Ea® ] AleniaMarconi

systems




HF Radio Propagation

Clive A. Jackson
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Today | would like to talk to you about HF Radio Propagation and how the ionosphere as
the propagation medium affects it. On the way | also hope to show that the ionosphere
itself is influenced by more than just Terrestrial processes and as such is an interesting
and challenging environment. | will present this from the viewpoint of communications,
however, all of this material is relevant to HF Radars too.




The Atmosphere
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Since Point-to-Point radio communications channels often begin and end somewhere on
the surface of the Earth, then clearly the radio waves must propagate through the
atmosphere. So this seems like a good place to start.

The atmosphere is composed of a number of gases. Up to approx 100km the gases are
well mixed due to turbulence and the atmosphere is characterised by a temperature
profile. Above this height (referred to as the turbopause) the gases are in a diffuse
equilibrium and the vertical distribution is dependent on molecular weight - which brings
us to the lonoshphere



The lonosphere

For radio communications purposes the ionosphere
can be defined as that part of the upper atmosphere
where sufficient ionisation exists to affect the
propagation of radio waves. This confines the
lonosphere to a region between approximately 50km
in altitude up to several Earth radii. The term
'lonosphere’ is usually used to distinguish the ionised
part of the upper atmosphere from the background
neutral gas.
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For radio communications purposes the ionosphere can be defined as that part of the
upper atmosphere where sufficient ionisation exists to affect the propagation of radio
waves. This confines the ionosphere to a region between approximately 50km in altitude
up to several Earth radii. The term 'ionosphere' is usually used to distinguish the ionised
part of the upper atmosphere from the background neutral gas.
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The lonosphere is generated by the action of solar radiation being absorbed as it passes
through the atmosphere, thus causing the atmosphere to ionise.

In general, as more radiation is absorbed, less reaches the lower levels of the atmosphere
and the ionisation should reduce as height reduces. However, as the atmospheric density
reduces as height increases, the ionisation will also reduce with height increase. Ideally
these competing processes combine to result in a peak ionisation at an equilibrium
altitude.

In fact, since the constituent gas concentrations vary with height, and these gases also
vary in the ease with which they ionise, the free electron density profile is complex with
multiple local maxima. This profile describes the equilibrium between the production and
re-combination processes at each level.

IN DETAIL

At the highest level is the Topside lonosphere. The ionisation here does reduce with
height and continues to decrease with height gain.

Between approx 140 - 300km we find the F region, produced by Solar Extreme UV. The F
region is subdivided into F1 and F2 layers, each describing a local maxima in the electron
density.

Below this, at around 100km is the E region, this is produced by Solar Soft X-rays.

Between about 60 - 90km is the D region, produced by Hard X-rays, it is involved in
absorbtion of radio waves.

Finally the C region, this is produced by Cosmic Rays and has a low level of ionisation.



Night-time lonosphere

The electron density in the ionosphere is dependent on solar illumination
so at night only the E layer and a combined F layer remain.
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During the daytime, with plenty of solar illumination, the ionospheric density profile is
complex with several local maxima as I've described.

At night, however, when the solar illumination is no longer present, the electron density
profile becomes much simpler with only the E and a combined F layer present.

The levels of ionisation, in the ionosphere, thus vary significantly with the Time of Day.



Solar-Terrestrial Relations

The ionosphere is sensitive to changes in the Solar flux and the interaction
of the magnetic fields of the Sun and Earth.
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Since the production processes in the ionosphere are dependent on solar particles and
radiation, it's behaviour will be strongly related to solar conditions.

During a maximum in the Solar Cycle the ionosphere will be more strongly ionised.
Effects such as Solar Flares and Coronal Mass Ejections can also lead to increased
ionsation in all layers.

Probably one of the most important factors in the effect the Sun has on the ionospere is
the interaction of the Sun and Earth’s magnetic fields in the Solar Wind.

Now, Interplanetary space is not a vacuum. The high temperatures in the Sun’s Corona
cause Helium and Hydrogen to be blown away from the surface of the Sun and to escape
the Sun’s gravity. Because this gas is hot and in constant Solar illumination it becomes a
fully ionised plasma. This streaming plasma is called ‘The Solar Wind’

The Sun’s Magnetic field lines and the Solar Wind plasma interact in such a way that the
magnetic field lines become embedded into the Solar Wind and dragged out into space
becoming the ‘InterPlanetary Magnetic Field’ (IMF).



Dipole Magnetic Field
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In the absence of the Solar Wind the Earth would have a dipole magnetic field, this could
be represented by a bar magnet located at the centre of the Earth, aligned approximately
along the axis of rotation (there is about an 11-12degree offset between geographic and
magnetic poles).

The presence of the charged Solar Wind, carrying with it the IMF, and the resulting
interactions with the Earth’s magnetic field, however, have a profound effect on the near
Earth environment.



The Magnetosphere
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Here we have a slide, showing the near Earth environment in more detail.
The IMF, embedded in the Solar Wind, is shown here in green.
At lower latitudes the Earth’s magnetic field does indeed approximate a dipole.

However, when the solar wind encounters the Earth and it cannot penetrate the Closed
Magnetic Field lines on the Sunward side. The resulting forces cause the wind to flow
around the magnetic cavity of the Earth, compressing it on the Sunward side and drawing
it out into a tail on the anti-sunward side. The Solar wind is moving at approx 400km/s
and is hence super-sonic. So the first thing we notice is that there is a BOW
SHOCKwave.

Although the IMF cannot penetrate the Earth’s magnetic field on the sunward side, it can
‘Connect’ with field lines emanating from the polar regions which lie in a similar direction
to the IMF. Solar wind particles may precipitate down these field lines and into the
ionosphere/atmosphere. This results in the ionosphere being disturbed and irregular in
the region of the Polar Cap. This also highlights another feature, The Polar Cusp, which
separates the regions of Closed and Connected field lines.

These ‘connected’ magnetic field lines are swept back with the Solar Wind to form the
Geomagnetic Tail. This extends a distance of many Earth Radii downwind of the Earth.

Here the field lines may ‘re-connect’ again with the Earth’s field. The plasma, trapped in
this region is heated and accelerated back towards the Earth and forms the Plasma
Sheet. Some of the patrticles in the Hot plasma sheet travel down the Earth’s magnetic
field lines into a ring around the pole, generating the famous nighttime light-shows. This
ring is called the Auroral Oval.



lonospneric Coupling

These interactions are responsiole for features of the jonosphere such
as the Polar Cag, Cusp, Auroral Oval and Sub Auroral trough

“Image taken by the Spin-Scan Auroral
Imaginig instrument on board Dynamics
Expiorer - 1. Couriesy L. Frank, the
University ot iowa, and NASA."

This UV image of the Earth is taken from space above the North Pole. Clearly visible is
the Auroral Oval. Note that the Oval is approximately centred on the MAGNETIC Pole as
opposed to the Geographic Pole, and offset towards the nightside.

At latitudes just below those of the Auroral Oval, there is a region of the ionosphere,
called the Sub-Auroral Trough. The electron density in this region is reduced wrt to the
Auroral Oval and the Mid-Latitude lonosphere.



Visiole Auroral

One of the rmost obvious rmanifestations of th
forrn of visiple Aurora.  They can ofter be se
are a result of pariicle grecipitation causing exira lonisation i the
atrnospnere,

And here is a slide of how the Aurora look from the ground. As we know, these aurora
are not static but vary in intensity and position according to changes in the complex
interactions | have just described.

So we can see that the lonosphere is a Disturbed and Dynamic region of the upper
atmosphere which is strongly influenced by Solar and Terrestrial conditions. We have
also seen how it is not consistent across the globe and varies with Latitude, Time of Day,
Time of Year and even the Solar Cycle. All in all, quite an exciting region of the near
Earth envoronment.
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Interaction witn Fadlo Waves
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So how does this ionosphere affect propagation?

Being a plasma, the ionosphere interacts with electromagnetic waves and provides a
refractive medium which, under certain conditions, gives rise to total internal reflection.
These conditions are often met for radio waves in the HF band (3MHz - 30MHz).

The amount of refraction a radiowave experiences depends on it’s frequency and the
amount of ionisation in a layer. Since the F-region has the highest level of ionisation, it is
the most significant layer for propagation.

Waves having a frequency greater than a critical frequency for a layer will not be
refracted enough to return to the Earth and will penetrate the layer and propagate on
towards the next highest layer, or if there are no other layers it will have completely
penetrated the ionosphere and will fly off into space. Waves at a lower frequency, or
travelling obliquely, are more likely to refract over enough to return to Earth.

Also illustrated here is the absorption effect of the D-layer, which is present during the
day but not at night or during an eclipse. This absorption has a greater effect on lower
frequency radio waves.

During the Eclipse in 1999 the Rutherford-Appleton Laboratory and Tomorrows World got
together to run a MEGALAB experiment where members of the public were encouraged
to test this at home by tuning into foreign radio stations at night and then listening out for
them during the eclipse. I'm not sure how statistically successful the experiment was,
however, | understand that many people were briefly able to receive the foreign stations.
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Over Tne Horizor
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This ability of the ionosphere to refract/reflect radio waves can be used to allow
communications over large distances of the Earth's surface and in particular ‘Over The
Horizon’ (OTH). What | have illustrated here is the curved Earth with the Receiver below
the Line of Sight horizon of the transmitter. An ionospherically propagated skywave,

however, can still illuminate the Receiver.

Marconi’s trans-atlantic broadcast in 1901 is probably the most famous demonstration of

this effect.

Until this time it was assumed that EM radiation travelled in straight lines through the

atmosphere (which it would if not for the presence of a refracting medium).
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For illustrative purposes | have simplified the geometry in this slide.

In the first case we can see that, over a given link, a radio signal may travel via more than
one path (or mode) to the receiver. In fact this is not limited to 2 modes or even just the
F-layer. There are many possible paths, some involving both the E and F layers. This
means that at the receiver, the same signal can arrive spread over a range of different
flight times as it follows different routes. This can cause destructive interference and
‘fading’

That situation is not limited to multi-moded paths. As we know, the ionosphere is subject
to local enhancements and irregularities, therefore it cannot be considered as a smooth
reflector, it is then possible to experience ‘In-Mode’ fading. In this case the red line
represents the specular component as normal, however, the scattering or diffraction
region acts as a distributed source and these blue rays also illuminate the RX and cause
fading.
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And as if that wasn’'t bad enough, these radio waves are not constrained to take the
shortest route around the Earth and in the presence of ionospheric density gradients,

blobs of enhanced ionisation or Irregularity regions, it is possible to experience Off Great

Circle Propagation.

We see here that a blob of enhanced ionisation to the side of the Great Circle Path is
allowing the radiowave to travel a longer route.

Alternatively, an irregularity region near the reflection point can allow a spread in the
Directions of Arrival at the Receiver.

Not only that, but if these features are at the same time moving then Doppler Shifts and

Spreads will be introduced.
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FlE Comrmunlications
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Convecting Plasma Blops

Field Aligned Irregularities

All of which vary rapidly in tirme
It would e nice to know now tnese carn af
cornrnunication cnearnels

We can see that the ionosphere is a very challenging environment for radio propagation

This is particularly true at High Latitudes where the Polar Cap, Auroral Oval and Sub
Auroral trough ensure the presence of many of these features:

We have:
Electron Density Gradients
Convecting Plasma Blobs
AND Field Aligned Irregularities
All of which vary in time

It would be nice to know, QUANTITAVELY, how these can affect HF communication
channels



DAMSON - Doppler And Multipatn
SOounding Network
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The DANSON project is a coilaboration between the UK Defence Evaiuation and Research
Agency, the Canadian Communications Research Centre, the Norwegian Defence Research
Estabiishment and the Swedish Defence Research Estabiishment.

This is where | introduce the DAMSON programme.
DAMSON stands for Doppler And Multipath SOunding Network

It is a collaboration between the UK Defence Evaluation and Research Agency, the
Canadian Communications Research Centre, the Norwegian Defence Research
Establishment and the Swedish Defence Research Establishment.

Sites of Interest:

TX Svalbard, Harstad
RX Kiruna Tuentangen

These locations allow a variety of paths to be examined. In particular the Svalbard-
Kiruna path is trans-auroral and has a midpoint at a similar latitude to the Auroral Oval.
While the Harstad-Kiruna path runs roughly parallel to the Sub Auroral Trough.

17



DANMSON - Featlures

DAMSON is an oblique, pulse compression HF Sounder

Currently:

*Uses 10 different frequencies ranging between 2 - 21MHz. Each frequency uses a 1
minute time slot in a 10 minute repeating schedule

«It uses a variety of waveforms which allow different types of measurements to be made
and are scheduled to be used at different times in the 1 minute time slot for each
frequency.

*As I'll explain in a moment DSP plays a significant role.

*GPS timing (with an accuracy of <1micro second) allows absolute Time of Flight to be
measured

*Cheap - its a kind of COTS solution, the equipment is commercially available and
relatively easy to acquire to build into a system.
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DAMSON - Barker 13 Correlation

Copy II I I
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One of the most interesting and useful waveform employed by DAMSON is the Delay-

Doppler (DD) waveform. This is a Bi-Phase Shift Keyed Barker13 sequence at 2400bps.

There are 128 BK13 sequences transmitted over 1.6s with a sequence separation of
12.5ms.

The Barkerl3 sequence has the very useful property of cross-correlating with itself.

This auto correlation results in a 13x gain ~ 22dB

19



DAMSON - Measurernents

For each getecied propagauon path DAMSON provides
| ements

Multipath spread
Dopoler shift
Dopoler Spread
Signal strengtn

Signal to noise ratio

So, what does DAMSON measure
Absolute time of flight - uses information from the GPS system

Multipath spread, Doppler shift, Doppler Spread - By DSP on the DD
BK13 waveform

Signal strength - This is relative since the system uses automatic gain control, however,
the difference in Signal strength from mode to mode is available
Signal to noise ratio

ms
Hz
Hz
dBrel max




So what do we get from a DAMSON sounding?

When we FFT and integrate the 128 correlated sequences we are able to produce a
Delay - Doppler (DD) plot.

X-axis =delay inms  Y-axis = Doppler freq

Colour = Signal strength relative to max received signal so always have at least 1 white
pixel.

Svalbard - Tuentangen: 2000km, Long Path. 1 Mode spread (but not too badly) in delay
and Doppler frequency

Integrated delay at top of screen, integrated Doppler Freq at right
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Harstadt - Kiruna ~185km long

3 Modes visible at 3 different delays and different frequency offsets. Also some spread in
Doppler freq.

1F 2F ?7?.

These multiple modes are due to multiple hops, however, the last mode arrives very late,
taking 3x longer to get to the receiver than the 1-hop mode. This may be the result of
reflection off a gradient or irregularity in the ionosphere which is Off the Great Circle
(~83.5deg). or even behind the Receiver (700km) or a combination of both mechanisms.
This would result in increased delays such as we see here.

These multiple modes increase the multipath spread to close to 4ms for this link. If we
wanted to send digital information over this link, this multipath effect would limit our
maximum data rate.

The isometric display at the bottom is simply just another way of representing the signal
strength without using colour.

22
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irnprovernent of FIF sirmulzator models and

technigues
irnprovernent of FIF prediction codes

estirnation of mocdern availapility

*Close to real time, can see channel conditions immediately
euse different waveforms, see what you get

*Revisit frequency every 10 mins, also 6 sets of 128 DD sequences per minute, allows
investigation of how channel varies with time

ecan use knowledge about Delay and Doppler behaviour to design more robust
modulation schemes

*OR in a channel simulator to test these different schemes
«all the data collected feeds the knowledge base for prediction codes

*Knowing under what conditions different modem types fail, the collected data can be
analysed to find these conditions and thus statistically quantify the Modem availability.

And with that I'd like to complete this lecture, | hope you have found it interesting and
that | have helped you to understand the processes which generate the ionosphere and
how they make it such an interesting environment. In particular, the ionosphere is a
very challenging environment for HF propagation, however, with knowledge gained
through measurement and probing, in projects such as DAMSON, our understanding
can be greatly improved with benefits for Physicists and Engineers alike.
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D-region : absorption during day, not at night or during eclipse because of short free
electron lifetime. Higher layers are maintained by convection (from dayside) as well as
radiation.

Critical freq depends on incidence ... MUF for a path

Can be probed by swept frequency radar = lonosonde (can be near vertical incidence or
oblique

MUF : oblique property for each path. Depends on ionosphere conditions AND path
length

Skip Distance : minimum range of oblique propagation. i.e. the maximum incidence of
wave to ionosphere that returns to Earth. --> dead zones where no signal close to the
visible horizon. Can arrange to have ‘Enemy’ receivers in a dead zone if you know
where they are and adjust frequency appropriately.

Can get ray splitting which results in o- and x-rays of different polarisation, these reflect
from different virtual heights which leads to focussing at the skip distance from the tx.

lonosonde = near vertical incidence swept frequency Radar.

Es - Sporadic and very thin, occurs at slightly higher altitude than normal E and is the
result of local enhancements which may be moving.

Multi-Modes not necessarily resolved because time resolution is ~0.4ms which may be
greater than the difference between 1&2 hop modes on the longer paths. 12KHz
DAMSON would fix this.

Longer paths will have refractive dispersion and multipath dispersion but difference in
time of flight for 1hop and 2hop are small for longer paths
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