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Abstract

This paper presents a method to design and optimize a mimetic, multi-band antenna for
direction-finding applications based on multiple IoT mobile nodes for protecting sensitive
areas. A set of 84 antenna configurations were selected based on possible resonant paths
and simulated using a Method of Moments (MoM)-based tool to compute resonant fre-
quencies, VSWR, and gain across three frequency bands centered on 433 MHz, 877.5 MHz,
and 2.4 GHz. Compared to a brute-force approach requiring 8'# full-wave simulations,
our technique dramatically reduces computing time by performing only 84 simulations,
followed by a fine-tuning procedure targeting the antenna segments with the highest con-
tribution to the error figure. The final design provides good gain and VSWR figures over
almost all the frequency ranges of interest.

Keywords: multi-band antenna; mimetic antenna; electromagnetic source detection; IoT
based direction finding; size-scaling optimization; vehicular applications; distributed
energy facilities protection

1. Introduction

Antenna design must often meet simultaneous and even contradictory constraints, e.g.,
optimal operation on several frequencies or in a broad frequency band in terms of directivity,
voltage standing wave ratio (VSWR), shape, and/or physical size. An initial design can be
generated based on physical principles; however, the results can still be different from the
target characteristics. Simulation is generally a good choice for performing a fine tuning of
the initial structure [1-4].

In order to avoid structure changes leading to divergent results, some authors propose
approaches based on evolutionary algorithms [5,6] and machine learning [7-9]. It should
be noted that such approaches are really needed when physical modeling would be too
complex and/or too many configurations have to be simulated.

Advanced direction-finding methods were recently developed as an extension of the
triangulation technique; the localization system consists of multiple mobile nodes organized
as an IoT network (Figure 1) and often utilize machine learning algorithms allowing for
accurate positioning [10,11]. As an example, triangulation with direction-finding mobile
equipment can be used for protecting sensitive sites such as energy facilities distributed on
large areas from illegal drone incursions [12-14]. Such an application requires multi-band,
low-profile antennas operating over the frequency bands utilized by drones.
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Figure 1. Typical direction-finding system based on multiple mobile nodes organized as an
IoT network.

In some cases, antennas should not be visually identifiable. For this purpose, they
should be either small or similar in shape to a non-radiating object. Several small-size,
multi-band or wideband antenna structures exist; however, most of them cover frequency
ranges above the UHF band. They are generally multi-port structures, provide low-gain
figures, and are still visible since they must be placed vertically [15,16]. Some low-profile
antenna structures for UHF have also been proposed; however, only one dimension is made
small [17-19], and lumped elements might be needed to match the input impedance [18].

Mimetic antennas [20,21] are essentially radiating structures that should fit into a given
shape and size, as they cannot be visually identified. There are mainly two techniques
to design mimetic radiators, i.e., either by masking generic antennas behind enclosures
imitating air conditioners, fire sprinklers, exhausting pipes, etc. [22,23], or by exciting
existing metal structures to radiate in a desired manner. The second technique is mostly
used for HF and VHF communications and consists of inducing characteristic modes on
a vehicle or ship body [24,25]. However, in some cases the antenna structure does not
fall in any of the two categories listed above. As an example, the receiving antennas for
mobile platforms in a direction-finding network as described before may have to look
like a car luggage rack. For multiple-band or wideband operation, the antenna should
provide optimal resonant frequencies, directivity, and gain figures for a given shape and
size. Under such constraints, the only way to achieve optimal characteristics is to decide
which parts of a fixed-shape structure should be made out of a conducting or insulating
material [26]. Adjustments may lead to a large number of structures to be simulated;
therefore, a selection among all possible configurations based on analyzing the potential
resonant paths might help to find the optimal structure much faster than simulating all
possible conductor-insulator combinations.

Part of some recent studies propose antenna design techniques based on machine
learning. For instance, [27] demonstrates that even a limited number of simulation-based
predictions, when strategically chosen, can effectively guide structural antenna optimiza-
tion using machine learning. Similarly, [28-31] explore various learning algorithms (ANN,
SVM, Random Forest, XGBoost), confirming that both model type and the number of pre-
dictions significantly influence the accuracy of VSWR and resonant frequency estimation.
For the fine-tuning stage, [32] shows that scaling high-impact structural segments using
Bayesian optimization leads to substantial performance gains. Complementarily, [33] illus-
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trates how adjusting slot dimensions via support vector regression enables convergence
toward target resonant behavior with minimal error. However, machine learning might
not provide a significant error reduction without a large training set. In addition, existing
databases do not include such fixed-shape structures; therefore, they have to be simulated
prior to using any machine learning algorithm.

The main goal of this work is to propose a design methodology entirely based on
physical analysis for periodic antenna structures of fixed shape and size, mimicking a non-
radiating object. We propose a two-step procedure to optimize a luggage-rack-like antenna
for three frequency bands centered on 433 MHz, 877.5 MHz, and 2.4 GHz. The first step
consists of encoding three-segment combinations of conductor and dielectric on each rack
bar. We then define a set of possible configurations by analyzing the potential resonant paths
and keeping them fixed. We choose from among the simulated configurations the optimal
one that minimizes an error figure, defined in terms of VSWR and resonant frequencies.

The second step of our procedure is fine-tuning based on scaling the segments with the
highest impact on the error figure. The results clearly show that the final antenna structure
approaches the target characteristics at an error of less than 5%.

2. Design Constraints and Methodology

The antenna should fit the shape of a 1 by 1.3 m luggage rack with fourteen equally
spaced parallel bars (Figure 2). The gap between the antenna and the car roof acting as a
ground should be kept at 5 cm, and the bar diameter at 1.5 cm.

Bar # Binary

7
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s= =740
— =
2 =7
r .
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/ i <———I
Segment # Feed point Y z

Figure 2. Antenna shape with segment and bar referencing(# stands for number).

Each bar is considered to be made out of three equal-length segments; each of them
can be either a conductor or a dielectric rod. To ease referencing, we encoded each bar
by using a three-bit binary word, where 1 means conductor and 0 dielectric; for a simpler
description, one can then convert the binary word into a decimal digit between 0 and 7.
The most significant bit was considered on the excitation point side. As an example, for a
bar with the first two segments (i.e., on the feed point side) made of conductor and the last
one made of dielectric, the corresponding code word will be 110, i.e., 6 as a decimal digit.

The first step in designing the initial radiator structure is to ensure that there will
at least be a current path close to an odd multiple of a quarter-wavelength (monopole
mode resonance) for each frequency of interest. The configuration providing the closest
approximation to a resonant length at each frequency of interest is that with bars #1, 3, 5, 6,
and 8, providing each of them an open-ended segment, i.e., the corresponding code word
should be either 4 or 5.
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We calculated the length for any possible current path starting from the feed point,
flowing through the long side of the frame next to the feed point, and eventually termi-
nating on an open-ended segment of a transverse bar. The current path lengths were then
compared to the wavelength in order to find the closest approximation to an odd number
of quarter-wavelengths. The current paths corresponding to each resonant frequency are
shown in Figure 3, and Table 1 shows the resonant path length in terms of wavelength.

14 13 12 1" 10 9 8 7 6 5 4 3 2 1
[ 4 ¢ \ 4 4 4 \ 4
® [ ] ® [ ] ®
L ] ® ] L [ ]
[ & & & & 4 ?
Possi Feed point
ossible resonant path for 433 MHz
=== Possible resonant path for 877.5 MHz
=== Possible resonant path for 877.5 MHz and 2.4 GHz
=== Possible resonant path for 433 MHz
=== Possible resonant path for 877.5 MHz
Figure 3. Possible resonant current paths.
Table 1. Possible resonant path length in terms of wavelength.
Resonant Path Closest Resonance
Color (Ref. Figure 3) Length [m] (Odd Multiple of A/4)
Yellow 0.383 approx. 1.75 A at 433 MHz
Blue 0.583 approx. 1.75 A at 877.5 MHz
approx. 2.25 A at 877.5 MHz
Red 0.783 approx. 6.25 A at 2.4 GHz
Green 0.883 approx. 1.25 A at 433 MHz
Purple 1.083 approx. 3.25 A at 877.5 MHz

To better understand the resonant behavior of such a radiating structure, we simulated
a reduced configuration (Figure 4), including the feed segment and the first three resonant
paths as given in Figure 4 and Table 1.

The input reactance as a function of frequency (Figure 5) shows resonances at 485 MHz,
890 MHz, and 3400 MHz. A change in monotony can also be noted at 2390 MHz; although
there is no null at that frequency, it could be seen as a resonant trend. Next, we show how
completing the grid structure can bring the resonances closer to the target frequencies.

A total number of 84 configurations were characterized by using a MoM-based simu-
lator for wire antennas by applying the resonant path constraint as described before.

In order to assess the overall performance of a given antenna structure, we have
defined a normalized, multi-objective metric as follows:

2
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where f, and VSWR,, are the computed resonant frequency for the n-th frequency band
and the corresponding voltage standing wave ratio, respectively, while f, , is denoted as
the target resonant frequency. The metric weighs equally resonant frequencies and VSWR;
it was set such that a VSWR figure below 2 has no effect on the error figure.

Figure 4. Possible resonant structure.

Input Impedance vs Frequency
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Figure 5. Input reactance of the reduced radiating structure.

It should be emphasized that only configurations with a minimal gain of 2 dBi on
each resonant frequency were retained. For each frequency band of operation, the resulting
resonant frequency f, was chosen as corresponding to a minimum of VSWR within the
range fyo £ 10%.

3. Antenna Design and Optimization
A set of possible configurations was defined as shown in Table 2 and Figure 6, respectively.

Table 2. Possible configurations.

Code Word for the Resonant Bars Code Word for the Bars
#(@,3,5,6,and 8) #(2,4,7,and 9-14)
4or5 0,1lor3to7

More specifically, the 84 candidate structures were chosen among all possible configu-
rations as follows.

Bars #1, 3, 5, 6, and 8: These bars are part of the resonant paths and should therefore
be open-ended, i.e., the corresponding codeword should be either 4 or 5. We choose to set
them either all on 4 or all on 5. Rationale: The segments on the frame side opposite to the
antenna input are fed through the rest of the radiating structure. They have less impact
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on the resonance since they are located at the end of the current path. For this reason, the
number of combinations can be decimated as shown before.

Bars # 2, 4: They are both set on 0. Rationale: These bars next to the resonant paths
are the closest to the feed point. For this reason, they should not perturb the current
distribution.

Bar # 7: All possible combinations were assigned to the codeword for this bar, except
the codeword 2 which would correspond to an insulated segment. Rationale: This bar is
the first one after identifying at least one resonant path for each frequency of interest. It
was therefore chosen as a tuning element.

Bar #9: The codeword was set on a fixed value, i.e., 7. Rationale: This bar bridges a
current path length resonating close to all the frequencies of interest.

Bars # 10, 11 and 12: They were set on 1 or 6, but not all of them at the same time, i.e.,
the combinations 111 and 666 were excluded to avoid a high current imbalance between
the frame sides. Rationale: These bars can act as fine-tuning elements since they are located
at the end of the structure.

Bars # 13 and 14: The corresponding codeword was set on 6. Rationale: These are
the most remote bars from the feed point. They are not supposed to significantly change
the resonant frequencies; consequently, the number of combinations can be decimated in
this manner.

14 13 12 11 10 9 8 7 6 5 4 3 2 1
4 ® 4 4 \ 4 4 ® \ 4 ® 4 1 4 4 \ 4
S S S T ST S S S S A
S S S S ‘ ‘ ‘
é ¢ : i é é é o - T
Conductor Feed point
......... Dielectric/Conductor

Figure 6. Set of possible configurations.

The configuration with the bar sequence [505055457 161 6 6] (Figure 7) yields the
lowest error figure computed using (1), i.e., € = 14.69% along with a gain over 2 dBi on all
resonant frequencies, and was therefore chosen as a reference for further optimization.

Figure 7. Least-error configuration.
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The least-error configuration was then simulated by using a MoM simulator (Table 3).

Table 3. Optimal configuration: simulation.

Resonant Gain—
Frequency Band Frequency— VSWR— . .
. . . . Simulation
[MHZz] Simulation Simulation [dBil
[MHZz]
433 438 15 5
877.5 937 1.75 5.65
2400 2640 2.79 6.9

Figures 8-11 illustrate the VSWR variation for each frequency band considered, as
well as the corresponding radiation patterns at the resonant frequency in the horizontal
and vertical planes.

VSWR vs Frequency
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Figure 8. VSWR variation for: (a) 433 MHz; (b) 877.5 MHz; (c) 2.4 GHz bands.
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Figure 9. Gain in the horizontal plane, horizontal and vertical polarization: (a) 433 MHz, 6 = 26°;
(b) 877.5 MHz, 0 = —42°; (c) 2.4 GHz, 0 = 53°.

Figure 10. Gain in the vertical plane for ® = 0°, horizontal and vertical polarization: (a) 433 MHz;
(b) 877.5 MHz; (c) 2.4 GHz.

Figure 11. Gain in the vertical plane for ® = 90°, horizontal and vertical polarization: (a) 433 MHz;
(b) 877.5 MHz; (c) 2.4 GHz.

In order to further optimize the antenna performances and ensure resonance at the target
frequencies, a detailed analysis of the current distribution along each segment was conducted. The
study revealed that the feed segment plays a predominant role in achieving resonance at 2.4 GHz,
whereas segment 1 of bar #1 has the most significant influence on the resonance at 433 MHz.
Consequently, a fine-tuning approach based on segment scaling was applied as follows:

(i) The feed segment was lengthened from 5 cm to 6.25 cm to shift the resonance closer
to 2.4 GHz;

(i) Segment 1 of bar #1 was extended from 33 cm to 38 cm to provide resonance
at 433 MHz.
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It should be noted that the scaling factors can be different from the actual frequency
ratios due to the complexity of the radiating structure. After fine-tuning, some parameters
might slightly vary from those of the initial structure; however, the aim of the optimization
is to minimize the error figure in (1).

Figure 12 illustrates the antenna structure after the fine-tuning and the current distri-
butions at the frequencies of interest.

x

(d)

Figure 12. Antenna structure after the fine-tuning: antenna model (a) and current distribution at
433 MHz (b), 877.5 MHz (c), and 2.4 GHz (d).
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Figure 13 illustrates the VSWR variation for each frequency band for the optimal
antenna structure. Table 4 shows the characteristics of the final design. Figures 14-16 show
the radiation patterns corresponding to the resonant frequency in the horizontal plane and
vertical plane.

VSWR vs Frequency
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Figure 13. VSWR variation for (a) 433 MHz; (b) 877.5 MHz; (c) 2.4 GHz bands.

Table 4. Optimal configuration characteristics.

Resonant Frequency [MHz] VSWR Gain [dBi]
433 1.38 5.95
877.5 2.07 5.1
2400 1.52 6.2
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After performing the fine-tuning as shown before, the error figure as defined in (1)
went down to 3.53%.

A

Figure 14. Gain in the horizontal plane, horizontal and vertical polarization: (a) 433 MHz, 0 = 26°;
(b) 877.5 MHz, 6 = 41°; (c) 2.4 GHz, 6 = 50°.

Figure 15. Gain in the vertical plane for ® = 0°, horizontal and vertical polarization: (a) 433 MHz;
(b) 877.5 MHz; (c) 2.4 GHz.

15 A0=5-0_5 10 1520

-120 120
{7

150

Figure 16. Gain in the vertical plane for ® = 90°, horizontal and vertical polarization: (a) 433 MHz;
(b) 877.5 MHz; (c) 2.4 GHz.
4. Experimental Results

The optimal antenna configuration was manufactured by using copper pipes for the
conducting segments of the grid structure and for the excitation segment and PVC pipes
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for the dielectric segments and for supporting the other three corners of the frame when
mounted on top of a car. The copper pipes were cut at a tolerance of 1 mm, and the PVC
pipes overlap the copper segments at the joints by approximately 1 cm to provide good
mechanical strength.

The antenna was measured in an anechoic chamber (Figure 17). A metal shield was
placed on the floor of the chamber; the antenna therefore operates under infinite-like
ground plane conditions.

B
et < W e e T |
et < <« e e T [ &

e A <A« T e GGt &7 & ¢
—

S’ &

Figure 17. Experimental model.

Firstly, we measured the magnitude of the reflection coefficient at the antenna input
to make sure that resonance is present at the required frequencies. Then, we placed
a calibrated biconical dipole 1.14 m away from the antenna under testing in order to
measure the realized gain at & = 90° and 6 = 60° in vertical polarization (Figure 18).
As shown in Figure 16, the polarization is mixed since part of the structure consists of
orthogonal radiators.

Gain [dBi]
10 F T T T T T T ™
n
ST X 877160000 X 2404940000
Y 2.21307 Y 2.17699
L L ]

ot |
5t ]
10 F 1

0.8 1 1.2 14 1.6 1.8
Frequency [GHz]

IN]
N
[N
IN]
~

Figure 18. Gain variation.
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The probe antenna operates between 600 MHz and 3 GHz. We highlighted on the
diagram the gain figures at 877 MHz and 2.4 GHz, which are close to the results presented
in Figure 16.

It should be emphasized that in the application under consideration, pattern diagrams
are less important since the IoT system includes several mobile platforms; if the target does
not fall in a null direction for at least three of them, then the system is able to locate it.

Figure 19 shows rather good agreement between simulated and measured results for
all three frequencies of interest. Discrepancies between simulated and measured results
occur especially at high frequencies due to the limitations of the wire antenna simulator for
modeling the excitation, i.e., locally applied electric field versus real coaxial connectors.

7 [T T T T T T T T T T

simulated

measured

VSWR

0.39 04 0.41 0.42 043 0.44 045 0.46 0.47 0.48

Frequency [GHz]

(a)

8 L simulated =

measured

VSWR

1 1 1 1 1 1 1 1 1 1
0.78 08 0.82 0.84 0.86 0.88 0.9 0.92 0.94 0.96

Frequency [GHz]
(b)

Figure 19. Cont.
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simulated
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()
Figure 19. Simulated vs. measured VSWR for (a) 433 MHz; (b) 877.5 MHz; (c) 2.4 GHz bands.

5. Conclusions

This work presents a method to generate a multi-band antenna, based on a fixed-shape
structure imitating a car luggage rack.

The first step was to define a set of possible configurations based on physical
analysis of the potential resonant paths. While a brute-force approach would require
814 = 4,398,046,511,104 full-wave simulations, our method dramatically reduces the com-
puting time by performing only 84 simulations.

The next step was to further reduce the error figure by scaling the segment dimensions
to fine-tune the resonant frequencies, allowing for better control of the antenna multi-
band operation. Size scaling targeted the segments virtually, leading to the higher shift in
resonant frequency, and the final error figure was thus made as low as 3.53%. The antenna
was then manufactured and measured; the final design provides good gain and VSWR
figures over almost all the frequency ranges of interest.

Further enhancements can be achieved by refining the antenna design parameters,
e.g., the number of segments per bar. Increasing the number of segments per bar would
provide a finer mesh in the optimization process, potentially leading to superior configu-
rations. Yet, it also leads to a larger number of configurations and, eventually, to a longer
computing time.

It should be emphasized that, in the current development stage, we focused on the
design procedure rather than on practical configurations. The antenna was therefore
designed and characterized over an infinite ground plane, allowing for fast simulations.
For operating over a real vehicle body, design, simulation, and measurements should be
performed accordingly.
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Abbreviations

The following abbreviations are used in this manuscript:

ANN  Artificial Neural Network
UHF Ultra-High Frequency

SVM Support Vector Machine
MoM  Method of Moments

VSWR  Voltage Standing Wave Ratio
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