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Abstract—Direction finding systems based on amplitude-
comparison algorithms are commonly used today due to their
simplicity and robustness. In order to protect the physical
structure from lightning strikes, proper lightning protection
must be applied. In many cases, due to the complexity of
such a system, an internal lightning rod is not feasible. Placed
externally, the metal rod influences the antenna patterns and
ultimately deteriorates the detection quality of the whole system.
In this paper, an analytical model is developed based on the
Mie scattering of a perfect conducting cylinder to estimate an
affected antenna pattern. Measurements confirm the validity of
the analytical model. The impact on the overall bearing error is
evaluated for different configurations of the system, and explain
the significant errors for practical settings.
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I. INTRODUCTION

Direction finding (DF) systems are important tools for
passive detection of microwave pulse emitters, e.g. radar
signals from a moving object. These systems are relevant
for electronic intelligence (ELINT) on modern battlefield
scenarios [1]-[3], but can also be used for tracking emitters in
emergency situations. A common implementation is a bearing
algorithm that exploits received amplitude differences from
a number of squinted receiving antennas [4]. Amplitude-
based direction finding algorithms are often preferred to other
systems due to their simplicity and robustness. Additionally,
multiple pulses can be discriminated in a simpler way than
with other methods [4].

In practical implementations, the receiving antennas are usu-
ally arranged in a cylindrical symmetrical fashion to achieve
omnidirectional coverage. Spiral antennas are often deployed
as receiving elements because of their nearly ideal circularly
polarized Gaussian pattern, which is maintained over a large
frequency bandwidth. A typical example is the cavity-backed
Archimedean spiral antenna evaluated in [5].

Often the DF structures are combined with other types of
ELINT systems and need to be placed in harsh environments
such as mountainous regions to survey large areas. A proper
lightning protection is crucial to ensure safe operation and to
reduce the maintenance effort in regions difficult to access. A
lightning rod is generally used to protect the equipment from
lightning strikes. This lightning rod has to be placed in the
vicinity of the structure, but because of the complexity of the
setup, it is often impossible to integrate it inside the system.

The placement of this metal rod is then a trade-off between
maximizing the protection of the system (placement close to
the structure) and minimizing the electromagnetic influence of
the metal rod on the bearing accuracy of the system (placement
far from the structure).

For precision evaluations of DF systems, non-deterministic
factors, i.e. noise measures, are usually taken into account to
estimate the bearing accuracy [6]. In this paper, the systematic
error introduced due to the (deterministic) influence of the
lightning rod is evaluated. More generally, this theory can be
applied to characterize the effect of any metallic cylindrical
object in the close vicinity of the DF system. In this ap-
proach the scattered fields of a metal cylinder are assumed
to interfere with the impinging signal at each antenna. The
Mie theory [7] provides the theoretical framework for the
scattering properties of a lightning rod. Assuming far-field
conditions, the superposition of the scattered field with the
unperturbed isolated antenna pattern yields a distorted pattern
as an analytical result. Measurements are used to confirm the
validity of this model. For several configurations of the DF
system, the bearing error is evaluated based on this distorted
antenna pattern.

This work is based on evaluations on an existing system.
For confidentiality reasons, practical validations and technical
details about the system cannot be provided here, but it can
be commented that a very good qualitative agreement between
theoretically expected and measured values could be achieved.

The paper is structured as follows: first the detection of
Direction-of-Arrival (DoA) based on amplitude differences is
briefly reviewed. Then the theoretical framework for determin-
ing the influence of the lightning rod on the antenna pattern
is provided and validated with measurements. Afterwards, the
influence of this distorted pattern on the bearing accuracy as
systematic measurement errors is discussed.

II. DIRECTION OF ARRIVAL DETECTION

In the amplitude-difference based DoA detection algorithm
considered here, the receiving spiral antennas are assumed to
have a nearly Gaussian angular gain pattern. The detection
algorithm is formulated in the practically important azimuthal
plane, where the antennas are cylindrically arranged. For two
antennas placed at a squint angle of W, the received power
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Fig. 1: Setup of a four element DF system with spiral antennas
placed symmetrically around the structure.

is proportional to [4]
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with K a proportionality constant and W is half of the half-
power beamwidth (HPBW). The geometrical setup of a four-
antenna system is illustrated in Fig. 1. The angle of arrival
U measured from the beam crossover point between the two
antennas is related to the angle of incidence « respective to
antenna 1 as

a=V,/2-T 2)

Eventually the difference between the the received power in
antenna 1 and antenna 2 in dB
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is easily found, for Gaussian antenna patterns, to be propor-

tional to the angle of arrival
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The angle of incidence is therefore detected in a straightfor-
ward fashion [4]. In a practical implementation of the system,
usually a number of spiral antennas is employed to cover
the whole azimuth. Considering that in such an assembly,
each azimuthal section is covered by two antenna pairs, a
linear weighting of the measured bearing angles for two
antenna pairs is generally employed to minimize noise in the
measurements.
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It should be noted though, that this linear relationship is only
valid for a nearly Gaussian antenna pattern. In the available
literature, based on this relationship the influence of noise
measured at the antenna terminals on the bearing error is
evaluated. The approach presented in this paper is however
different, as the deterministic impact of the lightning rod
is evaluated. In the following, analytical estimations on the
influence of a metal lightning rod on the antenna pattern are
derived.

III. INFLUENCE OF LIGHTNING ROD

Up to the microwave frequency range, the metal lightning
rod can be approximated as a perfect electric conductor that
is infinitely extended normal to the azimuthal plane. For a
plane wave impinging on such a structure, the Mie scattering
theory presents a complete analytical solution for the resulting
scattered field. In our approach this scattered field is then
assumed superposed to the directly impinging field at the
antenna location, thus distorting the effective mounted antenna
pattern.

A. Mie Scattering

Early in the development of electromagnetic theory, Mie de-
veloped a theory for the scattering of electromagnetic waves on
spherical and cylindrical objects [7]. Closed-form expressions
of these fields are found e.g. in [8]. Two dual solutions for a TE
and TM case were derived. The scattered field strength in the
TE case is much larger in magnitude compared to the TM case.
For the present application this means the vertically polarized
field components are the dominant source of distortion. The
scattered field is calculated as [8]
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at a distance p and angle ® from the center of the scattering
cylinder. E, designates the amplitude of the incident wave
and Dy is the diameter of the metal rod. The incident plane
wave has a wavenumber k. The expression contains the Bessel
function of the first kind .J,, () and the second Hankel function
H,(lz)(x). The expression (5) consists of an infinite sum,
however 20 terms usually yield sufficient accuracy.

B. Superposed Antenna Pattern

In order to estimate the influence of this scattered field on
the antenna pattern, far-field conditions are assumed. Further-
more the interaction between the incoming plane wave and
the scattered field is assumed to be restricted to a very small
area. No diffracted fields around the structure or surface waves
are taken into account. The total field at the location of the
receiving antenna can be calculated in the geometry of Fig. 2
by superposition of the fields

FEiotal = Escat(d1, ®2) + Ege 7k cos(®2) (6)

with the first term designating the scattered field at distance d;
and at angle ®5 from the cylinder. The second term takes into
account the phase shift for the plane wave while propagating
from the metal rod to the receiving antenna. The scattered
angle is calculated as

CI)Q = 7(& - 9) + 60 + Sign(@o)@l. (7)

The angle ®; is computed through the law of cosines and ©g
designates the angular position of the metal rod.
A new disturbed antenna pattern can now be estimated as [9]
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Fig. 2: Calculation of the different angles and positions for a
configuration with a rod of diameter Dy placed at a distance dy
from the system outer face and at an angle ¢ from broadside.
The DF structure has radius R and the antenna is placed at
angle ©g. A pulse is impinging at angle a from broadside.

Fig. 3: Experimental setup to evaluate the theoretical model
for the distorted antenna parameter.

In order to evaluate the validity of this formula, measurements
have been performed in an idealized setting.

C. Comparison with Measurements

For the sake of simplicity, only the influence of a metal rod
in front of the antenna (©y = 0) was considered for validation.
Measurement were performed in an anechoic chamber with
several metal rods of different diameters placed in front of a
spiral antenna. As reference antenna, a spiral antenna of the
same type has been employed. The metal rods were placed at
a distance of dy = 22.5cm, which is typical for practical
setups. The experimental arrangement is shown in Fig. 3.
A comparison between the expected values (6), (8) and the
measured results is shown in Fig. 4. In the analytical model,
the value ¥ is set to the measured half-power beamwidth of
the receiving spiral. The measured gain in Fig. 4 has been
normalized to the undisturbed measured antenna pattern. The
thick lines represent the theoretical values, and the marked
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Fig. 4: Comparison between analytical and measured distorted
gain normalized to isolated gain for two different rods with a
thickness of (a) Dyg = 14.0mm and (b) Dy = 48.7mm at a
frequency of f = 10 GHz.

lines show the measured results. It can be observed that
the impact of the scatterer is qualitatively well described by
the analytical model. Discrepancies are mainly observed for
the larger metal cylinder, for which the far-field assumption
becomes less accurate. Generally, the impact of the scatterer is
quite conservatively estimated, which means that even larger
deviations are to be expected in the final system.

IV. IMPACT ON DF SYSTEM

Based on the distorted antenna pattern (8) computed with
the algorithm introduced in Sec. II, a system consisting of 4
spiral antennas [4] is simulated and the impact of the pattern
distortion on the bearing accuracy is evaluated.

First at a frequency of f = 10GHz, the influence of
the metal rod with a diameter of Dy = 48.0mm placed
at a distance of dy = 22.5cm is simulated for a number
of rod positions Oy = [0°,25°,50°,75°]. Fig. 5 shows the
resulting patterns for a selected angular position. Only the
patterns of antennas 1 and 2 are visibly influenced. The



Fig. 5: Example of distorted antenna patterns with a metal rod
placed at ©¢ = 50°.

TABLE I: Parameters as defined in Fig. 2 used in the simula-
tions. The maximum bearing error in this configuration is 9.6°.

diameter Dy
4.8cm

angle O
50°

distance dy
22.5cm

frequency f
10 GHz

maximum distortion in the disturbed patterns are at different
angles than the rod position. This can be explained by the
additional angular shift of ®5 in the scattered field due to the
placement of the metal rod at a distance of the DF system.
The oscillations in the pattern are expected to influence the
bearing accuracy significantly. In Fig. 6, the bearing error

6(0() = Omeasured — & (9)

is shown for the selected angular positions of the parasitic rod.
It is observed that a metal rod placed in front of the antenna
(®g = 0) causes errors of less than 3°. This can be explained
by the fact that the error distribution becomes symmetrical,
and is canceled out when taking the weighted average of angle
measurement obtained with the left and right antenna pair. For
other positions, the bearing error can grow up to a significant
amount. Interestingly, the impact of the metal rod extends over
almost the whole azimuth and generates significant errors far
from its angular position. The bearing errors can grow to 12°
with ©g = 25° and ©¢ = 75°. In practical settings, this will
degenerate the system performance significantly.

In a second set of simulations, the maximum absolute error

(10)
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over the whole azimuth is recorded for specific rod locations.
The parameters are set to the values in Table I by default,
altering one coefficient at a time. The configuration as given
in the table yields a maximum bearing error of €,,,, = 9.6°.
First, the angular position ©¢ of the metal rod is varied. The
results are shown in Fig. 7. For positions between 0° and 90°,
a symmetric pattern with a minimum at ©y = 0° is observed.
This result is quite non-intuitive, as the metal rod right in front
of an antenna could be considered a major error source. Due to
the setup of the DoA algorithm though, these errors get mostly
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Fig. 6: Bearing error for different angular positions © of the
metal rod at a frequency of f = 10 GHz and at a distance of
dy = 22.5cm. The red dot indicates the angular location of
the rod.
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Fig. 7: Maximum bearing error for various angular positions
O of the metal rod.
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Fig. 8: Maximum bearing error for various diameters D, of
the metal rod.
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Fig. 9: Maximum bearing error for various distances dy
between the DF structure and the metal rod.

canceled out as mentioned before. Maximum bearing errors
are observed for g = 18°,72°. In these cases, the patterns
of both the left and right antenna are significantly disturbed,
and the errors of both measurements add up in their average.

The next altered parameter is the diameter of the lightning
rod. Fig. 8 shows an almost linear relationship between the
bearing error and increasing the rod diameter. The maximum
bearing error (10) grows to €,,q, = 17° for a relatively large
diameter of 8cm.

Furthermore the influence of increasing the distance of the
metal rod is investigated in Fig. 9. Intuitively it is expected that
the error €,,,, (10) decreases for larger distances. However,
practical limitations for efficient lightning protection restrict
the possible distance. At distances between dy = 20cm and
dop = 40 cm, a maximum of the error is observed. Afterwards,
a non-monotonous decline of the error with increasing dis-
tances is found. This suggests a manual optimization of the
rod position in practical settings.

V. CONCLUSION

This paper investigated the influence of an external lightning
rod on the bearing accuracy of a direction finding system.
The algorithm considered here relies on the difference of
the amplitudes with a nearly Gaussian antenna pattern of
spiral antennas. An analytical model was developed based on
the scattering theory from a perfectly conducting cylinder to
estimate the distortion in the antenna radiation pattern in the
presence of the metal rod. Measurements were employed to
confirm the validity of the model.

Due to the simplicity of the analytical model, several
parameters could be studied, giving an insight on the impact
of the rod on the system. It was found that because of the
symmetry of the structure, placing the metal rod directly in
front of a antenna minimizes the bearing error. Furthermore,
reducing the diameter reduces the bearing error in a nearly
linear fashion. Lastly, an increase in the distance proved to
significantly reduce the maximum bearing error.

It has been shown that an externally placed lightning rod
has a non-negligible influence on the accuracy. It is noted that
the analytical model proposed in this paper provides rather
conservative estimations of the disturbance caused by the
metal rod - in practical settings even larger errors are expected.

In a further study, the influence of different polarizations on
the accuracy can give further insight on the influence of the
lightning protection strategy in a practical scenario.
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