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Good morning, today I'm going to talk to you about an efficient means of implementing
spatial filtering of HF signals propagated over high latitude HF communication paths
for the purposes of improving data throughput.

Much of this work has been carried out since | started working at AMS, however, |
have remained part time registered at the University of Leicester while working
towards completion of my PhD in this subject area.

The results presented here are based around measurements of DAMSON
narrowband pulse compression channel sounding signals, transmitted over two high
latitude paths in the DAMSON network. These measurements were made using a six
channel spaced array receiving system over the course of a 17 day campaign in
March 1998.
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Path Geometry

N S = Svalbard transmitter
\ . . H = Harstad transmitter
\ O K = Kiruna receiver

\ i T = Tuentangen receiver

To start with | shall explain a few of the experimental campaign details:

At the time of the measurements, the DAMSON network comprised two transmitter
and two receiver sites located in Scandinavia, as illustrated here.

The two transmitters stepped through 10 frequencies between 2.8MHz  21.9MHz on
a 10 minute repeating schedule. A variety of waveforms were transmitted over the
course of a 1 minute dwell at each frequency. In order to avoid interference the
schedule for the Harstad transmitter was run in reverse to the Svalbard transmitter.

We made measurements of DAMSON signals using a six channel spaced array HF-
DF system co-located with the single channel DAMSON receiver system at the Kiruna
site. The two paths of interest thus lie between Svalbard-Kiruna, a long trans-auroral

path of ~1154km and a short NVIS path of ~192km running tangential to the auroral
oval between Harstad-Kiruna

Of particular interest in this study was the DAMSON delay-Doppler (DD) waveform.
Designed to measure the channel scattering function, this pulse compression
waveform comprises 13-bit Barker coded sequences bi-phase modulated onto the HF
carrier at 2400 bits-per-second and repeated at a rate of 80Hz for 1.6s. The multipath
window or delay ambiguity, is ~12.5ms and the Doppler ambiguity is 80Hz or +/-40Hz,
while the delay and Doppler resolutions are ~0.4ms and ~0.6Hz respectively.

This particular waveform is transmitted 6 times at 5 second intervals within each 1
minute frequency dwell.
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The RSL multi-channel HF-DF system
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Here is a representation of the 6-channel receiver system installed at Kiruna.

Each element of the receive system’s array was connected, via a calibration switch, to
separate, good quality, HF communications receivers. These HF receiver units
depended on three (common) frequency stable local oscillators. Two of these were of
fixed frequency while the frequency of the 3rd was controlled, via a GPIB bus, by the
computer for the purposes of tuning the receivers to the correct sounding frequency. A
separate control line from the computer controlled the (common) gain in the receivers.

In turn, the baseband output of these receivers was sampled simultaneously using a
12bit PC mounted A/D card and stored on the PC for subsequent processing and
analysis. The system was calibrated at regular intervals using a separate frequency
stable calibration synthesiser and programmable attenuator.

In order to maintain precise time synchronisation with the DAMSON transmitters, the
computer was also equipped with a GPS timing card which updated the system clock
and also provided an accurate 1 pulse-per-second (1pps) timing signal that was
simultaneously recorded on the trigger line of the A/D card.
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Disposition of antenna array, Kiruna
March 1998

2
+
1
20t " North 1
Number X y z
1 -15.805 | 19.330 | 2.310
lor I 2 8614 | 23627 | 1010
3 3 23775 | 2415 | 1.690
ol ol 4 18.663 | -15.889 | 1.740
5 2389 | -25101 | 1.870
6 -14.993 | -19.646 | 2.080
-10+ -
4
+
6
20t + 4
5
*
0 ‘ ‘ ‘ ‘ ‘
-30 -20 -10 0 10 20 30

< > AMS

In this system, the spaced array was composed of six Rhode and Schwartz active
measurement antennas disposed in a field, according to this plan with their positions
accurately measured by professional surveyors.

The array was roughly circular, with a radius of ~25m. Symmetry, and thus possible
ambiguities in Direction of Arrival measurements, were avoided by careful design.

Kiruna is in an Iron Ore mining district and some of the largest deviations in the
Earth’s magnetic field are known to occur in this area, magnetic compasses are
therefore quite unreliable. The orientation of the array relative to North was thus
determined by placing a pole to the North of the array centre pole, in line with the
centre pole’s shadow at local midday.
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Channel scattering characteristic
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Although all six 1.6s DD soundings from each 1 minute frequency dwell were stored
during the measurement campaign, for the purposes of a first pass analysis, only the
last of these in each minute were used.

Cases exhibiting a sufficient Signal-to-Noise ratio were selected for further processing.
This processing entailed delay-Doppler processing to find the scattering function or
complex delay-Doppler surface for each receiver channel and passing these complex
values to a super resolution direction finding algorithm which returned estimates of the
direction of arrival for each delay-Doppler component.

An example plot of a processed DD sounding is presented here. The top panel shows
the integrated delay response while the two small side panels show the Doppler
response. The colour plots represent the channel scattering characteristics as delay-
Doppler surfaces colour coded for relative power (dBr) in the upper plot and azimuth
direction of arrival in the lower plot. The horizontal axis indicates the time of flight
delay, in ms, of the signal components while the vertical axis indicates their Doppler
offset in Hz.

In this example the first, E-region mode, is narrow in both delay and Doppler and is
arriving from the GCP direction of the transmitter ~300°. The remaining signal energy,
arriving from directions to the West of the GCP is spread in both delay and most
markedly in Doppler. It is interesting to note that there is also a trend in direction of
arrival of signal energy with Doppler offset in the Doppler spread mode. This sort of
directional behaviour has been related to scattering from irregularities embedded in
polar cap convection flows known to occur at these latitudes.
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Mil-Std-188-110A 1200bps
performance surface
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In terms of communicating digitally via the high latitude, HF channel, it is known that
the performance of high data rate HF modems degrades in the presence of such
delay and Doppler spreading on propagated signals. In general different modems
have different performance characteristics, with the higher data rate systems being
less tolerant of spread than lower data rate systems.

The performance of these high data rate modems has been tested using simulators
based on HF channel models incorporating both delay and Doppler spread
characteristics. The results of such a test on a Mil-Std-188-110A modem operating at
1200bps are illustrated here.

In this plot, the colour scale represents the SNR required to maintain the bit error rate
(BER) at a level of ~10-3 under the conditions of delay and Doppler spread
represented on the x- and y- axes respectively.

For this example two distinct regions are evident; a blue region where the required
SNR is low and the modem operates with BER better than 10-3, and a green region
where the required SNR is so high that the modem rarely if ever operates with a
satisfactory BER. The boundaries between the operational and non-operational
regions are relatively sharp. In this case these breaking points appear at
approximately 7ms delay spread and 7Hz Doppler spread, a modem experiencing
spreads larger than these at its input is likely to fail.
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Distribution of delay and Doppler
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Looking to our measured data.

This is a two dimensional histogram representing the number of cases, as a
percentage of all those meeting the first pass criteria, for both Svalbard-Kiruna and
Harstad-Kiruna path’s results combined. The logarithmic colour scale represents the
percentage, while the delay and Doppler spreads are as indicated on the x- and y-

axes respectively. Also marked are the breaking point boundaries for the Mil-Std-188-
110A modem operating at 1200bps.

In this case we can see a radial pattern in the frequency of occurrence, where the
most common conditions, showing as red, occurring almost 50% of the time, result in
very little delay and Doppler dispersion. The next most common conditions occurring
at ~10% each have slightly more delay or Doppler dispersion.

It is clear that most soundings map into the operational region of the performance
surface, however, although a significant number of soundings do have Doppler spread
exceeding the breaking point, almost none appear to have unacceptable delay spread.

Therefore it seems that, in this data set, Doppler spread is the critical parameter.
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Spatial Filtering
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It is suggested that by exploiting the often observed relationship between the
directional and delay-Doppler dispersion characteristics, illustrated earlier, it may be
possible to adaptively modify signals in a receiver system prior to the modem in order
to reduce the delay-Doppler spreading to acceptable limits. This can be achieved by
modifying the receiver system s spatial sensitivity pattern so that signal energy with
unacceptable delay-Doppler dispersion is eliminated.

In order to avoid system complexity, simple two element arrays (subsets of the 6
element experimental array) were employed. The spatial sensitivity of these arrays
can be modified by linear combination of the receiver signals from each antenna after
the application of a phase shift to one of them, as illustrated here:

S, and Sg are the complex signals from the two elements and y is the applied phase
shift in degrees. The spatial sensitivity of such a pair is thus only dependent on the
applied phase angle, y .

Since the first pass data set presented cases which exceeded the Doppler spread and
not the delay spread breaking points of the Mil-Std-188-110A modems, the spatial
filtering methods employed in this investigation were concerned only with minimising
Doppler spread.

In an initial brute force approach y was varied, in steps of 1°, between 0° - 359° for
each of the 15 possible subset pairs of elements from the 6 element experimental
array. At each iteration the Doppler spread of the combined signals was estimated.
The minimum Doppler spread and the value of y required for each pair was recorded.
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The effect of Spatial Filtering

Before

After

In this case spatial filtering has been used on the Doppler spread example sounding,
illustrated earlier.

The upper plot represents the normalised single channel delay-Doppler characteristics
of the sounding, as illustrated previously, while the lower plot represents the
normalised delay-Doppler characteristics after spatial filtering by linearly summing the
signals from Antennas 3 and 4 with a phase shift of 263° between them.

As we can see, the Doppler spread has been significantly reduced from 46Hz before
to 4.4Hz after spatial filtering. The optimum phase angle has cancelled signal energy
arriving from directions to the west of the GCP and thus reduced the Doppler and
delay spread. This particular case is a success since before the spatial filtering the
delay-Doppler characteristics would have caused even a 300bps Mil-Std-188-110A
modem to fail while afterwards it would be possible for a 1200bps modem to operate.

This document gives only a general description of the product(s) or services and except where expressly provided otherwise shall not form
part of any contract. From time to time changes may be made in the products or the conditions of supply.
© 2002 Alenia Marconi Systems Ltd

<Filename> 9 01/07/03



< > AMS

Doppler spread vs. cumulative
probability

(a) The distribution of cases
with initial Doppler spread
>7Hz without spatial filtering.

(b) The distribution of
minimum Doppler spreads
obtained after spatial filtering
for each of the 15 pairs of
antennas.

(c) The distribution of the

@ ®) © minimum Doppler spreads
after spatial filtering when
only the best pair is selected
on a case-by-case basis.
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When the same procedure is carried out on the subset of examples in the first pass data set, which initially
exceed the modem Doppler spread breaking points, we get the following results.

This is a plot of Doppler spread, in Hz, on the y-axis vs. cumulative probability, in %, on the x-axis. The x-axis
values indicate the % of points having Doppler spread below the y-axis value for a given point on the graph.

The red lines at 7Hz and 25 Hz indicate the breaking conditions for the 1200bps and 300bps Mil-Std-188-110A
modems respectively. The red line at 15Hz represents the breaking point of a hypothetical modem.

The black line, marked (a), is the distribution of cases with initial Doppler spread >7Hz without spatial filtering.
We can see they all do exceed 7Hz Doppler spread.

The blue points, marked (b), are the distribution of minimum Doppler spreads obtained after spatial filtering for
each of the 15 subset pairs of antennas in the array.

Finally, the purple line, marked (c), is the distribution of the minimum Doppler spreads after spatial filtering when
only the best pair from the 15 possibilities is selected on a case-by-case basis.

We can see that, in general, spatial filtering does have the effect of reducing the Doppler spread. This is not
surprising since the algorithm is designed to do this.

Looking at the intercepts of the red modem breaking points with the three distributions we can see that on
average ~6% of the previously broken cases now do not exceed the 1200bps 7Hz breaking point. When the
best pair is selected on a case-to-case basis that figure rises to ~20%. At the other end, the improvements for
the 300bps mode are around 16% and 20% respectively. These improvements are summarised in Table 1 of
the paper in the proceedings.

The intercepts for these modems both occur on steep parts of the probability curves. If the Doppler spread
tolerance of the 1200bps modem can be approximately doubled to 15Hz then the intercepts will occur on flatter
parts of the curves and the availability improvements increase to around 45%. This could be possible if the
delay and Doppler spread tolerance of a modem is varied by changing the pattern of probe sequences in the
transmitted waveform to allow more tolerance to Doppler at the cost of less tolerance to delay, which is not a
problem here:
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Choosing the optimum phase angle

11

If we look in detail at the example used earlier and look at the variation of Doppler
spread with the applied phase angle, y, we can see that the curve is relatively smooth
and well behaved and has a distinct minimum. This has been identified by the green
cross-hairs. The corresponding phase of 263° results in an antenna pair sensitivity
pattern with low gain in the direction of the Doppler spread signal energy to the West
of the GCP.
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More than one minima

Before

After 1 After 2
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I thought it would be interesting to look at another example sounding. We can see here, in the top panel, the single
channel delay-Doppler response for this other sounding. Of note is the Doppler spread mode at about 4.5ms delay
that appears to be roughly split around OHz Doppler shift.

When we examine the lower panels, we can see that the Doppler spread vs. phase angle curve has 2 distinct minima.
If we select the deepest minima, at 340° degrees of phase, the upper half of the Doppler spread mode is cancelled
with the remaining energy contributing to the 10.1Hz of Doppler spread. While if the second minimum is selected the
lower half of the Doppler spread mode is cancelled leaving a 17.0Hz Doppler spread. Clearly, the Doppler spread
mode is spatially separated around OHz Doppler shift and the spatial sensitivity patterns for the selected antenna pair
have low sensitivity in each direction dependent on the selected phase angle, y. This spatial separation has been
confirmed by direction of arrival information.

This is not the only occurrence of such behaviour over these high latitudes paths. Even though these cases do
present multiple minima, the phase curves are still smooth and well behaved.

A survey of the other selected cases reveals smooth good behaviour in all the phase curves in general the number of
minima in the phase curves often represents the number of Doppler offset modes at different directions of arrival.

This is very interesting because the well behaved nature of these phase curves now allows the possibility of using fast
solver methods to select the best y for the minimum Doppler spread instead of a brute force, stepping, method.
Multiple minima need not be a problem to a fast solver method since there are many algorithms which ensure that
only the deepest minimum is found.

The selected data set was analysed again, this time the stepping mechanism was replaced by a standard minimum
finding algorithm. In common with many algorithms of this type, the y corresponding to the smallest value of Doppler
spread is returned when the latest iteration of the solver returns a value within a small tolerance of the previous result.
Since speed of calculation is important, the termination tolerance is a critical parameter. A number of different values
were tried, initially on a subset of cases, resulting in the decision to use a value of 0.1° for the entire selected data set.
In all these cases the solver successfully converged on a solution.
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Doppler spread vs. cumulative

probability
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(0) (b)

(a) Thedistribution of cases
with initial Doppler spread
>7Hz without spatial filtering.
(b) The mean distribution of
minimum Doppler spreads
obtained after spatial filtering
for each of the 15 pairs of
antennas.

(c) Thedistribution of the
minimum Doppler spreads
after spatial filtering when
only the best pair is selected
on a case-by-case basis using
the brute force method

(d) The distribution of the
minimum Doppler spreads
after spatial filtering when
only the best pair is selected
0n a case-by-case basis using
the fast solver method

The results of this analysis are presented here.

This is a similar cumulative probability plot to the one illustrated previously. As before
the lines (a), (b) and (c) represent the original spreads, the mean of the spatially
filtered spreads and the best spreads selected on a case-by-case basis. The green
line, marked (d), indicates the distribution of minimum Doppler spreads, selected on a
case-by-case basis, after spatial filtering using the fast solver method.

The differences between results of the brute force and fast solver methods is very

small.
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Fast solver performance

<7Hz, <15Hz, | <25Hz,
% % %
Before spatial 0 279 736
filtering
After brute force 19.4 73.6 954
After fast solver 16.3 72.9 95.4
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When the differences between the results of the two methods are plotted, as illustrated in the top panel here,
we can see that although the fast solver method does not produce better overall results, in 72% of the cases
the resulting Doppler spreads are identical with the brute force method while the maximum difference for the
remainder only varies up to 5Hz. These differences do not, however, result in significant changes in the
availabilities at the three Doppler spread boundaries, as indicated in the Table. Slightly fewer cases are
improved enough to pass the 7Hz boundary but at 15Hz and 25Hz the availability improvements are
virtually the same.

Although it performs well, with careful selection of solver algorithm and tolerances there is the possibility of
producing even better results from the fast solver method. An improved reduction in Doppler spread arises
from the freedom of the solver to use non-integer phase angles and may allow better results than the brute
force method, although this will not be significant in all cases because often the minima are quite wide and
flat bottomed.

The reason for attempting the fast solver method, however, is to speed up the computation of the best
spatial filtering phase difference, y . The lower panel indicates the number of iterations required, per
antenna pair, to converge on a solution. For this data set, the number never exceeds 20 iterations (the
dashed blue line indicates the mean at 16 iterations). In comparison with the 360 iterations always required
by the brute force, stepping, method this represents a massive improvement in calculation time.

These improvements in calculation time are significant. On the standard 800MHz PC, running MATLAB,
used for these investigations, the mean number of iterations corresponded to a calculation time of 17
seconds. A system using dedicated hardware and embedded software is likely to be able to reduce this time
by around an order of magnitude. Additionally, there may be more efficient minimum finding algorithms
available than the one used here, to reduce the required number of iterations.
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Future Work

* Dynamic ionosphere  spatial filtering solutions will only be
valid for a limited time

* Need to determine the minimum time over which a solution
is valid

* Achieved by using the full measured data set incorporating
all 6 DD soundings in each minute to find over how many of
these soundings a given spatial filtering solution maintains
Doppler spread below the breaking point boundaries

* In parallel can investigate using alternative optimisation
parameters such as the combined Doppler spread * Delay
spread parameter to attempt to minimise in both dimensions

15

So are there any limitations. Yes, these will be addressed in future work.

The dynamic nature of the ionospheric medium means that any spatial filtering
solution will only be valid for a limited time before the conditions change enough for it
needing to be re-calculated.

The next step therefore is to instigate further investigations of the data set to
understand the stability of spatial filtering solutions in time. Specifically, the
determination of the minimum time over which a given solution is valid, before re-
calculation is required to maintain the inputs to the modem within its performance
boundaries.

If this re-calculation time exceeds that required by a fast solver to converge to a
solution then there is the possibility of implementation in a real system.

Initially, this aim will be achieved using the full collected data set from the
measurement campaign, incorporating all 6 DAMSON DD soundings from each
minute, and finding over how many of these soundings a given spatial filtering solution
maintains the Doppler spread below the breaking point boundaries.

Also; I intend to look at alternative optimisation parameters such as delay spread or
the combined Doppler spread * delay spread parameter

This document gives only a general description of the product(s) or services and except where expressly provided otherwise shall not form
part of any contract. From time to time changes may be made in the products or the conditions of supply.
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Summary
* 6-channel system collecting DAMSON soundings
* Performance and breaking points of a modem

* Compared measured conditions with modem performance,
found Doppler spread is a critical parameter.

* Brute force spatial filtering using pairs of antennas can
reduce Doppler spread

® Improvement in modem availability
® Impracticably long calculation times

* Fast Solver methods give virtually same improvements but
with MUCH FASTER calculation times

* Further Investigations into required recalculation times

16

So in Summary;

| have presented some experimental details of a measurement campaign to collect DAMSON data,
transmitted over two high latitude HF communication paths, using a 6-channel receiving system and antenna
array.

At the same time, | have introduced the performance surface of a Mil-Std-188-110A modem and identified the
‘breaking’ conditions in delay and Doppler spread, beyond which it will not operate.

| have related the measured conditions to this performance and we can see, in this data set at least, that
Doppler spread is more likely to cause a modem to fail.

Brute force spatial filtering investigations indicate that spatial filtering, using simple arrays of antennas, could
significantly reduce the level of Doppler spread presented at the inputs to such a modem.

These reductions in turn lead to improvements in the availabilities of such modems and in combination with
careful waveform design could lead to improvements of up to 45% for high data rate applications. Such a
brute force method, however, requires impracticably long calculation times.

The use of fast solver methods to find the best spatial filtering solutions resulted in very similar performance
at reducing Doppler spread and massively reduced calculation times, thus raising the possibility of
implementation of spatial filtering in a real system using optimised hardware and software.

However, further analysis is required to understand the required re-calculation times to maintain valid spatial
filtering solutions in support of this objective.

This document gives only a general description of the product(s) or services and except where expressly provided otherwise shall not form
part of any contract. From time to time changes may be made in the products or the conditions of supply.
© 2002 Alenia Marconi Systems Ltd

<Filename> 16 01/07/03



< > AMS

Q: Why is the purple line lower than the lowest blue dots on the cumulative probability
plots??

A: It's to do with sorting. In order to produce such a graph, the resulting Doppler
spreads for each distribution are sorted into ascending order. If we were to sort the
blue dots vertically on this graph into ascending order then indeed we would get a line
which follows the bottom of the blue distribution. However, this is not sorting on a
case-by-case basis. If the BEST resulting Doppler spread is selected on a case-by-
case basis and THEN this distribution sorted into order, the purple line results. The
black, blue and purple lines have not necessarily been sorted into the SAME order.

You will note that, apart from the first point on the left, there is no point on the purple
line that cannot be mapped onto a blue point to the left of it. What this does mean is
that the purple line is steeper at the end in order to catch up.

Should remember that for the purple line need to have 6 antennas, same as the RSL
system.
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