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Abstract: A method of moments (MoM) based
computational study and design of a body-borne
direction finding (DF) system is investigated in this
paper. A baseline two-sensor DF system is established,
and the performance of this system is characterized
with measurements and simulation. A cylindrical human
body model is then introduced to the system as a passive
scatterer. Computer models of the body-borne system
are validated using measurements with a prototype
human body phantom. A parametric system response
study is performed on the most important model
variables to identify system stability. A discussion
is presented on how these data may be applied to
a direction finding function to generate a direction
finding solution. This work clearly demonstrates the
ability of modern computational electromagnetics tools
to accurately and efficiently predict the response of
complex physical systems.
Keywords: Direction Finding, Geolocation, Body Interaction, Computational Electromagnetics, FEKO Calibration.

I. I NTRODUCTION
Technologies utilizing wireless links are simultaneously growing smaller, more prolific, and operating
across larger portions of the radio frequency (RF) spectrum. To identify and locate these devices, there is a
corresponding demand from commercial, consumer, and
military users for direction finding (DF) and geolocation
capabilities that match these trends in size, capability,
and bandwidth. To address a further demand for mobility,

there is specific interest in extending these capabilities
to individual users in body-borne or body-worn systems.
Direction finding techniques have been used in the
radio band for almost as long as communications. Several phase-based, amplitude-based, and complex (phase
and amplitude) DF techniques exist, and are wellsummarized in [1]. Although maritime direction finding
techniques were well established as early as 1925 [2],
the application of these technologies increased considerably during World War II [3]. Several radio navigation
systems including the VHF omni-directional radio range
(VOR), Tactical Air Navigation (Tacan), Instrument Landing System (ILS), and Microwave Landing System
(MLS) are direct results of these technologies [4]. In
these systems, the signals of interest are beacons with
characteristics that are known a priori, and are used to
identify and locate the signal [5].
In this paper, a two-element antenna system is
evaluated for application to broadband (100-750 MHz)
body-borne radio direction finding and geolocation of
unknown signals. In the past, multiple sensors or unique
signal characteristics have been required to obtain unambiguous direction finding solutions. In this paper, a
baseline two-sensor system is established, and its performance is simulated with EMSS FEKO [6], and validated
with measurements. To understand body-borne performance, a passive scatter, the human body, is introduced
to the system. Using a cylindrical human body model, the
effects of this scatterer on the sensors of the DF system
are characterized and validated with measurements of a
prototype body phantom. The impact of the human body
on the phase and amplitude of the direction finding system response is characterized as a function of frequency
and angle of arrival.
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After a thorough characterization of the baseline
human body model, a multi-variable system response
study is used to evaluate the changes of the phase and
amplitude of the detected signal in the body-borne environment. In total, twelve system parameters, arranged
into four categories (radiator, body, system, and excitation parameters) are studied. Using these data, practical
frequency-independent phase and amplitude perturbation
thresholds are established for differentiating between
system variability and viable signal detections. Using
these thresholds, an auto-correlating direction finding
function (DFF) [7] to demonstrate how the phase and
amplitude measurements of the system can be used to
produce direction finding solutions.
By computationally evaluating the performance of a
body-borne direction finding system in this paper, several
contributions have been made:
• Full-wave simulation of a body-borne radio direction finding system, including sensor performance.
• Broadband characterization of platform interaction
effects on a multi-sensor direction finding system
using computational modeling.
• Validation of computer models with measurements
from physical prototypes.
• Completion of a computational multi-variable parametric system response study to characterize system
performance.
• Demonstration of a technique to use the results
of the parametric study to establish amplitude and
phase thresholds to differentiate between normal
system perturbation and signal detections.
• Adaptation and application of an auto-correlating
direction finding function to exploit platform interaction effects to generate direction finding solutions.
The remainder of this paper is arranged as follows.
In Section II, the baseline two-sensor direction finding
system is established, and free-space and body-borne
simulations are validated with measurements. The results
of a parametric system response study are provided
in Section III. Using these data, frequency-independent
thresholds are established to differentiate between normal system dynamics and detectable differences in incoming signals. In Section IV, a direction finding function
(DFF) is adapted from the literature to demonstrate
how these data can be applied to generate phase and
amplitude based direction finding systems. Conclusions
and future work are summarized in Section V.
II. M ODELING
To model a body-borne direction finding system, a
two-antenna sensor array is mounted on a cylindrical
human body model, as shown in Figure 1(a). In order

to satisfy a backpack-mounted integration, the height of
the antennas, represented as h, is selected to be 20”.
Likewise, the spacing between the elements along the
y-axis is represented as d, and is selected to be 20”.

(a) Sensor geometry.

(b) Body-borne system geometry.
Figure 1.

Direction finding system geometry.

A. Human Body Model
As seen in Figure 1(b), a commonly used cylindrical
human body phantom [8], [9], [10] is adopted in this
paper. A dielectric model for this phantom is consistent
with the available data at about 300 MHz [11]. This is
approximately
√ the geometric mean frequency of the band
of interest ( 100 × 750 = 273.9 ≈ 300). A dielectric
constant of εr = 60 and an electrical conductivity of
σ = 0.9 S/m are chosen. The cylinder has an 18”
diameter and is 6’ tall. To represent a realistic body
integration scheme, the axis of the cylinder is offset by
10” in the positive x-axis (forward) from the center of
the antennas. The body model is aligned with the center
of the antennas in the y-axis. The antennas and body
model are oriented along the z-axis.
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B. Modeling
The body-borne direction finding system is simulated using a method of moments code, EMSS FEKO
[6]. To emulate operation of a direction finding system,
the model is excited by incident plane waves. Signal
frequencies from 100-750 MHz in steps of 50 MHz, and
angles of arrival from φ = −180◦ -180◦ in steps of 5◦ ,
are used. All signals are incident from the azimuthal
plane (θ = 90◦ ). The two wire dipole antennas in
the DF system are terminated with 50Ω loads. The
phase and amplitude of the induced currents across these
terminations are used to characterize the system response
as a function of frequency and angle of arrival.

(a) Free space phase.

C. Validation
For initial modeling validation, the response of the
direction finding system is tested in an anechoic chamber. Two center-fed 20” brass dipoles with a diameter of
0.2” are used with 50Ω printed baluns as the sensors. As
in simulations, the antenna response is measured when
excited by an incident wave. In these measurements, a
broadband log-periodic (LP) source antenna is used. Due
to anechoic chamber size limitations, only the 300-750
MHz band is measured.
To characterize the individual sensors, measurements of the free-space performance of a single antenna
are taken across the band of interest. In FEKO, a wire
antenna model is generated with the same height, and
simulated across the same band of interest. The data from
the measured and computer simulation tests in free space
are shown in Figure 2(a) and 2(b) at three frequencies
spanning the band of interest. As seen, good correlation
between measurement and simulation is obtained. The
observed disagreements are due to the effects of the
baluns that are required in the measurements, but are
excluded from simulation models.
The performance of the sensors in a two-element
array configuration is also measured. As in the direction finding system, the reference point for these tests
is the mid-point between the antennas. Accordingly,
this reference is located along the axis of rotation in
measurements, and at the origin in simulation. In this
configuration, the antennas are located at ±90◦ in azimuth, as illustrated in Figure 1. Again, the antennas are
characterized in free space, such that the only obstruction
is the other antenna, which is terminated in a broadband
resistive (50Ω) load. Received amplitude and phase data
are gathered for both antennas, and measurements of the
antenna located at 90◦ azimuth are presented in Figure
3(a) and 3(b). The antenna separation is d/2 = 10”
from the center of rotation, its received phase varies
like (d/2 sin φ), where φ is the azimuth angle. At the
high end of the band, the magnitude of this variation is

(b) Free space amplitude.
Figure 2.

Free space single sensor validation.

approximately 240◦ , so the phase has been “unwrapped”,
so that it may extend beyond ±180◦ .
As in the single sensor simulations, there is excellent
agreement between simulations and measurements. The
spatial dependence exhibited by the system response in
Figure 3 is of particular importance. It is this characteristic that will be exploited to generate a direction finding
solution.
To evaluate MoM modeling with complex structures, a prototype cylindrical human body phantom is
built and tested. Due to limited availability of parts, this
model is built with a 12” diameter polyvinyl chloride
(PVC) pipe, and is 5’ tall. To emulate the dielectric
properties (dielectric constant and conductivity) of the
human body, a 1% salt water solution is used to fill
the model [11]. Two center-fed 20” brass dipoles with
a diameter of 0.2” are used with 50Ω printed baluns.
The model is tested at an outdoor test facility using a
monocone antenna as a source, as shown in Figure 4(a).
As seen in Figure 4(b), a computer model using a
cylinder of the same size and shape as the test structure is
used for validation. Because of its relatively low dielectric constant, the 0.4” PVC wall thickness is ignored in
simulations. To compare the results of the measured and
simulated experiments, the relative phase and amplitude
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Figure 3.

(a) Free space phase.

(a) Physical prototype test.

(b) Free space amplitude.

(b) Computer validation model.

Free space sensor pair validation.

of signals detected by the two sensors in the system
are recorded. Due to restrictions on test frequencies at
the outdoor test facility, only the 200-600 MHz band
is used. Accordingly, the phases and amplitudes of the
system response, as a function of azimuth angle for three
different frequencies, are shown in Figure 5.
As seen, there is excellent agreement between measurement and simulation in the available part of the band
for both the phase and amplitude of the response.
III. PARAMETRIC S YSTEM R ESPONSE
While many of the parameters used in the baseline
human body and antenna sensor models are favorable
for modeling, they are a coarse representation of the
real-world realization of the system. Accordingly, the
remainder of this study explores the variations in system
response to various geometric and model parameters.
The objective is to understand how the behavior of the
system might be impacted by real-world perturbations
of system parameters, so the values by which they are
perturbed are chosen to reflect conditions that might be
encountered in different realized configurations and/or
calibration setups of the system. To determine the variations of the data used by the direction finding system,

Figure 4.

Modeling validation configurations.

twelve model parameters are selected. They are divided
into four categories, summarized in I.
The alternate values for each of these variables are
selected to represent changes to the system that might
occur due to normal movement of the user. Accordingly,
this study is intended to characterize how the phase and
amplitude response of the direction finding system are
impacted by normal use of the system. Based on these
results, “detection thresholds” are selected. These thresholds allow the direction finding system to differentiate
changes in phase and amplitude perturbations that are expected with normal system use from phase and amplitude
changes associated with signals from different angles of
incidence. That is, any phase and amplitude variation
below these thresholds will be attributed to normal use
and will establish the system uncertainty, while phase
and amplitude differences above these thresholds will
be used to differentiate larger changes in the system
response, associated with the angle of incidence of an
incoming signal. In all cases, at least three values of
the variable are selected, mainly one above and one
below the nominal configuration value. However, in
some cases — when the model geometry precludes twosided alternate configurations — two values that are both
above or below the nominal variable are chosen.
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Table I
T WELVE VARIABLE CONFIGURATIONS ARE STUDIED IN
Category
Radiator Parameters
Body Parameters

System Parameters

Excitation Parameters

Variable
Radiator Height
Termination Impedance
Body Diameter
Body Height
Body εr
Baseline Separation
Baseline Rotation
Antenna Z Position
Body X Position
Body Y Position
Signal Elevation
Signal Polarization

Nominal
20”
50Ω
18”
6’
60
20”
0◦
0”
10”
0”
90◦
0◦

A PARAMETRIC STUDY.

15”
25Ω
15”
5.5’
20
18”
5◦
12”
8”
1”
105◦
45◦

Alternate
25”
75Ω
12”
6.5’
40
22”
10◦
24”
12”
2”
120◦
90◦

100Ω

80

are used to describe the nominal perturbation (mean),
the distribution of the perturbations (standard deviation),
and their extent (maximum value) [12].
A. Radiator Parameters

(a) Relative phase of system response.

(b) Relative amplitude of system response.
Figure 5. Relative phase and amplitude data from modeling validation.

Frequency-dependent data from the conducted studies are provided for the raw phase and amplitude
responses of the direction finding system. As previously
shown, the system response at each frequency is a
function of incident angle. To represent the distribution
of the perturbation to this response across all angles of
incidence effectively, these data must be consolidated. If
the angular perturbations are considered to lie in some
distribution, it is convenient to describe the shape and
location of this distribution. Common statistical metrics

1) Radiator Height: As described in the previous
section, the nominal radiator height is 20”. To study the
effects of this parameter on the amplitude and phase response of the system, antenna heights of 15” and 25” are
compared to the nominal configuration. The frequencydependent phase and amplitude response perturbations
due to the varied radiator height are provided in Figure
6(a) and Figure 6(b), respectively.
Although it is unlikely that the size of the sensors
used in any real-world implementation of this system
would change length, it is not inconceivable (e.g. due
to damage or improper repair or replacement). As
previously discussed, the phase and amplitude of the
received signal is dependent on the size and shape of
these sensors. Accordingly, it is not surprising that there
are significant changes in the response of the system
when the sensor height is changed. At 15” and 25”, the
radiator is resonant at approximately 393 and 236 MHz,
respectively. Not surprisingly, there is a correspondingly
large perturbation in the system response around these
frequencies. The largest perturbation, however, occurs at
the high end of the frequency band, driven both by the
electrical first anti-resonance of the smaller antenna and
the second resonance of the larger antenna. As confirmed by these results, maintaining the expected system
performance will be somewhat reliant on maintaining the
size and integrity of the sensors.
2) Radiator Termination Impedance: The nominal
radiator termination is 50Ω. To study the effects of this
parameter on the amplitude and phase response of the
system, radiator terminations of 25Ω, 75Ω and 100Ω are
compared to the nominal configuration. The frequencydependent phase and amplitude response perturbations
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Figure 6.

(a) Phase response perturbation.

(a) Phase response perturbation.

(b) Amplitude response perturbation.

(b) Amplitude response perturbation.

System response to variations of the radiator height.

due to the varied radiator termination are given in Figure
7(a) and Figure 7(b), respectively.
As previously discussed, the two-sensor system
must necessarily use the relative amplitude and phase
of the system response to generate a direction finding
solution. The system response is collected from the currents excited across the terminated port of the antenna.
These currents are proportional to the impedance, so it
is not surprising that equally changing the termination
impedance of both sensors produces almost no change in
the system response, except near resonance, around 300
MHz. Near this frequency, the maximum phase deviation
is approximately 5.5◦ , and the maximum amplitude
deviation is approximately 0.8dB, indicating that the
system is relatively insensitive to perturbations of this
parameter.
B. Body Parameters
1) Body Diameter: The nominal body diameter is
18”. To study the effects of this parameter on the amplitude and phase response of the system, body diameters of
15” and 12” are compared to the nominal configuration.
The nominal spacing of the antennas is 20”, so body
diameters larger than 18” are not studied, as these would
engulf the sensors. The frequency-dependent phase and

Figure 7.

System response to variations of the radiator termination.

amplitude response perturbations due to the varied body
diameter are provided in Figure 8(a) and Figure 8(b),
respectively.
As seen, there is a frequency dependence on both
the phase and amplitude perturbations. At 750 MHz, the
maximum phase perturbation is approximately 115◦ , and
the maximum amplitude perturbation is approximately
13dB. The standard deviations for these perturbations are
approximately 14.5◦ and 2.5dB, respectively, indicating
that the maximum perturbations are relatively rare, 5.7σ
away from the mean for the phase and over 3.3σ away
from the mean for the amplitude. Still, these results indicate that maintaining the expected system performance
is reliant on characterizing the body diameter well, and
that system calibration needs to be performed for each
user.
2) Body Height: The nominal body height is 6’.
To study the effects of this parameter on the amplitude
and phase response of the system, body heights of 5.5’
and 6.5’ are compared to the nominal configuration. The
body model was selected to represent a tall user, so body
heights greater than 6.5’ are not studied. The frequencydependent phase and amplitude response perturbations
due to the varied body height are provided in Figure
9(a) and Figure 9(b), respectively.
The frequency dependence of the perturbations due
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Figure 8.

(a) Phase response perturbation.

(a) Phase response perturbation.

(b) Amplitude response perturbation.

(b) Amplitude response perturbation.

System response to variations of the body diameter.

to the body height are less pronounced than those associated with the body diameter. Still, the largest maximum
perturbations occur at 750 MHz: approximately 24.5◦
for the phase, and 3.9dB for the amplitude. At over
4σ away from the mean, both maximum perturbation
values are rare. This is also reflected in the low mean
and standard deviation perturbation values for both the
phase and amplitude across the frequency band.
Although the cylindrical human body model provides only a coarse representation of a real user, the
height study summarized here and the diameter study
summarized above indicate that the nature of the body
interaction effects on the phase and amplitude of the
system response are impacted more by the diameter of
the human body than its height, indicating that real-world
implementations of the system may require calibration
that considers the stature of the user.
3) Body Composition: The nominal body dielectric
constant is 60 [11]. To study the effects of this parameter
on the amplitude and phase response of the system,
dielectric constants of 20, 40, and 80 are compared to the
nominal configuration. The frequency-dependent phase
and amplitude response perturbations due to the varied
body height are provided in Figure 10(a) and Figure
10(b), respectively.
Somewhat surprisingly, these results indicate that

Figure 9.

System response to variations of the body height.

the performance of the direction finding system is likely
to be relatively insensitive to the composition of the
human body, even though the range of constitutive
parameters is very large. As previously discussed, the
dielectric properties of the human body are dependent
on both body composition and frequency. This result is
significant, because it indicates that it is the presence of
the body that is more important to changing the system
dynamics than its specific composition or the signals it
is being used to detect.
C. System Parameters
1) Antenna Baseline Separation: The nominal antenna baseline is 20”. To study the effects of this
parameter on the amplitude and phase response of the
system, antenna baselines of 18” and 22” are compared
to the nominal configuration. The frequency-dependent
phase and amplitude response perturbations due to the
varied antenna baseline separation are provided in Figure
11(a) and Figure 11(b), respectively.
The separation between sensors in a direction finding system has a significant impact on the performance
of the system. This phenomenon is confirmed by this
study, which indicates that the relative separation of the
sensors (not only from one another, but also from the
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Figure 10.

(a) Phase response perturbation.

(a) Phase response perturbation.

(b) Amplitude response perturbation.

(b) Amplitude response perturbation.

System response to variations of the body composition.

human body) does indeed produce a significant change
in the system response. The electrical spacing of the
antennas changes the relative time of arrival at signals at
the two sensors, accounting for the frequency-dependent
effect in the phase response. Somewhat surprisingly, the
amplitude response is relatively insensitive to the antenna
spacing. In many real-world realizations of this system,
this baseline may be mechanically fixed to avoid the
perturbations observed here.
2) Antenna Baseline Rotation: The nominal antenna baseline oriented parallel to the y-axis. To study
the effects of this parameter on the amplitude and phase
response of the system, antenna baseline rotations of 5◦
and 10◦ are compared to the nominal configuration. The
rotational symmetry of the problem precludes the need to
study negative rotation values. The frequency-dependent
phase and amplitude response perturbations due to the
varied antenna baseline rotation are provided in Figure
12(a) and Figure 12(b), respectively.
In the baseline configuration, the antennas are located on the y-axis, perpendicular to the orientation of
the user. In real-world applications, it may be possible
for the antennas to rotate somewhat with respect to the
user. As confirmed by this study, there is a significant
perturbation in the system performance if the sensors
rotate. The direction finding solution generated by the

Figure 11.
separation.

System response to variations of the antenna baseline

system is referenced to the sensor geometry, so the anticipated result of this rotation is an error in the direction
finding solution that is comparable to the rotation of
the antennas with respect to the body. However, unlike
free space realizations of comparable direction finding
systems, this rotation also changes the proximity of
the sensors to the body, so additional effects are also
expected. The maximum perturbations observed in this
study are approximately 121◦ for the phase and 8.2dB
for the amplitude. However, at over 5σ each, these
perturbations are relatively uncommon, as reflected in
the low mean and standard deviation values.
3) Antenna Height on Body: The nominal antenna
position is in the middle of the cylindrical body along
the z-axis. To study the effects of the positional offset on
the amplitude and phase response of the system, antenna
baseline heights of 12” and 24” above the nominal plane
are computed. The vertical symmetry of the problem
precludes the consideration of negative antenna heights.
The frequency-dependent phase and amplitude response
perturbations due to the varied antenna baseline height
are provided in Figure 13(a) and Figure 13(b), respectively.
In the baseline configuration, the sensors are centered at the “equator” of the cylindrical body model.
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Figure 12.
rotation.

(a) Phase response perturbation.

(a) Phase response perturbation.

(b) Amplitude response perturbation.

(b) Amplitude response perturbation.

System response to variations of the antenna baseline

Although this configuration may not be realistic for realworld applications, the study summarized here indicates
that even large vertical perturbations in the location of
the sensors with respect to the body model produce
relatively minor perturbations to the phase and amplitude
of the system response. In fact, the largest perturbation
in phase (approximately 45.5◦ is over 3σ away from
the mean, and the largest perturbation in the amplitude
(14dB) is over 10σ above the mean. Much like the
results of the body height study, these results indicate
that there is relatively little system sensitivity on the
relative vertical orientation of the body and the sensors.
4) Left/Right Body Centrality: The nominal body
location is centered in the y-axis. To study the effects
of this parameter on the amplitude and phase response
of the system, left/right (y-axis) body offsets of 1” and
2” are compared to the nominal configuration. The symmetry of the problem makes the use of negative offset
values unnecessary. The frequency-dependent phase and
amplitude response perturbations due to the varied yaxis body offset are provided in Figure 14(a) and Figure
14(b), respectively.
The performance of the baseline direction finding
system is significantly changed in the presence of the
body. Given the close electrical proximity of the body

Figure 13.
height.

System response to variations of the antenna baseline

(d  λ) to the sensors, the sensitivity of the system
response that is associated with changing the location
of the body relative to the sensors is important to the
stability of the system. The results from this study
confirm that slight changes in the relative positions of the
sensors and the body may produce significant changes
in the nominal system performance.
5) Forward/Backward Body Centrality: The nominal body location is offset from the origin by +10”
in the x-axis. To study the effects of this parameter
on the amplitude and phase response of the system,
forward/backward (x-axis) body offsets of 8” and 12” are
compared to the nominal configuration. The frequencydependent phase and amplitude response perturbations
due to the varied x-axis body offset are provided in
Figure 15(a) and Figure 15(b), respectively.
As with the left/right centrality study, this study
confirms that the performance of the baseline direction finding system is significantly influenced by the
proximity of the sensors to the body. Between these
studies, the most pronounced variation is exhibited by
the phase response on the forward/backward sensitivity,
where σmax ≈ 15◦ .
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Figure 14.

(a) Phase response perturbation.

(a) Phase response perturbation.

(b) Amplitude response perturbation.

(b) Amplitude response perturbation.

System response to variations of the y-axis body offset.

Figure 15.

System response to variations of the x-axis body offset.

D. Excitation Parameters
1) Off-Horizon Signals: The nominal signals of
interest reside in the terrestrial plane (θ = 90◦ ). To
study the effects of this parameter on the amplitude
and phase response of the system, θ values of 105◦
and 120◦ are compared to the nominal configuration.
The vertical symmetry of the problem renders abovehorizon elevation angle values unimportant to this study.
The frequency-dependent phase and amplitude response
perturbations due to the varied signal elevation angle are
provided in Figure 16(a) and Figure 16(b), respectively.
The phase and amplitude of the currents excited on
the sensor depend on the signal’s electric field, all scattered modes/fields, and electric field modes supported
by the antenna [13]. Accordingly, there is an anticipated change in the system performance when signals
arrive from elevation angles away from the azimuthal
plane. Although most signals detected by real-world
implementations of this system are most likely to arrive
from angles within a few degrees of this plane, this
study identifies that the system will produce a somewhat
different response to signals that are significantly away
from the azimuthal plane.
2) Signal Polarization: The nominal signals of interest are vertically polarized. To study the effects of this

parameter on the amplitude and phase response of the
system, slant-45◦ and horizontally polarized signals are
compared to the nominal configuration. The frequencydependent phase and amplitude response perturbations
due to the varied signal polarization are provided in
Figure 17(a) and Figure 17(b), respectively.
The vertically oriented dipoles used as the system’s
sensors are vertically polarized. As expected, the perturbation in the system response due to signal polarization
is considerable. Specifically, as the signal polarization
rotates away from vertical, the system’s ability to detect
the signal diminishes accordingly. When the signals
are slant-polarized, both sensors have an equivalentlydiminished ability to detect the signals, and there is
little variation in the system, resulting in the very standard deviation values. However, when the signals are
horizontally polarized, neither sensor is able to detect
the signal well, and there is an unpredictable response,
resulting in the large mean and maximum perturbation
metrics. Most terrestrial signals are vertically polarized,
however, this study identifies the limited nature of the
system performance for detecting those signals that are
not co-polarized with the sensors.
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(a) Phase response perturbation.

(a) Phase response perturbation.

(b) Amplitude response perturbation.

(b) Amplitude response perturbation.

Figure 16. System response to variations of the signal elevation angle.

Figure 17.

E. Detection Thresholds

perturbations is collected as a function of frequency.
These data are plotted in Figure 18.
Data from these studies are useful to establish
thresholds in phase and amplitude perturbation that will
be used to detect incoming signals. Signal perturbations
below the levels observed in this study will be ignored
by the system, and attributed to slight changes in the
system geometry (e.g. due to different users or user
movement). Signal perturbations above these levels will
be attributed to differences in incoming signals, and will
be used to identify these signals and generate direction
finding solutions. In these plots, it is clear that there
is a frequency dependence in the perturbation of the
phase and amplitude of the system response: higher
levels of perturbation are seen at higher frequencies.
Broken gray lines at approximately 14.5◦ in Figure
18(a) and just below 2.5dB in Figure 18(b) are used
to indicate the maximum signal deviations among each
of the selected studies. To simplify the broadband implementation of direction finding techniques, nominal
frequency-independent detection thresholds of 10◦ and
2dB are selected for all frequencies. As highlighted by
the “dot-dash” gray lines in Figures 18(a) and 18(b),
these threshold levels capture most of the observed
deviation values across most of the band of interest.
Different techniques for selecting these thresholds are

To combine the results of these studies, frequencydependent data are collected for the relative phase and
amplitude of the response of the direction finding system
when seven of the twelve variables are independently
perturbed. The seven variables that are selected are body
diameter, body height, left/right and forward/backward
body centrality, baseline rotation, height on body, and
body dielectric constant. These variables represent parameters that are likely to vary among users and with
normal user movement. The five variables that are excluded are signal polarization, signal elevation angle,
radiator termination impedance, radiator height, and baseline separation. These variables are excluded from this
evaluation because they represent fundamental changes
to the system that are not likely in the field, or would
require a complete recalibration of the system.
As previously discussed, the system response at
each frequency is a function of incidence angle. To
represent the distribution of the perturbation of the system response across all angles of incidence effectively,
these data are consolidated. Specifically, if the angular
perturbations are considered to lie in some distribution, it
is most convenient to describe the shape of this distribution. Accordingly, the standard deviation of the angular

System response to variations of the signal polarization.
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identification of a signal. However, it is possible that
other angles may also minimize the DFF, producing false
alarms. The output of this direction finding function
at 100 MHz is shown for three different incidence
angles in Figure 19(a) and Figure 19(b), using phase and
amplitude system responses, respectively, as the input.

(a) Relative phase perturbation.

(a) The phase direction finding function.

(b) Relative amplitude perturbation.
Figure 18.
Relative phase and amplitude perturbations from the
sensitivity study.

discussed in Section 5.
IV. D IRECTION F INDING C ALIBRATION

(b) The amplitude direction finding function.

Having established means of discriminating different signals from one another, it is possible to perform
analysis on the performance of the direction finding
system. To do so, an auto-correlating direction finding
function [7] is used to calibrate the system responses.
In this technique, the system response of the direction
finding system is auto-correlated using a procedure that
produces a correlation error called a direction finding
function (DFF). The auto-correlation function uses the
spatial signal response, S(φ), as its input, and identifies
parts of the signal that match one another. If the signal is
one-to-one, each part of the signal only correlates with
itself. If it is not one-to one, multiple portions of the
signal will correlate, identifying ambiguities.
For a signal incident from known angle φ0 , the autocorrelation is defined in 1.

Figure 19. Characterization the phase and amplitude of the system
response by the direction finding function.

DF Fφ0 (φ) ≡ S(φ0 ) − S(φ)

(1)

The output of the auto-correlation function is identically equal to 0 when φ = φ0 , indicating a proper

Note that the three shaded bands on the plots in
Figure 19 highlight the areas where the three signals
should have zero error (DFF = 0). Indeed, the center of
the blue shaded band (labeled “A”) highlights the proper
angle for the blue line (0◦ ), the center of the red shaded
band (labeled “B”) highlights the zero-crossing of the
red line (45◦ ), and the center of the green shaded band
(labeled “C”) highlights the zero-crossing of the green
line (90◦ ). However, ambiguities are also seen for the
incident signals at 0◦ and 45◦ . The blue line (0◦ ) has a
zero crossing at φ0 = 0◦ , but another at φ00 = ±180◦ .
The red line (45◦ ) has a zero crossing at (φ0 = 45◦ , and
a false return at φ00 ≈ 120◦ in the phase response, but
no false return in the amplitude response.
These data indicate that the phase and amplitude responses can be used to independently generate a direction
finding solution. Both approaches are able to identify the
proper location of the signal, but may be susceptible to
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different ambiguities. An approach to combine these solutions is presented in [14], [15], and is shown to provide
better performance than either individual approach.
V. C ONCLUSION
In this work, a baseline computational model of a
body-borne direction finding system is established. MoM
simulations of this system are shown to have excellent
agreement with measured data. A parametric system
response study is conducted to identify the stability
of the system to real-world perturbations. The level
of these perturbations is used to establish frequencyindependent thresholds that are used by the phase-based
and amplitude-based direction finding systems to determine the angle of arrival of incident signals. Based on
these data, a calibration technique is used to characterize
the performance of the direction finding system, and
identify associated ambiguities.
When considered together with the results of the
body height and diameter studies, the results of the body
composition study indicate that real-world implementations of the system may require specific calibration for
different sized users, but will not be susceptible to variations in the user’s body composition or the frequency
of incoming signals. The raw system response (relative
phase and amplitude) is consolidated for signals across
all angles of arrival to identify those variables that have
the most significant impact on the system. Real-world
implementations of the system should be able to control
many of these parameters, such as radiator height and
separation. However, others may change considerably
depending on the user, such as body height and diameter,
baseline rotation, and the relative location of the body
and the sensors.
A more rigorous theoretical and/or statistical analysis of the perturbation data is recommended for the determination of real-world detection thresholds. Because
the focus of this paper is on the computational characterization of the body-borne system, nominal frequencyindependent detection thresholds are selected using the
data from the parametric system response. These conservative thresholds are useful to highlight their application
to a direction finding calibration technique, but do not represent optimized values. Additional work by the authors
[14], [15] provides a more thorough description of how
the direction finding function can be applied to optimize
the performance of a direction finding system. Using the
direction finding approach described in the referenced
paper, the phase and amplitude detection thresholds can
be optimized for various metrics, including accuracy,
sensitivity, and false alarm rates.
The results of this study clearly demonstrate the
utility of a method of moments in the characterization
of direction finding systems. This includes the accurate

replication of body-interaction effects that are observed
in measurements. Future examinations based on this
work include coupled/multivariable sensitivity studies,
improvement of the direction finding calibration, and the
extension of the direction finding technique to geolocation applications.
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