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ABSTRACT

Simulation studies are described which model the performance of a sampled-aperture HF
direction-finding (DF) system operating with specified array geometries in the presence of both
single-reflection (point-source) and multiple reflection/scattering (extended-source) ionospheric
radio propagation typical of observed high-latitude nighttime conditions. A multiple-direction
estimator was used to obtain direction estimates; the deterministic maximum-likelihood algorithm
was selected for this, following a comparison between it and the MUSIC algorithm. Array pattern
errors, based on previous phase and amplitude pattern measurements and numerical modelling,
were included in the simulation. The performance is characterised in terms of the ability of the
DF system to see a weaker point source in the presence of the extended source. The array aper-
tures in wavelengths (or alternatively operating frequencies for a fixed-size array) over which
good performance was obtained was limited at the low end by the resolving power of the array,
and at the high end by the narrow array beamwidth and the limited number of directions available
to the DF algorithm to describe the situation. Pattern errors reduced performance significantly;
much more at small array apertures (2.5 wavelengths or less) than at larger apertures (5 wave-
lengths or more). Of the four 12-element array geometries tested, the ‘star’ array, consisting of
three arms with its smallest spacings at its extremities, performed best over the widest range of
aperture sizes (or alternatively, operating frequencies).

RESUME

On décrit des études par simulations qui établissent un modéle du rendement d'un systeme
goniométrique (DF) haute fréquence (HF) par échantillonage d'ouverture pour quelques disposi-
tions spécifiques du réseau d'antennes en présence simultanée d'un signal principal provenant
d'une réflection ionosphérique simple et d'un signal multiple de réflection/diffusion (source éten-
due) ionosphérique typiques de la propagation radio en haute latitude durant la nuit. Un estima-
teur de direction multiple fut utilisé pour établir une évaluation des directions d'incidence;
J'algorithme déterministique la probabilité maximale fut utilisé a cet effet a la suite d'une com-
paraison de celui-ci avec l'algorithme MUSIC. Les erreurs du diagramme du réseau d'antennes,
sur la base combinée de mesures préalables de phase et d'amplitude du diagramme de rayonne-
ment et de 1'évaluation numérique par modele, furent incluses dans la simulation. Le rendement
du systéme DF est évalué 2 sa capacite de récupérer un signal faible en présence d'un signal para-
site étendu sur une grande plage angulaire. L'ouverture du réseau exprimée en longueurs d'onde
(ou altermativement en fréquences d'opération pour un réseau de dimensions fixes) pour laquelle
le rendement est jugé satifaisant est limité au bas de son échelle par le pouvoir de résolution du
réseau et au haut de son échelle par 1'étroitesse du faisceau et le nombre limité de directions dis-
ponibles & 1'algorithme DF pour décrire la situation. Les erreurs dans le diagramme de rayonne-
ment réduisent considérablement le rendement du systéme, beaucoup plus aux faibles ouvertures
du réseau (2.5 longueurs d'onde ou moins) qu'aux grandes ouvertures (5 longueurs d'onde ou
plus). Des quatre dispositions géométriques des réseaux a 12 éléments étudiées, le réseau en
'étoile’ formé de trois branches avec espacement minimum aux extrémités a donné un rendement
maximum pour la plus grande étendue de grandeurs d'ouverture (ou d'une fagon équivalente de
bande de fréquences d'exploitatior.).
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EXECUTIVE SUMMARY

In developing HF direction-finding systems for use at high latitudes, it is important to con-
sider the unique radio propagation environment present at those latitudes, and use array
geometries and DF algorithms appropriate for that environment.

The propagation environment is particularly difficult under nighttime conditions, where
the ionosphere which makes propagation possible beyond the horizon is characterized by low
electron densities and irregular moving patches or blobs that may scatter or reflect radio waves
from many points. The result is a radio signal having many directions whose bearings are differ-
ent from that of the transmitter. At the same time, sporadic-E ionization may also be present
which yields a single weaker signal direction with a bearing close to that of the transmitter. A sys-
tem requirement for successful DF operation at these times is the ability to see and identify a sin-
gle signal direction, in the presence of a spread set of directions whose composite signal strength
is greater.

This requirement implies that a multiple-direction estimation technique is required for the
DF algorithm. Current techniques include the widely used MUSIC algorithm, and the more com-
putation-intensive maximum-likelihood algorithm. Both algorithms require that the number of
signal directions be assumed, and set to a value less than the number of antennas.

The limited number of directions means that a spread set of directions consistent with
moving patches may not be accurately described, since there are many more directions present
than can be estimated by the algorithm. However, if the array aperture is not too large, the array
beamwidth will be wide enough that the spread set can be ‘covered’ by a number of beams, less
than the number of directions available, leaving a direction free to attach to a weaker single-direc-
tion sporadic-E signal.

These algorithms require knowledge of the radiation patterns, both gain and phase, of the
element antennas in the DF array. This knowledge can come through making educated simple
assumptions. (In the case of an array of vertical whip antennas, pattern assumptions often made
are an azimuth-independent gain and phase responses consistent with a plane-wave signal propa-
gation from the direction of interest.) Pattern knowledge can also come from numerical model-
ling, or actual measurements, which are progressively more accurate than assumptions.

Uncertainties in the element patterns affect the accuracy and sensitivity of DF algorithms,
especially in seeing and estimating the directions of weaker signals. Reducing these uncertainties
may be critical to the success of a DF system operating in high-latitude nighttime conditions.
From previous measurements and modelling studies of the element patterns of the “Vortex’ array
in the Ottawa area, the uncertainties inherent in the three techniques: simple assumption, model-
ling, and measurement, were estimated.

This paper presents the results of a simulation study to assess the effects of array geometry
and element pattern uncertainty on DF systems operating in high-latitude nighttime conditions.




The signal environment consisted of a spread set of directions (spread source) covering

25° in azimuth, and a single weaker direction (point source), removed in azimuth from the spread
source by various amounts. The performance criterion used was that of point-source visibility:
how much weaker in power can the point source be, relative to the spread source, and still be seen.

Four different 12-element array geometries of vertical whip antennas were simulated, each
having a similar range of apertures (as measured in wavelengths, which is equivalent to a range of
operating frequencies for a fixed physical size). These included the Vortex array, a log-spiral
array, a centered-circle array, and a three-prong ‘star’ array. Two levels of pattern uncertainties
were modelled: large, consistent with those errors found for simple assumption or modelling, and
small, consistent with measurement errors.

The direction estimation techniques included MUSIC and deterministic maximum likeli-
hood. The AIC criterion, based on a technique which examines the eigenvalues of the covariance
matrix, was used to set the number of directions present. Initial studies showed the maximum-
likelihood technique to perform better than MUSIC, owing mainly to the tendency for MUSIC to
estimate false signal directions. For this reason, and also since maximum likelihood was based on
an optimal approach, the maximum-likelihood technique was used for the remainder of the study.

The simulations clearly demonstrated that array aperture and geometry are critical factors
in the ability of a DF array to see weak signal directions in the presence of stronger spread signals.
The useful array aperture is limited, on the low end, by the resultant low resolving power of the
array, and on the high end by the resulting narrow array beamwidth and the greater number of
directions required to describe the spread source before any directions can be allocated to the
point source. The range of useful apertures varies with array geometry. Of the array geometries
tested, the star array performed best, having the largest range of useful apertures (or for a fixed
size, the largest useful frequency range), from 3 to 7 wavelengths, as well as having the best per-
formance over its useful range (point source visible down to 24 dB below the spread source, at a

bearing separation of 15°, in the absence of pattern errors). The star array was the only array of
those tested to have its closest spacings at its extremities, resulting in the largest proportion of
large interelement spacings.

The influence of pattern uncertainties on performance was quantitatively demonstrated in
the simulations. Point-source visibility was adversely affected by pattern uncertainties, substan-
tially for small array apertures and less (but still noticeably) for larger apertures. The results illus-
trate the need to reduce the pattern uncertainty in operational arrays intended for high latitudes.

Another study planned for the near future is an examination of existing high-latitude
nighttime sampled-aperture and oblique ionosonde data to determine the incidence of occurence
of sporadic-E signal propagation. A modified DF algorithm, developed at DREO, is currently
undergoing evaluation. This algorithm is based upon the stochastic maximum-likelihood tech-
nique, and, instead of using a limited number of single directions to match the observed signal
environment, it assumes a number of spread sets of directions, the ranges of which are varied to fit

the observations.
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1.0 INTRODUCTION

High-latitude HF direction-finding (DF) during darkness is often characterised by signals
arriving from a changing range of directions as a result of reflection or scattering from moving
ionospheric F-region features such as ‘blobs’ or ‘patches’ convecting across the polar cap [1, 2].
These directions tend to cover the solid angles subtended by the moving features, and thus are not
an accurate indicator of transmitter direction. In order to properly assess the situation, a multiple-
direction estimation technique such as MUSIC or maximum likelihood is required. At these same
times, the occasional appearance of sporadic E-layer ionization may give rise to signal propaga-
tion in the great-circle direction at lower angles consistent with E-layer reflection [2]. The spo-
radic-E signal may be weaker than the higher-angle direction-spread F-region signals due to the
poor low-angle gain of HF antennas. A multiple-direction estimation algorithm is needed to see
the sporadic-E signal direction and thus obtain a reliable direction estimate at these times [3].

Current multiple-direction estimation algorithms such as MUSIC or maximum likelihood
require an estimate of the number of directions present, usually limited to a value below that of
the number of elements in the antenna array. The high-latitude nighttime situation involving mov-
ing patches represents many more signal directions than can be handled by these algorithms.
When applied to this situation, these algorithms apply their limited number of directions to
describe the observed signal environment as closely as they can; this results in direction values
scattered over the solid angle subtended by the patch. Random changes in these individual esti-
mated directions typically occur within periods of a second or so [3]. When a weaker sporadic-E
signal is also present, these algorithms will see it as well, provided that the patch does not use up
all the direction estimates available to the algorithm. An array aperture that is too large will result
in a beamwidth that is so narrow that the available number of direction estimates will be used up
in attempting to cover the solid angle of the patch, leaving none for the weaker sporadic-E signal.
A smaller aperture causes the array to have a sufficiently large beam that the patch may be cov-
ered by fewer than the available directions, permitting the sporadic-E signal to be described by a
remaining direction. If the aperture is too small, however, the sporadic-E signal may not be dis-
tinguished from the stronger patch signal because of the low resolving power of the array. The
aperture and, by inference, the array geometry are important to the performance of multiple-direc-
tion estimating DF systems in the high-latitude nighttime signal environment.

Another important element in the application of sampled-aperture antenna arrays in HF
direction-finding (DF) is the knowledge of the actual element radiation patterns. Knowledge of
both phase and amplitude patterns is needed to implement the higher-performance multi-direction
DF algorithms, such as MUSIC and maximum likelihood, coming into use with the advent of
increased processing capability [4]. Thus the effect of pattern estimate uncertainties becomes an
important consideration. These uncertainties can be expected to affect not only the accuracy of
the ensuing direction estimate, but also the dynamic range of the process, i.e., the range of powers
over which signal directions can be estimated. In addition, they are likely to have a far greater
effect on the direction estimates for weaker signals in the presence of strong signals, since the
errors related to the stronger signals will cause significant perturbation in estimating the contribu-
tions of the weaker signals.




1.1 THE POLAR RADIO PROPAGATION ENVIRONMENT AND ITS
INFLUENCE ON HF DIRECTION FINDING

It is worthwhile reviewing the high-latitude HF radio propagation environment in greater
detail, prior to considering appropriate DF systems for use in that environment. This environment
is dominated by the ionosphere on which it depends.

The polar ionosphere is a highly variable, often turbulent medium [1, 2], owing to its loca-
tions near the magnetic poles of the earth and its consequent connection via the earth’s magnetic
field lines to the solar wind, a charged plasma consisting of protons, electrons, and associated
magnetic field lines that moves outward from the sun past the earth. The moving solar wind sets
up a two-cell convection pattern in the ionosphere over the polar regions [8], with an antisunward
motion at the highest latitudes (polar cap), and a returning sunward motion at lower (auroral and
sub-auroral) latitudes. Solar activity causes changes in the solar wind, which in turn affects the
convection and other features of the high-latitude ionosphere.

Under sunlight conditions, the polar ionosphere is reasonably well-behaved. The photo-
electric process provides a steady source of ionospheric electrons, and the relatively high conduc-
tivity that occurs in the E region of the ionosphere causes any localized jonospheric enhance-
ments to decay rapidly. The same is not true under darkness conditions. The E layer is normally
not present and ionospheric enhancements decay much more slowly. The lack of photoelectric
production allows the ionosphere to gradually deplete to levels of low electron density, through
the motion of electrons and positive ions upward along the magnetic field lines. Large-scale
enhancements drift backward from the sunward side where they are created[1,9] to the antisun-
ward side of the earth. The gradient drift instability [1] gives rise to small-scale ionospheric irreg-
ularities to be produced as these features move. At the same time, precipitating particles in the
polar regions [10, 11] can cause additional enhancements. Sporadic E-layer ionization, which
may be related to particle deposition as well as other time-varying ionospheric features, is some-

times present.

The ramifications for HF radio propagation are substantial. An irregular ionospheric
enhancement will reflect radio waves from many places over its surface, causing a radio signal to
arrive at a receiving site from many directions within the solid angle spanned by the feature at the
receiver. In addition, radio waves may be scattered from small-scale irregularities, so that they
also arrive at the receiving site from many directions, also covering the solid angle spanned by
these irregularities. Thus, a direction-finding system will see many signal directions not necessar-
ily close to the direction of the signal transmitter, rather than the single great-circle direction that
occurs with a well-behaved horizontally stratified ionosphere. As the ionosphere in the polar cap
is moving across the polar cap in the antisunward direction, these features and their related signal

directions will also be seen to move.

In a set of interferometer measurements conducted at Alert, N.W.T. in November, 1990, a
large number of off-great-circle directions were noted for transmissions from Thule, Greenland
[12]. For a substantial portion of the time, the directions were seen to be scattered from one meas-
urement to the next, over 20° or more in azimuth. Also the cluster of directions was observed to
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move with time, sometimes over more than 90° in azimuth, over tens of minutes. The observed
positions and motions were consistent with an antisunward convective flow of F-region iono-
spheric enhancements. Separate modelling studies [3], invoking the different mechanisms of scat-
tering from field-aligned irregularities and multiple reflections from irregular surfaces, were able
to reproduce many of the observed features.

Another feature seen in the interferometer data from Thule was the occasional appearance
of a short-lived (several minutes) consistent set of directions close to great-circle, with elevation
angles consistent with an E-layer reflection. This phenomenon, which occurred in the midst of
the moving spread directions, was interpreted as being due to sporadic-E reflections. The direc-
tion-finding estimate, at these times, gave the true transmitter direction, rather than the enhance-
ment direction as was otherwise the case. As the interferometer technique has the property of
selecting the direction with the strongest signal, the great-circle signals could only be seen when
the sporadic-E signal was the strongest. which in the case of the November 1990 measurements
was only one percent of the time.

It is desirable to increase the visibility of sporadic-E signals, in order to obtain accurate
direction estimates which would otherwise not be available. A multi-direction algorithm such as
MUSIC can be expected to see the sporadic-E signals more often than a single-direction estima-
tor. An appropriate criterion with which to evaluate the success of such techniques is how far
below the other signals the sporadic- E signal can be in power and still be seen. A simulation
study [3] using several array geometries, and a path and frequency similar to the Thule measure-
ments, estimated that sporadic-E signals could be as much as 21 dB below the other ‘spread’ sig-
nals and still be seen using MUSIC. Antenna-array gain errors were not included in this study.
As array pattern errors have a strong influence on performance, especially for weak signals in the
presence of strong signals, it is important to extend this study to include such errors.

1.2 AIM OF THE REPORT

This report describes a study of the effect of array geometry and element-pattern uncer-
tainties on the performance of potential HF direction-finding systems operating at high latitudes
during darkness hours. The modelled environment includes both a set of ‘spread’ signal direc-
tions (referred to herein as an extended source), uniformly distributed over a specified range of
azimuths and elevations, and a weaker single signal direction (referred to herein as a point
source), at a specific azimuth and elevation. Various directions and azimuthal separations
between point source and extended source are simulated. Several levels of antenna-pattern uncer-
tainty are simulated, consistent with the approaches to pattern estimation described in the next
section. Two direction-finding techniques are tested: MUSIC and deterministic maximum likeli-
hood. Various antenna array geometries and operating frequencies are used. The goal is to find
the best configurations, i.e., adaptive algorithm and array geometry for use in the modelled night-
time high-latitude environment, and to estimate the performance attainable by such configura-
tions, for the levels of antenna pattern uncertainty likely to be incurred.




2.0 RADIATION PATTERN UNCERTAINTIES

The element antenna radiation patterns may be obtained through three basic approaches.
The first, and simplest, approach often applied to arrays of simple elements is to assume the
amplitude (gain) pattern given by theory for individual elements, and a position-dependent phase
response consistent with plane-wave propagation, for each element. The second approach is to
perform numerical modelling, taking into account interactions between all radiating elements in
the array and its vicinity, and a simplified ground such as a uniform flat ground. The third
approach involves actual measurement of the patterns. Recent pattern measurements and model-
ling [5,6,7] on a representative antenna array have provided estimates of the pattern uncertainties

inherent in each approach.
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Figure 1. Plan geometry of Vortex antenna array. Numbered elements are used in
the sampled-aperture array.

The pattern measurements [5] and numerical modelling [6] conducted on an HF array in
the Ottawa area provided an estimate of the typical uncertainties that could be expected in assum-
ing antenna pattern gains and phase responses for a sampled-aperture direction-finding system.
The array in question consisted of eight elements from the inner circle of a Pusher array, plus four
additional elements placed along two axes at right angles, as shown in Figure 1. This array,
referred to herein as the ‘Vortex array’, is similar to one used in recent high-latitude HF DF meas-
urements. The selected elements are 20 ft. vertical whip antennas, as are the remainder of the
inner-circle Pusher elements. The outer-circle Pusher elements are 40 ft. whip antennas.

The first and simplest approach for obtaining patterns for this antenna array is to assume
the azimuth-independent gains expected of isolated vertical whip antennas, and the relative phase
responses given by the antenna locations and a plane-wave calculation for the direction of interest.
Based on the measurements, the errors inherent in this approach were estimated. The errors
inherent in the measurements and modelling approaches were also estimated [6, 7].
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The estimated errors are given in Tables 1 and 2 for several operating frequencies, several
representative antennas of the Vortex array and at an elevation angle of 11°. (The errors were
found to be almost independent of elevation angle below 20° elevation.) The errors found for the
measurement technique were substantially less than for the modelling and simple-assumption
techniques, which were roughly similar. While there are some variations between antennas in the
modelling and simple-assumption errors, a general trend can be derived from these values. The
tendency is for the gain errors to be almost frequency-independent, and the phase errors to vary
only slightly less than proportionally with frequency.

Table 1: RMS gain errors averaged over azimuth, found for several representative elements
of the Vortex array, at an elevation angle of 11°

€meas (dB) €mod (dB) Eassmp (dB)

MHz | ant#5 ant#9 | ant#11 | ant#5 ant#9 | ant#11 | ant#5 ant#9 | ant#l1

5.1 0.23 0.24 0.27 1.04 0.66 0.75 0.86 0.69 0.71
115 0.70 0.69 0.72 0.52 1.33 0.75 0.89 1.46 0.39
18.0 0.37 0.32 0.35 0.64 0.77 0.86 0.63 1.51 0.70

Table 2: RMS phase errors averaged over azimuth, found for several representative
elements of the Vortex array, at an elevation angle of 11°

€meas €mod assmp

MHz ant#5 ant#9 | ant#11 | ant#5 ant#9 | ant#11 | ant#5 ant#9 | ant#l11

5.1 0.9° 1.1° 1.1° 9.0° 7.8° 7.8° 3.5° 3.6° 3.1°

11.5 1.3° 2.1° 2.8° 6.0° 6.2° 4.4° 6.6° 7.9° 54°

18.0 1.6° 2.1° 2.8° 7.1° 6.5° 6.4° 10.7° 8.9° 8.3°

On this basis, two levels of error were obtained for the purposes of the present work: large
errors representative of those introduced by using overly simple assumptions such as plane-wave
phase response and azimuth-independent gain patterns, or numerical modelling in our case; and
small errors typical of what may be obtained from making actual pattern measurements. The
average rms values found from the previous studies were interpolated to obtain corresponding
representative values for the frequencies used in the present study. These are shown in Table 3.




Table 3: RMS antenna gain and phase response errors simulated for the various
frequencies and corresponding antenna apertures used

frequency aperture small errors large errors
(MHz) (wavelengths) gain phase gain phase
2 MHz 1.62 A 0.19dB 0.7° 0.58 dB 1.8°
3 MHz 2.43 A 0.22dB 1.1° 0.64 dB 2.5°
4 MHz 3.24 A 0.25dB 1.3° 0.7dB 3.0°
5SMHz 4.05A 0.27 dB 1.6° 0.74 dB 3.5°
6 MHz 4.1.86 A 0.29dB 2.0° 0.78 dB 4.0°
8 MHz 6.48 A 0.33dB 2.5° 0.85dB 5.0°
10 MHz 8.10 A 0.37dB 3.0° 0.93 dB 6.0°

Since actual antenna patterns differ from the assumed ones in a way that varies continu-
ously with azimuth, a functional approach must be used in order to generate ‘actual’ patterns for
the simulation from the assumed patterns and rms errors. The method used was to consider the
Fourier (harmonic) components of the azimuthal patterns, and to randomly generate these compo-
nents according to a mean spectral distribution consistent with that observed. The observations
suggested that the mean values of the Fourier components had squared amplitudes decreasing lin-
early from one cycle over 360° azimuth, down to zero at a cutoff of 15 cycles over 360°; this was
the spectral distribution assumed. The actual amplitudes of the Fourier components were then
randomly selected according to a Gaussian noise distribution, with the means derived from the
rms value, satisfying the requirement that the sum of the mean squared amplitudes was equal to
twice the square of the rms error taken from Table 3. The phase of each Fourier component was
selected randomly over 2. The differences between the assumed patterns and the simulated
‘actual’ patterns were completely specified in terms of the Fourier components, which, once gen-
erated, could be used to determine each antenna’s gain and phase response in any direction.

3.0 ANTENNA ARRAY GEOMETRIES

The four antenna arrays selected for simulation each consisted of twelve vertically ori-
ented whip antennas, whose azimuthal dependence in gain was assumed to be constant, and
whose relative phase dependence for any signal direction was assumed to be consistent with a

plane wavefront from that direction.




The array geometries are given in Figure 2. The Vortex array and log-spiral array are
based on designs that have been previously implemented in experimental systems. The centered
circle and three-prong star array were recommended on the basis of good performance in low sig-
nal-to-noise situations [13].

The four arrays were scaled so as to have the same physical aperture. This permitted a
more direct comparison of the properties of the various antennas, independent of aperture. This
required the two previously implemented arrays, Vortex and log-spiral, to be scaled slightly from
their original implementations. The apertures, averaged over all azimuths, are given in wave-
lengths as a function of frequency in Table 3.

N
Vortex Centered Circle
100m
—
Log Spiral Star

Figure 2. Plan views of simulated antenna arrays.

4.0 DIRECTION-FINDING ALGORITHMS

The direction-finding algorithms used in the simulation were intended for multiple point-
source signal direction analysis. These included both the MUSIC [14] and deterministic maxi-
mum-likelihood [15] algorithms. The maximum-likelihood approach, while being a more opti-
mal approach for a number of point sources in white Gaussian noise and thus better than MUSIC
in low signal-to-noise situations under these conditions [15], requires much more computation.




Both algorithms were attempted in the early stages of the simulation. Based on the findings, the
maximum-likelihood approach was found to be best under the simulated conditions, and was
selected for more intensive simulation. For both methods, the Akaike criterion [16] with the
Lawley approximation [17] (denoted here as the AIC criterion) was used to estimate the number

of directions present.

As the simulation included clusters of a large number of signal directions, these tech-
niques could not hope to match the number of directions present, since they were limited to less
than the number of array elements. However, as the array beamwidth for any steered direction
covered a finite range of directions, it was hoped that these algorithms would be able to approxi-
mate the simulated spread set of directions, thereby determining the mean and extent of the spread
set, as well as determining the direction of any single-direction signal present.

5.0 SIMULATED SIGNAL ENVIRONMENT

The simulated signal environment was selected to address the high-latitude problem of
seeing a relatively weak sporadic-E signal (with a direction close to great-circle) in the presence
of stronger signals reflected or scattered from irregular, off-great-circle features.

The signals from a single irregular ionospheric feature were modelled as 1000 signals of
equal mean power, from an apparent ‘extended source’ of distinct directions uniformly distributed
in the statistical sense over a portion of the coordinate sphere of 25° azimuthal width, between 10
and 25° elevation. This is typical of the angular spreads observed in signal directions during
darkness at high latitudes [12]. The signals from each direction were random with respect to each
other in their phase. High-latitude signal propagation in the presence of such features is charac-
terised by Doppler spreading, typically several tens of Hz [18]. This property was simulated by
imparting a 20-Hz Doppler spread to each of the 1000 signals separately. This was done by ran-
domly generating a random-noise signal on a sample-to-sample basis, and then passing the (com-
plex) noise samples through a low-pass digital Butterworth filter with its coefficients selected on

the basis of the desired 20-Hz spread.

The sporadic-E signal was modelled as having a single direction, from an apparent ‘point
source’ at 15° elevation, and a Doppler spread of 1.0 Hz. Several different azimuthal separations

between the sporadic-E signal and the patch signals were tried: 5, 10 and 15°. Various signal lev-
els were used: 3, 6, 10, 15, 20, and 25 dB below the total spread-source signal.

Background noise was simulated as additive white Gaussian noise which was uncorrelated
between antennas. This was set at a level of 40 dB below the total spread-source signal power.

The different simulated signal environments are listed in Table 4.
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Table 4: Simulated signal environments

case ] case 2 case 3
15° az. separation | 10° az. separation 5° az. separation

pt. source: _ :
15° elevation, 180° W of N 90° W of N 270° Wof N
0.5-Hz Doppler spread

extended source:
10 - 25° elevation, 140-165° Wof N | 100-125° Wof N | 275-300° W of N
20-Hz Doppler spread

6.0 SIMULATION PROCEDURE

The simulation procedure was a two-stage process. The first stage was to model the prop-
agation environment, receiving array, and recording operation, and generate a file consisting of a
sequence of simulated signals representing the total signal as seen by the array antennas. The sec-
ond stage was to operate on the sequence, with the appropriate DF algorithm, in order to obtain a
file containing a series of (multiple) direction estimates and other algorithm-related parameters,
and to plot that series. The procedure is illustrated in Figures 3 and 4.

6.1 STAGE 1: GENERATION OF RECEIVED SIGNAL DATA

As shown in Figure 3, the information on the array, including the array geometry and the
pattern errors, is combined with the assumed patterns (azimuth-independent gain, plane-wave
phase response) to derive typical ‘actual’ patterns. In order to do this, the given rms gain and
phase errors are used to derive Fourier coefficients in azimuth space, which define the azimuthal
variation in gain and phase away from the assumed pattern, as described previously. The Fourier
coefficients, once created, are then stored for later use with the point-source direction or one of
the 1000 spread-source directions, to obtain the array response to a signal from that direction.

The defined signal environment provides a discrete direction for the point source, and a
range of directions for the spread source; this range is used to generate a randomly placed, uni-
formly distributed set of 1000 directions. The point source direction and each direction within the
spread-source set is used with pattern information to determine the response of each element
antenna to that direction.

The defined signal environment provides the relative amplitude and Doppler spreading of
the ‘point source’ signal, and the ‘spread source’ signal. This information is passed to low-pass-
filtered white noise generators, which produce a sequence of signal samples for the point source
and for each direction within the spread source, each consistent with a Doppler-spread tone.




The individual array element direction responses, for the point source and for each direc-
tion of the spread source, are then combined with the signal samples for each of these directions
to obtain the individual signals received by each of the element antennas for each direction. These
signals are then added over all the directions, together with the background white-noise samples,

to obtain the total signal seen at each antenna.

The resulting signal samples are then stored in a data file for later use with the various
direction-finding algorithms. '

point
white noise low-pass source
generator filter signals
at each
point .Doppler spread antxe1nzna
source .
iracti direction
power direction responses
3 at each
. sprea pemm—— antenna
signal source
environment signal
| directions
x1000
arra element direction
geomeytry antenna | J responses
gain and at each
relative antenna
phase x1000 x12
%?E)errsn patterns
spread source 3
sprea
Doppler spread | e
- - signals
white noise low-pass at each
generator filter antenna
x1000 x1000 x1000x12
back-
ground
noise i i
white noise ,
power generator background noise at each antenna
|
x12

total signal at
each antenna
x12

(signal data file)

Figure 3. Stage 1 of simulation: signal data generation
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The signal data file was given a format identical to that used for previously recorded
experimental data, in order to allow the use of DF analysis software originally developed for that
data. The sample rate was set at 10k real samples/second per antenna, with the signal being
recorded with a center audio frequency of 2.5 kHz. The data was recorded in blocks of 8000 sam-
ples x 12 antennas. Normally several blocks of data were recorded with one set of randomly gen-
erated antenna patterns (as determined by the Fourier coefficients), then a new set of patterns
generated with a new set of Fourier coefficients, and the process repeated. This was done a
number of times in each simulation run, so as to prevent the effect of pattern errors being limited
to a single set of patterns, and to allow the effects of errors to be viewed in a more statistically sig-
nificant way. A typical run included 12 blocks (i.e., 9.6 seconds) of data, divided into six 2-block
sections each with a different statistically generated set of antenna patterns. This was reduced
from the initial 30-block run of six 5-block sections initially used, in order to reduce the computa-
tional load in the large number of runs required. (A 30-block run took a single dedicated SPARC
10 workstation approximately 6 hours to complete the generation of its signal data file.)

6.2 STAGE 2: DIRECTION-FINDING OPERATION

The second stage of the simulation, illustrated in Figure 4, was the application of direc-
tion-finding techniques to the simulated signal data. The software used for this purpose was
developed for use with experimental sampled-aperture data, as well as simulated data [18, 19].

signal direction-finding observed direction
data file [ routines == directions file ] displays
algorithm/parameter array
" selection geometry

Figure 4. Stage 2 of simulation: direction-finding operation

The direction-finding routines require knowledge of the antenna array geometry and, for
this purpose,.used the assumed element patterns (azimuth independence of gain, plane-wave
phase response). Pattern ‘errors’ were in this way modelled by the mismatch between these
assumed patterns and the ‘actual’ patterns used to generate the signal data samples.

The direction-finding software contains a number of DF algorithms and a choice of appro-
priate parameters. The MUSIC algorithm and the maximum-likelihood algorithm were used in
the present study. The software first performed a 32-sample Fourier transformation on the incom-
ing signal to select the strongest tone for analysis and increase the signal to noise ratio. Both
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algorithms required a covariance matrix to be formed from the resultant tone samples. The algo-
rithms then used the covariance matrix to find the signal directions. Thirty-one tone samples were
used in accumulating a covariance matrix, from which a single set of signal directions was esti-
mated. This corresponded to 31 x 32 = 992 signal samples. In order to be consistent with the
8000-sample block size, the next 8 signal samples were ignored before repeating the direction
estimation. In this way, the direction-finding operation performed 8 estimates per block, i.e., 10
estimates per second of signal data.

The number of signal directions assumed by the algorithm was estimated using the AIC
criterion, as described in Section 4.0, up to a maximum of 8. The number recorded for later dis-

play purposes was limited to 6.

7.0 RESULTS -

The simulations, as described earlier, were performed for three signal environments each
consisting of a number of point-source signal powers relative to the spread source, four array
geometries, seven frequencies (or array apertures), and three levels of pattern error. In order to
better isolate the effects of these various factors on DF performance, it is helpful to examine the
results first in the absence of errors. Once the effects of array geometry and aperture are found,
for the different signal environments, the influence of pattern errors can then be considered.

Also, it is important to restrict the analysis to a single DF algorithm, if possible. As will
be seen in Section 7.2, the maximum-likelihood algorithm was observed to perform better than
the faster MUSIC algorithm, in the modelled signal environments. Being a more optimal
approach, maximum likelihood was considered to represent the best that could be achieved, given
the assumption of a limited number of directions. It was used for the remainder of the analysis.

7.1 TYPICAL DISPLAYS

The simulation runs were 9.6 seconds in length, with a estimate of directions every 0.1
seconds. Both azimuth and elevation were obtained. Three types of display were developed for
interpreting the results; an example of each is given in Figure 5.

For Figure 5, the signal environment consisted of a point source at 180° azimuth and 15°
elevation, and a uniformly distributed spread source extending from 140 to 165° in azimuth and
10 to 25° in elevation. The antenna array simulated was the Vortex array (Figure 2) and the DF
algorithm used was maximum likelihood.
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"‘ Figure 5. Sample displays of direction results: the Vortex array, 5.0-MHz operating frequency,
no pattern errors, receiving a point-source signal from 180° azimuth, 10 dB below a spread-
~ source signal from 140-165° azimuth, using the maximum- likelihood DF algorithm.
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The top plot in Figure 5 displays elevation versus azimuth, where the various direction
estimates for the run are shown as points. Some of the estimated directions can be seen to cluster
about the point-source direction, while many more are seen to cluster about the range of spread-
source directions. The middle and bottom plots display the time histories of the azimuth and ele-
vation estimates. The point-source elevation is within the range of spread-source elevations, so
the elevation-time plot is not very helpful in distinguishing the point source in the presence of the
spread source. However, the point-source azimuth, being 15° outside the spread-source range, is
clearly distinct thus allowing the point source to be easily distinguished from the spread source
which appears as a roughly uniform distribution of directions over 140 to 165° in azimuth in the

Figure 5 azimuth-time plot.

The time histories permit changing conditions to be seen. In the present simulations, they
permit the direction estimates from signals simulated with the different sets of statistically gener-
ated-antenna patterns to be seen separately. For these reasons, the azimuth-time plots were partic-
ularly useful in determining performance.

350 350
300 . 300
250 250
200 200

Pap e P OBATAG, b St iny e

150 SREEAS 10dB 150 -15dB
Z 100 ’ 100
A
O . .
w 50 50
o )
Q
g o 0
> 0 005 01 015 02 025 0 005 01 015 02 025
T 350 350
£
3
g a0 300
N
© 250 250

200
-20dB 150 . -25dB

w00} 100

50 ) 50

0 0

0 005 01 015 02 025 0 005 01 015 02 025

time from start (minutes)

Figure 6. Azimuth-time displays for the Vortex array, 5.0-MHz frequency, no pattern errors.
receiving a point-source signal from 180° azimuth and extended-source signals from 140-
165° azimuth, for various point-source signal powers relative to the extended source,

found using the maximum-likelihood algorithm.
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Figure 6 shows several azimuth-time plots, having different point source powers relative to
that of the spread source: -10, -15, -20, and -25 dB. When the point source is close in power to the
spread source (-10 and -15 dB), it is clearly seen on the azimuth-time display, and its azimuth is
clearly defined. As the power is decreased, it becomes less visible, and its azimuth less clearly
defined (-20 dB). Eventually it cannot be seen as a point source although a few scattered direction
estimates may be attributed to it (-25 dB). From this sequence of azimuth-time plots, the relative
power at which it ceases to be visible is determined to be -20 dB.

The relative power of the point source, at which it ceases to be detected as such while in
the presence of the stronger spread source, referred to herein as ‘point-source visibility’, is used as
. a appropriate measure of performance in the present study. From azimuth-time plots such as
those of Figure 6, the point source visibility can be determined within an accuracy of 1 to 2 dB.

7.2 CHOICE OF DF ALGORITHM

Initial studies were made using both the MUSIC and the maximum likelihood algorithms.
Since both algorithms make the assumption of a similar number of point-source directions, and
the maximum-likelihood approach calculates a more optimal solution, maximum likelihood is
expected to yield better performance than MUSIC. The MUSIC algorithm requires much less
computation (about 40 times in the cases investigated here) than the very computation-intensive
maximum-likelihood approach, which could be sufficient reason for its use provided it does not
cause a significant performance deterioration.

Figure 7 contains azimuth-time displays for a situation similar to that of Figure 6 using, in
this case, the MUSIC algorithm to determine the signal directions. As can be seen in Figure 7,
the MUSIC algorithm is more prone to give rise to false directions, which limits its ability to
unambiguously ascertain the presence of weak signals. A false trace at 120° azimuth, equal in its
visibility to the point-source trace, is seen in the azimuth time display for a point-source power of
-20 dB. Also, when the point source is even weaker, the false trace at 120° is the stronger trace,
not very much weaker than the point source trace at -15 dB power. Therefore, the level at which
the point source is unambiguously discernable lies, at most, just below - 15 dB. By way of com-
parison, false direction traces are not evident in the maximum-likelihood estimates illustrated in
Figure 6, even at -25 dB point-source power, and the point source remains discernible down to -20
dB.

The case shown here is representative of the other cases compared at other operating fre-
quencies, other array geometries, and with and without pattern errors. The MUSIC algorithm was
seen to be much more prone to false directions than maximum likelihood, which limited its ability
to unambiguously see weaker signal directions. For this reason, it was decided to restrict the
study to the maximum-likelihood technique.
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Figure 7. Azimuth-time displays for the Vortex array, 5.0-MHz frequency, no pattern errors,
receiving a point-source signal from 180° azimuth and extended-source signals from 140-
165° azimuth, for various point-source signal powers relative to the extended source,
found using the MUSIC algorithm.

7.3 ERROR-FREE CASE

7.3.1 Effect of Array Aperture

The performance, in terms of the point-source visibility (lowest power relative to the
spread source at which the point source could be unambiguously seen) is plotted for the log-spiral

array as a function of the array aperture in wavelengths in Figure 8. This figure includes results 1
for the three different signal environments described in Table 4: a 25° -wide spread source and a
point separated by 5, 10, or 15° in azimuth from the spread source. »

i
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This figure illustrates how the point source visibility depends on the aperture in wave-
lengths, and on the point-source/spread-source separation. The performance is better when the
point source is further removed from the spread source. For each separation, the point-source vis-
ibility is relatively poor at the lowest array aperture, and improves as the aperture is increased, up
to an optimum value. The optimum value depends on the separation between point source and
spread source, being approximately: 2.5 wavelengths for 15° separation, 3.5 wavelengths for 10°
separation, and 4.5 wavelengths for 5° separation. As the aperture is increased past the optimum
value, the performance deteriorates.
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Figure 8. Point-source visibility as a function of array aperture, for the log-spiral array
in the presence of a spread source of 25° azimuthal width, and a point source at
various separations from the spread source, in the absence of pattern errors.

This behaviour can be explained by two things: the ability of the array to resolve close
directions, and the number of directions allocated to the spread source by the DF algorithm. The
effects of these features are described in the introduction and are reviewed here, by way of illus-
tration.

When the array aperture in wavelengths is small, the array cannot resolve signals close in
direction and, by inference, a weak point source near a spread source. The performance improves
as the angular separation of the point-source and spread-source signals is increased. It also
improves as the aperture is increased from small values.

The DF algorithm has a limited number of signal directions that it can use to ‘describe’ the
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signal environment. For relatively small array apertures, the effective beamwidth of the array
steered to any signal direction is relatively broad, and relatively few steered directions are
required to cover a spread-signal source, leaving one or more signal directions available to be
used against the weaker point source. When the aperture becomes too large, however, the
beamwidth can become so narrow that all the available signal directions are used up in describing
the spread source, leaving none for the weaker point source. This explains the reduction in point-
source visibility that occurs when the aperture is increased beyond the observed optimum.

The optimum aperture represents a compromise between the conflicting requirements of
an aperture sufficient to resolve separated signal directions:and a beamwidth large enough that a
spread source can be described by the limited number of directions provided by the present maxi-
mum-likelihood DF technique. The optimum aperture increases when the point source is moved
closer to the spread source, as a result of the larger aperture required for resolving the two sources

in that situation.

7.3.2 Effect of Array Geometry

Figure 9 illustrates the effect of array geometry on DF performance. In this figure, the
point-source visibility is plotted as a function of the array aperture in wavelengths, for the four
different array geometries tested in this study. Plots are shown for the three modelled point-
source/spread-source azimuthal separations.

The general tendencies noted in the previous section for the log-spiral array are observed
for the other three arrays as well: an improvement in performance as the aperture is increased
from 1.6 wavelengths, to an optimum aperture size which depends on the point-source/spread-
source separation, and then a subsequent deterioration in performance as the aperture is increased
past the optimum.

The two experimental arrays (Vortex and log-spiral) each have their closest spacings in the
center of the array (see Figure 2). They tend to be similar in their ability to see a weak point
source in the presence of a spread source, at a point-source/spread-source azimuthal separation of
15°. The Vortex array is worse than the log-spiral array (and other arrays) for smaller azimuthal

separations, which may be related to the large number of close spacings for this array.

The circle array does not have the small spacings that the other arrays have. Its perform-
ance is relatively better than the experimental arrays when the aperture is small. However, it
quickly becomes the same as, or worse than, the experimental arrays in seeing the point source
when the aperture is increased.

The three-pronged star array, unlike the other experimental arrays, has more closely-
spaced elements at its outer edges (Figure 2), which results in a greater number of large inter-ele-
ment spacings for this array. It performs similarly, or better than the other arrays at small aper-
tures, and becomes much better than the other arrays at seeing a weak point source when the

aperture is increased.
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Figure 9. Point-source visibility as a function of array aperture, for the various
array geometries in the absence of pattern errors.
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Figure 10a. Point-source visibility as a function of array aperture, for the star
array with various levels of pattern error.
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Figure 10c. Point-source visibility as a function of array
array with various levels of pattern error.
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7.4 INFLUENCE OF PATTERN UNCERTAINTIES

Figures 10a, b, ¢ and d show the effect of element antenna pattern uncertainties, or errors,
on DF performance for the four array geometries tested. These figures contain curves of point
source visibility versus array aperture in wavelengths for the situations of no pattern errors, small
pattern errors, and large pattern errors, the values of which are listed in Section 2.0, Table 3. Plots
are shown for each of the three point-source/spread-source azimuthal separations: 15°, 10°, and

5°.

Figure 10a, for the star array, is illustrative of the influence of antenna pattern uncertainties
~ on performance. Pattern uncertainties are noted to reduce the point-source visibility: the point
source is not seen in the presence of the stronger extended source at as low a power when antenna
pattern errors exist that it is when there are no pattern errors. The deterioration in performance is
greatest when the array aperture in wavelengths is small. At apertures less than 3 wavelengths,
the point-source visibility is reduced by 10 dB or more by large pattern errors. As the array aper-
ture increases past 5 wavelengths, the effect of the simulated pattern errors on performance
becomes quite small, with the performance reduction due to large pattern errors dropping from 5
to 2 dB. The curves for the three signal separations, although very different, show a roughly sim-
ilar deterioration in performance due to pattern errors.

In the previous section, the star array was noted to have the best performance of the four
arrays in the absence of errors. In comparing Figure 10a, showing the effect of errors on perform-
ance for the star array, with Figures 10b, ¢ and d, for the circle, log-spiral, and Vortex arrays
respectively, it is clear that these three arrays do not suffer as great a reduction in performance
when pattern errors are added as does the star array. This is especially true at the medium to large
apertures where the star array outperforms the other arrays in the absence of errors. The effect of
pattern errors on performance is even more strongly dependent on aperture for these three arrays,
with a typical performance reduction, due to large errors, of approximately 10 dB at apertures of
less than 3 wavelengths and 1 dB or less at apertures of 5 or more wavelengths.

The lack of a noticeable effect of pattern errors on DF performance at larger array aper-
tures is most marked for the circle array, illustrated in Figure 10b. This is likely related to the fact
that this array, unlike the others, contains no very closely spaced elements. (Closely spaced ele-
ments are more prone to error effects, since a relative phase error or an amplitude error between
two closely spaced elements can be shown to translate into a greater direction error than if the ele-

ments were further apart.)

The greater effect of errors on the star array’s performance raises the issue as to whether
the star array still performs better than the other arrays in the presence of errors. This is consid-
ered in Figures 11 and 12, which show the point-source visibility as a function of array aperture
for the four array geometries in the presence of small and large errors respectively. These figures
may be compared with Figure 9 which illustrates the case of no pattern errors.

In Figure 9, the star array is seen to perform considerably better than the other arrays in
the absence of errors, particularly at medium to large apertures. In Figure 11, where small pattern
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Figure 11. Point-source visibility as a function of array aperture, for the various
array geometries with small pattern errors.
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errors are included, the star array’s performance is seen to continue to be better than that of the
other arrays, although not as much as in the absence of errors. In Figure 12, where large pattern
errors are included, the star array’s performance at medium to large apertures remains better than
that of the other arrays, at least for the 15 and 10° point-source/spread-source separations.

From Figure 9 it is evident that the star array has a much better performance than the other
arrays in the absence of errors, so that it has ‘more to lose’ when errors are added. This is clearly
the case as is seen in Figures 10a through d. However, even with pattern errors, it continues to
perform better than the other arrays, as is seen in Figures 11 and 12.

As the effect of pattern errors is less for larger array apertures, it is important to choose an
array geometry that performs well with a large aperture. The star array, more than the other
geometries, meets this requirement.

8.0 DISCUSSION

The present simulation study has concerned itself with developing appropriate array
geometries for improving DF performance in the difficult propagation conditions presented by the
nighttime high-latitude ionosphere. Spread sources, consisting of multiple signal directions
reflected or scattered from moving ionospheric blobs or patches, are present and yield unreliable
transmitter bearings. Weaker signals propagating via sporadic-E reflections may be present at
these times, and yield accurate transmitter bearings. The requirement on the DF array and estima-
tion algorithm is to detect and identify the sporadic-E signal direction in the presence of the
stronger spread-source signal directions.

This study has demonstrated that array aperture and geometry are critical factors in the
ability of an array to identify such directions. The performance is limited on the small-aperture
side by the resolving power of the array, and limited on the large-aperture side by the resulting
narrow array beamwidth requiring all available signal directions (less than the number of anten-
nas) to be used up in attempting to cover a stronger spread source of signal directions, thereby
leaving none for a weaker (sporadic E) point source. The array geometry was observed also to
influence point-source visibility; the best performance in terms of point-source visibility was
noted for the three-pronged star geometry of Figure 2. As well as having the best performance in
its useful range of apertures, this geometry was noted to have the largest range of apertures over
which good performance was achieved.

The effect of pattern uncertainties was observed to have a significant effect on point-
source visibility, being quite pronounced at small apertures, and less so at larger apertures. Pat-
tern uncertainties applied to the simulation were similar to those deduced from measurement of
the Vortex array, which had a large number of closely spaced elements with strong interactions.
The pattern uncertainties of a potential operational array may be reduced if a configuration is
selected which does not have the close element spacings of the Vortex array, and if the array aper-
ture can be increased (which increases the element spacings). The star array is a good choice for
both these reasons. :
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Areas of further study include the development and investigation of multiple-direction DF

algorithms based on spread sets of directions rather than single directions. Initial work based on
an approach developed at DREO [18] has already been carried out, and simulation work similar to
the present study is under way for these algorithms. Another area of investigation is the examina-
tion of high-latitude nighttime records to determine the incidence of sporadic-E. This may be
done using oblique ionogram data as well as the limited amount of sampled-aperture DF data

available.
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