ‘Casabianca’ with the words “The boy stood on the
burning deck / Whence all but he had fled”. Those two lines
rather neatly sum up the situation as regards the present avail-
ability of upper-air meteorological data. Gone are the Morse,
RTTY and facsimile broadcasts which used to keep us sup-
plied with current information within an hour or so of the
measurements being taken. Gone, too, are the printed daily
records that appeared a few days later giving copies of the
coded messages. And gone, never to return, are the micro-
fiche summaries that would have served us well had they con-
tinued. All that remains for us on easy public access is a daily
page of machine-plotted graphs on the back page of the Eu-
ropean Meteorological Bulletin, published by Deutscher
Wetterdienst who, as the name suggests, run the national
weather service in Germany. It is to be hoped that the burn-
ing deck will continue to hold for some time to come, yet. It
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Fig 3.7. Refractive index plotting/conversion chart. Ordinate: pres-
sure (mb). Abscissae: (vertical) potential refractive index, K;(slant)
radio refractive index, N

is not that the basic messages to which we need access no
longer exist.

The trouble is that the whole field of meteorological com-
munications has been depersonalised. Nowadays a machine
puts the message together and passes it on to a computer,
which launches it on to the global network, by which means
it reaches other computers located all over the world. Then,
instead of appearing in print for human beings to decode and
plot, each message serves its purpose as a set of instructions
fed to an XY plotter which not only turns it into a set of graphs
but draws the graph paper around them. The message itself
never sees the light of day. From the meteorologist’s point of
view that is progress. For anyone wanting access to the basic
information it is a disaster.

The sort of data we are considering used to be freely avail-
able as a public service. Not any more. Weather is big busi-
ness nowadays and the organisations operating in that field
jealously guard their products, demanding a high price to re-
trieve information from the memory banks of their computer.
In a letter published in the October 1995 issue of the Royal
Meteorological Society’s journal Weather (page 359) a re-
search worker from the University of Bristol revealed that he
had been quoted £35 as the price of supplying just a single
copy of a radiosonde ascent.



Fortunately for us, however, copies of the European Mete-
orological Bulletin, mentioned earlier, may still be consulted
free of charge at the National Meteorological Library, Lon-
don Road, Bracknell. Spare copies are also held for loan pur-
poses. If you are unable to attend in person it might be worth
the cost of a telephone call (01344 420242, ask for the library
loans desk) to see if they would be prepared to meet your
requirements by post.

The Bulletin is available daily on subscription from the
publisher, Deutscher Wetterdienst, Frankfurterstrasse 135,
63067 Offenbach, Germany. In summer 1997 the price was
DM456, plus postage, for a year’s supply —rather high a price
if you only need the back page. But you would also get seven
other pages containing weather maps in colour, some for the
whole of the Northern Hemisphere, others for just the Atlan-
tic and Europe, for sea level and several upper levels. Each
page is A3 size.

The aerological diagrams are displayed in eight panels, each
panel containing two diagrams side by side, making 16 dia-
grams in all. Each diagram shows machine-plotted graphs of
temperature and dew-point depression plotted against pres-
sure for up to three stations, identified by the use of differing
symbols. The size of each diagram is such that temperature
runs from —40°C to +30°C in 61mm, dew-point depressions
from 0°C to 30°C in 26mm and pressure from 225mb to
1000mb in 76mm.

You may find this hard to believe but, with care, it is pos-
sible to estimate the plotted values to a sufficient degree of
accuracy to be able to provide meaningful cross-sections and
time-sections for propagation studies.

Frequently you will find that temperature and dew-point
depression turning points do not occur at the same pressure
level. Remember that you need all three values to calculate
refractive index so you will have to use the plotted curves to
interpolate where necessary.

The published selection of up to 48 stations (occasionally
one or two are missed) provides excellent coverage over Eu-
rope, as may be judged from Fig 3.8, which needs to be stud-
ied in conjunction with Table 3.5. All the diagrams show
soundings made at 12UT.

Fig 3.8 may be used to select the upper-air stations most
appropriate to a given signal path, which could be overlaid
using the latitude and longitude scales. It will be found an
advantage to extend your cross-section beyond the strict lim-
its of the path, if possible, because two additional soundings
help in drawing in the refractive index lines.

The European Meteorological Bulletin appears to be all
that we have left for upper-air data at the present time, un-
less, that is, you happen to be, or decide to become, a practis-
ing professional meteorologist.

Perhaps there is a way to get current sounding data off the
Internet or the World Wide Web. If there is, and you are for-
tunate enough to be able to tap into it, you will find details of
how to use the information later on in the chapter.

Why not use historical upper-air data?

Every researcher feels instinctively that he or she has to work
with the latest information available. That is fine if what you
need for analysis is easily come by. But when it is in short
supply or priced as if it were gold dust it makes sense to con-
sider a more practical alternative.

PROPAGATION [EXEN

The monthly VHF and UHF report columns of Radio Com-
munication and (especially) the quarterly European report
sections in the German magazine DUBUS regularly contain
details of unusual or exceptional signal events, and have done
for many years. Very few of those events have been properly
analysed. So, why not look back 20 years or so to a time when
the radiosonde network was much more extensive than it is
today and the information was readily available? Twice a day,
00UT and 12UT, or, if you go back far enough, four times a
day: OOUT, 06UT, 12UT and 18UT.

‘Why not consider going back to two periods of intense sci-
entific interest the world over — the International Geophysi-
cal Year, 1957 and the International Quiet Sun Years of 1963
and 19647 Extremely well documented records covering a
wide range of disciplines still exist in scientific libraries. The
likes of the efforts that were put into those two periods will
never be seen again. Why not put them to good use?

By changing your objectives Mother Hubbard’s cupboard
could be replaced by Aladdin’s cave. To parody a notice which
used to be common in general stores before the war — if you
don’t see what you want in the window, come inside and ask
for something else.

Discontinued sources of meteorological data
Until 31 December 1980, the source of data from nine British
and Irish upper-air stations was the Daily Aerological Record,
published by the Meteorological Office.

There was a companion series, dealing with surface obser-
vations, the Daily Weather Report, which gave six-hourly
observations for each of about 50 places located in all parts
of the British Isles.

Those two publications had a very wide circulation in their
time and copies may still be available in some specialised
libraries in various parts of the country. They, and similar
publications from other parts of Europe, are certainly avail-
able at either the National Meteorological Library in Bracknell
or in the Meteorological Office Archives, about half a mile
distant. The documents may be consulted without charge and
you will find the staff in both places very helpful. Most of the
information you want will be on open shelves but you will
probably have to ask for some of the continental upper air
reports because there is no longer space to keep them in the
room open to the public.

EXTRACTING THE DATA

If you are fortunate enough to be able to access the messages
circulating on the global network you will need to know that
they are headed by an alphanumeric indicator which reveals
the type of information concerned and the country or area
concerned. Upper-air messages are split into two or more parts,
not all of which are of interest in the present context. Printed
copies may be similarly split, but the identifiers may have
been edited out by then.

The first message, headed with a prefix beginning ‘US’
(eg USUK for British stations, USFR for French stations etc)
and/or by the group ‘TTAA’, relates to observations at spe-
cific levels of pressure. The station number is generally the
second of the numerical groups.

Next, look for a group beginning 99. This and the one
following are in the form:

99ppp TTTDD
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Fig 3.8. Chart showing the positions of meteorological upper-air stations relative to QTH locator

squares. The stations may be identified by reference to Table 3.5

where ‘99’ indicates that
ground level data follows,
‘ppp’ is the pressure in
whole millibars, with the
initial 1 omitted for
1000mb and over.

“TTT’ is the air tempera-
ture in degrees Celsius. If
the tenths figure, the third
one, is odd, the whole
number is negative (ie 046
=4.6°C,but045=-4.5°C).

‘DD’ is the dew-point
depressionintenths of ade-
greeupto5°, thenin whole
degrees with 50 added (eg
46 = dew-point 4.6° below
air temperature; 66 = 16°
below).

Codes 51-55 are not
used.

At regularly spaced in-
tervals there will be further
groups beginning 00, 85
and 70, indicators showing
that the data which follows
are for 1000, 850 and
700mbrespectively. These
groups and the ones which
follow immediately have
the form:

00hhh TTTDD . .. 85hhh
TTTDD . .. 70hhh
TTTDD

Table 3.5. Upper-air sounding stations currently (1997) featured in the European Meteorological Bulletin

QTH
locator

ox
uL
VY
\%)
wo
Xt
XK
ZE

IARU
locator

HP83
1041
IM58
IN53
1064
IN78
1070
IN94
1095
P90
JNO8
JOoo
Jooz
JN23
JN25
JO20
JO22
JO28
JN36
JO31
JN45
JN48
JO42
JO44

Station Station
number name

04018
03953
08579
08001
03920
07710
03808
07510
03240
03005
07145
03882
03496
07645
07481
06447
06260
01415
06610
10410
16080
10738
10238
10035

Country
Keflavik lceland
Valentia freland
Lisboa Portugal
La Coruna Spain
Long Kesh N Ireland
Brest France
Camborne England
Bordeaux France
Boulmer England
Lerwick Shetland
Trappes France
Herstmonceaux England
Hemsby England
Nimes France
Lyon France
Uccle Belgium
de Bilt Netherlands
Stavanger Norway
Payerne Switzerland
Essen Germany
Milano Italy
Stuttgart Germany
Bergen Germany
Schieswig Gernany

Height
ASL (m)

54
14
105
67
38

48

QTH

locator

IARU
locator

JP43
JN5B
JO50
JP50
JNB1
JNE5
JOB1
JO64
JO65
JO67
Jo7o
JO72
JN8O0
JN88
JO89
JN97
KNO4
K002
KM18
KN34
KN41
KM69
KM73
KO85

Station
number

01241
10868
10548
01384
16245
16044
10486
10184
06181
02527
11520
10393
16320
11036
02465
12843
13275
12374
16716
15420
17062
17130
40179
27612

Stati Country Height
name ASL (m)
@riand Norway 7
Miinchen Germany 489
Meiningen Germany 453
Oslo Norway 204
Roma Italy 21
Udine Italy 53
Dresden Germany 232
Greifswald Germany 6
Kgbenhavn Denmark 42
Goteborg Sweden 155
Praha Czech Rep 304
Lindenberg Germany 104
Brindisi Italy 10
Wien Austria 209
Stockholm Sweden 14
Budapest Hungary 139
Beograd Serbia 203
Legionowo Poland 96
Athens Greece 15
Bukarest Romania
Istanbul Turkey 33
Ankara Turkey 891
Bet Dagan israef 35
Moskava Russia 156

Note: In the QTH locator column an underlined letter signifies that care is needed to avoid ambiguity.



In more recent years 925mb has been used as an additional
standard level.

‘hhh’ is the height above sea level of the pressure level in
metres, omitting the thousands figure. For 1000mb this be-
comes a negative number when the pressure at sea level is
below that value, and this is indicated by adding 500 to the
code figure (ie 675 =—175m). The missing first figure is 1 for
850mb and either 2 or 3 for 700mb, whichever puts the value
closer to 3000m. ‘TTTDD’ has the same significance as be-
fore.

The second message is headed with an indicator beginning
‘UK’ (eg UKUK, UKFR etc) and/or the group “TTBB’, sig-
nifying that it relates to turning points in the temperature and
dew-point profiles. It is the more useful of the two because it
contains everything necessary for propagation studies, apart
from the relationship between pressure and height for the par-
ticular ascent. As before, the station number is generally sec-
ond of the five-figure groups in the message. To decode the
remainder, point off succeeding groups in pairs that begin
with the figures 00, 11, 22, 33 etc. The pairs have the form:

NNppp TTTDD

where ‘NN’ enumerates the data points. ‘00’ always signifies
local ground-level. ‘ppp’ is the pressure, in millibars, at the
level of the observation, with the initial 1 omitted if the value
exceeds 1000. ‘TTTDD’ contain the temperature in degrees
and tenths and the dew-point depression, coded as before.

For most tropospheric propagation studies there is little
pointin going beyond the level at which the pressure has fallen
to 700mb, unless itis to interpolate arefractive index value for
700mb in order to provide a uniform ‘top’ to a cross-section.

In a radiometeorological study it is quite likely that all the
work will be carried out in terms of pressure rather than height,
not only for convenience because that is the form adopted in
the radiosonde messages, but because the radio wave, once
launched, does not ‘see’ changes in height but rather changes
in air density, a quantity closely related to pressure. In the
atmosphere, height, which seems so easy to understand on
the ground, becomes a complex function of the integrated
effects of temperature and humidity, and of the value of pres-
sure at station height.

There are two ways of finding the heights corresponding
to the various pressure levels reported in the Part 2 message.
The more accurate, though time-consuming, way is to plot
the ascent data on a standard tephigram (obtainable from
HMSO, where it is known at Metform 2810B) and then to
follow the instructions given on the form. Alternatively, and
this may well be accurate enough for the present purpose,
refer to Fig 3.9, which assumes an average vertical distribu-
tion of temperature and dew point, leaving the height a func-
tion only of surface pressure. The diagram is used as follows:

(a) Find the station height from Table 3.3 and draw a verti-
cal line at the corresponding value on the horizontal scale.
(Crawley, at 144m ASL, which appears in many of the
examples used in this chapter, including this one, is no
longer operational. Its place for observations over south-
east England has been taken by Herstmonceaux.)

(b) Find the point where that vertical line intersects a hori-
zontal line appropriate to the reported value of ground
level pressure.
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Fig 3.9. Relationship between pressure and height between the
surface and 700mb, assuming an average contribution from tem-
perature and humidity

(c) Through that point lay off a line which maintains a con-
stant proportion of the space between the two sloping
lines. (An overlay of tracing paper is useful here.)

(d) Approximate heights corresponding to given pressures
may now be read from the horizontal scale.

This diagram may be used also to interpolate between the
height values reported in the standard-level message.

Full details of all the codes used in meteorological broad-
casts will be found in Met O 920b: Handbook of Weather
Messages, Part II, Codes and Specifications, published by
HMSO, London and also in the Manual on Codes, WMO No
306, in the section dealing with code FM35.

THE TEPHIGRAM

Meteorologists usually plot radiosonde ascent data on a rather
complex thermodynamic chart known as atephigram, (which
may be used as a means of calculating potential refractive
index) and a knowledge of its properties will help to achieve
an understanding of the processes involved in the atmospheric
movements we have been considering. Fig 3.10 shows an
outline diagram, including a set of K-lines which will be ex-
plained in the next section. Reference should be made to the
small inset diagram which identifies the various axes as they
appear at the 1000mb, 0°C intersection:

P-P are isobars, or lines of constant pressure.

T-T  are isotherms, or lines of constant temperature.

D-D  are lines of constant moisture content, which are fol-
lowed by the dew point as the pressure alters during
adiabatic changes.

A—A  are lines of constant potential temperature, followed
by the air temperature during an adiabatic change.

W-W is a saturated adiabatic, which marks the temperature

changes followed by ascending saturated air (only one
is shown here in order to simplify the diagram as much
as possible).

Both temperature and dew point are plotted with reference to
the T-T lines.
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Fig 3.10. Skeleton tephigram (a meteorological temperature entropy diagram) showing the positions of additional curves, labelled K
= 250 to 450, used for direct graphical calculation of potential refractive index values from published radiosonde measurements. For
practical use it is recommended that the curves should be transferred to a standard full-sized tephigram, available from HMSO as

Metform 2810B

An example of the use of the tephigram will help to em-
phasise the points which have been made earlier in the text.
Consider Fig 3.11(a), which shows two points on the 900mb
line, representing a temperature of —3°C and a dew point of
—11°C. If that sample of air is taken to a pressure of 1000mb
adiabatically, the temperature will follow the horizontal line
CA, and the dew point will follow CD. At 1000mb the tem-
perature becomes +5°C (by definition the potential tempera-
ture), and the dew point becomes —10°C. Lifting would cause
the temperature and the dew point to come closer together,
and they would become coincident at the point C, which is
known as the condensation level, where condensed droplets
of water begin to appear as cloud. Further lifting will cause
the temperature to follow one of the saturated adiabatics such
as CW, instead of an extension of AC, due to the liberation of
latent heat.

OBTAINING POTENTIAL REFRACTIVE
INDEX VALUES

Potential refractive index values may be obtained in one of
four ways, the method to be used depending on the resources
available.

1. From the expression:

71.6

- : [10004_4810000e]

po

where p is the pressure in millibars at the level of observa-
tion and the potential temperature in kelvin:

0.288
1000)
P

e=(nc+2wnx[

e is the saturation vapour pressure at the dew-point tempera-
ture.

Example: p = 900mb, T = -3.0°C, dew-point depression
= code 58 = 8°C below —3.0°C = —11.0°C, then:

0.288
0=270x (%) =278.3

and from Fig 3.1(d):
e =2.6mb (at —11°C)
whence K = 292.8.

2. Using a programmable calculator or computer. Table 3.6
outlines a program which provides K values directly from
pressure, temperature and either dew-point depression, dew
point or percentage relative humidity.

3. Using a full-sized tephigram based on Fig 3.10 and a two-
line construction. The curved potential refractive index
lines labelled K = 290, K = 300 etc are so placed that the



Fable 3.6. Computer or calculator program to obtain

potential refractive index, K, from basic meteorological |

data

S = Store
R = Recall from store
Load stores with constants:
S1=273,S2=2937.4, S3 = -4.9283, S4 = 23.5518, S5 =
77.6, S6 = 4810, S7 = 0.288, S8 = 1000
Input data for each level to be computed, pass to the
indicated stores
Enter p = pressure in millibars (or hectopascals). To S9
(p)
Enter t = temperature °C. Add R1 to convert to kelvin. To
S10(7)
Enter either:
D = dew point depression °C. Subtract from R10. To S11
(Ty)
or t, = dew point temperature, °C. Add R1 to convert to
Kelvin. To S11(Ty)
or U = relative humidity, expressed as a decimal. To $12
(R,)
Program
1. Evaluate vapour pressure, e
Either (a) If dew point or dew point depression has
been entered:
R-”Ra * 10(R44R2/R11)) To S13 (e)
or (b} If percentage relative humidity has been
entered:

R10R3 * 1QR4-(R2/R10)) * R12 To S13 (e)
2. Evaluate potential temperature
R10 * (R8/R9)* To S14 (0)

3. Evaluate potential refractive index, K
R5((R6 * R8 * R13)/(R9 * R14)) + R8/R14
Round off the result to the nearest whole number.

Test
When p =900, t=-3.0, either D=8 or {;=-11.0,0r U=
53/100 = 0.53 then K = 293.

Note: A step-by-step calculator program {based on the TI58/59
calculator but easily adapted to suit any similar programmable
scientific calculator) may be found in the fourth edition of the
VHF/UHF Manual, p2.14.

required value of K may be read at the intersection of the
dry adiabat through the temperature point and the mois-
ture content line through the dew point, plotted on the ap-
propriate isobar. These points are shown on Fig 3.11(a) at
—3°C and—11°C (900mb), as in the previous example. The
lines drawn as indicated intersect at the point C which,
when referred to the K lines, gives the answer directly: K
=293.

. Alternatively, the scale labelled ‘coded depression of the
dew point’ may be transferred to the edge of a card and
used horizontally on the diagram as shown in Fig 3.11(b),
with the right-hand index against the point on the diagram
defined by the temperature and pressure. The required K
value is read against the coded dew-point depression (58,
signifying 8° depression). The scale is the projection on to
a horizontal of depressions along an isobar, using the slope
of the moisture content lines. This method is strictly cor-
rect only on the righthand side of the diagram and the
method would suffer a progressive loss of accuracy to-
wards the left (because the moisture content lines are not
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Fig 3.12. Potential refractive index profile from Crawley, 21 Janu-
ary 1974, at 0000GMT. The spaced values along the vertical line on
theright have been usedin the construction of both Fig 3.5 and Fig
3.6. The thin sloping line shows ‘normal’ K values for the second
half of January (see Table 3.8, line B).

parallel), were it not for the fact that the dependence of K
on dew point diminishes at low temperatures.

FROM PROFILE TO SECTION
Once the calculations have been made all the information
necessary to draw a profile will be to hand.

A profile, such as the one shown in Fig 3.12, reveals
immediately the presence of warm, dry, low-refractivity air
overlying a ground-based layer of air which is cool, moist,
and of high refractive index. The more abrupt the boundary
between them, the more nearly horizontal will the transition
appear on the diagram, and the more pronounced the bending
experienced by the radio wave. Some of the occasions when
conditions have been most favourable for DX have occurred
during periods when there has been anticyclonic subsidence
aloft with a contrasting depth of wet fog at the ground.

In some cases the refractive index profile is all that is re-
quired. It is much more rewarding, however, to combine it
with others in order to make a section.

The first step is to project the pressures at which regular
values of K occur across to a vertical line, as shown in the
diagram. The spacings which result can then be transferred to
form part of a time-section for the station in question (Fig
3.5), or a cross-section for a given path (Fig 3.6) — the one
profile forms part of both diagrams.
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Taé:le 3.7: Seasonal x?aﬂaﬁon of éaﬁiu refraﬁtive é-nélex A ai 'ﬁfawf‘ey. Six years #embiﬁédr data, 19”}2»?

Half-month Sfc Sfc 950 900 850 850 800 750 700 700
period N P N N N H N N N H
JA A 318 1001 297 278 260 1465 244 227 213 3001
B 314 995 296 278 261 1407 244 228 213 2929
FE c 313 991 296 278 261 1381 245 228 214 2909
D 315 1002 294 276 259 1468 244 228 213 2995
MR E 313 999 294 276 259 1444 243 227 213 2966
F 313 1000 294 276 259 1455 243 228 213 2984
AP G 312 997 294 277 262 1434 245 229 214 2958
H 313 1002 294 278 261 1480 244 227 212 3014
MY J 316 997 297 280 263 1443 246 229 214 2979
K 319 1000 298 281 262 1483 244 228 213 3035
JE L 321 1001 300 282 263 1497 245 228 213 3059
M 326 1001 304 285 265 1510 247 230 213 3091
JL N 330 1001 308 287 267 1513 247 230 213 3098
P 331 1000 308 288 269 1503 249 231 214 3096
AU Q 331 1001 307 288 268 1519 248 229 213 3102
R 330 1001 306 287 266 1518 246 228 212 3098
SE S 327 1000 305 285 265 1495 246 229 213 3067
T 327 999 304 284 265 1479 246 228 213 3041
ocC U 323 997 302 282 262 1455 244 227 213 3014
y 323 1000 300 280 260 1475 244 227 212 3030
NV w 320 998 299 281 262 1448 245 228 213 2990
X 315 998 295 277 260 1439 243 227 213 2968
DE Y 316 998 296 278 261 1441 244 227 213 2973
z 318 1002 296 278 261 1469 243 227 212 3006
Overall six-year mean 320 999 299 281 263 1468 245 228 213 3015

The additional work involved in this type of exercise is
amply justified by the sense of continuity which results. Thus
the time-section shown in Fig 3.5 reveals in a single glance
far more about the formation and eventual dissipation of a
subsidence boundary layer than could be gained by a pro-
longed study of the 10 separate profiles which were com-
bined in its construction.

‘NORMAL’ VALUES OF N AND K

It is in the nature of things that refractive index studies, re-
quiring as they do a considerable amount of calculation and
detailed graphical work, are carried out on an infrequent ba-
sis, as and when periods of interest come to light.

It means, inevitably, that a sense of continuity is lacking
whenever an in-depth study is undertaken. It means also that
researchers usually see only abnormal conditions and few of
them can be bothered to do similar exercises when nothing
out of the ordinary has been occurring.

The situation is further complicated by the fact that there
is a marked seasonal variation in values of refractive index
near to the ground, making it difficult to compare, say, a Feb-
ruary event with one that occurred in July, unless one has
access to information showing the sort of values that might
be considered ‘normal’ in each of the two cases.

It might seem that monthly mean refractive index values
could be obtained by putting mean monthly temperature and
mean monthly dew-point data into the computer program in

place of individual ascent figures. An inspection of the skel-
eton tephigram, Fig 3.10, will explain why that will not work.
The temperature (T-T) and dew-point (D-D) scales are
straight-line functions whereas the refractive index lines have
a pronounced curvature which changes character across the
chart. Mean figures of refractive index have to be obtained
from daily refractive index values, not from means of the ba-
sic meteorological data.

That explains the origin of Tables 3.7 and 3.8, which were
obtained from 4380 consecutive radiosonde ascents reduced
to refractive index and potential refractive index spot values.
They represent six years of real-time data gathering, 1972—
1977 and are, so far as is known, the only statistics available
for either index in terms of atmospheric pressure instead of
height. They appeared first in IERE Conference Proceedings
No 40 (July 1978), to which reference should be made for
further details and for other results of the study.

In this chapter refractive index and its distribution in the
atmosphere are looked at from a meteorologist’s viewpoint,
having regard to the fact that the radio wave, once launched,
is acted upon by atmospheric pressure, atmospheric tempera-
ture and the varying amount of moisture in the air through
which it passes. Height, as such, does not come into the basic
equations at all and only appears in expressions for refractive
index gradients because radio engineers feel that they must
have a fixed scale firmly anchored to the ground. Statistics
based on specific pressure levels eliminate one of the variables



950

| Table 3.8. Seasonal variation of potential refractive index K at Crawley. Six years combined data, 1972-7

PROPAGATION ¥

' Half-month Sfc Sfc 900 850 850 800 750 700 700
period K P K K K H K K K H
JA A 318 1001 308 300 292 1465 286 279 275 3001

B 315 995 307 300 293 1407 286 280 275 2929
FE C 315 991 307 300 293 1381 287 280 276 2309
D 315 1002 305 298 291 1468 2886 280 275 2995
MF; E 313 999 305 298 291 1444 285 279 275 2966
F 313 1000 305 298 291 1455 285 280 275 2984
AP G 313 997 305 299 294 1434 287 281 276 2958
H 313 1002 305 300 293 1480 286 279 273 3014
MY J 317 997 308 302 295 1443 288 281 276 2979
K 319 1000 309 303 294 1483 286 280 274 3035
JE L 321 1001 311 304 295 1497 287 280 274 3059
M 326 1001 315 307 298 1510 250 282 275 3091
JL N 330 1001 317 309 300 1513 290 282 275 3098
P 331 1000 320 311 302 1503 292 283 276 3096
AU Q 331 1001 318 310 301 1519 291 281 274 3102
B 330 1001 317 309 299 1518 289 280 273 3098
SE S 327 1000 316 307 298 1485 289 281 274 3067
T 327 999 315 306 298 1479 288 280 274 3041
ocC U 324 997 313 304 294 1455 286 279 274 3014
v 323 1000 311 302 292 1475 286 279 273 3030
NV W 321 998 310 303 294 1448 287 280 274 2990
X 316 998 306 299 292 1439 285 279 275 2968
DE Y 317 998 307 300 293 1441 286 279 274 2973
7z 318 1002 307 300 293 1469 285 279 273 3006
Overall six-year mean 321 999 310 303 295 1468 287 280 275 3017

and provide results that are in the right form for comparison
with day-to-day radiosonde measurements.

For an example of the use of the annual statistics consider
Fig 3.12, in which the thicker line shows potential refractive
index values plotted against pressure for one of the profiles
used in the examples of cross-sections and time-sections. The
fine line shows the mean values for the time of year and it
should be clear that the low values of potential refractive in-
dex encountered above 940mb have been the result of air sub-
siding from above. During an adiabatic change potential re-
fractive index remains unchanged so a parcel of subsiding air
brings its original value down with it but, remember, the same
is not true of conventional refractive index, N.

Strictly, these statistics are valid only for south-east Eng-
land, but they provide a useful indicator for adjacent areas,
for which there are no comparable figures.

SIGNAL STRENGTHS AND RANGES
ATTAINABLE

The effect of the boundary layer on signal
strength

The time-section is an ideal way of comparing a series of
upper-air soundings in terms of refractive index because, once
you know the signs, you can see at a glance periods of rising
or subsiding air and the formation and dissipation of steep-
lapse layers of the sort that lead to periods of anomalous propa-
gation, or ‘openings’ as amateur operators prefer to call them.

Fig 3.13 illustrates very clearly the way that VHF signal
strengths rise during a week of anticyclonic subsidence. When
this diagram was originally prepared there was a television
station transmitting on 174MHz, located at Lille, in northern
France. G3BGL, located at a site just to the west of Reading,
used to monitor the strength of the sound carrier using a pen
recorder, with the object of compiling statistics for a 300km
VHEF path (this was before the time that we had beacon trans-
missions on the amateur bands). The television station oper-
ated every afternoon and evening.

The potential refractive index pattern is typical of an anti-
cyclonic opening. The bottom boundary of the isopleths shows
that ground level atmospheric pressure reached a peak during
24 and 25 September. The ‘inverted pudding basin’ centred
on the 22nd heralded the commencement of subsiding air, a
feature which was to make its presence felt over the next six
days. Note the way that the signal level rose as the subsid-
ence boundary layer formed, then lowered and intensified.
The highest signals appeared when the gradient was steepest,
on the 25th. After that the gradient slackened and the received
signal strength fell. On the evening of the 28th a cold front
arrived and destroyed, by mixing, all traces of the boundary
which had given the good conditions. A low-pressure system
moving in is responsible for the rising isopleths of the 29th.
The radiosonde station at Crawley was very close to the
mid-point of the transmission path.

It is a point worth emphasising that this one time-section
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Fig 3.13. Potential refractive index time-section, Crawley, 21-30 September 1960,
together with a record of signal strengths, obtained on a chart recorder located near
Reading, from VHF TV transmissions originating at Lille in France. Note that the
highest signals occur when the steep-lapse layer is most pronounced, and a sudden
drop occurs as the anticyclone is replaced by a low-pressure system. With acknowl-

edgements to J Atmos Terr Phys, Pergamon Press

shows, at a glance, all the significant information contained
in 20 consecutive refractive index profiles.

The subsidence boundary layer may be thought of as being
a battlefront. It comes about as a result of descending warm
dry air coming up against cool moist air stirred up from the
ground. If the two opposing forces are nicely balanced the
layer stays where it is and intensifies. If the subsidence in-
creases or the turbulence decreases the boundary falls and
may even reach the ground. If that happens the good condi-
tions immediately drop out.

If the low-level turbulence increases the boundary will rise
and will eventually be lost through mixing. When conditions
are at their best it is the contrast between the two opposing air
components which is all-important. Given warm dry subsid-
ing air from aloft in an anticyclone you cannot do better than
find yourself surrounded by wet dripping fog.

At their best, tropospheric ‘openings’ are productive of
ranges considerably in excess of conventional textbook ex-
pectations. Using an analysis of extreme-range signal reports
it has been shown that if 1000km can be exceeded at 144MHz

of a narrow beam are essential require-
ments.

The paths are line of sight to and from
the Moon but tropospheric refraction ef-
fects could affect the performance at low
elevation angles. Distance (around the
Earth, transmitter to receiver) records are
made and broken but they are a function of geometry rather
than geophysical influences. All VHF and UHF bands apart
from 70MHz have been used. Europe to New Zealand has
been achieved on 144, 432MHz and 1.3GHz.

FREE-SPACE ATTENUATION

The concept of free-space attenuation between isotropic an-
tennas, or basic transmission loss, L, provides a useful yard-
stick against which other modes of propagation may be com-
pared. It is a function of frequency and distance, such that

L,=32.45+201og f+ 20 log d

where f'and d are expressed in megahertz and kilometres re-
spectively.

Table 3.10 provides a representative range of values against
distance for various VHF/UHF amateur bands.

TROPOSPHERIC SCATTER PROPAGATION
Tropospheric scatter propagation depends for its effective-
ness on the presence of dust particles, cloud droplets and

small-scale irregularities in

¥

radio refractive index within
a volume of the atmosphere

50MHz GJ4ICD (IN8SWF} and OZ5W/P (JO64GX)

1 June 1996 1188km which is common to both the

L il e AL (L6, o e S Dg. . transmitting and receiving an-
4 z D} and EA 27GX) 9 September 3264km i

432MHz  EAB8XS (IL28GA) and GWSVHI (1081CM) 5 July 1984 2786km tefml‘la ';eam Confesl'l.T beheight

1.3GHz  EA8XS (IL28GA) and G6LEU (I070ME) 29 June 1985 2617km ol the bottom of thus common

2.3GHz EA7BVD/P (IM78JD) and EASXS/P (IL27GW) 8 July 1984 1481km volume is a function of dis-

Source: John Morris, GM4ANB, for Region 1, IARU

tance between the stations
concerned owing to the effect



of the curvature of the earth. Typical
heights are 600m for a 100km path, 9000m

for a 500km path. Path losses increase by Fg':quency
about 10dB for every degree of horizon e
angle at each station so that a site with an 50
unobstructed take-off is an important con- 112
sideration. 432

Only a very small proportion of the sig- 1296
nal energy passing through the common 2300

volume will be scattered, and only a small
proportion of that will be directed towards
the receiving station. Therefore the loss in
the scattering process is extremely large
and the angle through which the signal ray

50

100
103
110
119
129
134

| Table 3.11. 'ffobosaatter ﬁath losses on a smooth earth

Band (MHz) 50

has to be deflected is an important charac- 70 47
teristic of a troposcatter path; for best re- 144 50
sults it should be no more than a few de- 133% Sg
5
et 2300 60

J N Gannaway, G3YGF, has made a
critical study of the losses in tropospheric
scatter propagation, which appeared in Radio Communica-
tion August 1981, pp710-714, 717. It should be consulted
for a fuller discussion of the mode than can be given here.

Table 3.11 shows the path losses between two stations on
a smooth earth, expressed as decibels below the free-space
values, for VHF and UHF amateur bands. (Free-space losses
have been given earlier in Table 3.10.) To these values must
be added losses depending on characteristics of the sites —
height, distance to the first obstruction, antenna coupling
losses etc — and variables depending on seasonal and weather
factors.

Table 3.12, which is taken directly from the work cited,
shows the theoretical range that could be expected under flat
conditions and from good sites, with the equipments shown
against each of the amateur bands. The ranges are for a 0dB
signal-to-noise ratio in a bandwidth of 100Hz, representing a
weak CW signal; for SSB these ranges should be reduced by
130km on each band.

For distances approaching 1000km the equipment require-
ments are comparable to those needed for propagation by
moonbounce.

Because signal-path transit times vary with height of scat-
ter within the common volume a ‘blurring’ occurs which lim-
its the maximum speed of transmission of intelligence; nar-
row beams have the faster capabilities.

IONOSPHERIC PROPAGATION AT VHF
AND UHF

Regular layers

The regular layers of the ionosphere play only a small part in
the properties of the VHF bands and, according to current
thought at least, none at all at UHF and above. Around the

Frequency Path loss

Transmitter
{MHz} {dB} Range {km} power (W)
144 240 870 100
432 247 790 100
1296 258 760 100
2304 262 720 50

PROPAGATION

‘ Téble 3.10. Free-space aﬁsnuaﬁdn

Distance {km)

100 150 200 300 400 500 750 1000
106 110 112 116 118 120 124 126
109 113 15 119 121 123 127 129
116 119 122 125 128 130 133 136
126 129 131 136 137 139 143 145
135 138 141 144 147 149 152 155
140 143 146 149 152 154 157 160

Distance {(km}

100 150 200 300 400 500 750 1000
49 53 55 61 69 75 91 109
52 55 58 64 72 78 94 112
56 60 62 69 76 82 99 116
61 65 67 74 81 87 104 121
63 67 70 76 83 90 108

time of sunspot maximum and for perhaps a year or two af-
ter, there are occasions when maximum usable frequencies
exceed S0MHz and cross-band working with North Ameri-
can amateurs becomes possible. The most favourable times
for transatlantic contacts at SOMHz occur when the solar flux
is high and the magnetic index is low, but the required condi-
tions do not persist for long. On 8 February 1979 G3COJ and
WB2RLK/VE made the first 28/50MHz transatlantic contact
since 1958. On the other hand, when conditions are good,
they are often very good. EI2W, the only 50MHz licensed
amateur in northern Europe at the time, succeeded in work-
ing 40 states of the USA on 50MHz during 1979-80. Such
contacts are made via the F2 layer. It is unlikely that trans-
missions above 30MHz would ever be propagated by the regu-
lar E layer. In the tropics some occasional periods of activity
around noon in maximum sunspot years may be possible,
using the F1 layer.

The current (1997) European record distance for 50MHz
regular F2 layer propagation is 16,076km, set by OZ1LO
(JO55VC) and UK3AMK (QF21NT) on 18 October 1991.

Any propagation at VHF which may take place via the regu-
lar layers of the ionosphere will have a very strong depend-
ence on the solar cycle.

Non-regular ionisation
Contacts at VHF and UHF are occasionally possible via ioni-
sation which may take the form of sheets, clouds, mobile cur-
tains or long narrow cylinders. Most of these forms are active
around E layer height, but they are not directly associated
with the regular layers.

Some effects, those involving the equatorial ionosphere,
for example, may take place at F layer levels. The varieties

Antenna

Noise figure

{dB) Antenna gain {dBi)
3 2 x 16-el Yagi 18

3 2 x 25-¢el loop Yagi 22

3 2 x 25-el loop Yagi 24

3 8ft dish 31
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Fig 3.14. Frequency versus time for a major sporadic-E event recorded on 10 June 1980 at GM4IHJ, Saline, Fife

which will be dealt with here are sporadic-E, auroral-E,
trans-equatorial propagation and meteor scatter.

VHF SPORADIC-E

As has been mentioned before, there is some question still
regarding the nature of VHF sporadic-E. The reason is that
sporadic-E at HF has been known about and recognised since
the earliest days of ionospheric sounding in the ’thirties but
what radio amateurs refer to as sporadic-E — typically ex-
tending to the 144MHz band and beyond — just does not show
up on ionosondes. Even those times when HF sporadic-E does
appear on the record it does not display characteristics which
would be sufficient to support reflections well into the VHF
band (over 200MHz has been reported).

For many years VHF sporadic-E was regarded with scepti-
cism by professionals but its reality has now been accepted,
largely due to the weight of evidence provided by amateur
observers in a truly international project co-ordinated by the
International Amateur Radio Union. For many successive
years the co-ordinator, the late Serge Canivenc, F8SH, col-
lected and collated reports from all over Europe to provide
day-by-day summaries, which were submitted to CCIR, the
International Radio Consultative Committee (now a section
of the International Telecommunications Union).

The project is ongoing and the collection of reports show-
ing which paths are open (and when) remainrs a task ideally
suited to amateur observers.

In its conventional form sporadic-E consists of horizontal
sheets about 1km thick and some 100km across, usually at a
height of 100-130km. Clouds form in an apparently random
manner, although there is an obvious preference for certain
times and seasons. They do not behave consistently for,
whereas some sheets may travel across continents for several
hundreds of kilometres, others remain almost stationary. It
has been claimed that there is a general tendency for them to
drift towards the equator at about 80m/s. Both scattering and
reflection modes are possible in the sporadic-E layers.

Above 30MHz, paths via E; ionisation are rarely less than

500km. The maximum single-hop range is limited by the ge-
ometry of the system to about 2000km and double-hop from
a single sheet is relatively rare because it would have to ex-
ceed 500km across in order to be able to accommodate the
two points of reflection. Two-hop E, propagation is more
likely from two separate sheets, separated by less than
2000km, when the possible maximum range is extended to
4000km.

Sporadic-E at VHF is seasonal, nearly all of it (in Europe)
occurring between May and August, although events outside
that period are not unknown. The times of maximum activity
are generally within the periods of 0700-1300GMT and 1500—
2200GMT. The duration of events is an inverse function of
frequency: that is, for a particular occasion the event will be-
gin later and finish earlier at the higher of two given frequen-
cies.

John Branegan, GM4IHJ, gave a very interesting analysis
of the VHF sporadic-E event of 10 June 1980, as observed
from Saline, Fife (Fig 3.14). This demonstrated very clearly
how the longest opening — over 4%2 hours — appeared on a
48-49MHz monitor, with progressively shorter periods on
each of the other frequency bands checked. At 144MHz the
event was confined, for the most part, to half an hour either
side of 1800GMT. GM4IH]J had also produced a map show-
ing the location of stations which have been positively iden-
tified during E; openings (Fig 3.15). The symbols ‘FM’ and
‘fm’ indicate stations in the 70MHz and 100MHz FM broad-
cast bands respectively, while black dots are Band I TV sta-
tions around S0MHz. It may be seen that all the stations re-
ceived were between 1000 and 2000km distant.

That being so — and, assuming a reflection height of 100—
130km, the geometry of the path certainly lends support —
how to account for the claimed record distances worked dur-
ing E, events (Table 3.13)? Clearly, in the case of 70MHz
and 144MHz double hop is feasible, though probably not from
a single cloud of ionisation. But, in the case of SOMHz, over
8000km in four hops seems to be stretching credibility a mite
too far. Yet this report does not stand in isolation. In the
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. . 50MHz  GODJA (I093FP) and 7Q7RU (KH74MF) 24 August 1993  8446km
E; Top List Showedfjgggl‘fd 70MHz  GWA4ASR/P (I082JG) and 5B4AZ (KMB4MR) 7 June 1981 3465km
distances in excess o M 144MHz OE1SBB (JN8SFF) and RISTA (MM37TE) 21 July 1989 4281km

(theoretical double-hop) in 36

entries out of a total of 81. If
the reason for that is known it
does not seem to have received very wide publicity.

The maximum frequency at which sporadic-E has been
observed in the European area was found to have been
203MHz, recorded by F8SH on 9 July 1974. It is not known
if anyone else has continued his work in routinely seeking a
maximum frequency, but it seems certain that 200MHz is
reached but rarely and for periods of very short duration.

Several sporadic-E warning nets — some radio, some mak-
ing use of telephone ‘chains’ — are in operation in various
parts of Europe, including the UK. With their help a random
network of several hundred amateur stations may be got on
the air in a very short time, and a careful computer analysis of
their collected reports, which need consist of no more than
time, band, callsigns and QTH locators, is sufficient to pro-
vide details of the size, shape and movement of the areas of
ionisation responsible.

ANMATEUR AURORAL STUDIES

The radio aurora at VHF probably represents the field in which
radio amateurs can do most to contribute to present knowledge
of radio propagation and the behaviour of the high atmosphere

Fig 3.15. Stations received via sporadic-E at GM4IHJ

Source: John Morris, GM4ANB, for Region I, IARU

under the influence of solar emissions. A co-ordinated net-
work of stations extending over a continent, each station
equipped with nothing more complicated than a well-main-
tained receiver and operated by a person able to read and log
callsigns, QTH locators and accurate times, can establish the
existence and movement of areas of auroral ionisation on a
scale that is impossible to achieve by any other means. The
addition of steerable antennas and two-way communications
increase the value of the observations still further, for these
enable the location of the auroral reflection point to be estab-
lished.

The geometry of the path is such that no two pairs of sta-
tions will reflect off exactly the same point on the radio auro-
ral curtain so a number of near-simultaneous observations
from a random network of stations can yield detail of an area
of ionisation — its position relative to the Earth’s surface and
the direction of its main axis — and, if the process is contin-
ued throughout an auroral event, analysis of successive peri-
ods will reveal the motion of the ionisation in both space and
time.

Unfortunately the aurora does not present itself as a per-
fect reflector placed perpendicularly to the surface of the Earth.
Its vertical alignment tends to follow the curvature of the
geomagnetic field so that a reflection from a relatively low
altitude will appear to be above a point on the ground farther
north than areflection at a greater height. The reflection height
is a function of the position of the two stations relative to the
surface of ionisation, but the vertical and horizontal beam-
widths of most VHF antennas are such that a large number of
alternative paths are possible without change of beam head-
ing, although not necessarily at maximum strength. There is
much to be learned from a study of accurate times and bear-
ings of maximum signal taken as near simultaneously as pos-
sible from the two ends of a transmission path. Those sta-
tions equipped with two-axis rotators, such as are used for
satellite working, can contribute further by rotating in both
azimuth and elevation for maximum signal.

From the foregoing it will be clear that, in general, the beam
headings in the horizontal plane depart considerably from the
great-circle directions between the stations. When amateur
auroral studies began in earnest in the fifties it was com-
monly supposed that all stations had to beam their signals
towards the north in order to make auroral contacts. During
the International Quiet Sun Years (1963—4), when the
GB3LER experimental beacon station was first set up beside
the magnetic observatory at Lerwick, the beam direction for
auroral studies was set at first towards 10° west of true north
and nearly all reports of reception via the aurora came from
Scottish stations.

A change was made to 25° east of true north, and this
brought in reports from many parts of the Continent. That is
not to say that 25° east of true north is an optimum direction,
even for Lerwick. It is now known that beam headings can
vary considerably during an aurora, and from one aurora to
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Fig 3.16 VHF sporadic-E activity in Europe during summer 1979

the next. No hard and fast advice can be given on this point,
other than to suggest that an occasional complete 360° beam
swing during an auroral event may produce results from an
unexpected quarter, even when much of the activity appears
to be concentrated in one fairly constant direction (Fig 3.17).

Charlie Newton, G2FKZ, who was for many years the
IARU co-ordinator for amateur radio auroral studies, has es-
tablished that, for any given station, there is a well-defined

HB9QQ 47°-30'N SM7AED
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Fig 3.17. Beam headings recorded by certain operators during the
aurora of 8 March 1970

area within which auroral contacts are possible, and he has
shown that that area is a function of the magnetic field sur-
rounding the Earth. He has called the perimeter of this area
the boundary fence and has demonstrated that its shape and
extent varies as different locations are considered as origin.
As an example, Fig 3.18 shows the boundary fence calcu-
lated for SM4IVE (at HT68d); it is approximately elliptical,
2000km from east to west, 1000km from north to south. The
large dots on the map indicate the centres of QTH locator
lettered squares containing stations heard or worked by
SMAIVE via the aurora — the lines are not signal paths; they
serve only to indicate the line-of-sight directions and distances
to some of the more-distant stations. At any particular time
during an event only a small part of the area shown will be
accessible to SM4IVE, but the audible ‘patch’ will move dur-
ing the progress of an aurora and may differ considerably
from one aurora to the next, although all the stations worked
will lie within the boundary fence. For stations farther east
the area of accessibility is larger; for stations to the west and
south it is smaller. Stations in Great Britain suffer from the
disadvantage that there are no stations within the western half
of the boundary fence.

There is a fairly close correlation between the occurrence of
radio aurora and the three-hourly indices of geomagnetic
activity; the greater the magnetic field is disturbed, the further
south the event extends. During the International Quiet Sun
Years attempts were made to relate motions of the visual
aurora atLerwick to aurorally reflected signals from GB3LER
asreceived on the Scottish mainland, but the results suggested
that, on a short time-scale, the two phenomena behave almost
independently, although they must stem from a common
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cause. At times the visual au-
rora appeared to the south of
Lerwick and forward-scatter
off the back of the beam was
suspected on more than one
occasion, although the point
was never proved by turning
the antenna because it was not
accessible enough to be moved
at short notice.

A study of pen recordings of
signals from GB3LER, via the
aurora, to Thurso on the Scot-
tish mainland suggested that it
was not the peaks of a geo-
magnetic disturbance that gave
the strongest reflections, but

1932 km

\

Y¢— 2000

pd

1000

rather the fastest rate of change
in the components describing
the instantaneous field, as re-
corded by the observatory
magnetometers.

| Table 3.14. European VHF and UHF records (as at the beginning of 1997) - aurora

Fig 3.18. Boundary fence calculated for SM4IVE

Every radio auroral event sgmﬂz gs;c;v[g ((lKOOZQHK) and G3NVO (I091IK) 6 February 1994  1850km
ey ~ 70MHz 3 90DX) and GM3WOJ (I089KB) 11 August 1982 904km

seems to be unique in ;"me 1€ 144MHz  GMA4BYF (I085JV) and RB5CCO (KN59XG) 1 December 1989  2465km

spect but there are character-  432MHz  PAOFRE (JO21FW) and RASLE (KO64AR) 13 March 1989 1851km

istic patterns that regularly re-
cur. The weaker or diffuse
events, which are often only
detected by northern stations, move little and slowly. They
are often found to relate to minor irregularities on the
magnetometer trace, known as bays, when the geomagnetic
field deflects for a short while and then gradually resumes its
normal diurnal pattern.

An intense auroral event typically opens suddenly with the
appearance of signals having a characteristic ‘flutter’ tone
from stations situated to the north or north-east. This often
occurs in the early afternoon and contacts from European sta-
tions 1000km or more distant are likely. After perhaps two to
three hours of activity it ceases and many operators unused to
the mode may conclude that the event is over. The more
knowledgeable stay on watch, and frequently their patience
is rewarded by the appearance of a second phase, usually more

Source: John Morris, GM4ANB, for Region |, IARU

rewarding than the first. The motion of the active region of-
ten follows the same general movement as the first phase, but
reaching several hundred kilometres further south. Finally,
when the event seems to have reached a peak, perhaps by late
evening, all the activity suddenly ceases as though somebody,
somewhere, has ‘pulled the big switch’ and gone off to bed
(Fig 3.19).

Table 3.14 shows the maximum distances which have been
worked by auroral reflection on three bands at VHF and one
at UHF. It must be pointed out that these distances represent
the great circle path between stations, not the path followed
by the signals, which is considerably longer.

There is a tendency for a major radio auroral event to recur
after an interval of slightly more than 27 days. That is because
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Fig 3.19. Times and distances for all stations heard or worked, based on logs submitted for the 8 March 1970 study. Note the pauses
and the bunching of the longer-range contacts. The periods marked ‘SR’ indicate when a radar at Sheffield University recorded radio

aurora to the north west
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Fig 3.20. Days with reported radio aurora during 1981-2

the event has come about as
a result of a disturbance on
the Sun, and in that interval
an active region has made a
complete circuit of the Sun
as seen from the Earth, and
is in more-or-less the same
position again. That posi-
tion, at the time of the event,
is generally about one day
past central meridian pas-
sage (CMP), or, say, 13°
west of the centre of the
visible disc.

Itis convenient to be able
to record the dates of auro-
ral propagation events in
some way that links them to
the rotations of the Sun. The
chartshowninFig3.20does
just that. The vertical axis
shows longitude on the Sun,
L,, following a sequence
begun at Greenwich Ob-
servatory nearly 150 years
ago. The horizontal axis is,
in effect, ameasure of where
the Earth is around its orbit,
passing through 000° at the
time of the vernal equinox,
20 or 21 June. The sloping
broken lines serve to con-
nect a series of dots, each
representing the date on
which the indicated longi-
tude, L,, passed the centre
of the disc of the Sun, as
seen from the Earth, at
12UT. The sloping lines
form araster such that, if the
diagram were to berolled so
as to make the top edge (L,
=360°) and the bottom edge
(L, =000°) coincident, they
would form one continuous
helix.

The chart may be used to
record any event suspected
of having a connection with
events on the Sun. A hori-
zontal trend corresponds to
the rotation period of the
Sun relative to the Earth; a
trend of 45° (in the sense
bottom left to top right) cor-
responds to the rotation pe-
riod of the Sun relative to
the stars. Known dates of
radio auroral events are cur-
rently included in the propa-
gation news section of the



GB2RS news bulletin serv-
ice of the RSGB, and the
patterns which emerge pro-
vide auseful guide to prob-
able active and quiet peri-
ods up to about a month
ahead. Fig 3.20, which
shows the days when radio
aurora was reported by UK
stations during 1981-2
should be compared with
Fig 3.21, which shows the
days when the magneto-
meters at Lerwick recorded
a disturbance of 5 or more
on the conventional scale
of geomagnetic K-units. It
will be seen that there is a
close relationship between
the two patterns and this
confirms the usefulness of
the Lerwick data when
dealing with the analysis
ofradio auroral events tak-
ing place in the region of
north-west Europe.

Monitoring auroral
propagation

In a contribution to the
March 1977 issue of Radio
Communication, Peter
Blair, G3LTF, gave practi-
cal advice on monitoring
distant VHF transmissions,
which can be used as a
guide to the onset of auro-
ral propagation events on
the amateur bands. Many
of his remarks were di-
rected towards observers
living in the south of Eng-
land, but his methods were
applicable to other loca-
tions, provided that suit-
ably placed transmitters
can be found. What is re-
quired is a signal from a
northerly direction in the
low VHF region, for this
will go auroral before the
effects reach 144MHz.
These requirements used
to be met by one of the
Band T BBC-TV sound
transmitters. There are now
50MHz and 70MHz ama-
teur beacon transmitters
which may well serve the
purpose. Two which oper-
ate at 100W and are
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Monitor

M= receiver

Recorder I TC212 6.8k
receiver LS 100%

2N3819, J308

Coaxial
input
socket
c22
9
Chassis....
TR3 " "
O E 412" x 3
il

suitably placed are GB3LER (IP90JD) on 50.064MHz and
GB3ANG (I086MN) on 70.020MHz.

The suggested equipment for the aurora monitor is rela-
tively simple. The antenna consists of two elements: radiator
95in by /sin, reflector 105in by */sin, spacing 30in, mounted
18 to 20ft off the ground, pointing north. This feeds a crystal-
controlled converter, such as the one shown in Fig 3.22 and
Table 3.15, which uses any convenient crystal which will pro-
duce an IF of around 7MHz. After alignment in the usual
way the circuits should be peaked on the desired signal when
the opportunity arises. The two outputs are at around 7MHz;
one is intended for a simple fixed-frequency receiver, the AGC
voltage of which drives a recording meter through a suitable
DC amplifier. When correctly tuned, the 144MHz trap pre-
vents the converter from being blocked in the presence of a
local transmission.

Fig 3.23 shows the appearance of some typical auroral sig-
nal recordings. According to G3LTF a sudden (say within
two minutes) onset of the auroral enhancement usually indi-
cates that the effects will reach 144MHz within 10-15 min-
utes. A more gradual onset might herald a delay of up to about
30 minutes. It is rare for the effect not to reach 144MHz at all
once it has been detected on the monitor. The equipment may
also be used as an indicator for 70MHz but the respective
time delays are considerably reduced.

The monitor should be left running during the day from
about midday onwards. If the operator is unable to attend dur-
ing the afternoon he or she may come home to find evidence
of earlier activity. This should alert him to expect a second
phase, and perhaps a third, later on. Where a more-or-less
continuous watch is impracticable, the most fruitful times for
checking the monitor are mid-afternoon, early evening and
around 2200 local time. It should not be overlooked that a

Fig 3.22. Circuit diagram of converter and layout of principal
components

broadcast transmitter being monitored may close down each
day at the end of the day’s programmes, but this is no real
disadvantage of the method as it is unusual for an aurora to
make its first appearance after midnight.

Auroral warning networks
In the past, very effective auroral warning networks have been
organised, both in this country and on the Continent, using
the public telephone systems. The warnings are generally ini-
tiated by a northern monitoring station who either has firm
evidence that an auroral opening has commenced, or who has
good reason to believe that one is imminent. Each recipient
of the warning passes it on to at least two other stations, work-
ing down from north to south, with built-in checks to hold the
procedure if the event is a small one or fails to materialise.
At the time of writing it is not known if such a network still
exists. It needs to be emphasised, however, that the

| Table 3.15. Gomponents fist for converter

C1,C4 6p8 ceramic R1 5k6
C2, C5, 12p tubular
C11,C24 trimmers R2 18k

C3,C16 0Op5 ceramic R3,R5 100R

(6] 3390p ceramic R4,R9 1k

Cc7 1-10p tubular
trimmer R6 82k

Cs8, C10, 1000p feedthrough

€18, C22 capacitors R7 2k2

Cg, C21 1000p ceramic R8 68R

C12 4p7 ceramic R10 4k7

C13 33p ceramic R11 6k8

C14 22p {to suit IFT L4)  All % or "/1W carbon

C15 3300p disc ceramic

C17 0po1 15V TR1 BF324

C19 180p ceramic TR2 2N3819, J309

C20 18p ceramic TR3 2N3904

C23 0p22 15V

L1 10t 3/sin ID 18 SWG enam close-wound
tapped 2t up

L2 As L1 but tapped 4t up

L3 11t 3sin ID 18 SWG enam close-wound
tapped at 1t and 5t from cold end

L4 IF transformer appropriate to crystal chosen

L5 6t 20 SWG on %in slug tuned form (for
65MHz crystal)

L6 9t %in ID spaced wire diameter
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on which TE signals were ob-

served at 144MHz, plotted on a

GM3NHF
SMBENG
SMBENG
SM7BVU
SMBEUP

solar rotation base map, which re-
veals some tendency towards

Fig 3.23. Some typical auroral signal recordings

capabilitiesof the system are such thatalarge-scale auroracan
stimulate a level of activity amounting to several hundred
transmitters being brought on the air during the early stages of
the event. This cannot be matched anywhere outside the
Amateur Service and offers a unique opportunity to put the
service’s talents to good use by doing no more than reporting
its successes as soon as possible after the event.

TRANS-EQUATORIAL PROPAGATION

An aspect of research in which radio amateurs can justifiably
claim to have played a major part is in the field of trans-equa-
torial propagation, TE or TEP for short. From its discovery
just after the Second World War (between stations in Mexico
and Argentina, reported in QST for October 1947) to the
present day, amateurs have provided almost all the raw mate-
rial for subsequent study. Some dedicated operators have spent
20 years or more setting up series of carefully controlled
experiments designed to test theories proposed or to provide
fresh material for consideration. For a particularly useful sur-
vey of progress to date of circuits between Europe and south-
ern Africa, reference should be made to an

27-day recurrences, particularly

around the time of the equinoxes.
On the American paths, peak occurrences at the equinoxes
were noted.

On the Zimbabwe/Cyprus path there was a decline at that
time, thought by ZE2JV and 5B4WR to be a peculiarity of
the path connected in some way with the southern Africa
magnetic anomaly which gives rise to high dip angles at the
southern end.

In February 1979, ZS6DN, Pretoria, and SV1AB, Athens,
held the world record for a 144MHz contact by the ionosphere,
but at time of writing the current holders are ZS3B and I4EAT,
who, on 31 March 1979, established transmission and recep-
tion in both directions over a distance just under 8000km.

Fading and chopping occur on the signals at rates which
increase with transmission frequency. Slow chopping on 28
and 5S0MHz sometimes makes it almost impossible to read
Morse code. At 144MHz the chopping rate is much faster,
making the signal sound rough with an apparent raw AC note.
Frequency spreading has been observed to 2kHz or more. The
character of the signals may change considerably from day to
day and from hour to hour in a random manner. Under the

article by ZE2JV and 5B4WR entitled

‘Twenty-one years of TE’, which appeared a5l 7
in Radio Communication June/July, August

1980, pp626—-634 and 785-788. Some of the
areas of the world which have contributed N
to the present knowledge of the mode are
shown in Fig 3.24, where it will be seen that
a prime requirement appears to be that the
transmission path shall have the magnetic
zero-dip equator (a) approximately at its s
mid-point and (b) nearly normal to it. The
placing of the KP4/ZD8 path with respect

to the change of direction of the zero-dip 80 |
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line over the Atlantic Ocean area is particu-
larly interesting evidence in support of
requirement (b).
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The mode was first observed on SOMHz.

Fig 3.24. Areas of the world where trans-equatorial propagation has been observed
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Fig 3.25. Trans-equatorial propagation. Reception of ZE2JV by 5B4WR (144.166MHz), 1630-1900GMT between 1 April 1978 and 31 May

1979

best of conditions 144MHz SSB is just intelligible. At other
times the spread is so wide and the flutter is so rapid that no
beat note can be obtained with the received signal, which then
appears merely as a change in the background noise. At
432MHz the Zimbabwe beacon operated by ZE2JV was heard
in Athens by SVIDH and SV1AB between 1816 and
1830GMT on 20 March 1979, and on 13 May 1979 by
5SB4WR. Their comments were that the signals were rougher
than on 144MHz and spreading more in frequency.
Time-delay measurements made in both directions along
the Zimbabwe/Cyprus circuit showed afternoon intervals
which at times corresponded with two-hop F2-layer propaga-
tion, but evening delays took about 10% longer, which may
have been due to an extra ray-path distance of some 600km
each way, or was in some way a function of the propagation
mechanism. There appears to be no difference in delay time
between 28MHz and 144MHz TE; although the character of
the received signals differ on ac-
count of differences in fading rate.
Table 3.16 shows the European
distance records for trans-equato-
rial propagation as they stood at the

50MHz
144MHz

Table 3.16. European Vi

G41GO (I080NW) and CE8BHI (FD46)
14EAT (JNB4VG) and ZS3B (JG73)

METEOR TRAIL PROPAGATION

Propagation is also possible on an intermittent basis by means
of scatter from short-lived trails of ionisation which appear
as aresult of small particles of solid matter entering the Earth’s
atmosphere and becoming heated to incandescence by fric-
tion. They are usually accompanied by streaks of light, popu-
larly known as ‘shooting stars’. These meteors (strictly the
term applies only to the visible streak, although most writers
use it as though it refers to the object itself) fall into two gen-
eral classes, shower meteors, which follow definite and pre-
dictable orbits, and sporadic meteors, which follow individual
paths and are present at all times.

Both the ionisation and the visual display occur simultane-
ously at heights of around 85 to 120km. Most of the objects
responsible are no bigger than a grain of sand and they burn
up completely in the upper atmosphere. Occasionally larger
ones survive the descent and examples of some which have

aﬁﬂ | HF records {as at t&é fbegiﬁning of 1997) - TEP

2 November 1991
30 March 1979

13,203km
7843km

beginning of 1997. The mode does
not normally extend into UHF.

Source: John Morris, GM4ANB, for Region |, JARU.



reached the ground are to be
seen in museums, where they

! scatter
are referred to as meteorites. !

G41GO (IO80NW) and SV10E (KM17VX)
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Table 3.17. European VHF and UHF records {as at fhe beginning of 1997} - meteor

Numbers vary during the  50MHz 12 August 1990  2542km
year from a maximum in July ~ 70MHz  GJ3YHU (LN89X) and GM3WOJ/P (I089KB) 12 August 1982  1083km
m : 144MHz  GWACQT (I081LP) and UWGENA (KN97VE) 12 August 1977  3101km

Feb
to a minimum In FELIUALY, a5y, SM2CEW (KP15CR) and PAODZL (JO21HM) 12 August 1989 1869km

with a ratio of about 4:1.

There is a marked diurnal
variation, due to the combined
motions of the Earth’s rotation and its movement around the
Sun, leading to a maximum at 0600 local time and a mini-
mum at 1800.

The initial trail of ionisation is in the form of a long, thin,
pencil-like cylinder, perhaps 15 to 20km in length. As soon
as it is formed it begins to expand radially and to move with
the various motions of the air through which it passes. The
length of time when the trail is capable of supporting com-
munication is generally very short, often less than a second,
although longer persistences of a minute or more occur from
time to time. The durations (and the frequency of occurrence)
decrease with increase in signal frequency.

Considerations of phase coherence lead to an aspect
sensitivity which favours radiation meeting the trail axis at
right-angles. Because of this only a small part of any trail
acts as a reflector and the orientation of the trail relative to
the antennas is of considerable importance because it deter-
mines the height and position of the main reflection point.
Meeting the right-angle requirement from both ends of a trans-
mission path demands that the trail must lie in such a way
that it is tangential to an ellipsoid of revolution having trans-
mitter and receiver antennas at the focal points, and if ionisa-
tion is to result this condition has to be met at a level which is
within 80 and 120km above the ground. It follows that large
numbers of meteors enter the Earth’s atmosphere along paths
which can never satisfy the tangent condition within the pre-
scribed limits of height and in consequence do not contribute
to propagation along a given path.

These requirements suggest that it is unwise to direct very
narrow-beam transmitting and receiving antennas (to be used
for meteor-scatter work) along the strict line-of-sight between
the stations. The only trails which can be tangential to the
ellipsoid of revolution in that direction are those lying paral-
lel to the ground, and this is an unlikely attitude to be taken
up by a solid body entering the Earth’s atmosphere from in-
terplanetary space. The most likely beam directions lie a few
degrees to one side or the other of the direct transmission
path (both antennas must be deflected towards the same side,
of course), and the optimum headings may have to be deter-
mined by careful experiment. Where the antennas are less
directional the great-circle path between stations may be found
to give best results, however, because, although little is likely
to be received along the direct path heading, the acceptance
angles of the antennas may be wide enough to include the
longer but more likely paths on both sides.

The short bursts of signal which result from MS (meteor
scatter) can best be observed on stations situated 1000 to
2000km away. In southern England several hundred exam-
ples per hour used to be heard carrying signals from the 40kW
FM broadcast transmitter at Gdansk, Poland on 70.31MHz.

Table 3.17 shows the European VHF and UHF distance
records by meteor scatter, as of the beginning of 1997. It is

Source: John Morris, GM4ANB, for Region 1, IARU.

interesting to note that the record has been set on the same date
(but in different years) for each of the four bands. August 12
is the date on which the Perseids shower reaches a peak.

A very detailed treatment of the subject was published in
the February 1975 issue of Radio Communication, under the
title “VHF meteor scatter propagation’. In it J D V Ludlow,
GW3ZTH, has given details of suitable equipments for receiv-
ing and recording signals propagated by this mode, and has
provided a practical method of calculating beam headings and
optimum times in respect of particular showers. For those
wishing to follow up the relevant theory there is a very useful
list of 25 references. Details of the current IARU Region 1
QSO procedure are given in the RSGB Amateur Radio Oper-
ating Manual.

Table 3.18 gives a summary of the main meteor showers
likely to be of use to stations in the northern hemisphere. Full
details, including times of transit and the directions from
which the trails appear to radiate (an effect of perspective)
appear each year in the current Handbook of The British
Astronomical Association (see the Bibliography at the end of
this chapter).

Commercial use is made of meteor-scatter propagation, par-
ticularly at high latitudes where it provides a hedge against
the effects of polar cap absorption. The best-known system is
the Janet Project of the Canadian Defence Research Board,
which is described by G W L Davis and others in Proceed-
ings of the IRE December 1957. Another, and later, applica-
tion of the technique was seen in the ‘Snonet’ meteorological
meteor burst system for collecting observations from remote
sensors. Information recorded on magnetic tape at normal
speed was played back (and transmitted) in the form of high-
speed bursts when a monitor on a slightly different frequency
showed that a path was open.

In more recent times the availability of satellite channels
has weakened the attraction of meteor scatter for commercial
data communications. On the amateur bands, however, inter-
est continues to grow and very detailed logs from stations all
over Europe appear in every quarterly issue of the German
DUBUS magazine. For example, issue 3/96 contained 15
closely packed pages of reports, followed by two pages of
operating procdures for meteor scatter QSOs, as adopted by
TARU, Region 1. It is a very useful source of data for re-
search purposes.

SATELLITE PROPAGATION EXPERIMENTS
A number of amateurs have suggested propagation experi-
ments using satellites in ways that were not envisaged as part
of the basic projects.

Pat Gowen, G3IOR, made use of Oscar 7 and Oscar 8 in its
Mode A transponder configuration (145MHz up, 29MHz
down) as a guide to conditions on 144MHz. Good tropospheric
conditions were indicated by severe attenuation of one’s own
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Table 3.18. Calendar of the main meteor showers

Dates of

Start Maximum End

Jan 01 Jan 03 Jan 06
Apr 19 Apr 21 Apr 24
May 01 May 05 May 08
Jun 10 Jun 16 Jun 21
Jun 17 Jun 20 Jun 26
Jul 10 Jul 26 Aug 15
Jul 15 Jul 27 Aug 15
Jul 15 Jul 31 Aug 20
Jul 15 Jul 30 Aug 25
Jul 15 Aug 06 Aug 25
Jul 25 Aug 12 Aug 18
Aug 19 Aug 21 Aug 22
Oct 16 Oct 21 Oct 26
Oct 20 Nov 08 Nov 30
Nov 07 Nov 09 Nov 11
Nov 15 Nov 17 Nov 19
Dec 07 Dec 14 Dec 15
Dec 17 Dec 22 Dec 24

Comparative Transit
Name rate* Time Elev
Quadrantids 6 09 90
April Lyrids 3 04 70
Eta Aquarids 3 08 40
June Lyrids 2 01 70
Ophiuchids 2 23 20
Capricornids 2 01 20
Delta Aquarids 4 02 30
Pisces Australids 2 02 10
Alpha Capricornids 2 00 30
lota Aquarids 2 01 30
Perseids 5 06 80t
Chi Cygnids 1 21 90
Orionids 4 04 50
Taurids 3 01 60
Cepheids 2 20 80t
Leonids & 06 60
Geminids 5 02 70
Ursids 1 08 601

* Each step on the comparative rate scale represents a factor of 2.
T Above northern horizon.

returned signal, with deep and rapid fading when the satellite
was just above the horizon. Brief and rapid ‘pop-ups’ of sig-
nal before and after predicted times of access were caused by
scintillation of 144MHz uplink as it passed through tropo-
spheric ducts. Sporadic-E effects were similar, but they may
have taken place at quite high elevations. Fading suggested
the presence of multiple diffraction paths in the ionosphere.
Aurora caused marked degradation of tone on returned sig-
nals from some of the northern stations, often specific to small
areas.

This topic has been brought back into prominence recently
in connection with 136MHz aircraft-to-satellite-to-ground
communications, 250MHz military satellite applications and
global positioning systems working around 1.2 to 1.6MHz.
(See, for example a paper by Dr J Aarons in /EE Conference
Publication No 411.)

John Branegan, GM4IH]J, kept a regular check on where
satellite scintillation occurred on polar paths and used it to
define the instantaneous location of the auroral oval to pro-
vide an estimate of the total electron content along the satel-
lite line of sight. In this way, very high electron densities were
observed at heights above the normal 110km auroral reflec-
tion zone, considered capable of scattering frequencies of up
to at least 250MHz. GM4IHJ, G3IOR and several Alaskan
stations all heard double signals on 144MHz satellite transmis-
sions, the second signal some 750Hz from the nominal fre-
quency, sometimes with an auroral tone.

G4DGU and SM6CKU investigated the idea of using a large
low-orbit satellite as a passive reflector. The relevant theory
suggested that the total path length loss might be about 10dB
better than moonbounce. There were problems — low-orbit
satellite orbits soon decay and they could not be predicted
with accuracy. There were very high Doppler shifts involved.
At432MHz signals are likely to appear first 12kHz high, shift-
ing down at about 1kHz per second to become 12kHz low,
six to eight seconds later, when signals disappear. Despite
these difficulties, however, a four-second burst of SSB from
G4DGU had been received by SM6CKU, 10dB over noise,

off a Cosmos third-stage launcher. The transmitter used was
of 400W PEP into an array of eight 17-element Yagis. The
receiver had been coupled to an 8m dish.

SOLAR/GEOPHYSICAL CONNECTIONS
Precursors

The relationship between events on the Sun and the associ-
ated effects in the Earth’s ionosphere has been dealt with at
length in the propagation chapter of the Radio Communica-
tion Handbook. Suffice it to record here that the main solar
events of interest to VHF and UHF operators are solar flares,
radio bursts and emissions of high-energy protons. Solar flare
effects appear in three time scales. Within about eight min-
utes of a major flare suitably placed on the Sun, electromag-
netic radiation brings about increased D-region ionisation,
sudden cosmic noise absorption (SCNA), short-wave fadeout
phenomena (SWF), sudden phase anomaly of ELF signals
(SPA), sudden enhancement of atmospherics at LF (SEA),
sudden frequency deviation at LF (SFD), and noise bursts
(not all of these will be detected in one particular event).
Within an hour of the appearance of the flare, high-energy
corpuscular radiation is likely to cause polar cap absorption
(PCA) of anything from 20 minutes to 20 hours duration,
which may extend to VHF. Some 2040 hours after the flare,
low-energy corpuscular radiation brings about magnetic
storms, ionospheric storms and auroras, which may persist
for more than a day.

The probability that this chain of events will lead to a
magnetic storm and an aurora is greatest when the solar ac-
tivity occurs when the region concerned is near, but slightly
beyond, the central meridian.

There is a tendency for solar events to recur after periods
of approximately 27 days, as has been discussed in connec-
tion with auroral propagation. Table 3.19 shows the starting
dates of all solar rotations between 1991 and 2002 calculated
in continuation of Carrington’s photo-heliographic series, us-
ing a method described by the Belgian amateur astronomer
Jean Meeus in the journal Ciel et Terre.



| Table 3.19. Solar rotation calendar, 1991-2002
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but it is subject to three to seven
months’ delay, which can seem a

1991 1992 1993 1994
1838 JA16 1851 JAOB 1865 JA21 1878 JA11
1839 FE12 1852 FEO2 1866 FE17 1879 FEOQ7
1840 MR11 1853 FE29 1867 MR17 1880 MRO06
1841 AP08 1854 MR27 1868 AP13 1881 APO3
1842 MY05 1855 AP23 1869 MY10 1882 AP30
1843 JEO1 1856 MY21 1870 JEO6 1883 MY27
1844 JE28 1857 JE17 1871 JLO4 1884 JE23
1845 JL25 1858 JL14 1872 JL31 1885 JL20
1846 AU22 1859 AU10 1873 AU27 1886 AU17
1847 SE18 1860 SEO07 1874 SE23 1887 SE13
1848 OC15 1861 OCO04 1875 OC21 1888 OC10
1849 NV12 1862 OC31 1876 NV17 1889 NVO7
1850 DE09 1863 NV27 1877 DE14 1890 DEO4

1864 DE25 1891 DE31

1997 1998 1999 2000
1918 JAO06 1932 JA23 1945 JA12 1958 JAO2
1919 FEO02 1933 FE19 1946 FE08 1959 JA29
1920 MRO1 1934 MR18 1947 MRO8 1960 FE25
1921 MR29 1935 AP14 1948 AP04 1961 MR24
1922 AP25 1936 MY12 1948 MY01 19862 AP20
1923 MY22 1937 JEO8 1950 MY29 1963 MY17
1924 JE18 1938 JLO5 1951 JB25 1964 JE13
1925 JL16 1939 AUO1 1952 JL22 1865 JL11
1926 AU12 1940 AU29 1953 AU18 1966 AUO07
1927 SE08 1941 SE25 1954 SE14 1967 SEO03
1928 OC05 1942 0OC22 1955 OC12 1968 SE30
1929 NV02 1943 NV1iI8 1956 NV08 1969 0OC28
1930 NV29 1944 DE16 1957 DEO5 1970 NV24
1931 DE26 1971 DE21

1995 1996 long time when waiting to analyse
:ggg éé‘zzf 1382 é’ég a particular period of observation.
1894 MR23 1907 MR12 The r.nat§r1al is to be found in the
1895 AP19 1908 APOS publication Solar Geophysical
1896 MY17 1909 MYO05 Data, produced in the USA by the
1897 JE13 1910 JEO1 Environmental Data Service of
ggg JAII.}(())G }g_}; jgg the National Oceanic and Atmos-
1900 SE03 1913 AU22 pheric Administration (NOAA),
1901 SE30 1914 SE18 of Ashville, NC. This appears in
1902 OC27 1915 OC16 two parts each month — Part 1
1903 NV23 1916 NV12 (Prompt Reports) containing pre-
1904 DE21 1917 DEO09 limii d :

1iminary data covering the two
months prior to the date of issue,
2001 2002 and Part 2 (Comprehensive Re-
1972 JA17 1985 JAO7 ports) containing more-detailed
33;3 :;;;‘3 1323 ifgg’s, da.ta centred about. six months
1975 APOS 1988 MR30 prior to the date of issue. In this
1976 MYO7 1989 AP26 country the monthly parts arrive
1977 JEO3 1990 MY24 by post about the middle of the
}g;g ng;) 133; jEff]) month following that shown on
1980 AU24 1993 AUtz  thecover.
1981 SE20 1994 SE09 For a trial inspection it is sug-
1982 OC17 1995 OCO07 gested that the most recent Feb-
1983 NV13 1996 NVO03 ruary issue (consisting of Part 1,
1984 DE11 1897 NV30

Part 2 and a very detailed expla-

The rotation numbers follow Carrington’s series. The quoted date shows the first day on which a

new rotation value of L, appears at 12UT.

A solar rotation diagram intended for use in connection
with radio propagation studies appears each year in the RSGB
Yearbook. It covers an 18-month period covering the year in
which the Yearbook is current and the three-month periods
immediately before and after.

Solar and geophysical data

There still remains much to be learned about the relationship
between events on the Sun, their corresponding effect on the
Earth’s magnetic field and VHF/UHF radio propagation via
the ionosphere as in sporadic-E, auroral-E and other similar
‘openings’ on the amateur bands. This is an interesting field
for individual research but it requires access to basic solar
and geophysical data. Four useful sources are suggested here.

The first, the easiest to obtain, is supplied by the brief sum-
mary of solar and magnetic trends over the previous week,
together with a forecast covering the week to come, which is
compiled from authoritative sources and included each week
in the RSGB GB2RS news bulletin.

These are transmitted according to a schedule published
regularly in Radio Communication. The summaries are com-
piled by Neil Clarke, GOCAS, who also edits a monthly
16-page booklet, which he calls SunMag, containing tables
of relevant data, together with graphs and diagrams, as ap-
propriate. For subscription details write to Neil at 39 Acacia
Road, Cantley, Doncaster, DN4 6UR (Tel: 01302 531925).
An explanation of the terms used may be obtained by post
from RSGB Headquarters or through the RSGB Web Page at
http://www.rsgb.org.

The second source of information is by far the mostdetailed,

nation booklet distributed annu-
ally at that time) should be re-
quested through a library. In case
of difficulty an approach should
be made to a library specialising in science subjects.

Daily values of K, C;, C,, A;, and other magnetic data,
including an inferred interplanetary magnetic field indication
derived from satellite observations, appear after a delay of
about four months in the American publication Journal of
Geophysical Research (Space Physics).

Amateur radio-astronomical observations are co-ordinated
by the British Astronomical Association and an edited sum-
mary appears as a regular feature in their Journal.

The third source ought to have been the data broadcaster
GAM1, which was to have been operated by the Amateur
Service to provide daily messages containing various solar
and geophysical information obtained from ‘official” sources,
such as Meudon Observatory, Paris, and Boulder, Colorado.
Table 3.20 shows the format of summary messages that used
to be available ‘over the air’ (but no longer, unfortunately). It
will serve here to indicate the type of information it was hoped
to cover. After years of trying it now seems that we cannot
get the authorities to allow the service to go ahead in the way
we had hoped.

All is not lost, however. At the time of writing tests are
being carried out by G4FKH which it is hoped will lead to an
alternative approach. If the outcome is favourable no doubt
full details will be printed in Radio Communication, but it is
too soon to be able to give any reliable indications here.

The fourth source is the Internet/World Wide Web, but here
again it may be unwise to attempt to be specific. However, it
is clear that a great deal of information may be obtained from
official sources if you know how to reach them. Neil Clarke,
GOCAS, may be able to help you there. His e-mail address is
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Table 3.20. Format of a typical GEOALERT message

GEOALERT CCCNN DDHHMMZ

9HHDD 1SSSG 2FFFB 3AAAE 4//// BMMXX
QXXYY nnijk (QXXYY nnijk . . .)
{Plain-language details of major optical
flares and tenflares)

8hhdd 7777C QXXYY degree of activity . . .
{Plain-language forecast of activity)
SOLALERT JJ/KK MAGALERT JJ/KK

Note: There is no fixed length to a
GEOALERT message, groups being re-
peated as often as necessary.

Key

CCCNN Originating centre (MEU = Meudon, WWA =
Boulder); serial number of message

DDHHMMZ Date and time of origin of message; Z =
GMT.

9HHDD Indicates that various daily indices follow,
for 24 hours ending at HH hours on DD day
of month.

1SSSG Indicates sunspot number, SSS, and
number of new groups observed, G.

2FFFB Indicates 2800MHz solar flux value FFF, and
number of important bursts.

3AAAE Indicates geomagnetic activity, AAA = A,

value; E = events (0 = no events, 1 = end of
magnetic storm, 2 = storm in progress, 6 =
gradual storm commencement, 7 = sudden
storm commencement, 8 = very pronounced
sudden storm commencement).
4//if Indicates cosmic ray data (not used on
Meudon message).
Indicates flare counts: MM = daily total of M
flares, XX = daily total of X flares.

Then follow groups identifying active regions on the Sun:

5MMXX

QXXYY Q = Quadrant of the Sun (1=NE, 2=SE, 3 =
SW, 4 = NW}, XX = degrees of longitude, YY
= degrees of latitude, relative to the centre
of the Sun’s visible disc.

nnijk nn = total number of flares in active region
indicated; i = number of flares greater than
importance 1; j = number of M flares; k =
number of X flares (in region QXXYY).

8hhdd indicates 24-hour forecast follows, starting
at hh hours on dd day of month.

7777C Indicator, C = types of observation used in
forecast (1 = solar radio, 2 = partial solar
optical, 3 = optical and radio, 4 = all, plus
solar magnetic measurements).

OXXYY Positions on the Sun, coded as before.

JJ/KK Days of month between which the solar or

magnetic alerts apply

neil@g0cas.demon.co.uk ; his postal address and telephone
number have been given earlier.

The June 1997 issue of Radio Communication carried a
reference to Solar Warning and Real-time Monitor (SWARM)
software which may be downloaded from http://solar.uleth.ca/
solar/www/swarm.html and which is said to provide current
real-time solar and geomagnetic data.

Geomagnetic data
Solar events and associated ionospheric disturbances are of
less direct interest to the VHF/UHF operator than are
geomagnetic variations, which correlate well with auroral
events and, though to a lesser extent, with E; and TE.

These are comparisons which fall within the scope and

Table 3.21. K-figures for Lerwick &

0 0to 10 5 140 to 240

1 0to 20 6 240 to 400

2 20 to 40 7 400 to 640

3 40 to 80 8 640 to 1000

4 80 to 140 9 1000 or more

capabilities of interested radio amateurs, but many find it dif-
ficult to extract the necessary, elementary information from
conventional manuals on the subject.

In the studies carried out on auroral propagation by the
RSGB the region of interest is admirably represented by a
knowledge of the performance of the magnetometers at Ler-
wick Observatory, Shetland, which location, at over 60° north
latitude, often experiences spectacular displays of visual au-
rora. Valuable experience was gained there during the Inter-
national Quiet Sun Years, 1963—4, when the GB3LER bea-
con transmitters were set up nearby and direct comparison of
results against the magnetometer records became possible.
The remainder of this section is intended to provide an intro-
duction to the subject to those who take part in the Society’s
auroral observation work, which forms an important part of
its Propagation Studies programme.

The terrestrial magnetic field at the Earth’s surface is not
constant, but is subject to both long-term and short-term vari-
ations in intensity ranging from periods of centuries or more
to hours, minutes or even less. The transient variations are
small in comparison to the total field; they are measured in
gammas, which are equal to 107 gauss, the force being deter-
mined in terms of three components mutually at right-angles,
either in the directions X (geographic north), Y (east) and Z
(vertically downward), or H (horizontal intensity), D (decli-
nation) and Z.

The main variometers at Lerwick record H, D and Z photo-
graphically on a sheet of sensitised paper approximately 40cm
by 30cm, on which all three traces appear side-by-side, to-
gether with timing marks every five minutes, and suitable
baselines. The present sensitivities are such that H changes
of 3.45 gamma, D changes of 0.94 minutes of arc (correspond-
ing to 4 gamma at right-angles to the meridian) and Z changes
of 4.35 gamma move their respective traces by lmm. A sys-
tem of prisms ensures that any trace which approaches the
edge of its section of the chart appears again from the other
side, thereby extending the effective width so as to be able to
handle the widest excursions.

The traces exhibit two features, one a fairly regular diurnal
‘background’ change due to solar and lunar effects, the other
a superimposed irregular, and often violent, variation, the
extent of which depends on particle radiation from the Sun. It
is necessary to examine initially a large number of traces ob-
tained during magnetically quiet periods in order to be able
to assess the appearance of the ‘normal’ diurnal curve, which
has the form of a shallow letter ‘S’ on its side, and allowance
has to be made for season, solar flare effects and certain de-
creases which follow a magnetic storm. The sum of the high-
est positive and negative departures from the ‘normal’ curve
are converted into a quasi-logarithmic scale of K-figures,
where the actual values for the lower limit of each number
vary from one observatory to another depending on the mag-
netic latitude. For Lerwick the scale is given in Table 3.21.



At other observatories the ranges are proportional, and may
be found from the value assigned for the lower limit of K =9,
which will be quoted as being either 300, 350, 500, 600, 750,
1000, 1200, 1500 or 2000 gamma.

Using this K-scale, the degree of activity is described for
each directional component of the force during eight three-
hourly periods of each day, and the highest of the three num-
bers for each period are grouped in two sets of four digits,
separated by Greenwich noon, beginning with the period 0000
to 0300GMT.

A combination of K-figures from 12 widely spaced obser-
vatories (of which Lerwick is one) results in the planetary
K-index, K, prepared monthly by the Committee on Charac-
terisation of Magnetic Disturbances at the University of
Géttingen, Germany, which is often preferred to single-station
data in analytical work, particularly in connection with the
ionosphere or when purely local effects are unwanted. The
normal O to 9 scale is expanded into one of thirds by the addi-
tion of suffixes, eg 2—, 20, 2+, 3—, 30, 3+ . ..

A daily magnetic character figure, C, has been in use for
over half a century, each observatory subscribing a figure
descriptive of their assessment of the day’s activity: O if it
was judged quiet, 1 if it was moderately disturbed or 2 if it
was very disturbed. The individual figures are rarely used,
but an index C,, the average to one decimal place of C-figures
from a worldwide network of collaborating observatories, pro-
vides a convenient classification of daily activity. Another,
apparently similar, character figure, C,,, is prepared directly
from the K, indices but, although its derivation is so differ-
ent, it rarely differs from C;by more than 0.2. To simplify
machine tabulation the scales are sometimes expressed in
terms of yet another, known as Cy, which uses whole num-
bers from 0 to 9 in place of the decimal range from 0.0 to 2.5.

The sum and arithmetic mean of the eight three-hourly
K-figures provide further expressions of daily activity which
are simple and convenient to obtain. They are not ideal, how-
ever, because the K-scale is a logarithmic one (as is the deci-
bel scale), and the arithmetic average gives the logarithm of
the geometric mean and not the logarithm of the arithmetic
mean. To take an extreme example, consider the two series
1111 1111 and 0000 0008, both of which give a sum of 8 and
a mean of 1; the first would be representative of a quiet day,
whereas the second would be considered a highly disturbed
day. For this reason it is preferable to turn each K-index back
into an equivalent range, a,, on a linear scale, by using the
corresponding values:

K 0 1 2 3 4 5 6 7 8 9
a 0 3 7 15 27 48 80 140 240 400

which may be summed and meaned arithmetically to repre-
sent activity over a period. It should be noted that the same
table used for all observatories, irrespective of their actual
K-scales so that the resulting standardised figures are not the
true gamma ranges, although those may be approximated from
them, if required, by the use of a factor (which in the case of
Lerwick is 4). The daily amplitude A, is the average of the
eight values of g, for the day. In the case of the two examples
cited above as leading to the same K-figure sum, the first,
1111 1111, gives an A, of 3, whereas the second, 0000 0008,
produces an A, of 30, thereby reflecting the vastly differing
states of activity.

PROPAGATION

A similar, but expanded, scale relates the planetary three-
hour index K, to the three-hourly equivalent planetary ampli-
tude, ay:

K, 0o 0+ 1- 1o 1+ 2— 20 2+ 3— 30 3+ 4— 40 4+ 5-
a, 0 2 3 4 5 6 7 9 1215 18 22 27 32 39

K, 50 5+ 6— 60 6+ 7- 70 7+ 8- 8o 8+ 9- 9o
a, 48 56 67 80 94 111 132 154 179 207 236 300 400

The daily equivalent planetary amplitude, A, is the average
of the eight values of q, for the day.

P

ACCURATE TIME RECORDING

When selected frequencies need to be monitored for propaga-
tion studies, some form of recording is essential so that the
operator can attend to more productive things. It also results
in a semi-permanent set of observations which can be tran-
scribed and analysed as and when convenient.

Stereo cassette recorders provide a useful method of record-
ing. The machines are relatively cheap because they are mass-
produced and, as the tapes may be used again and again, run-
ning costs are low, particularly when compared with pen recor-
ders using paper charts. The stereo facility provides the user
with two synchronised (but entirely independent) channels,
one of which may be used for signal data, the other for timing
signals originating from one of the standard time and fre-
quency radio transmissions.

For some purposes it is sufficient to record no more than
the presence of the selected signal at a known time and for
this the recorder may be connected to the output of the re-
ceiver in the conventional way. When an indication of the
signal strength is required it is advisable to use some form of
voltage-to-frequency or analogue-to-digital conversion before
recording from either the AGC line or a special detector giv-
ing a suitable time-constant. This avoids the effects of differ-
ences between recording and playback, including the quality
of the tape, from affecting the measurements.

Sometimes, to make more effective use of tape and to simp-
lify the task of data reduction, discontinuous recording may
be adopted. This can take the form of sampling, where, say,
five minutes in every hour are transferred to tape and the trans-
port mechanism is halted between-times, or by causing the
tape to stop automatically in the absence of signals for more
than a selected period. Both of these practices complicate the
provision of radio time signals from the best-known sources,
such as those which share 2.5, 5, 10 and 15MHz, because
only minute and second intervals are available with no indi-
cation of absolute time.

MSF, Rugby, on 60kHz, carries time every minute in the
form of a 0.5-second burst of pulse code modulation immedi-
ately before the minute indicator to which it refers. This could
be recorded, together with successive one-second ‘ticks’ on
one channel of a stereo recorder.

Nowadays very accurate time is a very cheap commodity.
An analogue clock with a built-in decoder locked by radio to
an atomic standard may be bought for under £25 from one of
the big radio and electrical component chain stores.

For rapid access to a reliable time source try any teletext
page from a terrestrial television station.

Finally, if you are using a computer as a real-time logging
device, or to sample signal strengths through a suitable inter-
face, then the internal clock is, or should be, a useful source
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organised groups of amateurs
are particularly well placed to
further our understanding of
the physical processes in-
volved in almost every mode
other than direct line of sight.

There may never have been
such an opportune time to put
forward fresh evidence of the
extent to which guidance
given by such authorities as
ITU and URSI to intending
users of frequencies above

30MHz seriously underesti-
mates the range and frequency
coverage of the various modes
in this part of the spectrum.
The professionals acknowl-
edge that such discrepancies
exist and are looking to the
Amateur Service for raw ma-
terial that will help to bring
present theory more into line
with what is happening in the
world outside.

There is a continuing need
for long-term studies of over-
the-horizon transmission
paths, particularly those in-
volving beacons. This type of
work demands a degree of in-
volvement that can be ex-
pected from only a very few
individual amateurs, although
it provides a very interesting
project for a club, particularly
one associated with an edu-
cational establishment, pro-

~aHN

144 MHz

S~

vided that continuity may be
assured over long holiday pe-
riods and there is sufficient
overall supervision to main-
tain the stability and calibra-
tion of the equipment.
Enoughhas been written al-
ready to show the value of
studies which make use of a
very high volume of simple
reports from stations covering
éj alarge area. The mere fact that

Fig 3.26(a). Analysis of 144MHz reports

that may be accessed along with the incoming data. But check
it against a source known to be accurate before you rely on it.

AMATEUR NETWORKS AND FURTHER
RESEARCH

It is hoped that the preceding pages of this chapter will have
left the reader with the feeling that there is still much to be
learned about radio propagation at VHF and UHF and that

contact was made on a speci-
fied band, at a certain time,
between two stations identi-
fied by callsign and QTH locator, is of little more than passing
interest to either of the operators concerned. But when hun-
dreds of such reports are collected and processed a powerful
research tool emerges, and one, moreover, that is peculiar to
the Amateur Service.

As an example of the capabilities of this technique, consider
Figs 3.26(a) and (b), which were included in the IEE Confer-
ence paper referred to earlier in the section of signal strengths
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and ranges attainable using
tropospheric propagation.
The two sets of maps resulted
from an analysis of many
hundreds of individual re-
ports, most of them collected
in Germany by the DUBUS
organisation. It is known that
reporting amateurs were ac-
tive in most parts of Europe
during the whole of the pe-
riod shown, and nearly all of
them were within the bound-

aries of a very large anticy-
clone for a large proportion
of the time, yet only a certain
well-defined area was expe-
riencing long-range anoma-
lous propagation at any one
time. That area is shown in
the original paper to be where
the steep-gradient boundary
has formed between air of
low refractive index, over air
of high refractive index. Al-

though subsidence is present
elsewhere the sharp bound-
ary is not present either be-
cause the turbulence in the
lower atmosphere is too weak,
allowing the low-refractive
index air to reach ground
level, or too strong, causing
mixing at the interface and a
consequent weakening of the
gradient.

Observe how, in the course
of the event, the centre of the

anticyclone, marked with a
letter ‘H’, moves from day to
day, and how the axis of the
really long-range paths ro-
tates so as to maintain a
broadside-on aspect relative
toit. These paths formachord
across the curvature of the
isobars (which had to be omit-
ted from the diagrams in or-
der to simplify them). In the
last two maps the change in
direction due to the approach

K

;f

432 MHz ~—\ W\

of a fresh centre is of interest.

Another conclusion to be
drawn from the maps is that the area of enhancement is ap-
proximately the same at both frequencies, although the two
sets of reports used are entirely independent of one another.
Individual path lengths differed within the area, however,
being roughly half as far again at 144MHz as compared to
432MHz.

It should be clear that these techniques, which require no
more from operators than the reporting of contacts that may

Fig 3.26(b). Analysis of 432MHz reports

well have had nothing to do with propagation research in them-
selves, have enormous potential, not only in tropospheric prop-
agation studies, but in VHF sporadic-E and auroral-E studies
as well. It should be noted, however, that reports of bearings
from both ends of the path are an important requisite of the
latter.

It is only because of the truly international nature of ama-
teur radio and the seemingly tireless enthusiasm of so many
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people, not the least those who collect the observations and
make them available for studies such as the one described,
that this technique can be employed to the full. Your reports
may be the ones needed to complete the task.
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4 Receivers, transmitters and

transceivers

HIS chapter is designed to give the reader a clear outline
of the practical needs for receivers, transmitters etc in
the VHF/UHF bands. As will be seen, these are different from
those at HF and these differences will be identified. In re-
ceivers, the main difference is that, since external noise lev-
els are much lower at VHF/UHF than at HF, the noise per-
formance of the receiver must be that much better. The effect
of stray capacitance and inductance on semiconductors is also
important.
Note that devices such as ICs are mentioned only as illus-
trations and not as recommendations.

RECEIVER PARAMETERS [1, 2]
An ideal receiver would be stable, selective enough for the
mode to be received and would convert an incoming VHF or
UHF signal into an audio signal regardless of its strength or
that of other signals whether or not they were close by in
frequency. To do this it needs gain, stability, selectivity, a
large dynamic range (see later) and detection. Needless to
say, the ideal does not exist in practice but to approach it as
closely as possible should be the goal of all amateurs, espe-
cially those wishing to read weak signals such as those from
DX stations.

The factors causing deviation from the ideal are noise, non-
linearity, instability and gain compression.

Noise

Noise is always present, and can come from within the re-
ceiver or from outside. The latter can be natural or man made
and there is very little that can be done about it (but see be-
low). Considering firstly the noise from within the receiver, a
resistor R at any temperature above absolute zero (0K or
—273°C) will generate a noise power w given by:

w=kT.B

where w is in watts, k is Boltzmann’s constant (a fundamen-
tal constant in physics/electronics) and B is the bandwidth in
hertz. This is true for a resistor not carrying a current. Carry-
ing a current will increase the noise and it will be worse for
some types of resistor (eg carbon composition) than for oth-
ers (eg metal film types).

Note that w is independent of the resistance of R. k is
1.38 x 102 watts per degree per hertz. Since k is very small,
w is also small, eg at room temperature of 290K (17°C or
62.6°F) and a bandwidth of 2kHz, w is 8 x 107! watts or 8
attowatts. If the resistor has a value of 50Q, the correspond-
ing voltage is 0.02uV or 20nV.

Noise figure
This is often quoted along with the noise factor. Taking the
latter first, it is defined as the signal-to-noise ratio at the input

4.1

of a device divided by the signal-to-noise ratio at the output,
ie:

Sin / N;

in in
Sout / N

out

Noise factor (NF) =

and noise figure is simply the NF expressed as decibels, ie:
Noise figure = 10 log NF

Noise is also generated by any device that dissipates energy.
Pure capacitors and inductors do not generate noise but resis-
tors, amplifying devices, semiconductors or valves do. If it is
assumed that the noise due to the input resistance is doubled
by the input amplifying device and added to further by noise
from outside, a figure of about 0.1uV arises for 2kHz band-
width. This sets a limit to the overall gain needed in the re-
ceiver. 0.1uV corresponds to 2 X 1071W. If an output of 1W
is required the overall gain needs to be 5 x 10> or 157dB.
Less than this will be adequate since the full gain will pro-
duce 1W of noise. Narrow-band modes such as Morse code
will allow less noise into the system and will therefore work
with a smaller signal. However, they put a greater demand on
frequency stability and selectivity.

Another way of looking at this is to consider a bandwidth
of 1Hz at room temperature (290K) — the noise level will be
—174dBm, ie —174dB relative to 1mW. This allows a very
easy determination of signal-to-noise ratio under any circum-
stances when the various parameters are known. In a linear
system such as for SSB, the signal-to-noise ratio is given by:

S/N=P,+174—NF-10log B dB

where Py, is the input power in dBm, NF is the noise figure,
and B is the bandwidth in hertz.

For example, a receiver with a 3dB noise figure with an
input of 100nV (—127dBm assuming a 50€2 input impedance)
will provide in an SSB bandwidth of 3kHz a S/N ratio of:

-127+174-3 -35=9dB

This shows how important a narrow bandwidth is for ulti-
mate sensitivity. However, since the effective noise bandwidth
is only affected by the filtering to some 10 or 20dB down, the
ultimate selectivity of high-performance crystal filters (ie the
stop-band width, usually —60dB bandwidth) has little effect
and simply from the requirements of detecting the smallest
signal, stop-bands of 20dB are adequate.

Digital signal processing (DSP) at audio can provide an
effective reduction of noise bandwidth greater than the actual
bandwidth because DSP looks for correlation of the signal
from sample to sample and so builds up the signal over time.
This is because noise is essentially a random signal which
tends to cancel over time while the wanted signal has some
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Frequency —»

Fig 4.1. Phase noise. W is the wanted signal, S is a strong
unwanted signal, O is the oscillator and N is part of the noise
sideband of the oscillator. O — W = IF and N - S = IF noise

regularity. The details of DSP are rather complicated and will
not be dealt with here.

In the case of FM, the output S/N ratio depends on the
demodulator and the modulation index. As a guide, narrow-
band FM (NBFM) analogue voice systems can provide an
output S/N ratio of 12dB (usually considered the minimum
acceptable) with an input carrier S/N ratio of as little as 3dB.

Sometimes the term MDS (minimum discernible signal) is
used. This is the input level of a signal 3dB above the noise
floor of the receiver.

As will be described later, optimising the receiver includ-
ing minimising noise is achieved by using the best devices,
proper matching and the correct distribution of gain within
the receiver.

All receivers in current use are superhets and may have
more than one frequency conversion. (Straight or TRF, di-
rect-conversion and super-regenerative receivers are possi-
ble but are not used in practice at VHF/UHF and will not be
considered further.) Frequency converters (also known as
mixers) contribute more noise than amplifiers.

Phase noise is a special case and results from use of a noisy
oscillator, usually in the first frequency conversion in the re-
ceiver. It is caused by the noise side-band on the oscillator
mixing with a strong, unwanted signal or signals close to the
desired one and producing a noise signal or signals within the
pass-band of the receiver. See Fig 4.1.

External noise
This comes from a multitude of sources. Natural noise comes
from the heat of the landscape and from the stars. In particu-
lar, the Sun is a potent generator of noise. Whether or not the
noise gets into the receiver depends on the direction that the
beam antenna is pointing (see Chapter 5) and on the narrow-
ness of its beam (its directivity). Since directivity and
beamwidth are directly related, a high-gain antenna, besides
producing a stronger signal, will produce less noise than a
lower-gain one.

The same applies to man-made noise unless the noise ema-
nates from the same direction as the wanted signal.

Non-linearity and intermodulation

The hypothetical ideal receiver would have a linear relation-
ship between the input of any stage and its output. The over-
all gain would be controlled but the linear relationship would
still exist. In reality, amplifiers are non-linear. That is, if two
signals are applied to the input, the output consists of the two,
amplified, signals and products (not in the mathematical sense

Third order
intercept point ’
1.7
//
! r
= " ‘a
£ 1dB compression Ry = )
3 point - Practical case with
X \ ! gain compression
] 1
E l
2 I
?1 Practicalcase with
5 gain compression
S
Dynamic
range
dB

Noise floor

Input power(dBm) — c0101

Fig 4.2. Noise floor, 1dB compression point, dynamic range and
third-order intercept indicated on a mixer output versus input
plot (GEC-Plessey Professional Products Handbook)

but harmonics, sums, differences and differences of products)
of them. This is called intermodulation [1-3]. If the input
frequencies are x and y hertz, then the output will contain:

X, ¥y, 2x, 2y etc and (x + y), (x — y), 2x —y), (2y — x) etc
or, to generalise:
(mx = ny)

where m and n are integers (whole numbers), theoretically
from one to infinity! Provided non-linearity is not too large,
the higher-order products, where m and n are large, will be
small. If x and y are close together, then (2x —y) and (2y — x)
will be close to both of them. These are called third-order
intermodulation products (31Ps).

These third-order intermodulation products are of most
interest. It can be shown [1] that they grow at three times the
rate of the wanted signal in an amplifier. If they are plotted
on logarithmic paper (logarithmic in signal is also linear in
decibels) the generalised result is shown in Fig 4.2. Third-
order IPs in a receiver can produce unwanted signals in the
pass-band of the receiver and need to be minimised.

Mixers are, by definition, non-linear since the required
output is one intermodulation product, y — x, where x is the
signal frequency and y is the local oscillator frequency. This
assumes that the local oscillator frequency is higher than the
signal frequency, a normal state of affairs. A simple mixer
will have outputs of:

x,y, (x+y), (y —x), 2x, 2y, (2x = y) etc

Only (y — x), the intermediate frequency (IF), is wanted. All
the others are eliminated by the selectivity of the IF ampli-
fier. If the mixer is ‘balanced’ with respect to the input signal
of the local oscillator (singly balanced) or to both (doubly
balanced), a number of these output frequencies are balanced
out.

For an unbalanced mixer Table 4.1 applies. In the case of a
singly balanced mixer, there is half the number of mixer prod-
ucts (see Table 4.2). All the even ‘y’s are balanced out.

In the case of a doubly balanced mixer (Table 4.3), there is
one quarter of the mixer products. All the even multiples of x



Table 4.1'. Unba!énced mixe;-

x 2x 3x 4x 5x
y Xty 2x+y 3xxy dxxy Bxzy
2y xx2y 2xx2y 3xx2y 4xx2y bxzx22y
3y xx3y 2xx3y 3xx3y 4xx3y bxzxz3y
4y xxd4y 2x=x4y 3xx4y A4xzxdy bxzxdy
By x=x=5By 2xx5y 3xxBy 4xxby bxzby
Table 4.2. Singly balanced mixer :

x 2x 3x 4x 5x
y xXzy 2xxy 3xty dxxy bxzy
2y * * * * *
3y xz3y 2xx3y 3xx3y 4x=x3y 6xzx3y
4y * * * * *
By x5y 2x+By 3xxby 4xzBy bxzxby

* This product is balanced out — see text.

Table 4.3. Doubly balanced mixer

X 2x 3x 4x 5x
y Xty * 3x+y ¥ bxzy
2y * * * * *
3y x+3y = 3x+ 3y - 5x+ 3y
4y * * * * *
5y X+ By % 3x+5y iy 5x =+ 5y

* This product is balanced out - see text.

andy are balanced out. This is relatively speaking —itis normal
for the * terms to be 20 to 30dB below the other frequencies.

Note that harmonics up to five have been considered. Higher
ones are possible but normally the fifth and higher ones are
so small as to be negligible.

Other spurious responses in receivers

These can be classified into internal and external spurii. The
former shows up with ‘signals’ appearing at various places in
the tuning range(s) when there is no antenna attached to the
receiver, ie no signal input. They arise from improper screen-
ing inside the receiver, allowing frequencies and their har-
monics from intermediate stages to get to the input. For ex-
ample, these could be harmonics of the beat frequency oscil-
lator (BFO) or, in the case of double-superhet receivers, har-
monics of the second oscillator. External spurii arise from
images (the IF can be generated by subtracting the signal fre-
quency from the local oscillator frequency, ie the frequency
is as far above that of the local oscillator as the wanted one is
below).

Gain compression

The output of, say, the RF amplifier (the ‘front end’ of a re-
ceiver) should be x times the input where x is the stage gain.
This is always true up to a point but the stage can only give a
certain output before it saturates, ie further increases of input
cause no further change in the output. With most input de-
vices, transistors or valves, this will be of the order of milli-
volts. Where inputs are made large, the graph of output ver-
sus input curves over (see Fig 4.2). Where there is 1dB dif-
ference between the actual line and the extrapolated (extended,
dotted in the figure) line, this is called the I1dB compression
point and is often quoted in equipment reviews.

RECEIVERS, TRANSMITTERS AND TRANSCEIVERS

Blocking

One consequence of gain compression is blocking the receiver,
ie reducing the output of the wanted signal to zero by the
presence of a very strong signal close by in frequency. This
will happen in all receivers to some extent. The better the
receiver, the larger and closer can be the unwanted signal
before it causes trouble.

Dynamic range

This depends on noise generated within the receiver which
determines the minimum discernible signal (MDS). This is
arbitrarily defined as 3dB above the noise level, ie twice as
strong as the noise. The noise level referred to the input, ie
that noise level at the input which would give the same noise
output with a noiseless amplifier, is called the noise floor.
The difference between this and the 1dB compression point
is called the dynamic range and is often quoted in equipment
reviews. It defines the maximum range of signal strengths
that may be present at the input which do not cause unwanted
responses.

There are, in fact, two dynamic ranges to consider:

1. that in which the limit is set by the onset of intermodulation;
2. that which is set by the effect of phase noise (see above).

The intermodulation-limited dynamic range, IMD, is also
known as the spurious-free dynamic range (SFDR) and is
given by:

SFDR = 2/3(I; — NF)

where 15 is the third-order intercept point (see Fig 4.2) and
NF is the noise floor in decibels referred to the input, ie that
noise level which, at the input, would give the same output
with a noiseless receiver.

RECEIVER BUILDING BLOCKS

This section describes the various sections of a receiver with
a few details at the end on transceivers and transverters.

Before discussing actual circuits, it is worthwhile to look
at basic components and their behaviour at these frequencies.
All have associated with them a ‘parasitic’ component or com-
ponents and these modify their behaviour from that at LF or
HF. For example, the leads of a capacitor have inductance,
and inductors have capacitance and resistance associated with
them. A simple resistor will have inductance (due to the leads)
and capacitance (due to the proximity of the ends). To quan-
tify this, the inductance of a straight piece of round wire is
given by:

L (nH) = 0.461 x b x (log,,4b/a — 0.326)

where b is the length in millimetres and a is the diameter in
millimetres. ‘nH’ is nanohenrys, ie 10~ henrys. This implies
that the larger the surface area, the smaller the inductance for
a given length, hence the use of foil for UHF connections to
reduce parasitic inductance.

Minimising the effects of these is done by designing the
layout with the shortest possible leads and making those of
foil rather than wire.

Individual components
The use of ‘chip’, ceramic dielectric, capacitors (with no leads)
which either fit into a slot in the PC board or are soldered
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(b) Linear Circuit (Half-wave type)

Fig 4.3. Three examples of tuned circuits

directly to its surface, gives the lowest possible inductance.
Beware, however, of some multilayer surface-mounting ca-
pacitors which have internal inductance and sometimes a large
loss. High-value components, eg above about SOpF, may have
a large negative temperature coefficient.

Tuned circuits

As frequencies get higher, the conventional LC tuned circuit
becomes smaller and smaller. It may be replaced, especially
at the higher frequencies, by resonant lines or cavities as
shown.

Fig 4.3 shows the conventional ‘lumped’ LC circuit (so
called because the parts are ‘lumps’ of capacitance and in-
ductance) and its equivalents in resonant quarter-wave and
half-wave lines. Fig 4.4 shows the progression from a lumped
circuit to a cavity resonator. The latter is normally used at
432MHz and above. The tuned line can be symmetrical, eg
for a push-pull circuit, or an asymmetrical one such as a co-
axial line. The latter is used in single-ended circuits both for

E L 3 [

DOUBLE LINEAR

LUMPED SIMPLE RFLY
CONSTANTS LINEAR OR BUT ] EREL
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N ~TegTN
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CIRCUIT CAVITY

(d) (e)

VHF529C

Fig 4.4. The development of the cavity from the original lumped-
constant circuit

Trough Line
Circuit

ELEMENT
LINE CERA

MIC
FIXING BUSH
INSULATOR % NUT

VHF529D

Fig 4.5. Trough-line circuits. The tuning capacitor may be either in
line with the inner conductor (resonant line) or attached to the
side wall of the trough. Another convenient method is to use a
tube for the line and to fit into the end of it a ceramic trimmer
centre element. In this case the outer element can be removed or
connected to the line as required

transmitting and for receiving as a trough-line (Fig 4.5). Tun-
ing for all types may be by conventional variable capacitors,
by discs mounted on threaded rods (studding) or by flappers
which are metal plates mounted with one end hinged by a
flexible section and moved to or from the tuned line by means
of an insulated cam or other insulated system. Occasionally,
two plates may form a tuning capacitor and its capacitance is
varied by moving a dielectric in or out of the gap between the
plates.

If discs are used, the capacitance varies in a very non-
linear manner with the distance between them. It is:

0.00885x Area (sq mm)

C (pF) =
(PF) Spacing (mm)

DESIGNING RESONANT LINES

If this is for one frequency (eg for the output of a fixed-fre-
quency oscillator), they can be cut to a quarter or half a wave-
length and trimmed carefully to resonance. Otherwise, they
should be cut shorter and have a tuning or loading capacitor
which can be calculated from:

1 Zytan2nL
2nfC A
where f is the frequency, C is the tuning capacitance, A is the

wavelength, L is the length and Z; is the characteristic im-
pedance, calculated as follows. For a coaxial line:

D
Zy = 13810g10(gj

where D is the inside diameter of the outer tube and d is the
outside diameter of the inner tube or wire. For parallel lines:

Z, =276log,, (27D)

where D is the interline spacing and 4 is the line diameter.
See Figs 4.6-4.9.

Fig 4.10 gives a series of graphs for coaxial and parallel
lines where fx L (in megahertz and centimetres) is plotted
against f X C (in megahertz and picofarads) for a number of
different values of » or D/d.
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Fig 4.6. Various forms of transmission line

Coupling to tuned circuits

Coupling is used to take energy out of a circuit or to put it in.
The nature of the coupling depends on the impedance of the
input or output.

With a lumped circuit, the coupling may be by means of
another coil close to the tuned circuit or by means of a tap-
ping on it. Fig 4.11A shows this. The lower the impedance of
the coupling, the smaller is the coupling coil or the closer is
the tapping to the ‘earthy’ end of the tuned circuit.

Fig 4.11B shows various ways of coupling to tuned lines
and Fig 4.12 to trough lines, coaxial resonators or cavities.

Helical resonators

These form high-Q circuits and are roughly equivalent to quar-
ter-wave coaxial lines compressed. Fig 4.13 shows the basic
idea. They are used at VHF and UHF and can be tuned by a
variable capacitor between the case and the upper end. They
can also be cascaded by making slots in the side of the cases
and bonding them together so that the resonators can ‘see’
one another.
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Fig 4.7. Characteristic impedance of balanced strip transmission
line

The unloaded Q is 50Df', where D is the internal diam-
eter of the case and fis the frequency. If the case is of square
section, this must be multiplied by a correction factor of 1.2.

Fig 4.14 shows a two-component filter using helical reso-

nators. To design one, the following formulae are used:
. - D*f

Pitch (p in Fig 4.13) = —~—
pinFigd13)=55

where p and D are in millimetres.

Characteristic impedanceZ, = il
fD
These assume that d/D = 0.55 and L/D = 1.5.

Alternatively, the nomogram (Fig 4.16) will give an accu-
rate enough answer for all practical purposes. Note that the
dimensions are given in inches.

In order to maintain a high Q, it is desirable to plate the
inside of the cavity and the outside of the wire with silver.

Microstrip circuits
At frequencies above 300MHz, microstrip circuits, which are
formed directly on one side of double-sided printed circuit
board, are useful. Figs 4.17 and 4.18 show quarter-wave and
half-wave microstrip lines with the position of the tuning ca-
pacitor. It is essential that the other side or ground plane is
bonded to the ‘earthy’ parts of the tuned circuit.

The dielectric should be as thin and of as low loss as
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possible. PTFE (Teflon™ or Fluon™) is
ideal butexpensive. Glassfibre (epoxy resin
reinforced with E-glass) is the next best
material. The length is calculated in the
same way as for a coaxial or trough line with
modifications to take into account the dif-
ferent shape and the fact that the velocity of
radio waves is lower where there is a dielec-
tric other than air, just as the capacitance
between two plates is greater when there is
asolid dielectric present. The latter is greater
by the dielectric constant which is about 2.1
for PTFE and about 5 for glassfibre-rein-
forced epoxy resin.

The exact value, which depends on pre-
cisely which epoxy is used, can be found
by measuring the capacitance of a known
area of double-sided material:

e=113xXCxt/A

where e is the dielectric constant, ¢ is the
thickness in millimetres, A is the area in
square millimetres and C is the capacitance
in picofarads.

The width of the element depends on the
design impedance Z and is given by:

log,, W =0.874 + log,, t — 0.005 x Z x Ve
+1.14

where 1 is the thickness in millimetres, e is
the dielectric constant and W is the width
in millimetres.

Having found this, the length is calcu-
lated from:

I=1,xV;

where [ is the element length, /; is the length
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Fig 4.9. Characteristic impedance of balanced lines for different wire and tube sizes and spacings, for the range 200-600Q. The curves
for tubes are extended down to 100Q to cover the design of Q-bar transformers. Air spacing is assumed
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30,000V!) can build up on you just by walk-

ing across a room. 10-25V can destroy a

MOSFET or a GaAsFET.
Other active devices are less sensitive but
should still be treated with care. Device hold-

EY

o

ers should not be used at VHF or UHF be-
cause they add to lead inductance and, at

x104

N

least, they can cause mismatching or, at
worst, instability.

RECEIVER CIRCUITS

This section presents circuits for each sec-

tion of the receiver. They may be combined

to form a complete receiver or converter or,

with the later section on transmitters, to form

O N ® O™

a complete transceiver or transverter. Designs

w

for individual frequency bands follow the
general introduction.

As mentioned above, these are always
superhets and they may have more than one

frequency conversion. Fig 4.19(a) shows a
block diagram for a single-conversion
superhet while Fig 4.19(b) shows the varia-

L

[
RN
\\ \\\\ NI
N\

PARALLEL- WIRE
INES

tion for a double-conversion superhet and Fig
4.19(c) for a double conversion superhet
where the second local oscillator is the vari-
able one, the so-called tuneable IF system.

f x C (MHz, pF)

These are diagrams of multi-mode receivers.

For dedicated single-mode receivers, FM or

SSB/Morse, the switches S1 and S2 are omit-

ted.

o N ® o~

The distribution of gain between the RF,

w

IF and audio stages is very important from

the standpoint of strong-signal performance.
Briefly, the gain between the antenna and the
first sharp (IF) filter should be the minimum

xi02

needed to overcome the noise created by the
mixer(s).

In a single superhet (Fig 4.19(a)), this
means an RF gain of about 20dB followed
by a mixer loss of 6dB, giving an overall gain
before the sharp filter of about 14dB. Meth-

ods for calculating exact values are given by

5000 4000 3000 2000

fxL (MHz,cm)

1000

G3SEK [1, 2]. Note, too, that a sharp crystal
filter can behave in a non-linear manner if

Fig 4.10. Resonance curves for capacitively loaded transmission-line resonators

(eg that of a half wavelength) in free space and V; is the ve-
locity factor which is related to the dielectric constant by:

1
~ J0.475x (e +0.67)

Vi

Active components - handling precautions

Many active devices are sensitive to static discharge and pre-
cautions must be taken when handling them. FETs, both sili-
con MOSFETs and GaAsFETs, are especially sensitive and
should be handled with extreme care. If particular, avoid wear-
ing synthetic fibre clothing, walking on synthetic fibre car-
pets or wearing synthetic soled shoes. In winter, when the
relative humidity is low, a static charge of up to 30kV (yes,

presented with a strong signal just out-of-
band. In double superhets, there may be a
need for gain between the two mixers before any sharp filter.
In this case an amplifier with a very good strong-signal per-
formance must be used.

There is anatural noise input from the antenna and all stages
thereafter generate some noise. Mixers generate more noise
than straight amplifiers so an RF amplifier must have suffi-
cient gain to overcome the noise of the first mixer without
contributing significant noise itself. It must also have a good
large-signal handling capacity. This means good linearity.

Input circuits ,
A band-pass or low-pass filter is often placed between the
antenna and the RF amplifier. In transceivers, this may be
common to both receive and transmit circuits — in this case, a
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Fig 4.13. A helical resonator which can be used at VHF and UHF
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Fig 4.14. A typical arrangement of helical resonators

Fig 4.15. The equivalent circuit. This arrangement shows two
tuned circuits as the input filter and input circuit to a grounded-
gate amplifier. Coupling between the filter and input circuits is
provided by an aperture in the screen (X). Alternatively, a normal
coupling method can be used, such as a link, taps or probe. Note:
when no bias is required, the feedthrough capacitor is omitted
and the end of the helix is taken straight to earth

low-pass filter must be used. The alternative of a high-Q tuned
circuit with a panel mounted ‘antenna trimmer’ (input circuit
tuning control) is possible but not often used.

Fig 4.20 [8] shows a typical low-pass filter for 50MHz
which has a cut-off (3dB down) frequency of 62MHz and an
insertion loss of 0.2dB. Fig 4.21 [8] shows a typical band-
pass filter, also for SOMHz, which has a pass-band of 3MHz
centred on 51MHz.
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CHARACTERISTIC SHIELD RESONANCE SHIELD WINDING PITCH
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Fig 4.17. General arrangement of a A/4 microstripline circuit

Dielectric

Ground plane
Connecting edge

Fig 4.18. General arrangement of a /2 microstripline circuit

Fig 4.16. Design chart for A/4 helical resonators. Lines indicate example

RF amplifiers

All modern RF stages are solid state. The best performance
in terms of noise and linearity is from FETs, especially power
devices such as the MGF1801 which can have a 3IP (third-
order intercept point) of greater than +10dB. The snag is that
they take a considerable drain current (about 60mA!) and are
thus less suitable than ordinary MOSFETs for portable re-
ceivers. They are also expensive. A typical circuit of a slightly
lower-grade design for a SOMHz RF amplifier using a BF981
is shown in Fig 4.22 [9]. C1, C2 and L1 form the input pi-
circuit to match the antenna to gate 1 of the BF981 (C1 is the
45pF trimmer and the 33pF fixed capacitor in parallel). 1.2,
L3 and C3 with their tuning capacitors form a band-pass out-
put filter.

RF filters

These are placed between the RF amplifier and the mixer.
Their purpose is to further reduce the level of out-of-band
signals. They can have a higher insertion loss than the input
filter since that can be compensated for by the gain of the RF
stage.

At 50 and 70MHz, they are usually conventional coupled
tuned circuits of the type shown in Fig 4.23. The coupling
capacitor, C3, is chosen [6] to give a flat response over the
band. It will be very small, of the order of 2pF. The position
of the tappings on the coils will depend on the output and
input impedances.

At 144,430 and 1300MHz, helical filters (see above) come
into their own. They generally have an insertion loss of 2—
4dB and an input and output impedance of 50Q2.
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Fig 4.20. 50MHz low-pass filter with cut-off at 62MHz. L1, L4: 90nH, v+ L Vit
5t 0.8mm wire close wound 4.8mm dia. L2, L3: 0.22uH, 10t 0.8mm - -
wire close wound 4.8mm dia. C1, C3: 82pF silver mica. C2: 100pF (a) (b)
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Fig 4.21. L1, L3: 293nH nominal; L2: 284nH nominal. All TOKO type
MC130 (0.3uH adjustable). C1, C2, C6, C7: 15pF. C3, C5: 3pF. C4:
27pF. All capacitors silver mica
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Fig 4.22. L1-L3: 0.87uH. RFC: 4.7uH. Asterisk (*) denotes ceramic
chip capacitors (VHF Communications)

Mixers
Any non-linear device can in theory be used as a mixer. How-
ever, those commonly used are diodes, FETs and MOSFETs,
ICs and occasionally bipolar transistors.

Diode ring mixers, which are doubly balanced (see above)

are widely used because they contribute less noise than other

types and have a better large-signal handling capacity.

Fig 4.23. Coupled (band-pass) tuned circuits between stages

However, they do need a large oscillator injection and accu-
rate matching at all ports. Also, the best ones are expensive.
They have aconversion loss of between 6 and 10dB depending
on type. They need a local oscillator input of 7 to 20dBm
(decibels relative to ImW, ie 0.5-2.5V into 50Q). They can
also be used in transceivers as mixers in the transmit chain.

A typical circuit for a 50 to 28MHz converter [9] using the
Minicircuits TAK 11 is shown in Fig 4.24. The local oscilla-
tor level is +17.5dBm which corresponds to 1.7V into a 50€2
load. A similar circuit can be used at 144 and 430MHz.

Other forms of mixer are used. For example, in simple
equipment, the dual-gate MOSFET is used with the signal
into gate 1 and the local oscillator into gate 2. JFETSs can also
be used in a balanced circuit with excellent results.

There are ICs which work at these frequencies. One such
is the NE600 which is the UHF version of the NE602, well
known at HF. It has the advantage of being relatively cheap
and of having a large dynamic range. It is noisy, having a
noise figure of about 12dB at 1.3GHz, but this is overcome
by a suitable RF amplifier. Also, it is only rated by its makers
to 1.2GHz.

Finally, particularly at 1.3GHz, there are single diode
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Fig 4.24. A 144MHz receive mixer and diplexer filter using a Mini-
Circuits TAK-1H high-level mixer. The filter provides a 502 broad-
band resistive match for improved third-order distortion charac-
teristics. L1: 0.35uH, 5t 24 AWG enam on T50-6 toroid. L2: 0.21uH,
4t 24 AWG enam on T50-6 toroid. L3: 0.18uH, 4t 24 AWG on T37-
6 toroid

mixers with either microstrip or solid ‘interdigital’ tuned
circuits. One of the latter is shown in Fig 4.25 where the input
is fed to the first resonator (‘digit’) followed by a tuned
resonator and the diode mixer. The local oscillator is supplied
ataquarter of the required frequency and harmonics generated
by another diode. The correct harmonic is selected by a tuned
resonator which is coupled to the mixer diode.

Local oscillators [4]

All oscillators except DDS [10] (see below) consist of a tuned
circuit to set the frequency and a ‘gain block’ to make it os-
cillate. They start by small noise pulses being amplified and
modified by the tuned circuit and increase until limiting in

D2

folb
Ila -.iOpF < @ +17dBm
Tunetofow'zzmtﬂ
D1
10pF
Tunetofszmﬂl

©|fs

Ant

/77 co102

Fig 4.25. Single-diode mixer for 1296MHz. An interdigital filter
provides isolation between ports. D1 (HP5082-2817) is the mixer
and D2 (HP5082-2853) is the last multiplier in the LO chain (QST)
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Fig 4.26. (a) Hartley and (b) Colpitts oscillators

one form or another occurs. Some oscillators have a negative
feedback system to limit the oscillations to sine waves [11].
This may not be a good thing as some mixers, especially di-
ode rings, need hard switching by a square-wave drive, The
gain is provided by a bipolar transistor, a JFET, a MOSFET
or an IC. Best performance regarding noise is obtained from
a JFET.

The two most important characteristics of a local oscilla-
tor are stability and low noise. In the case of single-conver-
sion superhets, the oscillator must be tuneable over the width
of the band for which reception is needed. This is 2MHz for
50 and 144MHz, only 0.5MHz for 70MHz, 10MHz for
430MHz and 85MHz for 1.3GHz. The latter bands would
normally either be partially covered or would be covered in
segments.

All oscillators drift in frequency and this is minimised by
mechanical, electrical and temperature stability.

Frequency drift is of two kinds, short-term drift which, if
very short term, is called scintillation or jitter, and is caused
by mechanical instability, and long-term drift which is caused
by thermal effects. This assumes that the power supply is sta-
ble. Thermal effects can be minimised by suitable choice of
components in the tuned circuit and by operating the oscilla-
tor at the smallest power level possible.

Variable oscillators (VFOs)
There are four types of variable oscillator:

1. The straight analogue oscillator typified by the Colpitts,
Hartley, Clapp, Vackar and Franklin (Figs 4.26—4.29) of-
ten followed by a frequency multiplier to get to the correct
frequency. The various types differ only in the nature of
the feedback circuits, eg the Hartley and Colpitts (Fig 4.26)
use inductive and capacitive devices to provide the neces-
sary phase shift. The source-follower Hartley and Colpitts
(Fig 4.27) do not need the phase shift and a variant of the
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Fig 4.29. The Franklin oscillator
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T ° Fig 4.30. Block diagram of simple mixer-oscillator
” presence of the diode does not seem to be essential. A vari-
(c) —— Vs ant of the Colpitts is the Vackar (Fig 4.28) where the large
drain-to-earth capacitance also swamps interelectrode
L capacitances.
# Decoupled source resistors (for bias) are not always
. (P,— , Output needed but if used should be 150-1000Q2 — the larger, the
fd J_C3\'/ R'F}z» better from a stability view so long as oscillations start
& easily and are of sufficient amplitude. Gate resistors should
a T s be 10kQ-100kQ, gate capacitors (C2) should be 47-100pF
T and the source follower capacitors (C3 and C4) should be
7 o111 200-470pF with C4 being larger but still allowing easy
starting and enough output.
Fig 4.27. Source-coupled oscillators: (a) Hartley, (b) Colpitts and There are some advantages to a two-stage oscillator such
(c) Clapp as the Franklin (Fig 4.29) because the two stages provide
the necessary phase shift and the gain is so high that the
latter, the Clapp, uses a ‘series tuned’ circuit but this is coupling capacitors, C5 and C6, can be very small, so re-
directly equivalent to a parallel-tuned oscillator with C1, ducing the effect of the active device on the tuned circuit.
C2, C3 and C4 in series. Since C3 and C4 can be large Also, the output can be taken from the ‘mid-point’ of the
without affecting the oscillation, they effectively swamp amplifier. C5 and C6 should be of the order of 1-2pF and
the interelectrode capacitance of the active device. The are determined by making them as small as possible while

still getting easy starting. The
Franklin has another advantage,
that of needing only one switch
=0 wafer if band changing is neces-
100n ﬁ g sary. sine
Every VFO should be fol-
)TR3 lowed by a low-gain buffer am-
2N3794 plifier to avoid subsequent stages
100n affecting the frequency (pulling).
TR2 _“—ﬂ 2. The mixer oscillator where the
2N3794 ' variable oscillator is mixed with
[1]27°R a fixed frequency (a crystal os-

cillator — see below) to give the
desired frequency. Fig 4.30
cortie shows a block diagram of a sim-
ple mixer-oscillator where the
Fig 4.28. The high-stability FET Vackar oscillator developed by G3PDM to cover 5.88 to VFO and a crystal oscillator (CO)
6.93MHz for the Mk2 version of his Radio Communication Handbook (5th edn) receiver. C6 is ith or without a ltiplier are
silver mica. The replacements for the obsolete Tempatrimmer featured in the original design wilh or-wl . out: a.mu . p

are: C7 (100pF + 100pF differential), C8 (100pF negative temperature coefficient) and C9 (100pF fed to a mixer. At this level, a
positive temperature coefficient) double-balanced IC mixer such
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Fig 4.31. Block diagram of simple synthesised oscillator

as the MC1496 is suitable. Its output must go through a
suitable filter, normally a band-pass filter. This design is
useful for transceivers because the CO can be changed to
give the transmit frequency, leaving the VFO running con-
tinuously. This leads to low drift. In this case, a low-pass
filter should be followed by a high-pass filter to include
both frequencies.

. The synthesised oscillator using digital systems and a
phase-locked loop (PLL) comparing an adjustable fraction
of the oscillator frequency with another frequency derived
from a stable, crystal, oscillator. It uses a voltage corre-
sponding to the difference in phase to keep the variable
oscillator constant — a negative feedback system. Most de-
signs for PLLs have most of the components within one
IC. The IC manufacturers supply data on the operation of
the IC and the realisation of the PLL circuit.

A simple synthesised oscillator has been described [12]
for a HF receiver and can easily be adapted for VHF or
UHF use by making it for one band only and either multi-
plying or by mixing with a suitable fixed frequency to get
to the wanted frequency. Fig 4.31 shows a block diagram.

There is a halfway house between straight or free-run-
ning oscillators and the fully fledged synthesiser. This is
called the Huff and Puff and was invented by PAOKSB. Its
most recent development [13] is shown in the block dia-
gram, Fig 4.32. The crystal oscillator has an overtone mode
50MHz crystal and the 5-5.5MHz VFO frequency is di-
vided by M, say 50,000, to give an output of around 100Hz
which is applied to the clock input of a high-speed D-type
flip-flop (labelled ‘digital mixer’) so that the maximum
frequency output is about 50Hz. If N is the ratio of the

Control
voltage (V)
5-5.5MHz w| Digital >
VFO 71 mixer
Clock
10Hz
Crystal - =
oscillator [ 7 M 2'5H,Z s1
+
CD1356

Fig 4.32. ‘Huff and puff’ oscillator block diagram (QEX)
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Fig 4.33. Basic PLL synthesiser

crystal oscillator to the output (100Hz) of the divider, in
this case N = 500,000, then the system will be stable and:

Fypo/M = Fyo/N
which rearranges to:
Fyro = Fya X MIN

With the above values of M and N and the crystal oscilla-
tor, the VFO frequency will be 5,000,000Hz (5MHz). The
next stable point will be where N goes to N + 1 which
results in a VFO frequency of 4.999990MHz, ie 10Hz
lower, and so on. The steps are 10Hz only with these pa-
rameters and are perfectly suitable for reception of Morse
or SSB.

On manual tuning the frequency ‘creeps’ to the nearest
lock point and stays there. Bear in mind it is only as stable
as the crystal oscillator which should be the best possible.

. Direct digital synthesis (DDS) [10] where a digital signal

several times higher in frequency than the desired fre-
quency is applied to a digital device (a high-speed ROM —
read only memory) which synthesises an approximate sine
wave from which a pure sine wave is extracted using a
low-pass filter.

All have their advantages and disadvantages:

1. Straight oscillators are generally unsatisfactory on stabil-

ity grounds although, with great care, they could be used
for a 50MHz receiver. They do have the lowest noise, ie
the smallest noise side-bands.

. Mixer oscillators also have a low noise and their stability

is better than straight analogue oscillators because a small
drift in frequency applies directly to the output while in
the latter it is multiplied by whatever the original frequency
was multiplied. Care must be taken with the two frequen-
cies, the variable and the fixed, to ensure that harmonics
and other mixer products don’t fall within the receiver band
and cause interference (birdies).

. There are several forms of synthesiser. The basic PLL (Figs

4.33 and 4.34) uses a programmable divider for the volt-
age-controlled oscillator (VCO), the output of which is fed
to a phase detector and compared with the fixed frequency
divided down from a crystal oscillator. The output of the
phase detector is a direct voltage proportional to the phase
difference and is fed back to the VCO to counteract the
drift. PLL synthesisers tend to have a higher phase noise
than other types. The ‘Huff and Puff’ has a lower phase
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Fig 4.34. Dual modulus prescaler

noise than a regular PLL synthesiser but does not have a
direct digital frequency readout and its frequency moves
in steps.

4. DDS systems (Figs 4.35 and 4.36) need pulses generated
at a very high frequency, at least three times the maximum
frequency needed at the output, and consequently need
very-high-frequency devices.

Both PLL and DDS methods depend on fast pulses which, in

turn, generate many harmonics of the pulse repetition fre-

quency (PRF). If not kept well screened, these can cause in-
terference.

Fixed-frequency oscillators

These usually use quartz crystals as the frequency determin-
ing element, equivalent to the tuned circuit in the VFO. The
crystal has a very large Q (values of 50,000-1,000,000 are
possible) and produces a very stable frequency. Quartz is cut
in different angles for this purpose and these cuts have slightly
different properties, in particular, their temperature coefficient
[14]. For frequencies between 5 and 20MHz, the usual cut is
‘AT’ with a temperature coefficient of +50ppm (parts per
million) between —10 and +60°C.

At higher frequencies, overfone crystals are used which
vibrate at a mechanical multiple of the fundamental frequency
(rather as a violin string can be made to vibrate at its third or
fifth harmonic) which is not an exact multiple of its funda-
mental frequency although they are very close. For example,
a 8.2013MHz crystal had a third overtone of 24.5773MHz
while three times the fundamental is 24.6039MHz, a differ-
ence of 26.6kHz. All overtones are odd numbers and up to
the seventh are available. Overtone crystals should be bought
as such since they are finished in a different manner from
fundamental crystals. See Fig 4.37 for a typical circuit.
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Frequency o Digital to \ output
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word = converter |
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Fig 4.35. DDS concept
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Fig 4.36. More complex DDS

Crystal oscillators may be varied in frequency a little by
adding an inductor and a capacitor to the circuit (see Fig
4.38(a)). This is the so-called VXO (variable crystal oscilla-
tor). Only a small deviation from the basic frequency is pos-
sible. Fig 4.38(b) shows a varicap-controlled VXO which can
be used to cover upper and lower sidebands in a SSB receiver
with one crystal.

Frequency measurement

Since the frequency to which the receiver is tuned is related
to the oscillator frequency (fi..= f, = IF for a single conver-
sion superhet), measurement of the oscillator frequency with
an offset of the IF gives the frequency to which the receiver
is tuned. Digital frequency meters also depend on fast pulses
and should be well screened from the rest of the receiver cir-

cuitry.

Intermediate frequency
Choice
IFs are chosen with three considerations in mind:
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Fig 4.37. (a) Fundamental-mode crystal oscillator. The values
shown are for a 10MHz crystal X. (b) Overtone-mode crystal
oscillator. L1: 1.0puH. L2: 0.3uH. Q: 36MHz
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Fig 4.38. (a) L-C VXO. Values are for 1T0MHz crystal. (b) Varicap
VXO with range 10.6990 to 10.7013MHz. L: 7uH. Q: 10.7MHz

1. Recognising the possibility of second-channel or image
response. This means that the IF should be 7-10% of the
operating frequency to make sure that the image is fully
attenuated by the input circuits.

2. Atthe chosen IF there should be available relatively cheap
crystal filters. This means that 10.7, 21.4 and 45MHz are
preferred frequencies.

3. If dual conversion is used, the second local oscillator should
not have harmonics within the band in use. For example, a
10.7MHz first IF and a 455kHz second IF needs a local
oscillator at 11.155 or 10.245MHz. The former has a har-
monic at 145.015MHz so the latter would be chosen for a
145MHz receiver.

If gain is needed between the first and second mixers in a
double superhet, a highly linear amplifier with a large dy-
namic range must be used. A good example of this is a design
by G3SBI [15] shown in Fig 4.39 with details of its perform-
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gahte 4.4. Performance of 9MHz AGC-controlled ampli-
er

Noise figure (dB) 0.6 0.6

Input impedance (Q) 50 50

Output impedance (Q) 50 50

Third-order intercept (dBm)

Vs = +12V {max gain} 23 26

Vs = +20V {max gain) 28 30

input for 1dB compression {dBm)

Vs =+12V  {max gain) 0 +3
{max AGC) +7 +11

Vs =+20V  {max gain) +5 +8
{max AGC) +11 +14

Amplifier input and output impedances are 50 regardless of
AGC-controlled gain. Gain range is 45dB,

Selectivity

This is provided at the ‘front end’ of the IF strip by crystal
filters. The bandwidth of these depends on the mode to be
used. For Morse, a bandwidth of 500Hz is normal, while 2.5—
3kHz is used for SSB. FM requires about 7.5kHz for the
present system of 5kHz maximum deviation and 25kHz be-
tween channels. When this is changed to 12.5kHz between
channels, a lower maximum deviation will be used and the
bandwidth will be narrowed. It is of the utmost importance
that the filters are correctly terminated. The manufacturer will
give details of the proper resistance and capacitance for this.
It should be noted that sharp filters are subject to overloading
and this can cause non-linearity.

Further down the IF amplifier chain, so-called roofing
filters are used to prevent noise generated by the early IF
amplifiers and outside the pass-band from reaching the detec-
tor. These can be simple ceramic resonators or further crystal
filters.

A wide-band IF chain with 100kHz (or so) bandwidth may
be used to amplify sharp noise pulses which can then be used
for noise blanking by cutting off the input to the main chain
be means of a semiconductor switch.

Gain

Gain can be provided by any suitable devices — bipolar tran-
sistors, FETs or ICs. At present, ICs seem the most used and
many combine ‘gain blocks’ with various types of detector to
produce an audio output. The overall

gain needed is about 100dB and this

ance in Table 4.4.
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Fig 4.39. G3SBI’'s low-noise, AGC-controlled cascode IF amplifier

and it produces an output which is the
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product of the signal and local oscillator (or BFO, beat fre-
quency oscillator) frequencies. This results in an audio sig-
nal, either speech from SSB or a tone from Morse code. A
product detector is exactly the same as a mixer and all the
mixer circuits can be used. Of course, at the lower frequency,
other, simpler, product detector ICs are available such as the
MC1496 which is a double-balanced mixer. At this signal
level, exact balance is not important.

FM

ICs for FM demodulation are of three main types — the
quadrature, the phase-locked-loop and the pulse counting. The
quadrature or co-incidence detector (Fig 4.40(a)), as its name
implies, splits the incoming signal into two parts, one of which

is at 90° different in phase (quadrature) from the other and
feeds both into an analogue multiplier. This results in a number
of output frequencies including the original audio which is
recovered through a low-pass filter. In a practical circuit (Fig
4.40(b)), the MC3361 carries out a second conversion to, say,
455kHz and generates the audio from that. It also contains a
limiting amplifier and a crystal oscillator.

The PLL detector is similar to a PLL frequency synthesiser
except that the voltage needed to lock the oscillator to the
incoming frequency is the audio signal.

In the pulse-counting demodulator, a second conversion to
alow IF of 100kHz or less is made and converted into pulses.
The pulse rate is measured and corresponds to the modulat-
ing frequency. An IC such as the SL6601 has a limiting am-
plifier, a pulse generator, a counting stage and a crystal oscil-
lator for the frequency conversion all in one package.

A great deal of emphasis has been placed on the ability of
a receiver’s front end to cope with multiple strong signals.
Less has been published on the IF/AGC system of the re-
ceiver, despite the fact it determines how every signal sounds.
This design by Bill Carver, K60OLG [16] covers that impor-
tant territory.

The IF/AGC subsystem shown in Fig 4.41 has a minimum
discernible signal (MDS) level of 0.03uV in a 2.5kHz band-
width, and its AGC can be set to have a few decibels rise in
audio with a range of signal amplitudes of less than 0.1uV to
over 0.2V. The input-intercept point is about 20dBm, so in-

band intermodulation distortion (IMD) is

Scancontrol

40dB down even for S9 + 70dB signals. The
constant-gain time interval of the ‘hang’ AGC
circuit is smoothly and continuously varied
from 100ms to 2s using a panel-mounted con-

trol. This IF/AGC system is intended for use
with a front end having a net gain of +3dB
and a 6dB noise figure (NF), and directly
drives a +7dBm diode-mixer product detec-
tor.

AGC basics. An amplifier with feedback to

control its gain can be resolved into two com-
ponents: the amplifier itself and the detector
and processing circuits that develop the gain-
control feedback voltage.

The Analog Devices AD600 is a dual, low-
noise, wide-band, variable-gain amplifier IC.
The gains of the two internal 40dB amplifi-
ers are controlled by the potential difference

Vee =40V toPLL
o
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R10
+ w
c13 1+
101'
CHJ_
100nT C10
1stIF 10-7MH o
S ~ z
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100n I
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between the CxLO (that is, C1LO or C2LO)
and CxHI (C1HI or C2HI) pins. This IC has

MC3361

about a 40dB gain control range with a con-

AF output stant-gain control scale factor of 32dB/V.
peoaude . | CxLO voltage above or below the 0.625V

10-245
MHz

ml

N

1 2
Cc2
68P

C3

ZZOPT

c4 cs R2
FL 100n'|' 100n'|' 20k

difference leaves the gain at 0 or 40dB re-
g spectively. With a 2dB NF and 30MHz band-
| : width, it’s ideal for the gain portion of an IF

Quad coil

system.

The logarithmic envelope detectors pro-
duce a 3V output change from an 8dB input
signal change, a scale factor of 0.375V/dB.
Coupled with the AD600, this produces a loop

CD175

Fig 4.40(b). Practical circuit using the Motorola MC3361 (Motorola)

gain of 12, which means an input-signal
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change causes an output-signal change equal to the input sig-
nal change divided by 13. For example, a 65dB input signal
change results in a 5dB output-signal change.

Two AGC detectors? Wide-band noise at the AGC detector
would preclude using AGC for low signal levels; the amplifi-
er’s noise bandwidth must be limited. But the time delay of a
filter placed between controlled stages and the AGC detector
destabilises an AGC system, so AGC voltage to the gain-con-
trolled stages ahead of the filter must be delayed. This per-
mits brief clipping of large signals and envelope distortion at
the leading edge of a signal.

This amplifier system uses two AGC detectors. The first
one, called ‘FAST’, reduces the gain of the stages ahead of
the noise filter, preventing them from clipping until the
‘SLOW?’ detector — placed after the filter — can catch up. This
prevents overloading IC1a and IC1b for signal levels above
10uV for a few milliseconds until the SLOW AGC responds.
This ‘minor’ detail makes a big difference in how a receiver
sounds even though most ears can’t identify why.

Identical FAST and SLOW detectors operating at the same
signal level — combined with the well-defined gain control
characteristics of each AD600 — permit seamless combina-
tion of the detector outputs. TR2’s gain is adjusted so both
detectors have the same signal voltage when IC2a’s gain is at
minimum.

The JFET and first three AD600 amplifier stages. The AGC
threshold occurs when a signal level of —32dBm appears at
the output of IC2b. This results from an input-signal level of
about —128dBm (0.09uV) when the signal-to-noise ratio is
approaching 10dB. Maximum signal is reached with —20dBm
at the output of IC2b, corresponding to an input-signal level
of 0dBm (0.23V).

TR1 is aJ310 FET with gate-source transformer feedback.
Its theory of operation is covered in [17]; an almost identical
implementation to this one was described by Colin Horrabin,
G3SBI [15].

TR1’s gain is 12dB and is set by the 2:1 transformer (T2),
the load resistance of the following stage and the 221 metal-
film resistor. The resistor value is optimised for the lowest
AD600 noise figure. To produce a precise 50€2 input resist-
ance, TR1’s source current is adjustable and a capacitor across
the input terminals cancels the leakage reactance of the feed-
back transformer T1. Minimum transformer loss is necessary
to achieve a low noise figure, so the input transformer (T1)
must be wound exactly as shown on a BN-61-202 balun core.

There are four amplifier stages in two AD600 packages.
The first 40dB of gain reduction is done only by the third
stage; the next 40dB in the second stage, and only the last
40dB reduction applied causes any gain reduction in the first
stage. As AGC voltage passes halfway between the threshold
of adjacent stages, gain control is being handed off from one
IC to the next. This sequential gain reduction maximises sig-
nal-to-noise ratio.

To fully understand the AD600, you’ll need a data sheet.
Briefly, as the AD600’s CxLO control voltage (either CILO
or C2LO) changes from —0.625 to +0.625V with respect to its
CxHI, its gain changes linearly from +40dB to 0dB (unity
gain). Because C1HI of IC2a is biased to 0.649V, its gain will
change by 40dB as the AGC voltage at IC7 pins 2 and 13
changes from 0.024 to 1.274V. C2HI of IC1b is at 1.947V, so

TR2
AD600

Ground

Fig 4.42. The ladder filter. CV: 1.5-7p. For X1-X3 = 4.434MHz, C1:
47p; C2, C3: 12p; C4:53p (47p + 5p); L1: 11.7mH (27t 30 AWG on L-
45-7 core in can); L2: 160mH (60t 34 AWG on FT-37-61); L3: 6.4mH
(23t 30 AWG on L-45-7 core in can); T1, T2: 11.5t bifilar 30 AWG on
BN-61-203 core

its gain will change by 40dB as the AGC voltage at IC6 pins
2 and 13 changes from 1.322 to 2.572V. The small gap
between 1.274 and 1.322V provides a smooth transition of
gain control from IC2a to IC1b, as explained in the AD600
data sheet.

The threshold of IC1a is also 1.947V, but 1.298V is sub-
tracted from the AGC voltage by IC6¢. Thus, the 40dB gain
change of IC1aoccurs as the AGC voltage changes from 2.620
to 3.870V. Taken together, as the AGC voltage at TP2 varies
from 0 to 3.870V, the gain of the three cascaded stages
changes by 120dB, with gain reduction starting at the last
amplifier stage.

Noise filter. The home-brew crystal-ladder filter between the
second and third AD600 stages is not intended for selectiv-
ity. This filter removes the broad-band noise generated by
TR1 and IC1, permitting a lower AGC threshold. The filter is
2500Hz wide at the —3dB points, and 5500Hz wide at the
—20dB points, removing much of the noise from the opposite
side of zero beat, improving the IF NF and thus the overall
receiver NF. Selectivity should be accomplished ahead of this
IF strip.

After measuring the series resistance and motional induct-
ance of your crystals, ladder-filter design becomes essentially
a cookbook process using the X software bound with Wes
Hayward’s Introduction to RF Design. At 4.43MHz. the usual
crystal-ladder filter cannot be made 3kHz wide. Hayward’s
article ‘Refinements in Crystal Ladder Filter Design’ in the
June 1995 issue of QEX shows how the holder capacitance of
each crystal can be parallel-tuned to permit construction of
SSB-width filters.

Fig 4.42 shows the ladder filter. The middle crystal is par-
allel tuned as Hayward suggests. However K60OLG ‘neutral-
ised’ the capacitance of the input and output crystals with a
phase-inverting transformer, self-resonant at the IF. Winding
information is given for 4.434MHz. Small trimmer capaci-
tors could have been used to precisely adjust the neutralisa-
tion, but fixed-value 3.3pF capacitors work well and elimi-
nate some adjustments.

At the 2500Hz bandwidth, the filter impedance is 2.9kHz.
L-networks are used at each end to match the filter to the 100€2
input impedance of IC2a at one end, and the 200€2 collector
resistor of TR2 at the other end. Every set of crystals will be
different; exact values for the L-networks must be determined
after the filter impedance has been computed by Hayward’s X
program. Once the filter is designed, breadboard it and verify
proper operation before committing parts to a PCB.

At 9MHz, neither parallel tuning nor neutralising is neces-
sary to get the SSB bandwidth and, if used only for receiving
digital modes, you can even omit the neutralisation at



4.434MHz. Making a three-pole filter sounds more difficult
than it is: with the X program and one of the many tutorial
articles on ladder filters, it’s a tedious process.

It is anticipated that many will choose to use a commercial
filter instead of home-brewing a ladder filter. There’s enough
gain in TR2 to absorb a filter loss of up to 10dB. TR2’s 2002
collector resistor value can be increased to about 330 to
match a commercial filter’s impedance and eliminate one L-
network. Using more filter poles and/or narrower filters may
require increasing the value of C2 to delay the SLOW AGC
more than the filter delay, although Harold Johnson, W4ZCB,
didn’t find this necessary with an eight-pole SSB-width filter
he used.

Forward gain correction of the output. The fourth AD600
stage, IC2b, is outside the AGC loop. A signal 130dB above
threshold causes the OFFSET SLOW AGC voltage at TP4 to
increase from its zero-signal value of 0.625V to 3.125V, and
with a loop gain of 13, the output of IC2a has increased by
about 10dB. When about 10% of the OFFSET SLOW AGC
voltage is applied to IC2b’s C2LO pin, its gain decreases by
10dB, resulting in no signal change at its output.

R3 can be adjusted so the output is flat within a few deci-
bels for signal levels of 0.23uV to 0.23V (—120dBm to OdBm).
Because of finite signal-to-noise ratio for small signals, it is
not possible to compensate perfectly, but the resulting flat-
ness is remarkable and addictive. Some may prefer the audio
level to rise somewhat with increasing signal. R3 allows ad-
justment of IC2b’s contribution to gain control to suit each
builder’s taste.

The output of IC2b is attenuated by a 150/75€ resistor pair
to produce a —26dBm signal level and 50€2 output resistance
perfect for the +7dBm diode-mixer product detector. IC2b
and the resistors produce low IMD and a high S/N ratio from
the product detector while preventing BFO signal leakage to
the SLOW detector.

Reference-voltage details. 1C3 is a TL431 shunt regulator
whose 2.6V output is divided by four identical 1% tolerance
resistors to produce three close-tolerance voltages with only
one adjustment: 1.947V for the C1HI threshold for IC1a and
IC2b; 1.298V to offset the AGC voltage for IC1a and 0.649V
for the threshold of IC2b. R6 is adjusted to produce 1.947V
at TP3. The 1% tolerance resistors need only have the same
value — between 1kQ and 5kQ. DigiKey and other suppliers
offer suitable resistors at a modest price.

The AD600 CxLO and MUTE pins have 15 small-signal
silicon diodes clamping the pins to ground or to the 2.6V
potential at IC3. Normally, the diodes won’t conduct. They’re
there to prevent damage to the expensive AD600s in case of
misconnection, loss of a power supply or op-amp failure.
Being a shunt regulator rather than a three-terminal regula-
tor, IC3 is able to sink diode current should a fault occur.

The AGC detectors. The two AGC detectors, IC8/IC7¢ and
IC9/IC1 1c, are not rectifiers but an interconnection of matched
transistors that produce an average current equal to the loga-
rithm of the applied IF signal over a range of signals. These
detectors produce several DC volts from only 10mV of sig-
nal, and their logarithmic characteristic complements the
ADG600 scale factor almost perfectly.

Processing the AGC voltages. The large number of op-amps
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makes this circuit look complex. But the ideal performance
of op-amps isolates each component’s contribution to the cir-
cuit, making it easier to understand and troubleshoot than it
may appear.

The SLOW detector output at TP2 and the IF GAIN potent-
iometer voltage at IC11a pin 3 are gated by IC11a and IC11d.
Whichever one has the higher voltage charges the HOLD ca-
pacitor, C1, through its diode and a 4.7k€2 resistor. The out-
put pin of the amplifier whose input is lower (not in control
of the output) will swing to about —11V. This bizarre action
is perfectly normal and logical, but takes some getting used
to when troubleshooting. Similar action occurs at IC6a—-IC6d
and IC7a-IC7d.

The output from IC11a-IC11d is combined with an exter-
nal AGC signal (if present) in IC7a—IC7d. Whichever signal
is higher appears at IC7 pins 2 and 13, and controls the gain
of IC2a. The output of IC7a—IC7d is combined with the FAST
AGC detector output in IC6a and IC6d to control the gain of
IC1b and drive the S-meter. Buffered by IC6b, 1.298V is sub-
tracted from the combined detector outputs in IC6¢c to be-
come the OFFSET AGC voltage with a total swing of —1.2 to
2.6V appearing at ICla pin 1 to control its gain.

Hanging AGC. When the SLOW detector output is more than
90% of the voltage on C1, IC10b’s output (pin 7) will be
about 11V. Current through the 47kQ resistor and diode to
IC10D pin 13 charges the 1uF integration capacitor Cl1, its
output moving toward the negative supply until the 1N5237
zener diode starts to conduct with about —8V at pin 14 of
IC10d. TR4 is cut off by the negative base voltage and no
drain current flows to discharge C1. The 4.7MQ resistor
slowly discharges C1, permitting the AGC to track modest
amounts of fading with TR4 cut off. Clamp IC10c provides
current as necessary to keep TR4 from developing a negative
voltage on C1.

When the SLOW AGC detector voltage is not 90% of the
voltage on C1, IC10b’s output is negative and the integrator
output swings in the positive direction at a rate determined
by the setting of the HANG TIME potentiometer. It stops charg-
ing when C1 is discharged by TR4 down to 90% of signals-
plus-background noise, or the other 1IN5237 starts to conduct
with 8V on pin 14 of IC10d. When the HANG TIME pot is
fully clockwise, it not only takes a longer time for receiver
gain to return, it returns at a slower rate.

S-meter. The linear-in-decibel nature of the AD600 AGC
voltage means the O to 3.87V swing at TP2 corresponds to a
120dB gain change, plus the signal rise at the output of IC2a,
a total of about 130dB. The AGC voltage is almost perfectly
logarithmic or linear in S-units over this range.

Multiplier resistors develop a 1mA meter current for 3.75V
at TP2. With appropriate changes to the resistors, more sen-
sitive meter movements can be used. It’s convenient to have
a portion of the multiplier adjustable; K60OLG set his meter
so the needle was vertical for an SO signal. The linearity of
the AD600 permits the S-meter reading to be corrected for
the gain of a preamp or loss in a switched attenuator. For
example, the voltage across the coil of a relay used to switch
an attenuator can be fed to the S-meter through a variable
resistor. Hence, the reduction in AGC voltage caused by the
attenuator is perfectly compensated for by current developed
from the coil voltage.
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Adjustment. Seven potentiometers need adjustment. These
adjustments do not interact and six of them are quick and
easy to make.

1. Using a noise bridge (or other suitable impedance-meas-
uring instrument), set the input resistance to 50 with R1.
A ground connection is provided at the top side of T1 so
that an additional half-turn can be added to the 1-2 wind-
ing of T1 if varying R1 does not produce the 50Q input
resistance. The input reactance should be very close to zero.
At frequencies other than 4.434 or 9MHz, scale the input
capacitor’s value and verify zero reactance using a noise
bridge.

2. Set R6 for 1.947V at TP3. The potential at IC6b pin 7
should be very close to 1.298V, (1.272min, 1.324 max).
The voltage at IC2 pin 16 should be close to 0.649V
(0.636min, 0.662 max).

3. Turn the IF GAIN pot fully counter-clockwise, to minimum
gain. Adjust R5 for OV at TP2, then adjust R4 to OV at
TP1.

4. Turn the IF GAIN control clockwise, and connect a signal
generator to the input. Peak T2, L1 and L2 for maximum
gain. These are broad-tuning, low-Q circuits. Adjust the
noise filter L-networks and verify the expected filter band-
width.

5. Apply sufficient signal to produce more than 1.6V at TP1.
Adjust R2 so that the voltage at TP1 decreases slightly.
This is the only tricky adjustment; don’t be surprised if
you have to repeat it several times before you get it right.
Mid-scale S-meter linearity depends on proper balance of
the two detectors. Large changes in the S-meter reading
for small signal changes of around 10WV is a sure sign that
R2 is not adjusted properly.

6. Connect a pulsed test signal to the input (receiving the sig-
nal from a keyed transmitter connected to a dummy load
will do). Turn the HANG TIME potentiometer clockwise to
its two-second position. Adjust R7 for a two-second delay
between the end of the signal and the beginning of the
voltage drop at AGC OUTPUT.

7. Adjust R3 (FLATNESS) to suit your taste. This can be done
by ear — while listening to an on-the-air roundtable for ex-
ample —or by using a signal generator and test instruments.

Additional points. This amplifier is insensitive to exact sup-
ply voltage, but the supply voltage needs to be stable so that
the zero adjustments R4 and R5 will be stable. The +12 and
—12V potentials are supplied by off-board 7812 and 7912 regu-
lators respectively.

The 10k€2 resistor between the HANG TIME pot’s wiper and
the pot’s low end simulates an audio-taper pot (these are hard
to find!), providing the proper feel with a common linear-
taper control. The IF GAIN control is also a linear-taper con-
trol. For computer control, both HANG and IF GAIN can be
controlled by a 0 to 5V DC signal from a digital-to-analogue
converter.

The 150uH RF chokes are parallel-resonant near the IF.
RF choke values of 100 to 200uH will have virtually identi-
cal performance at 4.434MHz. At 9MHz, values between 27
and 47uH are suitable. There need be no fear of substitution.

Because of fading, on-the-air signals are not an ideal source
of test signals. A keyed transmitter, known to have a good
keying envelope, can be used with an oscilloscope to confirm

Qutput
(509)
VCs4
12p

cD1120

Fig 4.43. 50MHz RF receive amplifier. C6, C7: 1nF chip. L1: 0.13pH.
L2, L3: 0.56pH. L4, L5: 4.7uH

proper circuit operation. Alternatively, you can use a diode
mixer with a signal generator tied to the RF port, drive the
DC-coupled IF port with a pulse generator and take the out-
put from the LO port.

Transmit hang, diversity reception and external AGC. A 5V
logic potential during transmit forces the hang integrator out-
put to =10V and C1 discharges slowly through the 4.7MQ
resistor during transmit intervals. In fast-break situations (full
QSK CW, AMTOR and sometimes even SSB) this causes
the receiver gain to return to nearly its previous-level rather
than full gain. C1 discharges to OV during longer transmis-
sions.

With two IF strips and two mixers, connecting both SLOW
to the EXT SLOW of the other gives gain control to the stronger
signal, providing diversity reception to combat multipath re-
ception on the digital modes. Some older, but very good
Fredrick modems provide an AGC output that may benefit
from the EXT SLOW connection.

Construction. K60OLG successfully used IC sockets on an
‘ugly’ groundplane breadboard, and with several iterations
of PC board layout. On the other hand, an etched and drilled
PC board saves a lot of time. Like the hand-wired board de-
scribed earlier, the PC board is double-sided with a ground
plane and the components on top, traces on the bottom. To
minimise cost, the board doesn’t have plated-through holes;
component leads and grounded socket pins are soldered di-
rectly to the ground plane.

Although this amplifier is stable even as a breadboard, re-
member that it has a lot of gain. Its stability can become mar-
ginal with scope probes radiating signals at amplifier outputs.
Given the opportunity, the amplifier can pick up the BFO
signal. K60OLG eliminated this possibility by placing the BFO
and product detector in a shielded box. In the final package,
each circuit should be in its own shielded box and no BFO
signal should be detectable in the IF output.

Designs for specific bands

RF amplifiers

With suitable switching, an RF amplifier can with advantage
be placed at the feed point of the antenna — its gain will offset
the loss of the feeder cable. Gains of 15 to 25dB will nor-
mally be sufficient to overcome that loss and the noise of the
first mixer.

50MHz. Circuits based on the BF981 dual-gate MOSFET have
been widely used. In one typical circuit (Fig 4.43), an input
pi-network is used to match the antenna to the gate circuit of
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Fig 4.44. 145MHz RF receive amplifier. C6, C7: 1nF chip. L1: 0.08puH,
L2, L3: 0.1uH

the device and the output is taken to a band-pass filter and
thence to the mixer. Tuning is fixed at the centre of the band
so only the local oscillator needs to be tuned.

70MHz. There are few published circuits for 70MHz equip-
ment because the band is of such limited appeal (it is only
available to the UK, Gibraltar and to parts of Cyprus). Most
circuits that work at SOMHz will also do so at 70MHz with
suitable reduction (about 16%) in the values of the tuning
components, L’s and C’s.

144MH7z. Here again, circuits based on the BF981 are widely
used and Fig 4.44 shows a typical one. Apart from the tuning
components, it is very similar to Fig 4.43 above.

For more advanced work where absolute minimum noise,
maximum immunity to nearby strong signals and uncondi-
tional stability is necessary, there is a modern circuit (by
G4SWX) as in Fig 4.45. This has a fixed tuned input circuit
in the form of a quarter-wave line and an aperiodic 50Q2 out-
put. It has a gain of 18dB, a noise figure of 0.4dB and its 3IP
is +8dB. Its output is of the correct impedance to feed a mul-
tiple helical filter and then a double balanced mixer of the
diode ring type (see above).

It could with care be used at lower and higher frequencies.
At lower frequencies, it will probably be necessary to replace
the input circuit by a ‘lumped’ circuit of a conventional coil
and capacitor.

432MHz. FETs, especially dual-gate MOSFETS, are the pre-
ferred RF amplifiers at this frequency. While silicon devices
will give good results, the lowest noise comes from using

|
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Fig 4.45. 144MHz MGF1801 preamp. R1: 2 x 47Q chip. C1: 2 x500pF
chip. L1: 364mm long RG401, tap at 68mm from ground. Ls: 2 x
5mm. T1: 6t 30 SWG trifilar on T25-12 core connected as 1:2
transformer (VHF/UHF DXer)
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Fig 4.46. 432MHz receive amplifier. C3-C5: 1nF chip. L1: 25nH, L2-
L4: stripline on 1.6mm thick epoxy glassfibre board, 70mm long,
2.8mm wide, spaced 2.0mm, L5: 0.1uH

+12v

i ]
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Fig 4.47. Wide-band 432MHz receive amplifier. FL1: 2-stage helical
filter, FL2: 3-stage helical filter

GaAsFETs such as the 3SK97 or CF300. (Note: there are many
others; these have been listed because they are most often
mentioned.) The antenna input circuit can be ‘lumped’ but is
usually resonant lines, either as wire/rod or as etched micro-
circuits (see above).

A typical RF amplifier is shown in Fig 4.46 and consists of

" atuned line input and output and a CF300 amplifier. Note the

essential screen between the input and the output sides of the
circuit. Setting up is done simply by tuning the input and out-
put for maximum signal at the desired frequency then retuning
the input slightly for minimum noise factor. As it stands, the
selectivity is high, being 6dB down at £5MHz off tune and
20dB down at +12MHz so it needs to be tuned to the part of
the band of interest.

A wider-band device is shown in Fig 4.47. This uses a
GaAsFET, the 3SK97.

1.3GHz. Power GaAsFETs provide the best gain with the least
noise and a good large-signal handling capacity. Fig 4.48
shows a typical design (due to WA7CJO [18]) which uses a
half-wave coaxial line for its input circuit, an MGF1402
power GaAsFET and an aperiodic (balun) output circuit. Its
gain is 15dB, noise factor about 0.4dB and its output imped-
ance is 50Q.

The tuned circuit is the most difficult part to make but it is
well within the capability of an amateur with only a modest
workshop. The tuned line consists of 25mm diameter copper
tube, 87.6mm long with the centre part 9.5mm dia. The plain
ends are soldered in place. The input capacitor (C1, antenna
coupling) is a 18mm dia copper disc soldered directly onto a
SMA connector and screwed into the cavity. Because thin
copper tube will not take a thread, a nut of the right size is
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soldered onto the tube and the connector locked in the opti-
mum position by a lock-nut. The tuning capacitor C2 is made
in the same way but the disc is soldered onto a piece of stud-
ding. The connection to TR1 is made from 1.5mm dia wire.
TR1 and the output circuit is mounted saddlewise in a box on
top of the resonator.

Another method of overcoming the noise, stability and
large-signal handling capabilities of GaAsFETSs is to use
multiple low-gain stages. The following design by Matjaz
Vidmar, S53MV (formerly YT3MV), [19] shown in Fig 4.49
uses two stages of amplification to provide an overall gain of
approximately 25dB, with very low noise figures attainable.

The L-band low-noise amplifier is housed in a small case
made from 0.3mm thick brass plate, which is 50mm long,
20mm wide and 15mm high (Fig 4.50). It is thus small enough
to permit no resonance below 7GHz, so that no absorber ma-
terial is required for the damping of parasitic vibrations at
these frequencies. The BNC sockets (UG 1094, without nuts
or washers) must be soldered on, as shown in Fig 4.50.

Next, the six 470pF DC blocking capacitors are soldered
into the tin case with sockets. They must be ceramic disc or

i Table 4.5. Componentslistfor ﬂw WA7ZCJO preamplifier

R1 100R nominal, adjust to get 8-15mA drain current

C1 0.7in dia, 20-mil thick copper disk attached to the
SMA connector

c2 0.7in dia, 20 mil thick copper disc attached to a 10-
32 brass flat-head screw

C3-C6 0.05 x 0.05in chip capacitors

FB1 Ferrite bead. Optional but may reduce the
tendency of the circuit to oscillate

T1 4:1 balun, 3t 32 AWG enam wire, bifilar wound on
a Siemens B62152-A008-X-060 double-aperture
core

TR1 MGF1802, MGF1412, ATF10135 or similar
GaAsFET

trapezoidal capacitors, not wire ended, and their value can be
higher. When soldering them in, make sure that both the metal
coating of the disc capacitor and the brass plate surface are
well pre-tinned, so that the fragile capacitors are not destroyed
by direct contact with the base plate bending in the heat.

Warning — in no case use multi-layer capacitors, as used in
surface-mounted device technology! These capacitors display
high levels of internal parasitic inductance and loss resist-
ance, with natural resonances down to under 1GHz. In spite
of their small dimensions, surface-mounted device capaci-
tors and other multi-layer capacitors are completely unsuit-
able for microwave applications!

All the resistors used in the low-noise amplifier are wired
miniature types rated at !/sW (0204). The source resistances
marked with an asterisk in Fig 4.49 are not soldered in imme-
diately, but are required only for calibration of the amplifier,
and the final values are dependent on the ID tolerances of the
GaAsFETs used.

The A/4 chokes, L1 and L6, are each manufactured from a

6cm long piece of 0.15mm thick enamelled cop-

per wire. The pieces of wire are first tinned over
about Smum at each end, and then the enamelled

68R
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+
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I} I 470R
680R
MGF1302
Ihput MGF1302 i3 r
rrr—e L5

le())(pl- T470p-[

wire is wound around the shaft of a lmm drill
to form a coil. How many windings finally re-
sult from this is unimportant.

L2 is manufactured from a 0.6mm thick piece
of silver-plated copper wire. For example, the
internal conductor of an RG-214 unit can be
used for this. For the frequency range from 1.5
to 1.7GHz, L2 has a single winding with an in-
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ternal diameter of 3.5mm.
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Fig 4.49. A two-stage GaAs FET antenna amplifier for L-band (VHF Communica-

L3 and L4 simply represent the connection
wires of the 1nF disc capacitor between the two
transistors (Fig 4.50), each bent into a half-
winding. Similarly, L5 is just a

Input

slightly longer connection wire of
the output coupling capacitor. The
inclination of the loop of L2 and the
distance between .3 and L4 are ad-
justed last, on the basis of select-on-
= test methods.

The GaAsFETs are fitted last. Af-

Output
r +12V

0O = Solder

ter this operation, you should set

your DC working points. In order to

CD1128

avoid any wild oscillations here, the

Fig 4.50. The low-loss structure with air as the dielectric makes an extremely low noise factor

possible (VHF Communications)

input and output should be termi-
nated with 50€2.



The amplifier is now linked to an
adjustable voltage source, which to

start with should be set to about 7V.
The DC voltage between drain and

source is measured for both FETs.
The thing to do now is to keep both

drain-source voltages between 3 and

4V.Tothis end, you slowly increase
the operating voltage and switch the LsB

initial source resistances of 150Q in
parallel again, until the final operat-
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ing voltage of 12V is reached. Natu-
rally, the parallel resistances should

always be soldered on only when the
operating voltage is switched off.
The final voltage drop across the source resistances is typi-
cally 1to 1.5V.

Now the amplifier must be put into a test rig to check am-
plification and noise factor. For this, you need a noise gen-
erator suitable for this frequency range (which does not need
to be standard for calibration), areceive converter and an SSB
receiver with a large S-meter (if necessary, display the AGC
voltage externally), or with a low-frequency voltmeter con-
nected to the audio frequency output and with the AGC
switched off.

The noise factor is predominantly influenced by L2. L3
and L4 are to be set to maximum amplification, as is L5, even
if its influence is much less than that of L3 and L4.

L3 and L4 are normally each up to 10mm long. The dis-
tance between the two can be precisely adjusted. L2 can also
be precisely adjusted in the same way if you compress or
expand the loop slightly.

If a FET with lower amplification is used in the second
stage, such as the MWT11, or an older type from the CFY
range, and/or more amplification is desired, then the output
network can be modified. The aim is to increase the DC
through the second FET. To this end, you remove the 470€2
resistor and in its place solder in a 330€2 resistor parallel to
the output coupling capacitor. This is shown as a dotted line
in Fig 4.49.

COMPLETE RECEIVER CIRCUITS
It would be a pointless exercise in reinventing the wheel to
describe a complete receiver for any particular band — it is
normally assumed that a short-wave receiver or, in the case
of 23cm, a 2m receiver, is available. Thus what is required
are receive down-converters for each band in question.

Whilst receive down-converters do exist, it is more gen-
eral to find receive converters combined with transmit con-
verters in single units, each sharing common circuits. These
units are transmit/receive converters or, as they are normally
called, transverters. This now means that we shall take our
presumption a stage further, and assume that either a 28MHz
or 144MHz transceiver is available.

Finally, because we shall now place the emphasis on
transverter designs this section shall be dealing not only with
receivers, but transmitters as well.

50VIHz
The design featured below by Wolfgang Schneider, DJSES,
[20] is the exception to the ‘rule’ set out above and is for a

Fig 4.51. Block diagram of the 50MHz transceiver (VHF Communications)

full transceiver for the 6m band. The concept of the design is
that each sub-assembly is a stand-alone 50Q2 module, thus
allowing for simple interconnection, switching etc. A block
diagram of the transceiver is shown in Fig 4.51.

The received signal arriving from the antenna at the RX
input is amplified in the RX mixer, passed through a filter
and then transposed to the IF level (9MHz). For that the mod-
ule requires an oscillator signal tuneable between 41 and
42MHz. In this way the range 51 to 52MHz is covered. The
oscillator signal needed is provided by the VFO unit. The
tuneable oscillator works in the region from 5 to 6MHz. The
amplifier following operates as a buffer and at the same time
decouples the frequency counter and VFO mixer from one
another. Mixed with a 36MHz crystal oscillator, it produces
the desired output frequency of 41 to 42MHz.

The digital frequency display has eight digits, so the last
digit shows hundred hertz units. This counter evaluates the
VFO signal directly. To achieve an accurate frequency dis-
play the difference from the wanted frequency (ie 45.000MHz)
must be programmed. The received signal now reaches the
IF amplifier. Here the crystal filter limits the bandwidth to
the 2.3kHz necessary for SSB. For the signal-strength dis-
play (S-meter) the received signal from the AGC/ALC mod-
ule is processed. At the same time this is used to set the regu-
lator voltage for controlling the IF amplifier. For demodula-
tion the SSB exciter is employed. In this process, by activat-
ing the corresponding crystal oscillator, the desired sideband
is selected. At the output of the ring demodulator the audio
achieved in this way is passed to a low-pass filter and a two-
stage amplifier. The power amplification needed for loud-
speaker operation can be undertaken in a separate module.

During transmit, speech from the microphone is amplified
and mixed in the SSB exciter with the desired sideband oscil-
lator. At the output we get a double sideband (DSB) signal.
The switchable IF amplifier is used in the transmit path. The
crystal filter selects the desired sideband. By using an AGC/
ALC circuit we can avoid over-driving the following stages.

The transmit mixer converts the SSB signal already pro-
duced up to SOMHz. Like the receive mixer, this contains
filters and amplifier stages. At the output of the TX mixer we
have around 100mW available on the desired frequency.

The tuneable oscillator (VFO) (Fig 4.52)

In this transceiver an oscillator from a Collins receiver is used.
VFOs of this kind or similar ones can be found at radio rallies
and boot sales.
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Fig 4.53. Broad-band amplifier

The VFO is designed around a Hartley circuit, which en-
sures good stability. The oscillator gets reverse feedback from
a tap located about 10 to 25% away from the earthy end of
the coil.

The higher the slope of the FET used, the less feedback is
needed. This should only be enough to ensure foolproof
operation of the oscillator — too much leads to instability.

p
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Fig 4.56. Sample programming arrangement

The oscillator is tuned using the core of the coil, giving a
tuning range of around 5 to 6MHz. To decouple the VFO
from the following stages a two-stage push-pull amplifier is
used, and this ensures feedback-free operation of the VFO.

VFO broad-band amplifier and divider (Fig 4.53)
Following the VFO is a single-stage broad-band amplifier with
an amplification of approximately 20dB. A Wilkinson divider
is provided at the output to provide the two outputs, one for
the frequency display and the other for the VFO mixer. A
PCB design and component overlay are shown in Fig 4.54 in
Appendix 1. The PCB measures 34 X 72mm.

Digital frequency display (Fig 4.55)

The digital frequency display is an eight-digit one and is con-

structed from two four-digit counters, type ICM7217A. These

ICs are designed for seven-segment common-cathode LED

displays and are programmable for display ranges. This fea-
ture is utilised here to programme a

45MHz offset in the display, required due

7 |06|8\6

L7

N

to the fact that the counter is actually

A reading the 5 to 6MHz VFO. The method

of pre-programming the display using
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diodes is shown in Fig 4.56.
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21 PCBs, one a standard display PCB for the
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gg from the driver board using ribbon ca-
27 ble. The driver PCB and component over-

28 lay is shown in Fig 4.57 (Appendix 1).
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Provision is made on the PCB to include
the pre-progamming diodes for the
45MHz display offset (these are not
shown in the circuit diagram).

VFO mixer (Fig 4.58)
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In this S0OMHz SSB transceiver a VFO
signal in the range of 41 to 42MHz is re-
quired, taking into consideration the
9MHz IF being used. This will enable
coverage of the 6m band from 50 to
51MHz.

The required VFO signal is produced

7

by mixing the 5 to 6MHz VFO with a
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Fig 4.55. The programmable counter module

36MHz fixed-frequency oscillator, thus
producing an output of 41 to 42MHz. The
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Fig 4.58. The VFO mixer

low-noise 36MHz oscillator is based around a U310 and pro-
duces of the order of 10mW into the ring mixer. The output
from the ring mixer passes through a two-stage bandpass fil-
ter to a buffer amplifier, giving around 20mW tuneable in the
range 41 to 42MHz.

In this and the previous broad-band amplifier, and else-
where in this project, bifilar wound transformers are used.
These are simply constructed as follows: take two equal
lengths of 0.2mm diameter varnished copper wire and care-
fully twist around each other; six turns of this twisted wire
are then wound onto a Smm ferrite bead.

The transformer in the ring mixer is a trifilar one and is
constructed exactly as the bifilar types but using three wires.

A PCB design and component overlay for the VFO mixer
is shown in Fig 4.59 (Appendix 1). The PCB measures 53.5 X
72mm.

Receive mixer (Fig 4.60)

The receive mixer comprises a three-pole filter, first RF am-
plifier, ring mixer, second three-pole filter and a second RF
amplifier. The PCB design is shown in Fig 4.61 (Appendix
1) and measures 72 X 72mm. The mixer is best aligned using
a signal generator at the input set to 50.5MHz and a high-
impedance detector at the output. The trimmer capacitors are
then tuned for maximum output.

Transmit mixer (Fig 4.62)
The transmit mixer comprises a ring mixer, broad-band match-
ing, three-pole filter and a broad-band two-stage amplifier.

With a drive level of 100uW (two-tone signal, each at
—13dBm) there should be 55mW (+18dBm) per single tone
at the output, corresponding to +21dBm PEP. Under these
conditions the third-order intermodulation products (31P)
should be depressed by about 40dB and the 5IP products to
60dB. Although no harmonic filtering is included in this cir-
cuit, any harmonics produced should be below —40dBc.

A PCB design and component overlays for the transmit
mixer are shown in Fig 4.63 (Appendix 1). The PCB meas-
ures 53.5 X 72mm.

IF amplifier with AGC/ALC (Fig 4.64)

The IF amplifier consists of a crystal filter, followed by an
amplifier, a 20dB coupler for the AGC signal output, a pin-
diode limiting stage and a final broad-band amplifier. A regu-
lating signal from the AGC/ALC stage is fed into the pin-
diode limiter.

The crystal filter used is an XF9B and is matched to 50Q
at its input and output by 9:1 transformers and 90pF trim-
mers. Special care should be taken when winding the trans-
formers — any twist in the windings will have significant in-
fluence on the operation of the module. Matching of the
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Fig 4.60. The receive mixer
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Fig 4.64. The IF amplifier

crystal filter is best achieved by feeding in a 9MHz DSB sig-
nal from the SSB exciter and tuning the trimmers for mini-

mum residual carrier.

The PCB design and component overlay for the IF ampli-
fier section is shown in Fig 4.65 (Appendix 1). The PCB meas-

ures 72 X 72mm.

The AGC/ALC module is shown in Fig 4.66 with the PCB
design and overlay in Fig 4.67 (Appendix 1). The PCB meas-
ures 53.5 X 72mm. It is recommended that all the modules
are built into tin-plate boxes. However, this is particularly
important with this unit, as stray electrical fields may cause
unwanted S-meter readings.
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Fig 4.66. Complete circuit for the AGC/ALC module

The circuit is based on the NE614 IC and
the signal-strength output is utilised here.
This output is buffered by an op-amp and
then split into two paths. One path provides
the S-meter signal and the other path the
regulating signal for the IF amplifier pin-
diode limiter.

Calibration of the S-meter is carried out
when the entire receive chain is complete
and operational. A signal of approximately
—73dBm is fed into the RF input. This sig-
nal is adjusted until the AGC/ALC output
level from the IF amplifier is —29dBm. This
then equates to an S-meter reading of 8, and
the series resistor Rg ... Should be selected
accordingly to give this meter reading

SSB exciter (Fig 4.68)
The SSB exciter consists of an SSB modu-
lator, demodulator, USB/LSB oscillator,



RECEIVERS, TRANSMITTERS AND TRANSCEIVERS

(427

Dl
|7}

TX (Out) 4x
Zs TNAM»BS

L

1<l
LS

220R

777

AF(In)  1m

Te70nT470n
7 St

RX (In) -

T~

4
A it

<l
™~

—
+

AF out

5
10p == == 10n

CD1130

Fig 4.68. The SSB/CW exciter

microphone amplifier and a low-frequency amplifier. The
sideband oscillator utilises the dual-gate MOSFET (BF981)
in the oscillator stages. The two oscillators (LSB and USB)
have common drain circuits and either is selected into opera-
tion by the application of the +9V supply for g2. The output
from the oscillators is fed to a capacitively coupled hybrid,
splitting the output to feed the TX modulator and the RX
demodulator.

The amplified microphone signal is fed into the transmit
modulator ring mixer via a low-pass filter. A 250Q trimmer
potentiometer is provided to allow for circuit balancing.

The audio output from the receive demodulator is fed to
the low-frequency amplifier via a low-pass filter. The LF
amplifier is configured using a TL082 operational amplifier.

The PCB layout and component overlay is shown in Fig
4.69 (Appendix 1). The PCB measures 72 X 72mm.

Microphone amplifier (Fig 4.70)

The microphone amplifier is constructed using the two halves
of a TLO82 op-amp. A standard 6002 dynamic microphone
is required and the output level required by the SSB
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modulator (approx 1V) is adjusted by means of the 10kQ
potentiometer.

The PCB layout and component overlay is shown in Fig
4.71 (Appendix 1). The PCB measures 34 X 34mm.

AF amplifier (Fig 4.72)
The heart of the low-frequency amplifier is an MC34119 in-
tegrated circuit. This IC is available in SMD format in an
SO-8 package. The audio output is 200mW into 8Q.

The PCB layout and component overlay is shown in Fig
4.73 (Appendix 1). The PCB measures 34 x 34mm.

Interconnection of modules

Once all the modules have been assembled and pre-tuned they
are ready for interconnection. Various supply voltages are
required in the transceiver:

+15V AGC/ALC

+12V  SSB exciter, microphone amplifier, LF amplifier, re-
ceive mixer, transmit mixer, oscillator, VFO ampli-
fier, VFO mixer, S-meter

+9V  SSB exciter

+5V  Frequency display

Not only the various voltages, but also operational consid-
erations play a part in the supplies. For example, the VFO,

+12V
AF
(In) 100n
2k7 +4u7
2 3 1 Loudspeaker
10k + | (8-169)
47
I
';; CD1140

Fig 4.70. The microphone amplifier

Fig 4.72. The AF amplifier
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Fig 4.74. Separately stabilised voltages for the individual modules

audio amplifier and the mixer each require to have separate
voltage stabilisers. This prevents interaction between the vari-
ous units through a common supply. A suggested supply regu-
lation circuit is shown in Fig 4.74.

The IF amplifier is used both in transmit mode and receive,
thus switching must be provided to reverse the input and out-
put connections. This is most simply achieved by using mini-
ature relays operated by the PTT function. Similarly, the VFO
and various supply voltages can be switched by relays. Sug-
gested switching arrangements are shown in Fig 4.75.

Fig 4.76 shows the method for interconnecting the IF am-
plifier and the AGC/ALC unit.

J_O RX mixer

IF amplifierin O——e~1"

1—o SSB exciter out

1
1
1
1
1
1
1
|

I—O SSB exciterin

IF amplifier out O=———e~1"

1

: ‘—o TX mixer
1
1
I
'
)

J—o RX mixer

VFO mixer Ot

;o TX mixer

RX mixer

[ © Mic amplifier

+12V o——et

:| o TX mixer
I

AF amplifier

I
e
PTT /AN
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Fig 4.75. Transmit/receive switching
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i AGC out IF amplitier +12V EE
Veontrol S-meter
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PTTG o+12V
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Fig 4.76. Interconnection of the IF amplifier and the AGC/ALC unit

70MHz

Again, due to the limited availability of the 4m band no spe-
cific designs are included here. It is conceivable that the
50MHz transceiver described above could be modified for
use on 4m without much difficulty.

144NIHz

The following 28MHz to 144MHz transverter was also de-
signed by Wolfgang Schneider, DJSES [21]. This design in-
corporates features very important in equipment today, such
as high signal strength handling, adjacent signal rejection and
good spectral purity, which with increasingly occupied bands
are perhaps more important than any other consideration.

The complete circuit of the transverter is shown in Fig 4.77.
The design uses a fixed crystal oscillator running at 116MHz
which is then amplified by a MMIC (microwave monolithic
integrated circuit) device to give an level of 50mW to feed
into the SRA1H mixer.

The input level from the 10m transmitter is fed into a pi-
damping circuit comprised of R1, R2 and R3. Values for the
three resistors (E12 or E24 range) for various input levels are
given in Table 4.6.

In order to derive a clean transmit signal (intermodulation
products < —50dBc) the mixer must be driven to full output
with a maximum of 1mW at its input. The input pi-circuit
also gives the mixer a good 50€2 match.

Parallel to the transmit input feed to the mixer is the take-
off point for the received signal output. The received signal
(144MHz now transformed to 28MHz) is amplified by TR3
(BF981) and fed to the RX output of the transverter.

In receive mode the +12V switched RX voltage, apart from
supplying the receive chain, also biases D1 on, thus switch-
ing the received signal through to the mixer. The 144MHz

Table 4.6. Values for the three resistors (E12 or E24

range] for various input levels

P.(mW) P,(dB) R1Q) R2(Q) R3(Q)
1 0 - 0 51
2 3 300 18 300
5 7 120 47 120
10 10 100 68 100
20 13 82 100 82
50 17 68 180 68
100 20 62 240 62
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Fig 4.77. Circuit of the 28/144MHz transverter (VHF Communications)

signal from the antenna is filtered and then amplified by TR3
(BF981), and filtered again. The receive conversion gain of
the unit is of the order of 20dB with a noise figure of the
order of 2dB attainable.

In transmit mode the +12V TX supply line biases D2 on
and feeds the transmit signal from the mixer to the MMIC
amplifier chain via a three-pole filter network.

Note: although this may seem obvious it is not always ap-
preciated — in a transverter such as this, the +12V RX and TX
supplies should not be connected to the board simultaneously,
but preferably relay switched by the action of the PTT from
the controlling transceiver/transmitter.

The output level at the TX out should be of the order of
50mW with any harmonics present —55dBc or better.

Construction and setting up

The PCB layout and component overlays are shown in Fig
4.78 in Appendix 1. The PCB measures 54 X 108mm. Suit-
ably sized holes should be drilled in the PCB in which to
locate the MMIC amplifiers and the BF981 transis-

4. Adjust C1 for maximum received signal on the 28MHz
receiver.

5. Repeat steps 3 and 4 until no further increase can be ob-
tained.

6. Adjust C4, C5 and LS5 for best signal-to-noise ratio.

432MHz

Here is another transverter design by Wolfgang Schneider,
DIJ8ES [22], this time for 432MHz and again using 28MHz
as the base frequency. The design of this transverter was based
on the same premise and concepts as the 28/144MHz one,
and in many ways the design is complementary.

The oscillator (Fig 4.79) is based around a well-known cir-
cuit using the U310 transistor. The 101MHz output from the
oscillator is quadrupled by TR2 (BFR90a) and amplified by
two MMIC stages to the required level of S0mW for the
SRAT1H ring mixer.

The circuit diagram of the transverter is shown in Fig 4.80.
The input level from the 28MHz transmitter is again fed to

tors, such that the connecting leads are flush with
the circuit connections. Use a minimum of solder
on all joints. The through connections required for
the coils and the mixer are provided by 1.5mm cop-
per rivets.

The unit is aligned as follows. First set all trim-
mers to the approximate positions as shown in Fig
4.717.

1. Tune the oscillator to 116.000MHz with L1.

2. Inject a 28MHz signal, after setting the values
of the input pi-network according to Table 4.6.
Adjust C6, C7 and C7 for maximum output
(approx 50mW).

{71C3 }— 0 +12V
len |_I78L°9| lln 1ou-L+
I 1
,9'7 n o &
RE l1n 1 :rm
180R 404MHz
120R (50mw)

Es

3. Using a strong 2m signal (eg a beacon) connected
to the RX input adjust C2 and C3 for maximum

CD1145

signal strength on the 28MHz receiver.

Fig 4.79. Crystal oscillator with quadrupler for 404MHz
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the ring mixer via the same pi-

damping circuit as used in the
28/144MHz transverter. Conse-
quently, reference to Table 4.6
in the description of that unit
will give the required values of
the components in the input
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network, for various 28MHz
transmit levels.

The 432MHz receive signal
is routed to TR4, a dual-gate
MOSFET preamplifier stage
(CF300), via a pi-filter. The

preamplifier is followed by a
MMIC amplifier stage, which
amplifies the signal sufficiently

404MHZ
(50mW) #

1c6
6p MSAD104

enough to overcome the losses
in the following PCB etched

/ 7‘ 7 CD1146

three-pole filter (L5, L6 and
L7). The receive signal from the
ring mixer is fed through a filter network to TR3 and the sub-
sequent amplified signal taken to the 28MHz receiver from
RX OUT. Transmit/ receive switching is accomplished using
PIN diodes D1 and D2, which are switched by the appropri-
ate TX or RX +12V.

In transmit mode, the output from the ring mixer passes
through the three-pole filter and via PIN diode D2 to the trans-
mit MMIC amplifier chain. The 432MHz output level at TX
OUT is of the order of 50mW.

Construction and setting up
The transverter is split into two assemblies: the oscillator and
the transmit/receive converter. The oscillator PCB and lay-
out is shown in Fig 4.81 in Appendix 1 and measures 54 X
72mm. The transmit/receive converter PCB is shown in Fig
4.82 (Appendix 1) and measures 54 X 108mm. Construction
is much the same as for the 28/144MHz unit, with the MMICs
and transistors being mounted in holes drilled in the PCBs.
Alignment of the oscillator is as follows. First set all trim-
mers to the approximate positions as shown in Fig 4.79.

1. Set the oscillator to 101.000MHz using L1.
2. Adjust C1 and C2 for maximum output, which must be a
minimum of 50mW.

Alignment of the transmit/receive converter is as follows. First
et all trimmers to the approximate positions as shown in Fig
4.80.

1. Having correctly dimensioned the pi input filter, inject a
28MHz signal at TX IN. Adjust C4, C5 and C6 for maxi-
mum 70cm output at TX OUT. The level should be at least
50mW, with all spurious signals and harmonics better than
—50dBc.

2. Using a strong 70cm receive signal (eg a beacon) adjust
C3 for maximum received signal on the 28MHz receiver.

Note: C4, C5 and C6 should not be adjusted in receive
mode. If the received signal level is lower than expected,
careful retuning of C4, C5 and C6 should be carried out in
transmit mode only.

3. Adjust C7, C8 and L8 for best signal-to-noise perform-
ance.

Fig 4.80. The 28/432MHz transverter (VHF Communications)

1.3GHz

This 144Hz to 1.3GHz transverter designed by Michael
Kuhne, DB6NT [23] is compact (55 X 74 X 30mm), has 1.5W
power output, 1.4dB noise figure and 70dB spurious rejec-
tion. This is achieved by modern SMD techniques utilising
the latest MMICs and power modules, an SMD double-bal-
anced mixer and commercial pre-tuned helical filters. The
performance renders it useful for small portable set-ups, as
well as for home stations. The circuit diagram is shown in
Fig 4.83, a PCB design in Fig 4.84 (Appendix 1) and a com-
ponent overlay in Fig 4.85.

Design

A 96MHZz crystal oscillator works with a J310 junction FET
in a source feedback circuit. A quadrupler with a BFR92 feeds
a helical filter on 384MHz. A subsequent tripler with a BFG93
and a helical filter on 1152MHz provides a clean 7dBm out-
put on 1152MHz. A double-balanced Schottky mixer SMD-
C3 is used for both transmit and receive. Its IF port is termi-
nated in a diplexer and has switched attenuators for RX and
TX. These allow for independent adjustment of transmit and
receive gain.

In transmit mode the 144MHz IF is mixed with the
1152MHz LO to an output on 1296MHz. The mixer output is
filtered by a helical filter and routed through a PIN-diode
switch to the transmit chain.

This chain uses a MMIC INA10386, another helical filter
and the output power module M67715, which can supply a
linear output power of 1.5W. For higher output power a sec-
ond, external power module with the M67762 can provide
15W at a drive power level of 0.2W.

A control voltage of 12V/2A for external use is provided
by the transverter.

The RX chain is comprised of an RF stage with a MGF1302,
a helical filter and a second RF stage with a MAR6 MMIC.
The output is switched to the common mixer circuit by means
of a PIN diode switch. The noise matching in the first stage is
made by series-L matching. The two helical filters provide
optimum RF selectivity for image and spurious rejection. The
overall noise figure is less than 2dB and typically 1.4dB.
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Fig 4.83. The 1296MHz transverter circuit diagram. Components marked with an asterisk (*) are temperature coefficient N750 violet (to
suit quartz crystal). L1 and L2 are wound with 5t and 4t respectively of 0.22mm enam wire and have an inside diameter of Tmm. FL1-
FL5 are helical filters. FL1-FL3: 367MN113F, FL4: 5HW36535A-385, FL5: 367MN110A. An MSA0685 can be substituted for the MAR6 MMIC
(DUBUS Technik 1V)

Construction

1.
2.

10.
11.
12.
13.

14.

15.

16.

Cut PTFE board to dimension of the cabinet.
Drill PCB (0.8mm and 2 X 5.8mm for the two 1nF leadless
disk caps).

. Mount coaxial connectors.
. Put PCB onto inner conductors of coaxial connectors and

solder to the cabinet on both sides.

. Solder feedthroughs.
. Mount and solder all parts according to the pans layout

except filters, MMICs, MGF1302 and SMD-C3.

. The 1nF disk caps are soldered to the ground plane with

small pieces of copper-foil.

. Remove free leg from Neosid 5061 and also the ground

lugs of the enclosure.

. Mount all filters. Fully solder the enclosures to the ground

plane.

Mount pots for TX GAIN (Cermet) and RX GAIN (SMD).
Solder 7808 to tin-plate enclosure.

Solder M67715 approximately 1mm above the PCB.
Mount the external cooler with heatsink and some ther-
mal conductive compound.

L1 and L2 are made from 0.22mm copper enamelled wire
wound closely on a Imm form. Mount them with short
legs.

Mount MGF1302 and solder L1 onto the free gate leg
(bent through 90°).

Make contact troughs for the ground lugs of the MMICs.

17. Mount MMICs.

18. Mount BFR92 and BF093 ‘overhead’.

19. Solder 56€2 load resistor

20. Mixer C3 can be soldered after tuning of LO chain.

LO adjustment
Apply supply voltage and adjust core of oscillator coil 5061
until voltage at collector of quadrupler BFR92 drops to a mini-
mum value. The 384MHz helical filter is tuned for minimum
collector voltage at tripler transistor BFG93. Connect power
meter via 50Q coaxial cable to LO port (mixer SMD-C3 is
not fitted yet) and adjust 1152MHz helical filter to maximum
output (7dBm min). With the aid of a frequency counter the
96MHz crystal oscillator can be set to the exact LO frequency.
Negative temperature coefficient (N750) components for the
10pF/82pF capacitors in the crystal oscillator circuit compen-
sate for low-frequency drift, but may be changed in tempera-
ture coefficient in order to accommodate different types of
crystals. An external TCXO or OCXO can be connected via a
47pF capacitor to the source of the J310. In this case the crys-
tal and the 0.22uH choke must be omitted.

After finishing the tuning procedure mixer SMD-C3 should
be fitted (see step 20).

RX adjustment
Adjust pot RX GAIN to minimum value. Connect antenna or
50Q dummy load to RX input and a 144MHz RX to the IF
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Fig 4.85. Component layout (DUBUS Technik IV)

output. Check operating voltages on the MGF1302 and the
MARG6. Adjust helical filters in the RX chain to maximum
noise level on 144MHz. Tweaking of the helical filters can
be done with a signal generator or by listening to a beacon.

Normally tuning of L1 is not required because of its low Q
characteristic, but if a noise figure meter is available, tuning
can he done by squeezing coil L1 with a plastic tool.

Because maximum gain is quite large, an adjustment to
the input characteristic of the 144MHz RX can be performed
by adjusting the RX GAIN pot for an appropriate S-meter read-
ing.

TX adjustment

Transmit/receive switching is initiated by a DC voltage on
the IF line. Alternatively, an external facility could be fitted
(see circuit diagram). Connect a power meter to TX output
and switch to transmit. Check voltages on INA10386 and
M67715. Key 144MHz TX and adjust TX GAIN pot for some
readable output power. Adjust helical filters for maximum
output power. Finally, the TX GAIN pot can be adjusted to a
nominal output of 1.5W.

Measurement results
Power output = 1.5W
Spurious < —70dBc
Image rejection > 70dB
Harmonics <—40dB

RX gain = 16-18dB
Noise figure = 1.2-1.4dB

TRANSMITTERS
There are two main types of transmitter, one having a con-
stant, if interrupted, output such as is used for Morse, data or
FM, and the other for modes where the output must follow
the input exactly such as for SSB. The latter are called linear
circuits. A transmitter consists of several stages, some of
which are common to receivers. For example, low-power am-
plifiers, mixers and some forms of modulator are common.
Fig 4.86 shows a block diagram of a transmitter suitable
for ‘on-off’ modulation, ie for Morse code or data transmis-
sion. Fig 4.87 shows one for a FM transmitter and Fig 4.88
for a SSB system of the ‘filter’ type. Fig 4.89 shows a similar
block diagram for a FM transceiver. A SSB transceiver is
similar except that frequency translation is done by mixing
rather than by multiplication.

T
f >
Fig 4.86. Morse code transmitter. Key: K - key; O — oscillator; A/X

— amplifier/frequency multiplier; P — power amplifier; L —low-pass
filter

Antenna

AlX P L

CD1348
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Fig 4.87. FM transmitter. Key: M — microphone; A — audio amplifier; C - clipper; F1-low-pass
AF filter; R-reactance modulator; O — oscillator; X - frequency multiplier; P - power amplifier;

L - low-pass RF filter
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Fig 4.88. Filter-type SSB transmitter. Key: M — microphone; A - audio amplifier; C - clipper;
F1 - low-pass audio filter; D1 - double-balanced modulator; F2 - sideband filter; O1 - fixed
oscillator; D2 - double-balanced modulator; O2 - variable oscillator; F3 - filter; P — power
amplifiier; L — low-pass filter
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Fig 4.89. FM transceiver. FM is generated at O1 frequency which is equal to the IF. Key: M -
microphone; A1 - audio amplifier; C - clipper or speech processor; F1 - low-pass audio filter;
R - reactance or phase modulator; O1 - fixed frequency oscillator; D1 - double-balanced
mixer; 02 - variable-frequency oscillator; F2 — RF filter; P — power amplifier; L — RF low-pass
filter; A2 - receiver RF amplifier; D2 - double-balanced mixer; A3 — IF amplifier; K - FM
demodulator; A4 - audio amplifier; LS - loudspeaker

Frequency multipliers
These are RF amplifiers in which
deliberate distortion of the waveform
is carried out so that the output con-
tains harmonics of the input. This is
done by using very low bias in a bi-
polar transistor stage or high bias in
a FET stage. In either case, the out-
put is tuned to the desired harmonic.
Single devices tend to produce bet-
ter odd harmonic output while even
harmonics can be better produced
using a ‘push-push’ circuit in which
the input is ‘push-pull’ and the out-
put is parallel.

Fig 4.90 shows a circuit for an odd
harmonic multiplier and Fig 4.91 one
for even harmonics. Many devices
will work in these circuits; those
given are known to work but are not
specifically recommended.

Interstage coupling

The coupling of signals between
stages is important for one or two rea-
sons:

1. It provides matching between the
output of one stage to the input of
the next and

2. It may provide selectivity, ie it
may contain a tuned circuit. The
second is not always the case since
there are wide-band amplifiers
which, for example, cover most of
the HF part of the spectrum.

In general, in VHF and UHF trans-
mitters, we are dealing with both rea-
sons and, in the case of selectivity,
this must be either low enough to

The following paragraphs are a short introduction to the
various blocks in the diagram. Note, however, that blocks
which are common to receivers are dealt with in that section.

RF amplifiers
These follow exactly those in the receiver section — for fur-
ther details see p4.21.

cover the whole band, or tuneable with a front-panel control,
or possibly cover only the section of the band of interest to
the operator.

With tuned circuits, it is often possible to provide a low
impedance output by means of a tapping or a link winding of
relatively few turns. Fig 4.92 shows a typical interstage cou-
pling between the collector of one transistor and the base of

TR1 @ +Vcc
2N2222A

3f

1 t
nPY Output

TR2
2N2222A CD1353

Output

+Vdd
2N4 416 CD1364

Fig 4.90. Odd-harmonic multiplier (ARRL Handbook)

Fig 4.91. Even-harmonic multiplier (ARRL Handbook)
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the next. In general, FETs
are easier to deal with be-
cause their input imped-
A ance is much higher than

bipolar transistors. They
Bias g

do, however, have a large
input capacitance which

Fig 4.92. Tuned coupling between

transistor amplifiers

CD1354

varies with bias and signal.
Fig 4.93 shows a FET
interstage coupling of the
broad-band type.

Broad-band couplings are useable up to a point. At high
levels, which may only mean 1W or so, by-product signals
can be formed which can, in non-linear circuits, form un-
wanted signals, some of which may end up in the band. It is
therefore necessary to put in some selectivity to attenuate all
but the wanted signals.

Spurious outputs

In all cases the ideal transmitter will have frequency stability
and a ‘clean’ output, ie with no other RF signals present than
those wanted. This means no unwanted outputs such as har-
monics or other spurious frequencies. It will also have means
for controlling the power output so that minimum power nec-
essary for communication can be used.

These ideals are not attainable in practice so it is generally
recognised that, if the spurious outputs are lower than —60dBc
(decibels with respect to the carrier power) or —30dBm (with
respect to 1 milliwatt), whichever is the lower, then the out-
put is clean enough. The VHF Contest Committee of the
RSGB recommended a lower level of —90dBc but this has
proved too difficult to achieve.

Power levels

The transmitter starts with low-power stages and only in the
last stages does the power increase significantly. These high-
power stages are dealt with later. Arbitrarily, a RF power of
1W is considered the boundary. Below this, many of the cir-
cuits are identical to those used in receivers although there
are functions performed in a transmitter which do not occur
in receivers.

Audio inputs

The average normal microphone produces a few millivolts
(mV) and the modulator (see below) needs of the order of
volts so a gain of about 1000 is needed. It is also necessary to
‘tailor’ the frequency response of the microphone to about
300-2500 Hz to avoid broaden-

V+

Turns ratio 8:1
wound on
suitable
ferrite core

CD1355 T

Fig 4.93. Wide-band coupling between transistor amplifiers
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Fig 4.94. Low-pass (a) and high-pass (b) Sallen and Key type audio
filters. V+ and V- are symmetrical about the earth line. Both filters
have a Chebyshev response and a gain of 2

the op-amps and have a Chebyshev response. Fig 4.95 shows
the practical circuit.

In order to control the maximum output, it may be useful
to put a simple clipper between the amplifier (IC1a) and the
filters. In this way some of the distortion products made by
the clipper are removed.

Modulation

On-off modulation is used for Morse code and for data modes,
and the only essential is that the on-off transitions are gentle.
If they are sharp, a large number of sidebands will be pro-
duced and these appear as key clicks. The aim should be to
have a waveform which is rounded (see Fig 4.96). This is
done by arranging the rise and fall times to be 0.1 of the time
of the bit. In the case of Morse, the bit is the single dot and in
digimode, the bit is the ‘mark’ signal.

Frequency modulation (FM)
There are two methods of achieving this: the direct method
and the indirect or phase modulation (PM) method. The former

ing the bandwidth requirement
for SSB. Both operations can be
carried out using low-noise op-
amps. A quad op-amp can pro-

vide all the necessary functions. Ve
The first stage provides most of e 1
the gain, the second stage is a /
high-pass filter with a cut-off of 1N41E;
300 Hz and the third stage is a

IN4148 28k

C3

low-pass filter with a cut-off of
2.5kHz. The filters are of the

/ 7‘ 7 CD1345

Sallen and Key type (Fig 4.94)
using selective feedback around

Fig 4.95. Practical filter circuit. ‘Odd’ values of resistors should be made up from series or parallel
combinations. C1, C2 and C3, C4 should be matched if possible
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Fig 4.96. The letter ‘U’, showing gentle transitions from mark to
space and vice versa

consists of a reactance modulation of an oscillator which, at
its simplest, can be achieved by applying the audio signal to
a suitable biased varicap diode (Fig 4.97) and the latter by
attaching the same sort of varicap to one of the tuned circuits
after the oscillator to alter the phase with the audio signal
(Fig 4.98).

Regulated bias (+ve)

100k
To frequency REC AF
determining —<—modulating
elements signal

Varicap diode

Fig 4.97. Basic varicap diode modulator

The two waveforms are shown in Fig 4.99 together with
the audio signal (top). The FM is shown in the centre and the
PM at the bottom.

It will be seen that there is little difference between the FM
and the PM waveform. However, in PM the effective FM is
proportional to the modulating frequency so to get true FM,
in the PM system, the audio must be tailored to have an am-
plitude that falls with increasing frequency.

By whatever means FM is achieved, the signal is described
mathematically by the Bessel function. It is not necessary to
understand this, only to apply it. Table 4.7 and Fig 4.100 show
the Bessel function as a function of modulation index (MI)
which is defined as:

N\ A\

Audio
modulation

RVAVAV

Fig 4.99. Angular modulation of an RF carrier

Deviation of the FM carrier

~ Audio frequency producing that deviation

Fig 4.100 is easiest to understand as it shows the amplitude
of the carrier and the various sidebands for various values of
MI. It will be seen that the carrier decreases as MI increases
and at a value of MI of about 2.4 (actually 2.405), the carrier
disappears. When it reappears at higher MIs, it is negative
which only means its has its phase shifted by 180°. Fig 4.101
shows the amplitude and distribution of sidebands at various
MIs.

Maximum deviation needs to be set to suit the band and
the system. At present, repeaters will not accept deviations
greater than 5kHz and this is also used for simplex working
at the present channel spacing of 25kHz. When the channel
spacing is reduced to 12.5kHz, the maximum deviation must
also be reduced to 2.5kHz.

The fact that the carrier disappears at a MI of 2.4 gives us
a way of setting up an FM transmitter (or just an FM genera-
tor) to a specific deviation using an audio generator and a
sharply tuned HF receiver. This assumes that the FM is gen-
erated on a carrier within the range of the HF receiver and
multiplied up to the band in question. As an example, take a
final frequency of 145MHz which is generated at 12MHz and
multiplied by 12. If the final deviation is SMHz, the devia-
tion at 12MHz is 417Hz. If this is caused by an audio tone of
174Hz the carrier will disappear at a deviation of 417Hz (ie
at a MI of 2.4). This disappearance is monitored on the HF
receiver.

From 8MHz

crystal
oscillator
:25—89

X2 Multiplier

High 2N3819

impedance 2N706 05
microphone
Toazo2
0OA202
V' N
T25
l— LEVEL METER

Fig 4.98. Practical circuit using a varicap diode
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Modu-

1st set

lation Carrier of side- 2nd 3rd 4th 5th 6th
index value bands set set set set set
0.00 1.000 - - - - - -

0.01 1.000 0.005 - - - - -
0.05 0.9994 0.025 - - - - -
0.02 0.9900 0.0995 - - - - -

1.00 0.7652 0.4401 0.1149 0.0020 - - -
2.00 0.2239 0.5767 0.3528 0.1289 0.0341 - -
4.00 -0.3971 -0.0661 0.3641 0.4302 0.2811 0.1321 0.0491
5.00 -0.1776 -0.3276 0.0466 0.3648 0.3912 0.2611 0.1310
7.00 0.3001 -0.0047 -0.3014 -0.1676 0.1578 0.3479 0.3392
10.00 -0.2459 0.0435 0.2546 0.0584 -0.2196 -0.2341 -0.0145

7th 8th 9th 10th  11th  12th  13th  14th
set set set set set set set set
0.0152 - = 2 - = = =
0.0534 0.0184 - = - - = -
0.2336 0.1280 0.0589 0.2035 - = o =
0.2167 0.3179 0.2919 0.2075 0.1231 0.0634 0.0290 0.0120

A negative sign indicates that the component is 180° out of phase with respect to the others. Blank spaces indicate that the values of the

sidebands are insignificant
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Fig 4.100. Bessel curves showing variation in carrier and sideband amplitude with modulation index

SSB

Fig 4.102 shows the relationship between the audio modulat-
ing frequency, the carrier frequency and the AM, DSBSC and
SSB products. There are three methods for generating SSB.

The filter method
This is where a carrier is generated and fed to a balanced
modulator (DBM, see above, the balanced mixer has exactly

the same characteristics) which produces two sidebands with
very little carrier (a perfect DBM produces zero carrier), ie a
DBSC (double sideband suppressed carrier) signal. A sharp
filter removes one of the sidebands and what is left of the
carrier. This method is that used in the majority of commer-
cial transceivers.

The mechanism can be expressed mathematically as fol-
lows. We assume that a simple tone is modulating a carrier:

cos A X cos B =
Y2cos (A+ B)+Y2cos (A—B)

where A is the carrier frequency and B is that
of the tone (cos or cosine functions are used
because the mathematics are simpler than
sine functions and the difference is only a
90° phase shift.) A + B is the upper sideband
and A — B the lower. If B is biased so that A

100°/e
3 11 11
3
£ 50°/ 11 2 2
a 21 12 3|1 1]3
£ 1)1 2112
“ Ml e allille lllll
2 2 5
o | R L R A A B SIS s8] [H:
[¢] 0.5 1.0 1.5 2.0 3:0
Modulation index FM-2

never goes negative, the carrier is not sup-

Fig 4.101. Relative carrier and sideband levels for various modulation indices

pressed and the result is AM (amplitude
modulation) — see Fig 4.102.
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pilot carrier to which the receiver
‘ carrier can be synchronised.

SEMICONDUCTOR
POWER AMPLIFIERS

Frequency

(a) {b) (c)

Lower-power transistors are read-
ily available from specialist sup-
pliers and so can be used in de-

(d)

CD1347

Fig 4.102. (a) The audio signal. (b) AM signal derived from it, f, being the carrier frequency. (c)
DSBSC signal,f.being where the carrier would be. (d) SSB signal (upper sideband), f. being where

the carrier would be

The phasing method
In this method [24-26] the audio is used to generate two sig-
nals which are mutually at 90° phase difference to one an-
other. These are used to modulate two carriers which are also
at 90° phase difference and the resulting signals are combined.
A SSB signal results and this can be shown mathematically.
If the two carrier signals are A and A + 90 and the two
audio signals are B and B + 90, then:

cosAXcosB=YV2cos (A+B)+Y%cos(A—B) ()

and
cos (A +90) X cos (B +90) =
Y2cos (A+ B+ 180) + Y2cos (A — B) (i1)
now

cos(A+ B+ 180)=—cos (A +B)

so by adding (i) and (ii) we get cos (A — B) and by subtracting
(ii) from (i),we get cos (A + B) which are the lower and upper
sidebands.

Analogue methods can be used to produce the phase shifts
in the audio signal and these are quite complex if an accurate
90° phase shift necessary for good carrier and sideband sup-
pression is to be obtained.

The Third Method

This is a different phasing method [27] which does not need
two audio channels accurately at 90° phase to one another.
The audio signal is passed to two DBMs which are fed in
quadrature (90° phase difference) by a pilot tone at, say,
1.7kHz. Each produces a DSBSC signal from which the up-
per sideband is stripped by two low-pass audio filters. The
resulting signals are passed to two further DBMs fed in
quadrature by the HF oscillator. Finally, the four sets of
sidebands are combined whern some reinforce and the others
cancel, resulting in a SSB signal. The mathematics of the proc-
ess are rather complex. The originator of the Third Method
was D K Weaver [28] who was not a radio amateur.

All SSB signals are generated at HF and transformed to
VHF or UHF by mixing with a suitable frequency and filter-
ing out the unwanted sideband. Frequency multiplication can-
not be used because this would multiply the audio frequen-
cies.

It should also be noted that while all the information is
transmitted on each sideband, it is not possible to regenerate
the audio signal exactly. The normal technique is to adjust
the added carrier until speech sounds ‘normal’, ie not like
Donald Duck! For this reason, SSB cannot be used to trans-
mit music unless there is some method for reintroducing the
carrier exactly, eg by transmitting a very much reduced or

signs intended for copying.
Higher-power devices tend to be
very expensive, the selection
available to the amateur buyer is
very variable, and it can prove difficult to duplicate some
designs. Nevertheless, such designs are valuable in demon-
strating the specialised design and construction techniques.

Cooling
Proper cooling is vital for high-power transistors as lot of
heat has to be conducted through a small area with a low tem-
perature rise. Philips’ recommendation [29] for the heatsink
is for a surface flatness of 0.02mm (0.001in) and a surface
roughness of 0.5um (almost mirror finish). These specifica-
tions are difficult to achieve without machining and probably
unnecessary in most amateur applications, but most extruded
heatsink shows a far from ideal surface. Sanding with fine
wet/dry paper can make a worthwhile improvement in the
flatness at the expense of roughness. It is worth asking local
machine shops for a price for skimming a heatsink; some
charge very reasonable prices. Figs 4.103 and 4.104 show
enlarged views of the transistor/heatsink joint; if the surfaces
are not flat there are few points of contact for heat flow. The
heatsink is not the only source of imperfection; most transis-
tor flanges are quite soft and can become distorted. If neces-
sary, they can be sanded against fine wet/dry paper which is
placed face upwards on a flat surface.

White heatsink compound should be used in preference to
clear silicone grease and it is
intended to fill the micro crev-
ices in Fig 4.104, rather than
the large gaps. Heatsink com-
pound is a hundred times
worse than metal at conduct-
ing heat (but slightly better
than nothing at all), hence the
emphasis on flatness and
roughness to get maximum
metal-to-metal contact at a
microscopic level [30]. Before
fitting the transistor, deburr
the fixing holes well and clean
all swarf, dust from sanding
and solder/flux splashes from
both heatsink and transistor
using methylated spirits or
similar; any debris whatso-
ever under the transistor will
prevent the important metal-
metal contact. Using a thin
layer of thermal compound,
just enough to obscure the
metal, press the transistor into

Transistor

M M

7

H6-58B

Heatsink

Fig 4.103. View of transistor on
concave heatsink, showing gap

Transistor

HE6-58A

Fig 4.104. View of transistor on
convex heatsink, showing gaps.
Magnified view shows micro
crevices in the transistor-
heatsink interface
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place as hard as possible with a finger, then remove it when
any voids in contact will be obvious. It should be possible to
achieve contact over the whole flange with this amount of
thermal compound; if this is not possible, then either the tran-
sistor or heatsink is not flat enough. Be careful: thermal com-
pound spreads a long way and does not wash out of clothes
easily. Methylated spirits will remove and disperse it prior to
washing.

Make sure that the fixing screws do not foul against the
main body of the transistor or the BeO (beryllium oxide, or
‘beryllia’) between the flange and the leads might be dam-
aged; particles of BeO are very toxic if inhaled. The top cap
is made from alumina which is razor sharp if broken but non-
toxic. Most transistors are designed to be used with Ameri-
can 4-40 UNC screws, but M2.5 or M3 can be used as an
alternative. M2.5 is probably better as there is greater clear-
ance for the head and less likelihood of overtightening (which
actually reduces the thermal contact to the heatsink). Screws

CD1319

Fig 4.105(a). Typical VHF amplifier circuit

should be tightened to 0.7Nm, which is tight but well short of
needing great effort. Always use a plain washer between the
screw and the flange.

If the transistor is correctly fitted to the heatsink, a heatsink
temperature of 70°C is a reasonable upper limit to apply. The

Vcc
% v
500 500
input output
x indicates earth rivet
Copper pattern shown before cutting the
hole for TR1 CD1220

Fig 4.105(b). Component layout and component side copper (reverse side is continuous copper)



RECEIVERS, TRANSMITTERS AND TRANSCEIVERS

PC board

Ground plane Ground straps 01221

Fig 4.105(c). Earthing straps and wires

transistor will typically be operating with a junction tempera-
ture of around 120°C which will give very good reliability,
and many of the other components in the circuit will have a
temperature rating of 70 or 85°C. Remember that 70°C is hot
enough to cause skin burns; using a fan or larger heatsink to
reduce the heatsink temperature so that it is not uncomfort-
able to hold will provide extremely good reliability, provided
that individual components are not over stressed.

It is also important to ensure correct mechanical alignment
between the RF power transistor and the PCB. The transistor
leads should ideally be level with the PCB; slight downwards
tilt is acceptable, but avoid any upwards bend as this can re-
sult in the leads becoming detached or the top cap being dis-
lodged. The PCB will normally need to be spaced away from
the heatsink using, say, a stack of washers. For most flange
and stud mounting transistors, a 4BA half nut (2.5mm thick)
is about correct if the PCB is the most common 1.6mm thick-
ness. The nut has a centre hole which gives clearance for a
M3 screw.

Earthing and construction

An important aspect of all transistor amplifiers is earthing.
The low impedances result in high RF currents and solid, low
inductance earthing is key in ensuring circuits operate as ex-
pected. Normally, circuits will be built on double-sided PCB
with the underside a continuous copper ground plane. Fig
4.105(a)—(c) and 4.106 show a typical amplifier circuit and a
suitable way to construct it, including how the emitter leads
should be connected to the ground plane with straps of cop-
per or brass foil. Additionally, any areas of earth connection
on the top surface should have pins or wires connecting the
top and bottom together at regular intervals (20mm or less
spacing).

Stability
VHF/UHF power transistors have increasing gain at lower
frequencies which can easily bring about destructive oscilla-
tion. Many designs show no signs of instability until an
‘equivalent’ transistor, or even a different batch of the origi-
nal, is tried. A precaution against this is to ensure that the
transistor sees a resistive load at frequencies much below the
operating frequency. In Fig 4.107 the RFC and RF decoupling
are transparent at low frequencies and the transistor is loaded
by the resistors through the LF decoupling to ground. The LF
choke provides the DC path for the supply current. In the
base circuit of a Class C amplifier, point X is grounded and
C4/5 are omitted. Another technique which improves LF sta-
bility is resistive feedback, shown in Fig 4.108. The RF choke
isolates the resistor at the operating frequency and the ca-
pacitor provides DC blocking.

Bipolar transistors in particular can also suffer from para-
metric instability. The collector base capacitance varies with

Transistor PC board

[t
£ i L 1

Spacer—l |

(a ) Heatsink

Transistor

(b) Heatsink

CD1222 (C)

Heatsink

Fig 4.106. (a) Mounting arrangements for PCB, transistor and
heatsink. (b) Acceptable lead forms (c) Incorrect lead form

RF matching

Fig 4.107. Transistor decoupling networks. L1, L3: RFC suitable for
the operating frequency. L1 is usually an air-spaced inductor and
L3 can be a moulded choke. L2, L4: ferrite-cored inductor, eg 2t on
Siemens B62152 two-hole core, type A1X1 for L2, A4X1 for L4. C1,
C4: decoupling at operating frequency; typically 1000pF. C2: 0.1uF
ceramic. C3: 47uF. R1, R2: 10Q 1W carbon or metal film

collector voltage throughout each RF cycle and thus provides
a varying feedback path. Under some operating conditions
spurious signals can be produced and, once present, the



VHF/UHF HANDBOOK

non-linear feedback makes
these self sustaining. The
sustaining mechanism
makes the effect prone to
produce exact sub-harmon-
ics (f12, 13 etc) of the input
signal, although the signals
will often interact with each
other and produce a very
wide band of spurii.

The effect is affected by
the choice of matching cir-
cuits, supply voltage and operating power level. Avoiding
heavy saturation is the single most effective preventative
measure.

FETs are not totally immune to instability, but their inter-
nal feedback tends to be much lower than bipolar transistors
and varies less with drain voltage, so the effects are not so
severe.

100-5008
1-2Wcarbon

RFC at operating
100n frequency

Fig 4.108. Transistor RLC feed-
back

Biasing

For linear operation transistors require some form of fixed
bias. For FM only use, bipolars can be used without bias,
although there is usually slight loss of gain. Power FETs al-
ways need fixed bias.

FETs are easy to bias as they only require a fixed voltage
and, for normal amateur environments, temperature compen-
sation is not needed. Biasing bipolars correctly is a little more
complex. Bipolars are biased with current injected into the
base. The bias source has to maintain a constant bias voltage
as the base current varies over the RF and modulation cycles;
the base current can be in the regions of 1A peak in high-
power devices.

The base-emitter junction has the characteristics of a sili-
con diode, with a negative temperature coefficient of about
2mV/degree. As the transistor heats up, the base emitter volt-
age drops and, if the bias voltage is not reduced, more base
current will flow, resulting in higher collector current, and
more heating etc. The overall effect is termed thermal runa-
way. The solution is to use a diode, or another base-emitter
junction, to sense the temperature of the power transistor (or
the heatsink close by) and use this to adjust the bias voltage
in line with the temperature.

Fig 4.109 shows a simple circuit using a power diode to
set the bias voltage which is suitable for low-power amplifi-
ers; the maximum base current of the transistor (/. ../ Hrg)
should not exceed about 10% of the current in the diode. For
higher powers the bias circuit has to supply more current. Fig
4.110 shows the addition of an emitter follower to give higher
current capacity; D1 is mounted by the RF transistor, D2

RF
R transistor
base

IN40OO7 in
thermal

contact with=—
power

transistor

€D1320

Fig 4.109. Basic diode bias circuit. Select R to give approx 250mA
through the diode

should be mounted close to TR1 and compensates for varia-
tions in Vggof TR1. Other bias circuits are used in the ampli-
fier circuit examples and these can be applied to most circuits
without difficulty.

220R

4k7

™~

D1, D2 3
IN4148

1l
L

/ 7‘ 7 CD1321

Fig 4.110. Emitter-follower bias circuit

Matching

The use of output impedance is inappropriate for RF power
transistors; they are characterised in terms of load impedance.
The external load impedance (often 50€2) is modified by the
matching circuits and presented to the transistor. The load
impedance affects the balance between gain, linearity and
efficiency at any given power level. Manufacturer’s data will
usually give figures for maximum output power and efficiency,
and lower impedances might be needed for best linearity.

S parameters have very little value when applied to high-
power amplifiers and transistors; by definition they are meas-
ured at signal levels where no non-linear effects occur and
this is totally inappropriate for high-power situations. It is
much more useful to define the load impedance required by
the transistor for given operating conditions, and the input
impedance of the transistor under those conditions.

The input matching circuitry converts the input impedance
of the transistor to whatever impedance is needed to load the
preceding stage. In the case of a stand-alone amplifier this
will usually be 50€2, but in an amplifier chain the conversion
might be directly to the optimum load impedance of the pre-
vious transistor. This will simplify circuitry compared with
matching each stage to 50Q and then connecting them to-
gether, although it means that the output power of the driving
transistor cannot be measured directly.

Modern simulation programs can use S parameters in con-
junction with non-linear models of transistors to predict cir-
cuit behaviour but this is beyond the scope of this book.

(Voo Veesa) 2P, is widely used to establish a starting point
for load impedance where this is not specified by the manu-
facturer. In practice, high-power transistors used near the upper
limit of their frequency range will have an optimum load re-
sistance which is one-half to one-third of the calculated value
and which will also have a significant reactive component.
The calculated value is still a reasonable starting point, but
experimentation is likely to be needed to optimise perform-
ance in practice so there is benefit in using matching circuits
which offer a wide tuning range.

Athigh powers, and especially atlower supply voltages (eg
12V), the load impedances can be very low with the resistive
component being a fraction of an ohm. At 5S0W output, this
corresponds to a RF current of 10A or more; components
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carrying this level of current must be of low loss and suitable
for the purpose. Layout and construction become critical;
inductors typically become wide printed tracks or thick copper
straps to give large surface area. Do not use tinned copper
wire, which is lossy as skin effect means that the RF current
flows in the surface plating and not in the copper wire.
Capacitors capable of carrying high current are normally
either metal clad mica, or porcelain ceramic chips (ATC or
equivalent) and very few other types are suitable in these
situations. Often several capacitors are connected in parallel
make up the total value and share the current. Using higher
supply voltages brings several benefits: higher impedances
which makes matching easier and less lossy, higher gain and
lower price/watt.

To some extent at 144MHz, and certainly at higher fre-
quencies, the parasitic inductance of capacitors must be taken
into account. For both chip and metal mica types, this is about
0.5nH. At 432MHz this is a reactance of +1.3Q. A final reac-
tance of, for example, —8€Q (46pF at 432MHz) actually re-
quires a capacitor with a capacitive reactance of —9.3€2. This
is 40pF, 15% less than calculated. Table 4.8 shows another
example, comparing the marked and measured values of
leaded miniature ceramic capacitors at 144MHz. A leaded
capacitor, even with minimum lead length, will have an un-
predictable parasitic inductance of several nanohenrys. This
makes it impossible to swap capacitors in matching networks
with any certainty, so designs need to be reproduced accu-
rately to have a good chance of success. Motorola applica-
tion note EB46 [32] shows an excellent example; a VHF 80W
amplifier is fixed-tuned in bands by component selection. The
difference between 143—-170MHz and 155-175MHz is that
in the first, a S00pF capacitor is made from two 250pF com-
ponents and in the second it is made from 200 and 300pF
components.

The low impedances mean that there is a practical limit to
the power level which can be obtained from a transistor. For
example, trying to reach 150W by putting two 75W devices
in parallel in one transistor package can reduce the imped-
ance to a level which becomes unmanageable. One means of
reaching the higher power level is to use two 75W devices in
push-pull. Here the input and load impedances are in series,
so the impedance is double that of a single transistor (see Fig
4.111), making matching much easier. Where the two tran-
sistors are mounted on a single package, further benefits arise.
If the drive to the two halves of the device is truly antiphase,
a RF ground point exists within the package and this means
that there are no circulating ground currents in the external
circuitry. If this circuit arrangement is used with two separate

RECEIVERS, TRANSMITTERS AND TRANSCEIVERS
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( C ) GD1322

Fig 4.111. (a) Typical equivalent input circuit of high-power RF
transistor. (b) Equivalent for two transistors in parallel. (c) Equiva-
lent for two transistors in push-pull

transistors, the physical separation introduces current in the
path between the transistors which then demands the same
low-inductance ground connections as are needed in single-
ended circuits.

At low frequencies the balanced drive signals are often
generated with a conventional centre-tapped, wound trans-
former. Leakage inductance, stray capacitance and losses in
ferrite make this unpredictable at VHF and transmission line
transformers are widely used instead. The principle is shown
in Fig 4.112. Basic laws of physics mean that if a current
flows in the inner of a coaxial cable, exactly the opposite cur-
rent flows in the outer. If the output end is not connected to
ground, then the inner and outer are in antiphase or push-
pull. Satisfactory operation depends on choosing the type and
length of cable correctly. Lengths should not exceed 0.4A and

I G\ — A\
Ve 1 G/
Cable impedance = Ry
-1
Push-pull
1t output voltage
Equivalent with respect to
wound 2t ground
transformer 1t

©D1323

Fig 4.112. Operation of coaxial cable balun
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00 — 109 (2 x 20
in parallel)
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e

the values of R1 and R2 and provides a wider
range of impedance matching. A convenient
by-product of the circuit is the DC blocking
action of the series capacitor. A loaded Q of
about 5-10 is usually chosen. Higher values
give higher harmonic rejection, but at the cost
of higher RF current and voltage in the net-
work which leads to increased losses. In prac-

12.5Q

(2 x 258

in parallel)
o

tice, a harmonic filter should be used at the
output of every amplifier, so there is no ben-

CD1324

Fig 4.113. Matching for transistors in parallel (bias and power connections omitted).
Impedance values shown are typical and need not be duplicated exactly

the minimum lengths needed depends on the cable size. As a
rule of thumb, a length of A/6 of UR43 type cable (Smm di-
ameter) will have balanced outputs. If miniature cable is used
(RG179 or smaller) then about half this length is adequate.
As an alternative, a shorter length of cable can be loaded with
low-loss ferrite material, sufficient to produce a few hundred
ohms of reactance (calculated as if the cable was replaced by
a single wire of the same diameter).

Another method for combining transistors in a circuit is to
operate them in-phase [33]. Mechanically it is impractical to
simply connect them in parallel, and Fig 4.113 shows how
each transistor has some individual matching circuitry to a
higher impedance and then the circuits are connected in par-
allel. There is a risk that the two-transistor circuit will form a
push-pull oscillator, and resistors are often added to suppress
this. If the two sides are in-phase and at equal amplitude, the
resistors dissipate no power. In many instances where low-
gain transistors are being used, these resistors can be omit-
ted.

Matching circuits

At VHF, matching circuits are usually constructed from
‘lumped’, ie discrete, components and are usually designed
to provide a useful amount of tuning range to allow for dif-
ferences between devices, and as a result of variations in the
construction of the circuit. The tuning range is also valuable
where the impedances have been estimated and the actual
values required can be significantly different to those calcu-
lated. At UHF and microwave frequencies, matching tech-
niques tend to use printed striplines instead of wire inductors,
and construction techniques become very important as even
a millimetre of lead or track length represents a significant
reactance. The formulae for estimating load impedance are
highly inaccurate at these frequencies and designs need to be
based on accurate data. Published designs need to be copied
very accurately to ensure success.

Some circuit configurations widely used for narrow-band
transistor amplifiers at VHF are shown in Fig 4.114 [34].
Power connections to the base and collector are not shown;
these are assumed to be RF chokes so that they do not affect
the operation of the matching circuit. The ‘L’ circuit of Fig
4.114(a) lacks flexibility in that the loaded Q is set by the
impedance transformation ratio between R1 and R2, and there
is limited tuning capability as the inductance is a fixed value;
variable inductors are impractical in VHF power amplifiers.

The circuits of Figs 4.114(b) and 4.113(c) have greater flex-
ibility through the use of two tuning capacitors. This allows
the loaded Q to be chosen by the designer independently of

efit in choosing a high loaded Q in the match-
ing network.

Where the impedance ratio to be matched
is high, component values become impractical if the match-
ing is carried out in a single stage. In these cases, it is com-
mon to use two circuits in series, each carrying out about half
of the total transformation. The intermediate impedance can

be chosen by:
VR +R,

The definition of ‘high’ varies with frequency and imped-
ance, but as a rough guide, a single three-component section
will match an impedance ratio of up to 15:1 at 50/70MHz and
10:1 at 144MHz.

Quarter-wave coaxial transformers provide another con-
venient method of transforming impedances. As the transis-
tor impedances are <50€2, cable impedances of <50 are
needed. Such cables are rare and expensive, but readily avail-
able 50Q2 cable can be used by connecting lengths in parallel,

(a) .
Low High
resistance resistance
R, R12 + XUZ
Q= ?1—1 Xiq = QR; XC‘:T
(b) L Ca
G

_IYW‘\T“_
I A
Low /J; High

resistance resistance

Choose value of Q

p. [ROvaD Xi1= QRy
N R, - Xc2 = ARy
B
= 2 Xeq= e
B = Ry(1+ Q2 B=g =g
(c) L S
.—IVW\—“.T—
%Fﬁ /J;Cz %Rz
Low High

resistance resistance
Choose value of Q
Ri Rz

Xc1=Q
c1 R1 Xcz

XL = Xer +

Ry
Rz =Ry

Xcz = Ry
CD1325

Fig 4.114. Transistor matching networks
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From series to parallel: From parallel to series:

XS)2 N Rp
Rp=RS|:1+(R—S Rg = RDZ
%
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g A - M
P Xs XS:RSRp
Xp

Fig 4.115. Conversion between parallel and series
impedances

for example 2 X 50Q2 behaves like 250, and 3 X
50Q like 16.7€Q2.

All of the matching circuits discussed here are
most easily designed when transforming between
purely resistive values. In practice, transistor im-
pedances normally include some reactive compo-
nent. The design process involves cancelling (‘tun-
ing out’) the reactive part of the impedance to leave
aresistance and then designing the matching net-
work to transform that resistance to the desired
value. Impedances are normally given as series
components; a resistance in series with a capaci-
tive or inductive reactance. In designing match-
ing circuits it is often useful to convert between
series and parallel descriptions of the impedance;
any given impedance can be defined in both ways,
as shown in Fig 4.115.

General rules for designing
matching networks

Input matching (Fig 4.116)

If the transistor impedance is inductive, convert it
to the parallel form and add a parallel capacitor at
the base lead to cancel the reactance of the induc-
tive component, then match to the resistive value.
If the transistor impedance is capacitive, add a
series inductance to cancel the capacitive reac-
tance.

Output matching (Fig 4.117)
If the manufacturer gives a load impedance for
the desired operating conditions then proceed as
follows. If the desired load impedance is induc-
tive, transform the external load (50Q2) to give the
correct resistive value and add a series inductor to
give the required inductive reactance. Alterna-
tively, the inductance can be provided as a paral-
lel element, which doubles as the power supply
connection. While this is often used it introduces
high RF currents into the decoupling capacitors.
For this reason, the technique is not recommended
for those without experience or access to RF test
equipment.

If the desired load is capacitive, convert it to
the parallel form, make the resistive transforma-
tion from the external load to the required parallel

| ¥ N
]ﬁ N ST

I it

leaving Add matching
only the network to
resistance higher resistance

Convert to
parallel form

Add capacitance

Xc = X to cancel

(a) inductive part

Combineinto a

single component
inpractice

ﬁ o

% 4+ e — +
Add series / ; ;
inductance leaving Add matching
XL = X¢ to cancel only the network to
(b) capacitive part resistance higher resistance €D1827

Fig 4.116. Transistor input matching. (a) Inputimpedance is inductive. (b) Input
impedance is capacitive

@ 4

\ /

Combine into

one component l

4 =Y
X, M _/WV\T”_
External
R + R load
I (eg 50Q)
Specitied Add inductor Add matching network

R+ X to give X to transform between R and
(a) external load (eg 50Q)

CER-RIEN

_/wvw_l_”_
Rp

| External
R Ry -+ + load
]— -[ (eg 50Q)
o o o

Specitied Convert to  Add capacitor Add matching network to

R + X¢ parallel form to give X¢ (in transform between R, and
(b) parallel torm) external load (eg 50Q)

Y Co= 1.25C, R + X, defines an
L inductive load which
Co R Caleulate Xqo can be designed
T XL = X¢o according to
~0  O- " Ve - Vce(sat))z Fig 4.117(a)
(C) 2 Pout cD1329

Fig 4.117. Transistor output matching. (a) Specified impedance is inductive. (b)
Specified impedance is capacitive. (¢) Estimated impedance



VHF/UHF HANDBOOK

TR102
FB BDX66 fB8 *asy
c1o1_|.. J_ J_ J_ i C)mm \
3.7 cr02 Lcioz Lcios L cios ¥szvescsin X
L 100n ==10n 100n = 4704 93C3 PTT
J I S | T
101 €106 R103
102 uoaz 00 82k
. _'5”__
c117 RLBI Antenna
2
RF input RLAI ]
]
CJ'°7 L101 !
>t H
60180 cno eria i
p 5 x_330p | | 184002 1»?23?)2 '
| c109 | | l l i
1
BT Ao T iy ' Y @
T 1a6pT T T T T { L& | LOW PASS FILTER RLA RLB
T c121 c122 ! 1
x +48V

10n£ IZ70p

R107
3 x 2208

TR104
BD237
TR103
BD237
R108
RVIO1 562
472

”J” BIAS

% Unless 48Volt relays are used, R104 and 105 should be selected tosuit
the relay coil voltage chosen
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I L101 I_Efmm | L104 ]
Material 1.6mm dia copper wire

Fig 4.118. Circuit diagram of the amplifier

load resistance and add a parallel capacitor to give the re-
quired capacitive reactance.

Where the load impedance is being estimated, proceed as
follows. The resistive part of the load is calculated from:

(Vcc_ Vcesal)z/ZPO

V.esat Should be chosen according to the supply voltage and
mode of operation; for 12V transistors this is 2V for FM only,
and 4V for linear operation with SSB. For 28V transistors,
the values are 4V and 6V respectively. The transistor output
capacitance is difficult to define as it varies widely with col-
lector voltage swing. If the transistor data shows a graph of
C,, versus voltage, use the value of C,, at 60% of the supply
voltage which will be used, otherwise use a value of about
1.25 times the C,, figure given in the data sheet. In either
case the desired load impedance is inductive, the inductive
reactance being chosen to cancel the transistor’s output ca-
pacitance.

Design example — 1T00W amplifier for 50VHz
G3WZT described a 100W linear amplifier for SOMHz [35]
(Fig 4.118) which covered the process of designing input and
output networks in some detail. Those portions of the article
are repeated here as a comprehensive design example.

Input matching

The input matching consists of two T-networks which match
the required drive impedance of 50Q to the complex input
impedance of the BLW96. T-networks are used in preference
to the more simple L-arrangement, as there is no control of

the working Q when using the latter. As the Q of an L-net-
work increases with the ratio of transformed impedances, high
circuit Qs can exist. This makes adjustment very critical and
temperature sensitive, and also causes unwanted narrow band-
width and high circulating RF currents. Inspection of the
manufacturer’s data for the BLW96 shows an input imped-
ance of 0.37 + j0.15Q (equivalent series components) at
50MHz. The reactive part of the input is very small (0.47nH)
and in this instance may be ignored. However, other devices
may have a much higher reactive component in the input im-
pedance, and for this reason it will be taken into account as
part of the input matching network in order to demonstrate
the method.

To start the design, it is first necessary to decide the inter-
mediate resistance between the two T-match sections (see Fig
4.119). Assuming both sections have the same Q, the inter-
mediate resistance is the geometric mean value of source and
load resistance R1 and R2’. Therefore, intermediate resist-
ance:

XLt xc2!

F—---f-— ‘I——"'_|
]
4 . R2'
Xt Rz SR xc1 509
-I- < T RF input
]
]
[}

R interrlnediate

R1
0-378
(BLW96 base)

Fig 4.119. Input matching arrangement



R; =V0.37 x50 = 4.3Q

Working from the base, the first T-match section transforms
from 0.37Q to 4.3Q, and the second section from 4.3Q to the
design source impedance of 50Q.

The next requirement is to define the working Q of the
sections. If too low a value is selected, component values
become impractical; too high a value leads to the unwanted
problems described earlier. The minimum working Q for given
values of R1 and R2 is when:

R,(Q*+ 1)/R, > 1

If variables are selected which give a value of less than 1, the
value of A cannot be solved. In order to satisfy this require-
ment and avoid high Q for the reasons given earlier, a Q of 4
in both sections is used for this design.

Referring to Fig 4.119, the following formulae are applied
to obtain the values for X, X, and X¢,:

X, = OR, (D
Xcz = ARz (2)
X, =BIQ—-A 3
where:
A = (B/R, — 1)%3 4
B=R,(0*+1) (5)

Inserting values into the formulae gives the following values:

From (5) B=0.37(4*+1)=6.29

From (4) A =(6.29/43—-1)"=0.68

From (3) Xcp=6.29/4 - 0.68 = 1.89Q

From (2) X =0.68 x4.3=2.92Q

From (1) X11=4x%x0.37 =1.48Q

To calculate the component values:
C =1/2nfXc (6)
L =X,/2nf (N

Therefoi‘e :

C, = 1/21 x50 x 10° x 1.89 = 1684pF
C, = 1/21 x 50 x106 x 2.92 = 1090pF
L, = 1.48/21 x 50 x10° = 4.71nH

The final configuration and values for the first matching sec-
tion are shown in Fig 4.120(a). Although in this case the in-
ductive reactance of the transistor input is insignificant from
a practical point of view, it will be subtracted from the value
of L1 to keep the example correct. The value of L1 then be-
comes:

4.7 —-0.47 =4.23nH (X ;= 1.48 — 0.15Q2)

The second matching section, transforming the intermediate
value of 4.3Q up to the required driving impedance of 50€2,
is obtained in the same way. A working Q of 4 is used again.
Refer to Fig 4.119.

From (5) B=43(4+1)=73.1

From (4) A =(73.1/50—-1)*3=0.68

From (3) Xep=73.1/4 — 0.68 = 22Q

From (2) X =0.68 X 50 = 34Q

From (1) X =4%x43=172Q

From (6) C, = 1/21 x 50 x 10° x 22 = 145pF

Cy = 1/21 x 50 x10° x 34 = 94pF

RECEIVERS, TRANSMITTERS AND TRANSCEIVERS

! 1.330 2-920
! -
A S L
| 1090pF
1 " "
X de 1:89.02 R intermediate (a)
0-372 ! *T"1684pF 4.3
]
: |
Transistor |
input Z I
17-292 3402
H n 94pF
<
Rint &> L 145pF 508 (b)
4-392 <; T 22052 input
' |
]
[ .

Fig 4.120. (a) First T-match section (input). (b) Second T-match
section (input)

From (7) L, =17.2/21t x50 x 10° = 55nH

The circuit configuration, with values, is shown in Fig
4.120(b). In practice the series components C2 and L1” are
combined into one component. The capacitive reactance
(2.92Q) is subtracted from the value of inductive reactance
(17.2Q). This leaves an effective inductive reactance of
14.28Q, which represents a value of 45.4nH. The values
shown in the circuit diagram represent this effective induct-
ance. The calculated values tend to be rather impractical, of
course, and far from standard-value components. Where pos-
sible, mica compression trimmers are used, based on the cal-
culated component values.

Output matching circuit

Before work on the output matching is started, it will be nec-
essary to determine the load impedance for the BLW96. This
may be done in two ways. The first, by taking the values di-
rectly from the manufacturer’s data sheets (only valid for a
specific power level); or second, if these are not available, by
means of a simple calculation.

Most data sheets include a simple graph of resistance and
reactance plotted against frequency for a given output power.
For the BLW96 at S0MHz the equivalent series load imped-
ance is 4 + j3Q2. Unfortunately this value is quoted at the wrong
power level for this design. It should be made clear that these
values are the complex conjugate of the transistor load im-
pedance and represent the load required to match the device
correctly. In this particular case, the transistor is represented
by a 4€Q resistor in series with a 1060pF capacitor. If a full
data sheet is not available or, as in this example, values are
quoted at the wrong power level, a close approximation may
be made by using the following formula in conjunction with
the output capacitance:

RL= (Vcc_ Vﬂul)z/z X Poul

Based on a saturation voltage of 2V and a power output of
100W PEP, the value of R; is:

(48 —2)4/2x 100 = 10.58Q2

The collector capacitance against voltage will normally be
shown in the form of a graph or table. As large changes in
capacitance occur over the range of collector voltages, a gen-
eral rule-of-thumb is to take the value shown at 50% of the
supply. In this case C,amounts to 350pF (X.= 9Q) at a V;, of
25V. This value is in parallel with the load resistance of 10Q2
previously calculated.
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Calculated parallel load Equivalent series values

values (output)

L
n fil

e

10R 0.5W carbo m

(Rs) 1154pF R101
4532 4972 R102 18R 0.5W carbon film
(xs) R103 8k2 0.25W carbon film
R104, 105 Select to suit relays used
(b) R106 5k6 0.5W carbon film
e pp KB xs = xp—1P2 R107 3 x 220R 6W wire wound
xp? + Rp? Rp? + Xp? R108 56R 0.5W carbon film
RV101 47R cermet trimpot
Fig 4.121. Output load conversions. (a) Calculated parallel load C101 212 63V polycarbonate
values. (b) Equivalent series values €102, 104, 124 100n 100V monolithic ceramic
€103, 121 10n 100V monolithic ceramic
C105 4701 63V tubular elec
i6n —_ 87eF C106 100p 63V tubular elec
— €107, 109 60-180p mica compression trimmer
BLwes | 45 -i5R ! ) e 362 c108 47p 5OV ceramic chip
! s o 509 C110-114 330p 50V ceramic chip
! 4-5j0 T136pF C115 60p 250V Unelco mica or ATC
i €116, 117, 119 30-140p mica compression trimmer
) ) C118, 120 80p 250V Unelco mica or ATC
C122 270p 100V monolithic ceramic
Fig 4.122. Output matching with values C123 22n 100V monolithic ceramic
. . C125 47n 100V monolithic ceramic
For ease of matghmg, gnd to enable a comparison to be D101 BZY93 C51R zener
made with the published figures, the parallel circuit must be D102, 103 1N4002
converted into an equivalent series circuit. The conversion TR101 BLWS6
formulae with the calculated values are shown in Fig 4.121. TR102 BDX66 PNP Darlington
It will be seen that these figures differ slightly from the val- TR103, 104 BD237
ues in the data sheet as the calculation was carried out at a FB Suppression bead. Material, 352 {blue)
different power level. A good degree of accuracy is obtained L101 See Fig 4.118
if no other data is available at a specific power level L102 15 % Triets faacl onl B
. P cp N L103 12t 1.2mm copper wire, 9mm ID, 28mm
Now that the required collector load impedance is defined, long
the output matching circuit can be designed to match from L104 See Fig 4.118
4.5 — j5Q to the required output of 50Q. Unlike the input L105, 106 4%t 1.2mm copper wire, 10mm ID
matching, only one T-match section will be required as the L107 2%t 0.5mm enam copper wire wound
. .. through 6-hole ferrite bead
impedance step-up ratio is lower. ik el % ot coxe B
Referring back to equations (1) — (5) and using a Q of 4: 4 B0k ansninl, type
B=454>+1)=76.5
- _1)05 =
Bromia) -~ A={fanl - L F=0.028 C,= 1721 x 50 x 10° x 36.4 = 87.4pF
From(l) X =4x4.5 = 18Q From (7) L = 18/2mx 50 x 10° = 57.3nH
From (2) Xer=0.728 X 50 = 36.4Q L= T
From (3) Xc1=76.5/4—-0.728 = 23.3Q The final matching circuit values are shown in Fig 4.122. An
From (6) C,=1/21 x 50 x 10° x 23.38 = 136pF additional 5Q must be included in the value of X, , making a
total of 23Q. This additional
reactance, being of opposite
238 x 100mm

RF output

TR102 coll

sign, cancels the capacitive re-
actance part of the transistor
output impedance (—j5€Q).
Both the 16nH and 57nH
inductors are combined into a
single component.

Fig 4.123 shows the compo-
nent layout for the amplifier.
A component list is given in
Table 4.9.

Combining for higher
powers

A further method of reaching

10 11 12
L

I

13 14 15 16 17 18 19 20 21 22 23cm
PO WP I NP S T T I S |

higher power levels is to com-
bine a number of complete

amplifiers. Normally these am-

Fig 4.123. Main board layout. Connect top and bottom ground planes with pins at four points marked

‘x’. Remove underside copper in dotted area

plifiers will be identical, with
very similar gains. In these
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RIN () CD1330
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7.2
(a) Zo= J/RINRL RIN=T‘1
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100Q input
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(b)
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Hh

A4 70.7Q /J7

2 x 100Q
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= 509 input
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/J7 50Q
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1009
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/7E A4 70.7Q
500
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ya
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Fig 4.124. (a—c) Coaxial splitter/combiner and derivation. (d)
Wilkinson splitter/combiner

examples, itis assumed that each amplifieris designed to work
at 50Q2 input and load impedances.

Splitters and combiners are basically the same; a splitter
has one input and two or more outputs. Used in reverse the
same circuit becomes a combiner with two or more inputs
and one output. The combiner might use different compo-
nents to cope with the higher power, but the circuit will be
the same as the splitter. For convenience, the term ‘combiner’
is used here to cover both splitters and combiners.

In all of the examples discussed in this section, the lengths
of cables and transmission lines relate to the electrical lengths,
after taking account of the velocity factor.

The simple combiner in Fig 4.124(b) can be made usingA/4
coaxial cable transformers, as used to combine antennas.
While simple, this suffers from the disadvantage of offering
no isolation between the amplifiers. This can result in instabil-
ity and, if the amplifier characteristics are not absolutely
identical, loss of output power. The Wilkinson combiner is
formed by adding a resistor between the divided points. This
dissipates any imbalance and provides isolation between the
two amplifiers; each one operates completely independently
of the other. To get full isolation, it is important that the
resistor is purely resistive and high-power flange mounted
components are usually used. At UHF and microwaves, the
capacitance of these resistors becomes too high for use in this
configuration and it is better to use a configuration where the
isolating resistor is a 50€2 load connected to ground. One such
is the ‘rat-race’ (Fig 4.125), so called because of its form if
made with printed transmission lines. This can be seen as an
extension of the Wilkinson design. In these, the optimum
impedance is 70.7€2 but in practice 75€2 coaxial cable works
perfectly well.

50Q CD1331
output
A4 70.7Q A4 70.7Q
509
input
500
termination
Al4 7079
3A/4 70.7Q
(a) 50Q
output
Output
Al 3X/4
Input
509
(b) Output termination
Al

Fig 4.125. ‘Rat-race’ splitter/combiner. (a) Coaxial cable version.
(b) Branch hybrid PCB form

Another family of combiners produce outputs which are
have a 90° phase offset. For this reason they are often called
quadrature couplers. These have the advantage that, when used
as a splitter, the input impedance is always 50Q as long as
the impedances at the two outputs are the same (whatever the
actual impedances are). This is of great value when making
wide-band amplifiers but has limited importance in amateur
applications.

The simplest, but most expensive, version is Sage Wire-
line™ (Fig 4.126). This can be viewed as a directional coupler

Input  _ _ _ _ _ _ _ _ _ _
e X 2> °
A s e e 20 Output 1
(509)
-3dB
Output 2 50Q
(50Q) termination
-3dB
(a)
PTFE Copper outer
insulation _aconductor
Conductor 2 covered
with very thin insulation
Conductor 1 so it couples, but does
not short, to conductor 1
(b) CD1332

Fig 4.126. Sage Wireline™. (a) Shown schematically, as a direc-
tional coupler. (b) Shown mechanically as a cross-section through
the cable
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Fig 4.127. Eighth-wave splitter/combiner - coaxial cable and PCB
versions
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Fig 4.128. Lumped-component splitter/combiners. (a) Wilkinson.
(b) Eighth-wave

where the coupling is 3dB when the electrical length is A/4; at
this frequency half of the input power transfers to the coupled
line. Wireline also has the advantage of wide bandwidth;
typically the coupling varies by +0.5dB (x12%) over a 2:1
frequency range.

Two other forms of quadrature couplers shown in Fig 4.127
are the eighth-wave (or capacitively coupled hybrid) and
branch hybrid designs. These have similar characteristics to
Wireline, but operate over a narrower frequency range. The
branch hybrid design is widely used at microwave frequen-
cies as the whole combiner can be microstripline without dis-
crete components to introduce unpredictable parasitic ele-
ments. Additionally, the split and combining connections are
on the same side which is very convenient for circuit layout.

The Wilkinson and eighth-wave designs can be made us-
ing lumped components in place of the transmission lines (Fig
4.128). The bandwidth is reduced, but is still adequate for
amateur band coverage. This is especially useful for the lower
VHF bands where the coaxial cable lengths become unwieldy.

Fig 4.129 shows how amplifiers are connected using these
combiners. The orientation of input and output on quadrature
combiners is important; the wrong way round will result in
all the output power going into the terminating resistor.

Hybrid modules
Modules are available for all VHF bands. They provide a sim-
ple and almost foolproof solution where low and medium
output power amplifiers are required. A wide variety of out-
put power and supply voltage ratings are available to suit a
great many situations.

Philips, Motorola and Mitsubishi all produce ranges of
modules for FM use in amateur or PMR transmitters and
Mitsubishi, Icom and Toshiba also supply linear modules for
all-mode use in the amateur bands. Major advantages of mod-
ules include small size, high gain within a single package,
ease of use (no alignment) and guaranteed stability and rug-
gedness with normal loads. Prices are usually higher than for
the equivalent amplifier in discrete components.

The use of the term ‘hybrid’ arises from the internal con-
struction where a mixture of techniques is used. The RF power
transistors and other semiconductors are often connected into
the circuit with bond wires (about 0.001in/0.025mm diam-
eter) directly from the silicon die to the circuit tracks, with-
out the familiar package as an intermediate step. Capacitors
are either conventional chip types, or silicon MOS capacitors
which are manufactured on silicon wafers in a similar fash-
ion to a transistor die. One connection is the surface which is
bonded directly onto the track; the other connection is made
by a wire bond between the other surface. The track resistors
are usually thick-film types, formed directly on the surface of
the substrate.

The substrate material is usually alumina (Al,O3) which
has a dielectric constant of about 10, compared with 4.5 for
normal epoxy glass PCB and 2.5 for PTFE-based materials.
This is a key factor in miniaturising the circuitry as track
widths and lengths in the matching circuitry both reduce sig-
nificantly. Alumina has the disadvantage of being a brittle
ceramic material and problems can arise if the module is sub-
jected to shock or stress. For example, shock can arise if the
module is dropped onto a hard surface, or marked with a cen-
tre punch.
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(e)

€D1335

Fig 4.129. Combining amplifiers. The arrangement of input, out-
put and termination connections is important in all cases. (a)
Wilkinson. (b) Rat-race. (¢) Eighth-wave. (d) Branch line. (e)
Wireline™

Stress often arises when the module is fixed to a heatsink.
If the heatsink surface is convex instead of flat, the situations
shown in Fig 4.130 can arise; one fixing screw has been tight-
ened, leaving the other end proud. If the other screw is then
tightened, the flange of the hybrid will be bent, cracking the
substrate. Motorola give detailed instructions explaining the
need for the surface to be flat within 0.005in/0.12mm. Figs

M

Heatsink

C€D1085

Fig 4.130. Hybrid module on convex heatsink with one fixing
screw tightened

Heat source

[
—

Heatsink

Most heat here-
no path into heatsink CD1083

Fig 4.131. Here there is insufficient contact between a concave
heatsink and the hot portion of the module

Heat source
I [ain I S | |
Heatsink A -
Only partial contact
in hot area €D1084

Fig 4.132. Here there is only partial contact with a convex heatsink

€D1086

Fig 4.133. Exaggerated view of heatsink which is not flat across
the fins

4.131 and 4.132 show problems of insufficient cooling which
also occur when the mounting surface is not flat.

As discussed earlier, heatsinks are not normally flat across
the fins, as shown in Fig 4.133. This can be seen, and cor-
rected, by sanding very gently against abrasive paper placed
face up on a flat surface. The aim is to end up with a flatter
surface without making it heavily grooved; this is possible
with gentle pressure and fine abrasives. Greater effort is
needed than with discrete transistors because of the larger
contact area. The module should be fitted to the heatsink us-
ing white thermal compound, just sufficient to give continu-
ous contact between the module and the heatsink; the com-
pound is intended to fill microscopic gaps between the sur-
faces and will not make up for surfaces which are not flat to
start with.

Fig 4.134 shows typical circuits using modules. In all cases,
LF decoupling should be added externally at each supply pin.
In FM use, the output power can varied by adjusting the sup-
ply voltage to the driver stages (pin 3 of the BGY36 or V;in
Fig 4.134). For SSB, this is not usable because of the distor-
tion which arises; the output power is controlled by adjusting
the RF input power. Modules intended for SSB use have an
additional supply input for the bias circuitry. This is usually a
lower voltage than the main supplies so a stable bias source
can be derived from a regulated voltage. In SSB use, the out-
put power should not exceed 50% of the rated power of the
module in order to ensure that IMD levels are acceptable. Fig
4.134 shows the bias supply for the linear module as 9V; for
lower power modules designed for use with lower supply
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Fig 4.134. Typical hybrid module circuits

Part no

MHW710-1
MHW720-1
MHW720A1
BGY32
BGY35
BGY135
BGY145A
BGY145B
BGY46A
BGY47A
BGY113A
M57735
M57796MA
M57713
M57727
M57726
M67727
M57786M
M57716
Mb57729
M57745
M67715
Mb7762
SAV7
SAU4

Freq range

Voltage ode

| Table 4.11. Compenent notes for Fig 4.135

Rer, R, 10R 0.1W chip (0805 size)

Re 390R 0.5W carbon composition with 0.25in leads.
It should be installed just above the transistor.
0.05in of lead length are in contact with the board,
so the parasitic lead fength is 0.20in on each side
of the resistor

Lgy, Lg,  Parasitic inductances that affect the stability of
the ampilifier

RFC1,2 RF chokes, roughly 300uH. 11t 26 AWG enam
closewound, 0.166in ID. Use a No 19 drill bitas a
mandrel

TRL1-6 50Q microstriplines etched on 1/16in G-10 or FR-
4 glass-epoxy circuit board

TR1 Motorola MRF581. This device is rated at a total
device dissipation of 2.5W if the collector lead
next to the package is kept at or below 50°C

J1, 2 SMA connectors were used in the prototype for

convenience and ruggedness. Coaxial cable may
be soldered directly to the board

voltages the bias supply is usually 5V, needing a 7805 regu-
lator. Check the data before connecting power. A list of mod-
ules suitable for in amateur bands is shown in Table 4.10.

RF input requirements for modules with 1-25W output are
typically in the region of 50-300mW. Figs 4.135—4.140 show
some suitable linear driver circuits [36, 37] which can in turn
be driven by MMICs typically used in modern transverter
designs. Many crystal oscillator or synthesised sources will
need only a single amplifier stage to reach the desired level
for driving a module.

The M57762, giving 10W linear, 20W CW is particularly
attractive for 1.3GHz use, where there are few alternative
choices available. Some circuits have been published [38, 39]
using specially produced transistors which
NEC made some years ago, but these are long
obsolete. Other transistors which have been
used are usually intended for use at frequen-

(MHz) m‘;"e" ) Manufacturer cies up to 800-900MHz and are unstable and/
or of low gain at 1.3GHz. For higher power,
400-440 13 12.5 FM Motorola modules can be combined. VHF Communi-
400440 20 12.6 FM cations published articles [40, 41] which de-
400-440 20 125 FM s ; )
68-88 18 12.5 EM Philips scribe two and f01.1r. modules comblned_, the
132-156 18 12.5 M two-module amplifier [40] uses combiners
132-156 18 125 FM which provide no isolation between the mod-
68-88 28 12.5 FM ules, and the other [41] uses commercial four-
146-174 28 12.5 FM P : : .
400-440 1.4 96 EM way combiners which will typically cost at
400-440 39 9.6 EM least as much as the modules themselves.
400-440 7 7.5 FM Suitable combiner designs are discussed else-
50-54 10 12.5 SSB Mitsubishi where in this chapter.
144-148 5 7 FM
144-148 10 12.5 SSB
144-148 25 12.5 SSB ANMPLIFIER CIRCUITS
144-148 35 12.5 FM 25W amplifier for 144MHz
144-148 45 12.5 SSB Fig 4.141 shows this amplifier, based on ref-
430-470 5 7.2 FM 42 it i stabls f ddi
430450 10 125 SSB erence [42], which is suita le for adding to
430-450 25 12.5 EM low-power handheld transceivers; the ampli-
430-450 25 12.5 SSB fier includes RF driven T/R switching for au-
gig"?lggg 1 8 SSB tomatic operation. The RF switching can be
# 30 a8 gan ; copied for use with other designs. The B25-
144-148 28 12.5 FM Toshiba . I
430-450 10 125 SSB 12 transistor (CTC/Acrian) is no longer manu-

FM modules have some stages biased in class C and are suitable for cw/FM only.

8SB modules are linear and can be used with all voice/data/cw modes.

factured but similar types will work with lit-
tle or no modification to L1 and L2. Construc-
tion can be in the form of Fig 4.105.
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_ vee the amplifier Quripg rec_eive and con-
/;T; 7 C 413V nect it into circuit during transmit.
n RL3 connects power to the bias cir-
REG2 cuit for TR3. D4 should be mounted
c2 in contact with TR3 to provide ther-
in% 2 vHF mal compensation for the bias volt-
TRLSH H TRLG'_—& i;é%”@m age. The current in D4 is adjusted
with R4 to set the bias conditions for

TR3.

c
vae in¥

+4dBm TRL1 TRL2

TRL4
TR1 MRF581

Alignment
Disconnect R6 from L2 and apply
12V to the relay end of R5 but not
to the rest of the circuit. Check the
voltage across D4; varying R4
/J7 Capacitors marked % are chip types, 0805 size - should allow the Voltage to be ad-
justed smoothly over a range which
Fig 4.135. Circuit of the hybrid module driver for 50-144MHz. For component notes see Table  includes 0'6_0'$V' This test is im-
4.11. For the PCB layout and component layout see Figs 4.136 and 4.137 (Appendix 1) (QEX)  portant as too high a voltage from a
faulty bias circuit will destroy the RF
A small amount of the RF input signal is rectified by D1/2  transistor instantly. If the voltage is correct, reconnect R6 to
and turns on TR1 and TR2, operating RL.1-3. RLL1/2 bypass ~ L2. Set all variable capacitors to 50%, set R4 to minimum

c10 1C2
+12%\\/I toci 2n0 _In 7809 Out _
J.CS Gnd
470N
C3
20p
LS3
J2
70cm
J1 1C1
70cm MAV-11 oput
input Cl LSt -
TRUH Y {TRLZ TRL3
220p
LS4 LS5
C7176

Fig 4.138. Circuit diagram shows the microstrip tuning elements used in the computer analysis. For component layout and PCB etching
pattern see Figs 4.139 and 4.140 (Appendix 1) (QEX)

-0 +12.5V

Coaxial cable link or very short track __ /;7
if relays are close together

Fig 4.141. 144MHz 25W amplifier. For component values see Table 4.12

CD1333
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%* 5 Watt wire-wound resistor

600 mW AMPLIFIER S5W AMPLIFIER

25W AMPLIFIER

Fig 4.142. 20/30mW to 25W transmit amplifier

22k
R2, R3 1k
R4 200R pot
R5 39R 5W
R6 1R
C1 3p3
c2 au7
C3,C4,C6 1n
C5,C7,C13 100n
cs rym
C9-12 Philips C808 60p (yellow)
D1-3 1N4148
D4 1N4007
TR1 BC109/BC547
TR2 BC182/BC557
TR3 B25-12, TP2320, MRF222 etc
RLA, RLB,
RLC Miniature 12V relay
L1 2t 1.6mm enamelled copper wire, 7mm ID
L2 As L1 but 3t
L3 0.5mm enam copper wire threaded through
6-hole ferrite bead
L4 6t 0.5mm enam copper wire, 4mm ID

resistance and connect 12V. The current should be low; a few
milliamps maximum. Connect TR1 collector to earth so that
the relays operate; the current should increase to about 300mA.
Note this current and adjust R4 for an increase of about
100mA. Remove power and the earth at TR1 collector.

Restore 12V and apply about 0.5W RF drive; the relays should
operate cleanly. Adjust the capacitors for maximum output
power, about 4-8W, then increase the RF input to the full
level of 2-3W. At this power level adjust the output capaci-
tors for maximum output power and the input capacitors for
minimum input VSWR. The output power and supply cur-
rent should vary smoothly as the circuit is tuned; sudden jumps
indicate instability.

This basic procedure can be applied to all amplifiers; check
the bias, check DC conditions without RF, tune up at low
power, and finally tune at high power.

C2 provides a delay before the amplifier reverts to receive
so that the relays do not change over during every pause in
speech when using SSB. For FM use this capacitor can be
reduced to 0.01uF for rapid switching; for dual-mode use the
larger capacitor can be switched in and out of circuit.

Amplifiers for 70MHz

These designs are taken from a transverter design by G3XBY
and G3WOS [43]. The lower-power part (Fig 4.142) uses three
cascaded stages to amplify from about 20mW to 25W. Bias
in all the stages is set using emitter resistors which avoids the
need for alignment and provides good thermal stability and
improved linearity. The emitter decoupling capacitors should
be mounted close to the transistor body with minimum lead

length.

The 100W amplifier (Figs 4.143 and 4.144) uses two
2N6084 or BLY89 in parallel. The circuit uses an operational

70MHz
25w

Screen——o
I
i
! Lw Io.1 I ’
! Il_T_I
1
1
L= TR13 & TR14 L29
T\ 2 x 2N6084
L27 —————m
o !
1
100p 10 4 §1o
i * 1 *
100 | =
10to L28
— - :®
m% n! L30
7T 10t RFC53 |
250p 1 :
&

Bias

#* 5W metal oxide resistors
mounted as near to the
transistors as possible

|

L

PA earth

Fig 4.143. 100W transmit amplifier

amplifier and emitter followers to
give a very-low-impedance bias
voltage supply. IC2 provides a
negative supply voltage for the
operational amplifier as the type
used in the original (741) has in-
put and output voltage ranges
which cannot go close enough to
ground without a negative supply
voltage. Some later operational
amplifiers can function in this ap-
plication without the negative sup-
ply, but operation should be tested
carefully before connecting to the
RF transistors.

50VIHz 25W amplifier

The 25W 70MHz amplifier was
modified by GW3XYW for use on
50MHz [44]. The 2N6080 and
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3. Components for 70MHz amplifi

L21 6t 18 SWG 3/8in ID, length 5/8in
L22 5%t 18 SWG, 3/8in ID, length %2in
L23 7t 18 SWG, 3/8in ID, length %#in
L24 3t 18SWG, 3/8in ID, length 3/8in
L25 7t 16 SWG, 3/8in ID, close wound
L26 6t 16 SWG, 3/8in ID, close wound
L27,L28 2t 16 SWG, %in ID, %in leads
129, L30 1t 16 SWG, %in ID, %in leads
131, L32 5t 16 SWG, %in ID, close wound
RFC2-5, 10 6t on Mullard FX1898 6-hole ferrite bead
RFC 6-8 10t 18 SWG on 5/8in diam toroid
RFC9 1.5mH choke

2N6082 transistors chosen by GW3XYW can also be used in
the 70MHz design and might prove easier to obtain than the
Philips types in the original. The 100W amplifier could like-
wise be modified for 5S0MHz use.

Figs 4.145 and 4.146 show the circuit and layout. Con-
struction uses single-sided PCB with Veropins in tight-fit-
ting holes to give anchorage points for the components. Where
the connection has to be insulated from the ground plane, a

small circle of copper is removed with a drill bit before the
pin is fitted. Some components are fitted underneath the PCB
so the power transistors have to be mounted to the heatsink
on aluminium or copper spacers to provide clearance. These
spacers are important in maintaining proper cooling for the
power transistors and so should be as wide as possible with
very flat contact surfaces. C126 and C127 are shown as 30pF
air-spaced trimmers; 60pF rotary foil types should work per-
fectly well as an alternative.

144NMHz 10W amplifier

A similar amplifier for 144MHz [45] is shown in Fig 4.147.
The output power is about 10W for 10mW input and an
attenuator at the input can be used to adjust the input level if
greater drive is available. For drive levels of 100mW or more,
the first amplifier stage can be omitted and the input con-
nected to the alternative input point as shown.

144VIHz 100W amplifier
This amplifier was designed as the driver stage of a 400W
144MHz amplifier [46]. In that application the circuit

1Cc3 ===
out +5V L] +12v
IC1 ... 72741 orsimilar 1 1
IC2 ... SN7413N 10 10
IC3.. 7805 +5V regulator (1Amp)
560
.e IN360O
TR16
2N3054
RFCY RECIO 1N3600 =510
"
" 041
i T [—OO\/
L
041
T

#* Sense diode mounted

1N3600
1 *
———— on PA heatsink

Bias
to TR13
and TR14
-
A\

VOLTAGE FOLLOWER

NEGATIVE POWER SUPPLY

Fig 4.144. PA bias generator
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Fig 4.145. Linear amplifier circuit diagram



