AN EFFICIENT MEANS OF IMPLEMENTING SPATIAL FILTERING OF HF SIGNALS PROPAGATED
OVER HIGH LATITUDE HF COMMUNICATION PATHS FOR THE PURPOSES OF IMPROVING DATA

THROUGHPUT

C.A. Jackson (Systems Concepts and Modelling Group, AM S Radar Systems, Chelmsford, CM1 1QW)

E.M. Warrington (Department of Engineering, University of Leicester, Leicester, LE1 7RH)

INTRODUCTION

The high latitude ionosphere is a dynamic region that is
subject to avariety of disturbed conditions, which affect
the propagation of HF radio signals. Multiple
propagation paths including off great circle propagation
as a result of the rough ionospheric reflecting surface
introduce significant time dispersion, while movements
of the ionospheric medium impose Doppler shifts and
spreads onto obliquely propagating HF radio signals.
Large scale ionospheric features, with sufficient density,
which may also be moving, allow propagation via paths
well displaced from the great circle direction. These
effects, when combined, can result in very complex
signal characteristics. Point-to-point digital
communication systems at high latitudes attempting to
utilise the narrowband HF ionospheric radio channel can
suffer severe performance degradation when the time or
Doppler dispersion exceeds certain, system dependent
bounds.

The results presented here ae based around
measurements of DAMSON [1, 2], narrowband pulse
compression channel sounding signals, made using a six
channel spaced array receiving system during a 17 day
campaign in March 1998, over two high latitude pathsin
the DAMSON network.

Super resolution direction finding studies of this data
revedled significant directional effects in the received
signals. Of particular note is an often observed
directional structure to received Doppler spread signals

3].

A brute force method of spatia filtering, using two or
three element subsets of the six element array, will be
presented which exploits this directiona Doppler
structure and has been found to be effective at reducing
large apparent Doppler spreads to lower values more
amenable to high data rate communication systems [4,
5]. The success of this approach has lead to the
investigation of a more practical method of spatia
filtering using fast solver methods, which were found to
be both quick and robust, with al cases converging to a
good solution many times faster than the brute force
method. The performance improvements are such that it
may be feasible to consider the implications of using
these techniques in an operational system.

EXPERIMENTAL DETAILS

As pat of investigations into the directional
characteristics of HF signals received over high latitude
point-to-point communication paths, DAMSON signals
were sampled and stored using a six channel spaced
array receiving system during a 17 day campaign at

Kiruna in March 1998. Figure 1 indicates the path
geometries.
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Figure 1 Map showing the positions of the transmitters
and receivers in the DAMSON network and the great
circle ground length of each path. (S = Svalbard
transmitter, H = Harstad transmitter, K = Kiruna
receiver, T = Tuentangen receiver)

The DAMSON 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. To avoid interference the schedule for the
Harstad transmitter was run in reverse to the Svalbard
transmitter.

Of particular interest in this study was the DAMSON
delay-Doppler (DD) waveform. Designed to measure the
channel scattering function, this comprises sequences of
13-bit Barker coded sequences modulated at 2400 bits-
per-second, repeated at a rate of 80Hz for 1.6s. This
waveform is transmitted 6 times at 5 second intervals
within each 1 minute frequency dwell.

Figure 2 is a diagrammatic representation of the six
channel HF-DF system as used during the campaign.
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Figure 2 A diagrammatic representation of the six
channel HF-DF system

In this system, the spaced array was composed of six
Rhode and Schwartz active measurement antennas
disposed in a field, according to the plan in Figure 3
with their positions accurately measured.
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Figure 3 Disposition of antenna array, as used in
Kiruna, March 1998

Each element of the array was connected, via a
calibration switch, to separate, good quality, HF
communications receivers. The baseband output of these
receivers was sampled simultaneously at 20kHz and
stored, using a computer, for subsequent processing and
analysis. In order to maintain time synchronisation with
the DAMSON transmitters, the computer was also
equipped with a GPS timing card which updated the
system clock and provided a 1 pulse-per-second (1pps)

timing signal that was simultaneously recorded on the
trigger line of the A/D card.

Although al six 1.6s sounding waveforms from each 1
minute frequency dwell had been stored, only the last of
these in each minute were used for afirst pass analysis.

Cases exhibiting a sufficient peak/mean ratio in the
integrated pulse delay response were selected for further
processing. This entailed delay-Doppler processing to
find the scattering function or complex DD 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 of the resulting
processed data is presented in Figure 5 for a particular
sounding.

MODEM PERFORMANCE
Figure 4 is a performance surface for a particular Mil-
Std-188-110A modem operating at 1200bps.
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Figure 4 Mil-Sd-188-110A 1200bps performance
surface

The colour scale represents the SNR required to
maintain the bit error rate (BER) at alevel of 10 under
the conditions of delay and Doppler spread represented
on the x- and y- axes respectively.

Such a performance surface is the result of modem
testing using simulators based on HF channel models.
Thistype of analysis has been presented [6, 7] where the
responses to multipath and Doppler spread of Mil-Std-
188-110A modems, operating at various data rates were
measured using HF channel simulators. In genera
different modems have different performance
characteristics, with the higher data rate systems being
less tolerant of spread than lower data rate systems.
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Figure 5 Channel scattering characteristic for a particular sounding. Top panel shows the delay response and the two
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. Note the trend in direction of arrival with Doppler offset in the Doppler spread mode.

For the example in Figure 4 two regions are evident; a
region where the required SNR is low and the modem
operates with BER better than 10, and a 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
arerelatively 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 itsinput is likely to fail.

DATA ANALYSIS

Figure 6 is a two dimensional histogram representing
the number of cases, as a proportion of al those
meeting the first pass criteria, for both Svalbard-Kiruna
and Harstad-Kiruna paths, having delay and Doppler
spreads 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.

Itis clear that most soundings map into the operational
region of the performance surface. A significant
number of soundings have Doppler spread exceeding

the breaking point, however, none appear to have
unacceptable delay spread.
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Figure 6 Two dimensional histogram of the
simultaneous distribution of delay and Doppler spread.

It thus appears that, in this data set, Doppler spread is
the critical parameter.



In terms of direction of arrival, it was observed that
there was significant directional variation in the
incoming signals at the receiver. In addition to discrete
on- and off- great circle propagation modes, significant
in-mode variation in direction of arrival was often
associated with Doppler spreading. The case displayed
in Figure 5 is a good example of this behaviour, with a
trend in direction of arrival being associated with
Doppler offset within a mode. This behaviour has been
related to scattering from irregularities embedded in
East West polar cap convection flows known to occur
at these | atitudes.

SPATIAL FILTERING

By exploiting the often observed relationship between
the directional and delay-Doppler dispersion
characteristics, it may be possible to adaptively modify
signalsin areceiver system prior to the modem in order
to reduce the delay-Doppler spreading to acceptable
limits. This can be done by modifying the receiver
system’s spatial sensitivity pattern so that signal energy
with  unacceptable delay-Doppler dispersion is
eliminated, perhaps by steering a null towards the
direction of arrival of such signal components. This
implies some knowledge of the spatial distribution of
signa energy at the receiver, information that is not
readily available unless the system employs direction
finding.

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

i2py

S=5+S,e ¥ @)

Where S, and S; 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 with finding the phase angle, y, which
resulted in the minimum Doppler spread after signa
combination.

Only those cases from the data set with Doppler spread
exceeding the 7Hz breaking point performance
boundary for the Mil-Std-188-110A modem and having
sufficient SNR were chosen for the spatial filtering
analysis.

BRUTE FORCE

In an initial brute force approach, also described in [4,
5], ¥y was varied, in steps of 1°, between 0°® 359° for

each of the 15 possible subset pairs of elements from
the six element experimental array. At each iteration
the Doppler spread of the combined signas was
estimated. The minimum Doppler spread and the
required value of y for each pair was recorded. The
analysis of these resultsis summarised in Figure 7.
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Figure 7 Doppler spread vs. cumulative probability (x-
axis values indicate the % of points having Doppler
spread below the y-axis value)

The labelled data represents:

(8 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.

The horizontal lines indicate the breaking points for the
Mil-Std-188-110A 300bps and 1200bps modems at
7Hz and 25Hz respectively, an intermediate line at
15Hz is also indicated. The x-axis co-ordinates where
the distributions in (a), (b) and (c) cross these lines
indicate the probabilities that the respective modems
will operate.

It is clear that this form of spatia filtering can lead to
significant reductions in Doppler spread and provide
increased modem availabilities, these improvements are
summarised in Table 1. When the best pair is selected
on a case by case basis the availability improvements
for the Mil-Std-188-110A modems are both around
20%.

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 will increase to around 45%. This could
be possible if a system similar to that proposed in [8] is



adopted where the delay or Doppler spread tolerance of
a modem can be varied by changing the pattern of
probe sequences in the transmitted waveform.

<7Hz, <15Hz, | <25Hz,
% % %

Before spatia 0 27.9 73.6
filtering
Mean spread after 6.2 57.4 89.9
gpatia filtering
Best spread on a 194 73.6 95.4
case by case basis

Table 1 Doppler spread improvements with spatial
filtering

EXAMPLE

Figure 8 represents the same Doppler spread case as
presented in Figure 5 after spatial filtering with the best
antenna pair. In this case the Doppler spread has been
reduced from 27.7Hz to 10.1Hz by the apparent
removal of signal energy at positive Doppler shifts,
corresponding to directions of arrival to the East of the
GCP direction.

Of particular interest, is the variation of Doppler spread
with the applied phase angle, y. The curve is relatively
smooth and well behaved and has two distinct minima.
The deepest minimum has been identified by the green
cross-hairs. The corresponding phase of 340° resultsin
an antenna pair sensitivity pattern with low gain in the
direction of the positive Doppler shifted signal energy
to the East of the GCP. The secondary minimum at
approximately 230° results in a sensitivity pattern with
low gain to the West of the GCP and removes signa
energy at negative Doppler shifts, this only reduces the
overall Doppler spread to approximately 16Hz

A survey of all the other selected cases reveals similar
good behaviour in their phase curves, with the number
of minima often representing the number of Doppler
offset modes at different directions of arrival.

FAST SOLVER METHOD

The well behaved nature of these phase curves alows
the possibility of using fast solver methods to select the
best y for the minimum Doppler spread instead of a
brute force, stepping, method.
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Figure 8 The effect of spatial filtering. The upper panel represents the resulting delay-Doppler surface with reduced
Doppler spread while the lower panel indicates the variation of resultant Doppler spread with applied phase angle, y .



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.

Figure 9 Fast solver performance

Figure 9 represents the performance of the fast solver
method compared to the brute force method. The upper
panel indicates the difference between the Doppler
spreads resulting from the fast solver method and the
brute force method. 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 varies up to 5Hz. These differences
however do not result in significant changes in the
availahilities at the three Doppler spread boundaries, as
indicated in Table 2.

<7Hz, <15Hz, | <25Hz,
% % %
Before spatia 0 279 73.6
filtering
After brute force 19.4 73.6 95.4
After fast solver 16.3 72.9 954

Table 2 Fast solver performance comparison

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. The 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 lower panel of Figure 9 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
aways 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 PC used for these investigations, the
mean number of iterations corresponded to a
calculation time of 17 seconds. A system using
dedicated hardware and software is likely to be able to
further significantly reduce thistime.

The dynamic nature of the ionospheric medium means
that any spatial filtering solution will only be valid for a
limited time before it needs to be re-calculated. Further
investigations of the data set to understand the stability
of solutions in time are required to determine the
minimum re-calculation time for a spatial filtering
solution. If this time exceeds that required by a fast
solver to converge to a solution then there is the
possibility of implementation in areal system.

CONCLUSIONS

These investigations indicate that spatial filtering, using
simple arrays of antennas, could significantly reduce
the level of Doppler spread presented at the inputs to
modern high speed digital modems. These reductionsin
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.

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.
Further analysis is required to understand required re-
caculation times to maintain valid spatial filtering
solutions in support of this objective
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