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Naval Structural Antenna Systems for Broadband HF
Communications—Part III: Experimental
Evaluation on Scaled Prototypes
Lorenzo Mattioni, Domenico Di Lanzo, and Gaetano Marrocco, Member, IEEE

Abstract—We describe the design, fabrication and measurement of reduced-size prototypes of the Naval Structural Antenna,
recently proposed as a compact and multifunction solution to
broadband naval communications. The original broadband HF
sub-radiator, loaded by lumped impedances, is scaled down to the
VHF/UHF ranges and re-designed in planar technology in order
to simplify and to automate the fabrication process. Measurement
on single-port and 4-port antennas, in which the central structure
resembles a naval funnel and a big mast, have shown a good
agreement with the simulations.
Index Terms—Broadband antennas, HF antennas, multiport antennas, shipborne antennas, software defined radio.

I. INTRODUCTION
HIS work completes a set of papers on new broadband and
reconfigurable structural antenna systems, which were
recently introduced by the authors [1], [2] in the Naval Software
Defined Radio context [3]. Actual naval systems employ either
broadband antennas together with combining networks, or a
multiplicity of narrow-band radiating elements. In the first case,
the resulting system efficiency may be highly reduced by the
losses of the power combiners. In the other case, the coexistence
of several radiators increases the interference with receivers,
causing co-location problems, and requires large spaces and
complicated feeding networks onboard the ship. These issues
are particularly critical in the HF band (2 MHz–30 MHz) because of the large wavelengths involved. The Naval Structural
Antenna System (NSA) promises to be a possible solution
to part of these drawbacks. The structure is obtained from
the integration of multiple loaded wires (sub-radiators) [4]
together with an existing ship-superstructure, for instance a
funnel (Fig. 1) or a big mast. The resulting multiport antenna
exhibits a very compact layout and offers a great flexibility in
terms of power handling and pattern reconfigurability. In particular, the NSA permits to highly improve the system efficiency
with respect to the traditional broadband antennas equipped
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Fig. 1. HF-NSA obtained from a funnel-like structure. The four input ports at
the base of each sub-radiator are clockwise numbered.

with lossy combining networks, and to moderately shape the
beam. These performances can be achieved provided that the
inter-port coupling is low enough to preserve port matching in
the whole band and nearly omnidirectional radiation patterns
on the horizontal plane. While the previous papers concerning
the NSA discussed the basic ideas, the performances on an
infinite perfect ground plane [1], and the design methodology
on real naval platforms [2], this contribution experimentally
demonstrates the concept and verifies the main electromagnetic
features by characterization and fabrication of NSA scaled
prototypes. Two NSA models, resembling a funnel and a big
mast, are considered here. The optimization of the loads is
performed by a genetic algorithm [5], [6], and the sub-radiators
are manufactured by printing a metallic trace on a thin dielectric
substrate. Simplifications of the NSA geometry, of the loads
topology and position on the wires, and the use of a planar
technology permit to minimize the fabrication inaccuracies.
The antenna input electric parameters and near field radiation
are measured by an ad-hoc procedure accounting for port periodicity, and compared with numerical models.
II. PROTOTYPE DESIGN AND FABRICATION
Following the layouts in [1], [2], two different geometries are
considered here for the central body. The first one is a cylindrical funnel-like structure having about the same height as the
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Fig. 2. Layout of the planar sub-radiator, consisting in a metallic trace on a thin
dielectric substrate, loaded with four electrical components in the middle of the
related segments. Dimensions are in millimeters.

Fig. 4. Simulated performances of the single-feed scaled mast-like NSA. Top:
-averaged gain at the horizon and at a typical NVIS (near vertical incidence
skywave) elevation angle. Bottom: VSWR referred to 200 line impedance.
The shadowed region gives the sensitivity to a random 15% deviation of the
electric components values from the nominal optimized results.
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Fig. 3. Simulated performances of the single-feed scaled funnel-like NSA.
Top: -averaged gain at the horizon and at a typical near vertical incidence
line
skywave (NVIS) elevation angle. Bottom: VSWR referred to 200
impedance. The shadowed region gives the sensitivity to a random 15%
deviation of the electric components values from the nominal optimized results.
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loaded sub-radiators, while the second one is a mast-like structure having about double height with respect to the loaded wires.
With the purpose of obtaining prototypes of reasonable size
and feasible electric values for inductors and capacitors, the
scaling factor was fixed to 50, which is a typical value for scaled
models as discussed in [7]. Accordingly, the frequency band
ranges from 100 MHz to 1500 MHz. The loaded conductors are
designed as planar traces printed on a thin dielectric substrate
and
) (Fig. 2). The planar
(
technology simplifies the assembling of the electrical components and gives a good mechanical stability to the NSA prototype. A Finite Difference Time Domain (FDTD) [8] electromagnetic solver is used to redesign the NSA loading in presence of
dielectric materials with respect to the HF case. The antennas
are assumed to be placed over an infinite perfect ground plane.
For the mast-like configuration, the central structure is obtained

as the combination of a frustum of cone and a pipe (see inset
in Fig. 4). It is worth recalling that, in the optimization procedure in [1], [2], the loading impedances could be placed at any
position of the wires and generally four lumped elements were
enough to achieve the required NSA performances. Here, for
fabrication opportunity, such loads have been instead fixed to
the centre of each wire. After the optimization of their values
and topology, low-valued inductors in the resonant series-connections were dropped out without any relevant change in the
system performance. The resulting loading set is therefore only
given by two capacitors and two resistors (Fig. 2). The performances of the optimized single-feed scaled NSAs in terms of
gain at the horizon and VSWR (Figs. 3 and 4) are fully comparable with those of the HF structures (see [1], [2]), where a
and similar values of gain were found in the whole
band. These diagrams also show the expected sensitivity of the
antenna VSWR to the electric value tolerances. The nominal
values of the optimized electrical components used in the simulations of Figs. 3 and 4, as well as the real components used
in the fabrication, are given in Table I for both the radiating
structures. The slight discrepancies between nominal and real
values are negligible with respect to the 15% tolerances of
the employed real components. However, also in the worst case
of maximum fluctuations, the sensitivity analysis shows a good
stability of the antenna performances.
III. MEASUREMENTS
The electromagnetic performances of the prototypes have
been analyzed by measurements of input impedance, inter-port
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TABLE I
NOMINAL AND REAL VALUES ( 15% TOLERANCE) OF THE ELECTRICAL
COMPONENTS OF THE OPTIMIZED SCALED NSAs. LOADS ARE SHOWN IN FIG. 2

6

Fig. 5. (a) Example of a 1:50 scaled sub-radiator: copper trace printed on a
teflon dieletric substrate (thickness = 1:524 mm and " = 2:4). A width
of 3 mm is found to be equivalent to the scaled wire radius [9]. (b) Example
of 1:50 scaled model of the single-feed funnel-like NSA. (c) Example of 1:50
scaled model of the 4-port mast-like NSA. (d) Connectors under the ground
plane in c. (e) Coax connection. (f) Coax to sub-radiator trace transition.

coupling and near field radiation. Measurements were performed by means of the Agilent Technologies E5070B Vector
Network Analyzer, by placing the scaled NSA models at the
1 m. Expericentre of a copper ground plane of size 1 m
mental data are compared with numerical simulations, wherein
the antennas were placed over a perfect electric conductor of
the same size.
A. Input Impedance
Preliminarily, NSA models with only one sub-radiator were
manufactured [see Fig. 5(a) and (b)] and measured. A good
agreement can be appreciated in Fig. 6 between measured and
computed input impedance in the range 100–1500 MHz for both
the structural antennas.
The measurement was repeated for the 4-port prototypes [see
Fig. 5(c)] with the purpose to analyze the scattering matrix and
the embedded1 VSWR. Also in this case, measurements and numerical simulations compare well (Figs. 7 and 8). The inter-port
1VSWR when a port is excited and the others are terminated on the nominal
line-impedance (200 in this case).

Fig. 6. Measurement of input impedance on the single-feed NSAs compared
with FDTD simulations. (a) Funnel-like NSA. (b) Mast-like NSA.

coupling is less than 10 dB at all frequencies and the embedded VSWR is smaller than 3 in most part of the considered
band, as predicted in the theoretical results in [1], [2]. The slight
differences in the four measured embedded VSWR curves are
probably due to the fabrication inaccuracies and to the interactions with a non-anecoic environment. To compare the measured
with the corresponding simulated data
scattering parameters
accounting for an ideal 4:1 transformer, such parameters were
measured with reference to 50 line impedance, and then mathematically referred to 200 .
B. Radiation
The radiation of the NSA structures has been analyzed
in the near field region, within a typical lab environment.
The near-to-far field transition, estimated for the full-scale
NSAs over an infinite perfect ground, extends from about
8 m@2 MHz up to 115 m@30 MHz, for the funnel-like structure, and from 30 m@2 MHz up to 480 m@30 MHz, for the
mast-like one. The near field measurement gives therefore
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Fig. 7. Measurement of the scattering parameters on the 4-port NSAs compared with FDTD simulations. (a) Funnel-like NSA. (b) Mast-like NSA. In both
cases S
S due to the symmetry of the structures. Data are referred to a
200 line impedance and ports are numbered as in Fig. 1.
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Fig. 8. Measurement of the embedded VSWRs on the 4-port NSAs (grey lines)
compared with FDTD simulation (black line). (a) Funnel-like NSA. (b) Mastlike NSA. Data are referred to a 200 line impedance.

useful information about the compliance of the transmitters
with the field exposure limitations onboard the ship, and about

Fig. 9. (a) Scheme for the near field measurement using a short monopole,
placed in two different positions (M and N ). (b) Estimation of the antenna
radiation in five different directions in the half horizontal plane (eight directions
all around the NSA); the vectors (c), (b), (e) are rotated and translated to be
centred in the port 1.

the cohabitation with other onboard equipments. The measurement procedure considers the NSA radiation from a single port
when the others are terminated to a 200 line impedance. The
, which is
field probe is a short monopole of height
in the whole considered band. The monopole
smaller than
is placed at a fixed radial distance
from the NSA
,
geometrical centre in two different positions
as shown in Fig. 9(a). During the measurement, the ground
plane was locally extended all around the probe to minimize
the diffractions from the metallic edges. The near field data on
the horizontal plane are retrieved from the measurements of
, between the th sourced port of the
the mutual coupling
NSA and the probe, which receives the vertical component of
at the position of the
the radiated field . The strength of
probe is given by [10]
(1)
is the antenna factor of the monopole and
is
where
the magnitude of the voltage drop at the receiver load . As described in [11], the antenna factor of a monopole is
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Fig. 10. Measurement of the near field radiation on the horizontal plane for the funnel-like NSA, compared with FDTD simulations on an infinite perfect ground,
along five different directions. Dashed line indicates the simulated far-field evaluated at a distance r from the NSA. In all the cases port 1 is sourced with P
and the other ports are terminated on 200 .

=
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Fig. 11. Measurement of the near field radiation on the horizontal plane for the mat-like NSA, compared with FDTD simulations on an infinite perfect ground,
along five different directions. Dashed line indicates the simulated far-field evaluated at a distance r from the NSA. In all the cases port 1 is sourced with P
and the other ports are terminated on 200 .

=

1W

, where
,
is the monopole
input impedance, and
is its effective height [10].
is reThe power delivered to the receiver
at the th transmitting antenna port
lated to the input power
. By combining these relations to express
by
, (1) becomes
(2)
The rotational symmetry among the NSA ports permits to estimate the radiation on the horizontal plane along some directions
by a small set of measurements. In a first set-up, the probe is
[see Fig. 9(a)] and the scattering parameplaced in position
,
and
are measured. Then the probe is moved in
ters
position and
and
are obtained. By taking advantage
of the port periodicity, the five previous measurements can be
easily referred to a single port, e.g., port 1, as shown in Fig. 9(b),
,
and
are the positions of three observation
where

(about
points on the circumference of radius
20 m for the full-scale antenna). In this way the antenna radiation is estimated at five angularly equispaced directions, by
means of just two set of measurements. It is worth noticing that,
for the full-size scale funnel-like configuration, the observation
points on the circumference are in the far field zone about in
the range 2–6 MHz (100–300 MHz for the scaled configuration). For the mast-like configuration, instead, the observation
points are in the near field zone in the whole considered frequency range. Figs. 10 and 11 compare the measurements with
input
the computed near field around the NSAs for
power at port 1. The same diagrams also show the field amplitude evaluated at the measurement points starting from the
computed far field radiation function, e.g.
with
,
. A good agreement
is observed between the estimated and computed near field in
and , where the
the whole band, particularly in positions
probe is closer to the sourced port and, thus, the coupling with
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the surrounding environment is less effective. Equation (2) gives
a useful information about the near field strength onboard a ship
(at a distance of about 20 m from the NSA). For instance, for
input power, the near field curves in
typical
Fig. 10 and Fig. 11 have to be increased by 30 dB and a frequency-averaged value of about 45–50 dBV/m is found in the
various observation points.
The comparison between the near field and far field curves
shows a similar behavior in the considered frequency band. In
particular, in the range 100–300 MHz for the funnel-like configuration (Fig. 10), the probes are in the far field zone and, therefore, the performed near field measurement can be considered
a good indicator of the far-field antenna radiation. In this case,
the measurements also seem to corroborate the azimuthal omnidirectionality of the embedded NSA radiation found in [1], [2],
with maximum fluctuations of less than 10 dB.
In the rest of the band of the funnel-like configuration and
for the mast-like structure (Fig. 11), the smooth behavior of the
far-field expected from a broadband antenna, is also found in the
near field curves that exhibit small variations with the frequency.
In conclusion, near-field measurements, easily to carry out from
coupling measurements, can also give a first indication of the
NSA far field radiation.
IV. CONCLUSIONS
Despite the fabrication inaccuracies, the non-ideality of the
electrical components, and the use of a non-anecoic measurement environment, the experimental evaluation of 1:50 scaled
NSA models has verifed the main electromagnetic features of
the radiating system. In particular, the input impedance, the scattering parameters and the embedded radiation have shown a
good agreement with simulations in the whole 100–1500 MHz
band. The NSA technology is now ready to be tested onboard
real naval platforms, although additional problems could arise
in the full-scale NSA, due to unwanted parasitic capacities, to
high power dissipation in the resistors and to the fabrication of
a broadband impedance transformer.
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