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Naval Structural Antenna Systems for Broadband HF
Communications

G. Marrocco, Member IEEE, and L. Mattioni

Abstract—This paper introduces the concept of multipurpose
structural antenna system for shipborne installations. By com-
bining properly shaped and loaded wire radiators together with
an existing naval superstructure, such as the funnel or a big mast,
it is possibile to achieve a broadband high-frequency compact
radiating system which permits handling both sea-wave and near
vertical incidence sky-wave communications. When provided with
a plurality of feeding points, the naval structural antenna may be
used in multichannel mode, with a huge efficiency improvement
over the conventional multichannel broadband systems requiring
a combining network. Additionally it is shown that, when fed in
monochannel mode, the structural antenna system exhibits fo-
cusing features with the possibility to achieve sectorial coverages.
This paper demonstrates the advantage and limitation of this new
system by carefully taking into account the interantenna coupling.

Index Terms—Broadband antennas, high-frequency antennas,
loaded antennas, naval communications, software defined radio,
structural antenna.

I. INTRODUCTION

RECENTLY manufactured ships for both civil and tactical
purposes are equipped with the Software Defined Radio

system [1] having the capability to simultaneously receive and
transmit multiple waveforms, of the same or different type,
within the 2 MHz–2 GHz frequency range. To host multi-
channel communications, actual naval systems employ either
a small set of broadband antennas together with combining
networks or a plurality of narrow-band antennas operating in
different subbands. In the first case, because of the losses intro-
duced by the power combiners, the resulting system efficiency
can be highly reduced. In the other case, the coexistence of
several radiators requires large space and produces undesired
interactions among antennas and the ship superstructure. These
issues are particularly critical in the high-frequency (HF) range
because of the large wavelengths involved.

The problem of efficient antenna installation in the available
space has been already considered in the context of avionic envi-
ronments where, since the late 1950s, some structural solutions
have been proposed. In particular, the whole aircraft or some
parts of it can be used as radiating element in the HF range,
when properly fed (notch or towel bar antennas), since the air-
craft size is comparable with the radiated wavelength [2]–[5].

Presently, structural antennas in the naval environment are
not so common, although the strong interaction between naval
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superstructures and shipborne antennas has been widely argued
in past and recent papers. For instance, the suitable integration
of typical HF antennas into the ship’s topside structure has been
discussed in [6] and optimum performances are achieved by the
simultaneous design of antennas and naval structures with the
aid of scale brass models. Radiation pattern distortions of simple
HF antennas, when embedded into the naval scenario, have been
considered in [7]. Investigation in [8] addressed the possibility
to place an HF or a very high-frequency (VHF) array on the
deck, hull, and/or gunwale of a ship with the purpose of sectorial
coverage.

This paper focuses on the possibility to obtain a naval struc-
tural antenna as integration of one or more wire broadband radi-
ating elements together with an existing metallic structure such
as a funnel or a big mast which are rather common in many
ship scenarios. The funnel in particular has typically cylindrical,
pyramidal, as well as conical shape, and diameter (5–10 m)
and height (10–25 m) comparable with HF wavelength. Such a
structure is therefore a good candidate to host antennas or even
to become part of a radiating system.

The integration that is proposed here, potentially yields a
broadband structural antenna system for HF naval communi-
cation having the possibility to be driven by one or multiple
sources and to communicate at different elevation angles de-
pending on the frequency used and on the particular service to
be carried out.

A structural solution also offers the advantages of limited
space requirements and the intrinsic compensation of the pattern
distortion due to the presence of the naval environment, which
is instead partly embedded into the antenna system.

The proposed study will leave apart from a particular naval
realization and will consider a canonical test-case with the pur-
pose of investigating the feasibility and potential of the naval
structural antenna concept.

This paper is organized as follows. Section II introduces the
basic idea of obtaining an HF antenna from a funnel-like struc-
ture. The design and performances of a single-feed naval struc-
tural antenna (NSA) are described in Section III, while the
extension to multiple-feed configurations is presented in Sec-
tion IV. The structural solution is further experimented with in
Section V by using different shapes and size of the superstruc-
ture. The relevant results are summarized in the final section.

II. THE RATIONALE OF THE NAVAL STRUCTURAL ANTENNA

Starting from a standard folded monopole antenna, which
has been already considered as HF radiator in [9], a basic idea
to obtain a structural antenna from a naval funnel consists in
replacing one of the vertical conductors of the antenna with
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Fig. 1. Basic idea to obtain a structural antenna from a folded monopole-like
structure and a funnel-like cylindrical body.

Fig. 2. Normalized directivity at 2 MHz of the folded monopole (dashed lines)
of size 2 m� 10 m and of the structural antenna (solid lines) in Fig. 1, including
a hollow cylinder with size 5 m� 10 m.

the funnel itself (Fig. 1). The resulting structure recalls the
towel-bar antenna feeding technique for the aircraft’s fuselage
[5].

To illustrate the concept, Fig. 2 shows the normalized gain of
a folded monopole of size 2 m 10 m and its combination with
a hollow cylindrical body of height 10 m and diameter 5 m. Re-
sults have been obtained by means of the method of moments
[10], where the cylindrical body has been modeled as an alu-
minum wire grid and both the systems have been considered
on an infinite perfect ground plane, as in all the following sim-
ulations. The 2 MHz patterns are quite similar: in particular,
the cylinder-wire antenna shows a nearly hemispherical cov-
erage. Moreover, the uniformity in the directivity at high eleva-
tion angles, as well as along the horizon, makes this configura-
tion rather attractive as a multifunction antenna in the sense that
it combines the possibility to simultaneously provide sea-wave
and near vertical-incidence sky-wave (NVIS at frequency 2–7
MHz) radiation.

Fig. 3. Example of structural antenna (single-feed NSA) with a shaped wire
subradiator. Segment size (in [m]): a = 7; b = 3; c = 2; d = 1; e =

1; f = 3; g = 1. The RF source is connected to the antenna by means of
an impedance transformer with stepup ratio n = 4. Geometrical (in [m]) and
electrical parameters of the circuits 
 are h = 3:25; h = 7:75; h =

8:25; h = 10; C = 569:1 pF; L = 1:12 �H, R = 61 
; C =

59:8 pF; L = 0:073 �H; R = 48:6 
.

III. SINGLE-FEED NSA

The above basic structural antenna does not possess broad-
band features, as required to serve the whole HF range, even
if the wires were loaded by lumped or distributed impedances.
In recent papers [11], [12], the authors have proposed a new
loaded wire antenna for multimode HF broadband communica-
tions. This antenna, denoted as bifolded monopole, was derived
from the more conventional folded monopole when the basic
shape is modified with additional vertical and horizontal wire
segments in order to allow a plurality of current paths. In partic-
ular, this antenna produces the radiation of a half loop, for NVIS
links, and of a monopole for both sea-wave and beyond line of
sight communications. The wire part of the structure in Fig. 1,
hereafter denoted as wire subradiator, has been therefore modi-
fied by adding more vertical and horizontal wires. An interesting
geometry, among the various considered, is presented in Fig. 3.
This shape is conceptually similar to the bifolded monopole in
the sense that it embodies nested closed-loop paths, with the dif-
ference that the vertical conductor corresponding to the cylin-
drical body can not be loaded with lumped impedances. Hence,
in order to obtain nested loops also in this geometry, the ad-
ditional wires are connected only to the principal wires of the
folded monopole rather than to the cylindrical body. Finally, the
vertical conductor up above the cylinder will be useful to en-
hance the radiation in the highest part of the HF range, as shown
later on.

To achieve broadband features and a radiation pattern suit-
able to the different kinds of services, the wire subradiator has
been loaded with lumped impedances chosen as isolated resis-
tors as well as parallel or series inductor-capacitor circuits. An
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impedance transformer of step-up ratio to be optimized is con-
nected between the wire-radiator and the radio-frequency (RF)
source generator. The inclusion of lumped impedances on the
wires plays the double role of matching network and radiation
pattern synthesizer. The parameters of such impedances, sub-
jected to the limitations nH H, pF nF,
and , are chosen by a genetic algorithm (GA) opti-
mizer [13] to minimize the following penalty function:

(1)

where is the total number of frequency samples in the
HF range (tagged by index ). , and are
threshold functions shown in (2)–(4), respectively, controlling
the matching, the system efficiency, and the system gain at
different elevation angles. Parameters selectively weigh
these functions in different parts of the band. Reasonable
requirements for the conventional loaded antenna systems are
VSWR within the whole HF range, antenna efficiency larger
than 5–10% at lower frequencies (2 MHz–7 MHz) and larger
than 50% above 15 MHz, gain higher than dB at NVIS,
higher than dB along the horizon for MHz
MHz, and higher than 0 dB above 5 MHz

if VSWR

otherwise
(2)

if

otherwise
(3)

if

otherwise.
(4)

Generally, , and are frequency-dependent thresh-
olds whose values depend on the system requirements.
controls the system gain at different elevation angles depending
on the operating frequency. In particular, system gain has been
optimized at the zenith for low frequencies to permit NVIS links
and toward the horizon as frequency increases

MHz
MHz
MHz

(5)

GA is applied together with the method of moments and the
evaluation of each population member’s (e.g., the loaded struc-
tural antenna) features is obtained by the fast method described
in [14], which requires the inversion of small matrices, of size
only depending on the number of impedances employed. For
what concerns the accuracy of the MoM analysis for this class
of structures, the authors previously reported in [11] a compar-
ison of simulated VSWR with measurements on a 1:50 scaled
model of a broadband HF loaded wire antenna having the same
features of the NSA’s subradiators. The agreement was rather
nice, even at low frequencies.

An example of optimized structure requires four loading im-
pedances as in Fig. 3 and the resulting antenna is well matched

Fig. 4. VSWR for the single-feed NSA of Fig. 3 without (dashed line) and
with (solid line) optimized broadbanding loads. The shadowed region gives
the sensitivity of the VSWR to a random �10% deviation of the electric
components values from the optimized results. VSWR curves refer to 50
.

Fig. 5. Currents on the single-feed loaded NSA. Shadowed regions indicate
the current amplitude at wire location.

(VSWR ) in the whole HF range as visible in Fig. 4. The
shadowed region gives the sensitivity of the VSWR to a random

10% deviation of the electric components values from the op-
timized results. As expected from the GA paradigm, the opti-
mized antenna appears rather robust to fabrication uncertainties.

The inspection of the antenna current in Fig. 5 reveals the
presence, at lower frequencies (2 MHz), of two nested rectan-
gular loops. The smaller one consists of the segments
and mainly radiates toward the zenith. The external loop acts
as a folded monopole of segments together with the
cylindrical body, with main radiation toward the horizon. The
vertical wire is nearly isolated. The resulting radiation pattern
(Fig. 6) still retains hemispherical coverage. As frequency in-
creases (15 MHz) the current pattern becomes more complex,
the internal loop mode vanishes, the segment starts to be en-
ergized, and the radiation is similar to that of a whip antenna,
e.g., with nearly omnidirectional pattern on the horizontal plane
without the presence of nulls.

The frequency-dependent -averaged gain at horizon (Fig. 7)
reaches 0 dB at 5 MHz with peak values of about 5 dB beyond
15 MHz. A reasonably high gain also can be appreciated in the
NVIS frequency range. Finally, except for 2 MHz, where the
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Fig. 6. Gain of the single-feed loaded NSA at some frequencies. Solid line:
� = 0 ; dashed line: � = 90 . The wire subradiator is assumed to be placed
in � = 0 as in Fig. 1.

Fig. 7. �-averaged frequency-dependent gain for the single-feed loaded NSA
along the horizon (� = 90 , solid line) and at NVIS (� = 20 , dashed line).

efficiency is between 0.2% and 0.5%, acceptable values are ob-
tained in the whole HF range, and in particular beyond 5 MHz,
where the efficiency ranges between 30% and 80% (Fig. 8).

IV. MULTIPLE-FEED NSA

The inclusion of more than a single wire subradiator on the
cylindrical body yields a multiple-feed structure which can be
used both in multichannel and in monochannel configuration, as
shown next. Hereafter, NSA denotes an antenna system with

subradiators.
As an example, Fig. 9 shows the NSA configuration in-

cluding four equispaced wire subradiators. Since wires are
placed at a close proximity compared with the HF wavelengths,
the mutual coupling effects need to be carefully taken into
account in the system performance evaluation, not only for
what concerns the radiation properties but also for the electrical
mismatch at each port.

A. Multichannel Mode

The multichannel feeding strategy allows the antenna to si-
multaneously communicate on multiple channels. Each port of
the structure can be directly excited by a different narrow-band

Fig. 8. Efficiency of the single-feed loaded NSA (� ).

Fig. 9. Multiple-feed NSA . The four wire subradiators are clockwise
numbered.

signal avoiding the use of combining networks that are generally
adopted together with traditional broadband radiators. While the
efficiency of the single-feed antenna (NSA ) plus the combiner
network with channels is , the ex-
clusive allocation of each subradiator of the NSA to a single
channel is expected to ideally give a higher system efficiency
close to . However, because of the coupling among sub-
radiators, the active efficiency of the NSA is slightly smaller
than , as shown in Fig. 10 for the case . Anyway,
it can be appreciated up to 400% improvement in the most part
of the band with respect to the NSA plus the power combiner
network. At those frequencies where the port coupling is more
effective, the above improvement is smaller but always larger
than about 300%.

The embedded VSWR, the active gain, and the active ef-
ficiency, e.g., input and radiation characteristics for the mul-
tiple-feed NSA when a single source is active while the re-
maining are turned off and terminated to the line-impedance,
have been numerically computed and can be compared with
those of the NSA in Fig. 3. Fig. 11 shows the embedded VSWR
for equispaced elements. In both the configurations,
the mutual coupling among wire subradiators is not so strong to
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Fig. 10. System (active) efficiency of the NSA in multichannel mode
(solid line), of the NSA with a single-channel (dashed line), and of the NSA
connected to a power combiner for a simultaneous four-channel communication
(dash-dotted line).

Fig. 11. Embedded VSWR of the NSA (solid line) and NSA (dashed line).

sensibly modify the antenna matching in comparison with the
single-feed loaded NSA (see Fig. 4).

Figs. 12 and 13 represent the active gain at different frequen-
cies on both horizontal and vertical cuts for the NSA . The az-
imuthal patterns, particularly at higher frequencies, retain om-
nidirectional features as in the NSA , and NVIS links are still
possible due to the acceptable radiation close to the zenith at
lower frequencies.

NSA with subradiators therefore can be used in
multichannel configuration maintaining about the same input
and radiation characteristics of the single-feed NSA. For a larger
number of elements, the distance between contiguous subradia-
tors reduces and the mutual coupling effects have been verified
to degrade the antenna matching.

Fig. 12. Active gain of the NSA at different frequencies on the horizontal cut
(� = 90 plane). The source is assumed to be placed in � = 0 .

Fig. 13. Active gain of the NSA at different frequencies on the vertical cut
(� = 0 plane). The source is assumed to be placed in � = 90 .

B. Monochannel Mode

In the monochannel feeding strategy, the ports are simulta-
neously allocated to the same channel as in array configurations.
The following investigation will address the sectorial coverage
properties of the NSA that can be achieved by a simple phase
synthesis and will analyze the degradation of the system broad-
band features in comparison with the single-feed antenna (see
Fig. 4). Although the overall structure is not properly an array,
since there is a tight electrical contiguity among all the radiating
elements, nevertheless the system can be considered as a single
antenna equipped with ports having the possibility to host
different current patterns depending on the particular feeding
strategy. An active element pattern can be associated
to each port. Due to the rotational periodicity of the structure

, the total field radiated by
the NSA when each port is excited by a current
can be written [15] as

(6)

with . It is easy to observe that beam steering
on the horizontal plane at direction can be simply achieved,
choosing and

(7)

where “ ” denotes the phase operator.
Figs. 14 and 15 show the gain of the NSA on the horizontal

plane at different frequencies, respectively, for the cases ,
with beam steering in , and for the case

. Azimuthal patterns, which are symmetric as regards
have been compared with those of the NSA rotated of . As
visible in Fig. 14, at 2 and 10 MHz, the NSA exhibits sectorial
coverage capabilities and the radiation is principally confined in
the half-space centered on with a front-to-back ratio of about
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Fig. 14. Azimuthal gain patterns of NSA steered to � = 45 (solid line)
compared with those of NSA (dashed lines).

Fig. 15. Azimuthal gain patterns of NSA steered to � = 30 (solid line)
compared with those of NSA (dashed lines).

10 dB. Moreover, it can be also observed an improvement on the
maximum gain performance of about 5–6 dB with respect to
the NSA . As the frequency increases, the front-to-back ratio of
the NSA tends to reduce but this configuration still presents a
better gain than the single-feed structure along . Using
subradiators (Fig. 15), a further improvement on the maximum
gain performance at all HF frequencies (about 9 dB at 25 MHz)
and a better front-to-back ratio at 15 and 25 MHz as regards the
NSA can be noted .

Antenna matching can be still considered acceptable for
NSA (Fig. 16), while some “blind subbands” appear for NSA

Fig. 16. VSWR of each source in NSA when � = 45 ; due to the antenna
rotational symmetry as regards � ; pairs of symmetric sources share the same
VSWR curve.

Fig. 17. VSWR of each source in NSA when � = 30 ; due to antenna
symmetry as regards � ; pairs of symmetric sources share the same VSWR
curve.

(Fig. 17). Hence, it can be necessary to compensate this be-
havior by introducing a proper matching network or by means
of a more efficient array synthesis strategy, also accounting for
matching requirements.

The choice permits to obtain symmetric
patterns and to simultaneously minimize the mutual coupling
among subradiators. In particular, the authors verified that an-
tenna matching degrades as moves from the central position
between two adjacent subradiators toward one of them.

Finally, NSA in monochannel configuration can be even
used to emphasize the radiation toward the zenith for NVIS links
in the range 2–7 MHz. By feeding a pair of opposite subradia-
tors with equal signal amplitudes and opposite phases, the cur-
rent on the antenna (Fig. 18) assumes the same distribution as on
a large half-loop. Comparing the resulting 2 MHz pattern with
that of the single-feed NSA (Fig. 6), it can be observed a gain
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Fig. 18. Vertical gain pattern and current distribution on the NSA at 2 MHz
when a half-loop mode is excited; solid line: � = 0 ; dashed line: � = 90 ;
arrows indicate the current direction.

Fig. 19. Three alternative geometries for the multiport NSA system. The
central conductor is a fat hollow square-size cylinder of 5 m side, a thin circular
hollow cilinder of 1 m diameter, and a simple 0.1 m thickness wire. The wire
subradiators are the same as in Fig. 3.

improvement of about 3–4 dB on the zenith and a more uniform
radiation close to it. It has also been verified that the active sub-
radiators still retain an acceptable matching (VSWR 3.5).

V. PERFORMANCES WITH DIFFERENT SUPERSTRUCTURES

The extension of the NSA concept to different superstruc-
tures in order to better understand the role of the thickness
and shape of the central conductor is investigated here. Three
geometries have been considered (Fig. 19): a 5-m-square
cross-section cylinder having wire subradiators in front of the
wedges, a 1-m-diameter cylinder representative of a naval mast,
and a simple wire that may yield a standalone general-purpose
multiport broadband antenna system. Four ports are allocated
NSA in each configuration. Wire subradiators retain the

Fig. 20. Embedded VSWR of the three NSA systems in Fig. 19 when the
loading impedances have been reoptimized, according to the penalty function
in (1) only for what concerns their values, while the topology and positions are
the same as in Fig. 3.

Fig. 21. �-averaged active gain of three NSA systems in Fig. 19 after loading
impedance reoptimization.

same shape as in the original NSA while the loading imped-
ances are reoptimized, only for what concerns their values,
having fixed the topology and positions as before. The multi-
channel mode is checked, e.g., the active gain and efficiency
and the embedded VSWR are calculated by means of the usual
numerical models. It is expected, however, that even better
results could be obtained with an ad hoc design of the wire
subradiators.

In all the geometries the ports are well matched (Fig. 20) with
VSWR well below 3:1 in most part of the HF band, quite apart
from the size and shape of the central structure. The average ac-
tive gains along the horizon (Fig. 21) reveal some differences,
particularly at low frequencies (2–5 MHz). As the size of the
central conductor is reduced, the active gain at the horizon in-
creases since the structure acts more as a dipole rather than as an
omnidirectional antenna, that is instead a feature of large central
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Fig. 22. System (active) efficiency of NSA systems in Fig. 19 after loading
impedance reoptimization. Curves have to be compared with the solid line in
Fig. 10.

Fig. 23. Coupling parameters (S ) among antipodal ports for circular
cylindrical NSAs with diameter 5, 1, and 0.1 m.

conductors. The thick circular- and square-section NSAs per-
form similarly, while systems with thinner central conductors
exhibit a less uniform gain versus frequency.

More relevant differences in antenna performances appear in
the active efficiency diagrams of Fig. 22, where the NSAs with
a thinner central conductor are less efficient in most of the HF
band. This effect is due to the overall reduced size of the antenna
system and, hence, to a coupling among subradiators larger than
that of the 5 m structure. For instance, as is visible in Fig. 23,
the scattering parameters between antipodal ports reveal a
stronger interaction for thinner structures. In this case, part of
the current injected by the active port in a subradiator will be
both dissipated by the loading resistors of other subradiators and
collected at the passive ports. The increase of interport coupling
could also forbid the multichannel usage of the system with thin
central conductors. When the same configurations are driven in
monochannel mode (array), blind subbands (as in Fig. 17) are

visible, the efficiency is poor % in the whole HF band,
and sectorial coverage is not possible at lower frequencies.

The authors also verified that even removing the central con-
ductor, the resulting antenna system still retains the same fea-
tures of NSA equipped with a thin central conductor. The pres-
ence of a fat central structure seems therefore to be required to
obtain high efficiency and a reasonable decoupling among ports
rather than for broadbanding purposes.

VI. CONCLUSION

This paper has theoretically verified the possibility of using a
cylindric naval superstructure, such as a funnel or a large mast,
as an active part of an HF antenna system for both sea-wave and
NVIS communications. The resulting structural antenna can be
used as a single-feed and even as a multifeed radiator. When
equipped with multiple ports and used in multichannel mode,
NSA permits highly improved system efficiency in compar-
ison with a single broadband radiator equipped with a lossy
combining network. A first benefit is a savings in the power sup-
plied and a simplification of the cooling systems. When used
in monochannel mode, instead, NSA permits sectorial cov-
erage with improvement in power handling. Additionally, due
to its large size, the naval structural antenna could host other
antenna types for higher frequencies (VHF/UHF) with the pur-
pose of achieving a unique integrated antenna system for the
whole Software Defined Radio band.

Finally, it has been verified that the multichannel multiport
concept is applicable to support structures other than the fat
cylinder, with efficiency mainly dependent on the size of the
central structures, rather than on their shape. Nevertheless, those
antenna systems with reduced size could be useful to stand-
alone applications, different from the naval ones.

Further investigations will consider the experimental valida-
tion of the NSA concept by a scaled model and its implemen-
tation on naval platforms, where the real shape and size of the
funnel or the big mast, and the surrounding environment, will
be taken into account in an ad-hoc design procedure.
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