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Introduction

In the telecommunications context, a 'naval platform’ is required to exchange
information with mobile and fixed station such as other ships, airplanes, heli-
copters, satellites and ground stations. The operative requirements of a ship,
therefore, comprise the capability to transmit/receive over a wide range of
frequencies and to establish links at different elevation angles, using for in-
stance Seawave, NVIS (Near Vertical Incidence Skyave), and BLOS (Beyond
Line Of Sight) communications. NVIS links are generally used to go beyond
an obstacle, such as a mountain or a piece of land, taking advantage of the
ionospheric reflection at certain frequencies (typically 2-10 MHz). Moreover,
the onboard antennas have to transmit limited levels of power in order to
minimize the interferences with receivers and other electronic devices, caus-
ing co-location problems [1], and also to safeguard the people onboard. Recent
advances in radio technologies and in mobile communication systems are gen-
erating a great interest in multiband and broadband antenna systems. The
advent of the Software Defined Radio (SDR) technology [2]-[5], having the ca-
pability to simultaneously transmit/receive multiple-waveforms, of the same
or different type, within the 2 MHz - 2 GHz band, of the Cognitive Radio
(CR) [6], and the modern employment of spread-spectrum techniques, such
as the frequency hopping, are only some examples of the growing demand for
simultaneous operation over multiple-channels. To host multi-channel com-
munications, actual naval systems employ either a multiplicity of narrow-
band tunable antennas, or a small set of broadband antennas together with
combining networks. In the first case, the most common antennas are whip-
types, for communications at the horizon and BLOS, and fan-types antennas
or loops for NVIS links [7], [§]. The main drawbacks of having a great number

of antennas are the need of large spaces and complicated feeding networks on-
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board the ship and the increase of interferences among antennas and with the
ship superstructures. This issue is particularly critical in the HF band since
the size of the superstrucures are comparable with the wavelengths involved.
In the other case, broadband antennas like discone, discage, log-periodic or
loaded wire radiators [9]-[10] can mitigate the space requirements but re-
quire the use of power combiners to generate the multi-channel input signal.
Because of the losses introduced by the combining networks, the resulting
system efficiency is highly reduced; in particular, efficiency decreases with
the increase of channels’ number. As a consequence, innovative technologi-
cal solutions are required to maximize the radiated power in multi-channel
radiating systems.

The subject of this Ph.D. thesis deals with the study of design method-
ologies for broadband and multi-function antennas with application in HF-
VHF /UHF naval communications.

The antenna impedance loading technique, that offers a multiplicity of
degrees of freedom in the antenna synthesis procedure, is investigated to
enlarge the antenna bandwidth and to synthesize the radiation pattern di-
namically with frequency. This method can be also useful for antenna size
miniaturization and has the advantage that the same antenna may be used in
different electromagnetic scenarios by simply tuning the electric parameters
of the loads, offering a great operational flexibility.

The concept of structural antenna is then investigated, consisting in the
full integration of wire antennas with metallic existing structures such as fun-
nels or big masts in the naval context. Besides to limited space requirements,
this strategy offers the advantage to use existing structures as active part of
the antenna. The presence of these large conductive bodies, that in general
degrade the antenna features, is considered since the design stage and can
be exploited to even improve the antenna performances.

Finally, the extension to multi-port structural antennas is considered and
two different feeding strategies are investigated, consisting in exciting the an-
tenna ports in incoherent and coherent manner. Since the radiating elements
are placed at a close proximity compared with wavelength and are strongly
coupled with the surrounding environment, the port-matching becomes a

key issue. At this purpose, different design methodologies are proposed, in
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which the beam shaping and the antenna port matching are simultaneously
considered.

Chapter 1 discusses the concept of structural antenna and introduces
the physical rationale of the Naval Structural Antennas (NSA), Chapter 2
investigates the main electromagnetic features of different structural anten-
nas by numerical simulations, Chapter 3 focuses on the design of the basic
broadband element, denoted as single-feed Naval Structural Antenna, Chap-
ter 4 extends the design to the multi-port NSA, that offers a great flexibility
in terms of power handling and radiation pattern reconfigurability. Chapter
5 introduces a modal approach to the investigation of multi-port radiating
structures and analyzes the performances of highly coupled circular arrays.
Chapter 6 proposes two different methods of constrained radiation pattern
synthesis for highly coupled circular arrays, and hence suitable for the NSA.
Chapters 7 and 8 concern the shipborne application and the experimental
evaluation of the proposed antennas.

Appendix A recalls the concepts of impedance loading, broadbanding and
GA optimization, and describes the functionalities of the electromagnetic tool
BLADE (Broadband Loaded Antenna DEsigner), parallely developed during

my Ph.D. and used to perform all the antenna optimizations here presented.



Chapter 1
Structural antennas

This Chapter discusses the concept of structural antenna and recalls some pa-
pers of the 1950’s in which the idea of exciting the wings or the fuselage of an
aircraft without resorting to external structures was used. At the beginning,
a quick review on the methods to obtain a structural antennas is presented,
with particular care to the shunt-fed antennas, whose configuration can be
associated to the theory of T /I'-match. Then, the Naval Structural Antennas
(NSA), obtained as the integration of a funnel-like cylindrical structure with

a feeding wire, is introduced.

1.1 Methods to obtain a structural system

In a structural antenna system a significant part of a metallic existing struc-
ture is tightly integrated with a main radiator, which generally consists of
some feeding wires or notches. If the size of the existing structure, e.g. a mo-
bile platform, is comparable with the wavelength involved, it strongly con-
tributes to the radiated field and to the input impedance, becoming therefore
a real portion of the overall radiating system. The idea of exploiting the in-
duced currents flowing on the structure hosting the antennas goes back to
the 1950’s, particularly in avionic environment [11], [12], [I3] and [14]. The
authors of these papers tried to overcome the mechanical problem of support-
ing a wire antenna, either fixed or trailing, onboard an aircraft. Utilization of
the aircraft structure as an antenna in the HF band, where the fuselage and

wings are comparable to a wavelength, could offer the possibility of reducing
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parasite drag, or wind resistance, that are very serious problems considering
the high speed of an aircraft. In addition, the problems encountered in the
use of conventional wire antennas with respect to icing, precipitation static
and interference to the coverage of gun turrets in military aircraft would be
largely removed by the use of the aicraft structure itself as an antenna. Ba-
sically, two methods for accomplishing the whole aircraft excitation without
resort to external structures are possible: electric-type (high impedance) driv-
ing technique, which uses 'caps’ or probes’ on extremities, and magnetic-type
(low impedance) driving technique. In the first case (wing-cap or tail-cap
antennas [12]) excitation is accomplished by isolating one of the extremities
of the aircraft and applying the driven voltage to the isolated portion. Fig/L.]]
shows two examples of cap antennas obtained by means of isolating devices
and voltage sources placed on the wing or the tail of the aircraft. Current
amplitude on the whole structure can be observed at two different HF fre-
quencies. Isolating devices can be obtained by using soft magnetic material
layers as discussed in [15], where a voltage gap is created in the middle of an
helicopter to use it as a big horizontal dipole.

The second case, in which coupling between the feed antenna and the
aircraft structure is accompished magnetically, comprises the use of notch-fed
and shunt-fed antennas (Fig., which electrically penetrate the airframe
[11], [13], [16]. These antennas are most effective when located in regions of
high current concentration, such as the extremities of a wing, because the
strength of their coupling with the aircraft is proportional to the square of
the normal mode current which they interrupt [13].

These two kinds of antennas, when they can be used, have a number of
structural adavntages over cap-types antennas, and certain electrical advan-
tages also. They require no special lightning protection and eliminate the
need for special isolating devices. In the following paragraph the attention
will be focused on the shunt-fed antennas. In particular, it will be seen how
these antennas can be associated to the concept of T /I'-match configuration
[17].

For what concerns the vehicular environment, the concept of structural
antenna is adopted in [I8]. In the vehicular context, the problems concerning

the platform aerodynamics, high-speed and icing are not so critical as in
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Figure 1.1: left) Currents on the aircraft excited by a wing-cap antenna at
11.2 MHz (L=M\). right) Currents on the aircraft excited by a tail-cap antenna
at 15 MHz.

the avionic environment, however the use of a structural solution can be
exploited at low HF frequencies in order to reduce the size of the antennas
without compromising their efficiency or to emphasize the radiation along
certain directions. Paper [I8] presents an approach, based on characteristic
modes [19], to the analysis and synthesis of HF antennas on vehicles. As
an example, it is shown the possibility to maximize the radiation along the
zenith by exciting certain modal currents on the vehicle by means of proper
voltage sources (amplitude and phase) arranged ad-hoc on the vehicle itself
(FiglL.3).

Presently, structural antennas in naval environment are not so common
although the strong interaction between naval 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 [7] and optimum performances are achieved by the

simultaneous design of antennas and naval structures with the aid of scale
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Figure 1.2: a) Notch antenna on a wing. b) Shunt antenna on a wing. c)
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Figure 1.3: Excitation of modal currents on a jeep (dimensions in m) by means

of voltage sources on the vehicle itself in order to maximize the radiation

along the zenith.

brass models. Radiation pattern distortions of simple HF antennas, when

embedded into the naval scenario, have been considered in [20]. Investigation

in [21] addresses the possibility to place HF/VHF arrays, whose elements are

electrically small loops or dipoles, on the deck, hull and/or gunwale of a ship

with the purpose of sectorial coverage. The paper discusses the advantages

and disadvantages of mounting these arrays on various parts of the ship on
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the basis of the electromagnetic performances and the interaction with the
sea environment (Fig{l.4)).

array 9B o o
/elemems
1 nl /
|-| I| ] deck array
[u] o o o
hull array
back wiew top view

Figure 1.4: HF /VHF arrays on the deck and hull of a ship.

1.1.1 Shunt-fed antennas and the theory of T /I'-match

The basic concept of a shunt-fed antenna can be directly derived from the
theory of a conventional folded dipole or, more in general, from the theory
of T/T"-match. A folded dipole (or monopole) is a very thin rectangular loop
which serves as a step-up impedance transformer (approximately by a factor
of 4 at the first resonance) of the simple dipole (or monopole) impedance.
It basically operates as an unbalanced transmission line and can be ana-
lyzed by assuming that its current is decomposed into two distinct modes: a
transmission line mode and an antenna mode (Fig/[L.5)).

This analytic model can be used to accurately predict the input impedance
[17] at the source terminals. A generalization of the folded dipole is the
T-match technique, which is used to transform the input impedance of a
conventional dipole by acting on a larger number of geometrical degrees of
freedom. While in the folded dipole all the wires have the same diameter and
parallel wires have the same length, in the T-match configuration the dipole
of length [ and radius a is connected to a balanced transmission line (such as
the "twin lead’) by another dipole of length I’ (I’ < 1) and radius a’. Dipoles
are separated by a small distance s (s < 0.05)) (Fig/L.6h).

As in the case of the folded dipole, the T-match is modeled by trans-
mission line and antenna modes. The total current at the input terminals is
divided between the two conductors in a way that depends on the relative

radii of the two conductors and the spacing between them. Since the two
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a) b) c)

Figure 1.5: a) Folded dipole. b) Transmission line mode. ¢) Antenna mode.
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Figure 1.6: a) T-match structure. b) Shorted transmission line equivalent. ¢)

Two-wire transmission line. d) Equivalent circuit for T-match.

conductors are not in general of the same radius, the antenna mode current
division is not unity. The total input impedance, which is a combination of

the antenna (radiating) and the transmission (non-radiating) modes, can be
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written as [17]

2Z](1 + 0)*Z,]
"= 57+ (1+ )2, (1.1)

where Z, is the center point free-space input impedance of the antenna
(with equivalent radius a.) in the absence of the T-match connection, Z; =
J Zotcm(kg) is the impedance at the input terminals for the transmission line
mode (i.e., two-wire shorted transmission line of length '/2 with radii a, o’
and separation s shown in Fig), where 7 is the characteristic impedance
of the two-wire transmission line, and « is the current division factor. An
approximation of Zj, a. and « as functions of the geometrical parameters
a, @’ and s is given in [17]. Based on (L.1), the T-match behaves as the
equivalent circuit of Fig[T.6d in which the antenna impedance is stepped up
by a ratio of (1+«) and it is placed in shunt with twice the impedance of the
non-radiating mode (transmission line) to result in the input impedance. It
is worth noticing that, when o = 1, that is the case of the folded monopole,

(1.1)) reduces to

 AZZz,
27+ 7,

and, if the folded dipole is resonant (I = \/2), then Z, — oo and ([1.2))
becomes R;, = 4R,,.

Frequently, dipole antennas are fed by coaxial cables which are unbal-

T (1.2)

anced transmission lines. A convenient method to match the dipole or other
antennas (Yagi-Uda, log-periodic) to 5082 or 752 is to use the I'-match ar-
rangement shown in Fig[l.7] which can be considered equivalent to half of
the T-match [17].

If the original dipole of length [ is replaced by a big plate (resembling
an aircraft wing) or a large cylinder (resembling an aircraft fuselage), a
structural antenna is obtained, whose configuration resembles the T /I'-match
structures.

In [I1], a possible arrangement for shunt excitation of an aircraft as an
HF antenna is presented. In particular, the feed wires are placed along the

leading edge of the wings and at a short distance from them (Fig{l.8n).
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Figure 1.7: I'-match structure.

The paper experimentally investigates the input resistance and reactance
of shunt-excited flat plates for a variety of widths of plate (Fig and
Fig). When W = 0, i.e. the plate degenerates in a wire, the conventional
curves of resistance and reactance of a folded monopole are obtained. When

W increases the curves become smoother, exhibit a smaller dynamics, and

the antiresonances become closer. In other words the resulting structure has
a broader bandwidth.
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Figure 1.8: @) Shunt excitation on wings. b) Input resistance of a family of
shunt-excited flat-plate dipoles when W is changed. ¢) Input reactance of a

family of shunt-excited flat-plate dipoles when W is changed.

In [16], the study of multi-conductor transmission lines (MTL) as HF

radiating elements on an aircraft fuselage is carried out. In particular, two
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parallel rectangular loops of the same length (also known as 'towel bar’ an-
tennas) are considered. The paper proposes a semi-analytical model for fast
parametric analysis of antenna coupling and interaction with the surround-
ing environment. A generalization of the I'/T-match feeding technique is
employed and the three-conductor transmission line, originated by the fuse-
lage and the two loops, is analyzed by the superimposition of an antenna
mode and two transmission line modes. An equivalent circuit, incorporating
transmission line sections, can be derived to perform fast optimization of an-
tenna size and position (Fig.. The influence of the aircraft body is taken
into account by global electrical parameter Y, obtained from a coarse-grid
FDTD solution of the aircraft without loops.

i
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Figure 1.9: a) Geometry of the considered structure. b) Generalized I'-match
configuration, antenna mode. ¢) Transmission line mode (even excitation).

d) Transmission line mode (odd excitation). e) Equivalent circuit.
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1.2 Naval Structural Antenna (NSA): physi-

cal rationale

The challenge here introduced consists in turning an existing metallic naval
superstructure such as a funnel or a big mast, which are rather common in
many ship scenarios, into a Naval Structural Antenna for the HF band. The
funnel in particular, has typically cylindrical, pyramidal as well as conical
shape, diameter of 5-10 m and height of 10-25 m comparable with HF wave-
length. Materials are generally made of aluminium alloys. Starting from a
standard folded monopole antenna, which has been already considered as HF
radiator in [22], a basic idea to obtain a structural antenna from a cylindrical
funnel, for instance, consists in replacing one of the vertical conductors of the
antenna with the funnel itself (Fig.. The resulting structure recalls the

shunt-fed antennas previously considered or the I'/T-match configuration.

Y

N ]

Figure 1.10: Basic idea to obtain a structural antenna from a folded

monopole-like structure and a funnel-like cylindrical body.

To illustrate the concept, Fig/[I.11] shows the normalized gain of a folded
monopole of size 2m x 10m and its combination with a hollow cylindrical
body of height 10m and diameter 5m. Results are obtained by means of
the Method of Moments (MoM) [23], [24], considering both antennas on an
infinite perfect ground plane. The 2 MHz patterns are quite similar: in par-
ticular, the structural antenna shows a nearly hemispherical coverage. The
uniformity of its directivity at high elevation angles, as well as along the hori-

zon, make this configuration rather attractive as a multi-function antenna in
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the sense that it combines the possibility to simultaneously provide Seawave

and NVIS radiation.

Figure 1.11: Normalized directivity at 2 MHz of the folded monopole (dashed
lines) of size 2m x 10m and of the structural antenna (solid lines) in Fig

including an hollow cylinder of size 5m x 10m.

Moreover, Figll.12] compares the input reactance of the structures in
Fig[I.10] The curve of the structural antenna exhibits a smoother behav-
ior than that of the folded monopole, particularly in the low HF range, and
so an easier matching is expected for this antenna by using, for instance, the

broadbanding strategy discussed in Appendix A.
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2000+ B
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1000+
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Figure 1.12: Input reactance of the folded monopole of size 2m x 10m and of

the structural antenna of size 5m x 10m.



Chapter 2
Analysis of structural antennas

In this Chapter the electromagnetic properties of a structural antenna are
numerically analyzed in detail. At the beginning, the difference between a
non-connected and a connected monopole to a cylindrical body is evaluated
in terms of input impedance and radiation pattern. Then, these performances

are investigated and compared for different shapes of the central structure.

2.1 Performances of non-structural and struc-

tural configurtions
The first comparison was performed by simulating (MoM) the antenna con-

figurations in Fig[2.1] on an infinite perfect ground plane.

a) rad=5cm

Figure 2.1: a) Monopole in front of a cylinder. b) Example of structural

antenna. In both cases the source is placed alonf ¢ = 0°.

Configuration b is considered a structural antenna because of the electrical

connection between the wire and the cylinder. In this case, currents directly
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flow from the feeding wire to the cylinder and higher amplitude values can
be appreciated on it. Fig[2.2| shows the real and imaginary parts of the input

impedance of the configurations in Fig2.1]

1000

800

900+
600+

800
400~

Xin [Q]
o

5 10 15 20 25 30
Freq [MHz] Freq [MHz]

Figure 2.2: Input impedance in the HF band for the two configurations in
Fig@.

Configuration a has two series resonances in the HF band around 7 MHz
and 22 MHz, corresponding to the series resonances of the monopole. At the
first one, the input resistance is just 7 {2 and the antenna cannot be easily
matched unless a sensible lowering of the efficiency, while at the second one
it is about 42 2. Configuration b has two series resonances around 12 MHz
and 24 MHz and the antenna can be matched at both frequencies because
the input resistance is enough high (about 30 2 and 100 €2, respectively). By
assuming the antennas perfectly matched to the characteristic impedance
Z. at each resonance, the values of percentage bandwidth (computed with
respect to |T'|<-10 dB) are shown in Tab[2.1]

For what concerns the radiation patterns on the horizontal plane, con-
figuration a is nearly omnidirectional at 2 MHz, the cylinder behaves as a
weak director at 3-4 MHz, and acts as a reflector in the large range 5-21
MHz enforcing the radiation in the monopole direction. In the range 22-30
MHz the horizontal gain approaches to zero and the main lobe is tilted to
elevation angles around 30°.

Configuration b, instead, retains nearly omnidirectional features in the
range 2-10 MHz, the cylinder behaves as a weak director at 11-12 MHz, and
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Table 2.1: Percentage bandwidth of the structures a and b at their resonances.

Antennas are supposed perfectly matched to the characteristic impedance Zc.

Conf. | f (MHz) || B% || Z. (Q)
a 7 10.1 7
a 21.6 3.8 42
12.2 4.0 30
b 23.9 12.5 100

it acts as a reflector in the range 13-22 MHz. In the range 22-30 MHz the
behavior is similar to configuration a. Fig[2.3|compares the horizontal gain of
structures a and b at some significant frequencies and the omnidirectionality

of the structural antenna up to 10 MHz can be observed.

configuration "a* configuration ‘b’

Hor Gain [dB]
Hor Gain [dB]

, v — 3MHz — 3MHz
R A oLt --- 5MHz R --- 5MHz
10 1 ] 7MHz 10 7 MHz
--- 9MHz --- 9MHz
15 . . . . . 15 . . . . .
50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Phi [deg] Phi [deg]

Figure 2.3: Horizontal gain at some significant frequencies for the two con-
figurations in Fig.. left) configuration a. right) configuration b.

For what concerns the radiation patterns on the vertical plane, configu-
ration a has low gain values (lower than -5 dB) on the zenith in the whole
NVIS range 2-10 MHz, substantially due to a monopole-like operation. At
the contrary, configuration b shows high gain values (higher than 0 dB) on
the zenith, as expected from the preliminary study in the last paragraph of

previous Chapter. Fig[2.4] compares the vertical gain of the structures a and
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b at different frequencies.

configuration ‘a’ configuration 'b"

Ver Gain [dB]
Ver Gain [dB]

— 3MHz

7 MHz
--- 9MHz

. . , . . . .
0 30 60 90 -90 -60 -30 0 30 60 90
Theta [deg] Theta [deg]

Figure 2.4: Vertical gain at some significant frequencies for the two configu-
rations in F ig left) configuration a. right) configuration b. The zenith is
in 0 =0°.

It has been shown that the structural antenna offers some benefits in
terms of input impedance and radiation pattern. Besides an easier matching
at two different resonant frequencies, the radiation patterns of the structural
antenna exhibit omnidirectional features on the horizontal plane in the range
2-10 MHz; this property can be useful to efficiently shape the pattern of a
circular array configuration by a synthesis of the excitations, as discussed in
[25]. Moreover, high gain values along the zenith make this kind of antenna

particularly suited to NVIS communications at lower HF frequencies.

2.2 Performances with different central struc-

tures

This paragraph focuses on the bandwidth performances of an HF structural
antenna when the shape of the central conductor is modified. In order to
compare the structures in Fig[2.5] only on the basis of their shape, some

dimensions are fixed:

e height of the feeding wire: 10 m
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radius of the wires: 0.1 m

height of the central object: 10 m

distance of the vertical wire from the vertical axis of the central object:
13 m

lateral surface of the central object: ~630 m?

Four cases are considered in which the central body is a cylinder (¢), a

cone (d), a frustum of cone (e) and an half-sphere (f).

10m 13m 12.5m 13m
C) P S— P » d) < > >
A A
§10m 10m
11.5m 13m 10m 13m
e) < > » f) P — S X2 ——— »
A A
10m 10m

Figure 2.5: Structural antennas obtained for different shapes of the central

object.

The input impedance curves of the structural antennas in Fig[2.5 are
similar to that of the structural antenna in configuration b. As in the previous
case, by assuming the antennas perfectly matched to the source at each
resonant frequency, the values of percentage bandwidth are shown in Tab[2.2]

Structure f (half-sphere) seems to be the best among the considered cases.
Its resonances are lower than those of the other structures and so, for a given
frequency, this is the most compact antenna. Also, this configuration is the
best in terms of percentage bandwidth.

By assuming an intermediate value of the characteristic impedance (Z.

= 85 ), the half-sphere structural antenna has a dual-band operation as
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Table 2.2: Percentage bandwidth of the structures c, d, e and f at their
resonances. Antennas are supposed perfectly matched to the characteristic

impedance Zc.

Conf. | f (MHz) || B% || Z. (Q)

C 12.2 6.2 38
C 24.4 13.9 115
d 14.9 9.4 41
d 29.2 7.2 71
e 13.4 6.3 46
e 26.8 8.7 77

12.1 14.5 69
f 24.2 15.3 109

shown in Fig[2.6] In particular, the percentage bandwidth is about 15.5%
around 12.1 MHz and 11.7% around 24.2 MHz.
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Figure 2.6: Input impedance and reflection coefficient for the configuration f.

In order to complete the analysis of configuration f, radiation patterns
on vertical and horizontal cuts at different frequencies are shown (Fig[2.7] to
Fig and compared with those of configuration ¢ (large cylinder).

The horizontal patterns at low HF frequencies (Fig2.7) are not so uni-
form as in the configuration ¢, particularly at 3 MHz and 9 MHz. At higher
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Figure 2.7: Horizontal gain at some frequencies. left) configuration f. right)
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Figure 2.8: Horizontal gain at some frequencies. left) configuration f. right)

configuration c.

frequencies (Fig. the horizontal patterns are similar to those of config-
uration ¢ with differences between the maximum and minimum value less
than 10-12 dB at each frequency. The vertical patterns (Fig. are better
than those of the configuration ¢ with values even higher than 5 dB along
the zenith.

It can be observed that the height of the central body does not signifi-
cantly affect the results (performances of configurations b and ¢ are compa-

rable). Moreover, it has been verified that simulations with top-closed and
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configuration 'f' configuration ¢’
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Figure 2.9: Vertical gain at some frequencies. left) configuration f. right)
configuration c¢. The zenith is in 6 = 0°.

hollow central bodies lead to nearly the same results.

This analysis has shown some interesting properties of structural antennas
and how the concept can be extended to different shapes and size of the
central structure.

Since it is not so common to find an hemi-spherical structure onboard a
ship, an hollow cylinder will be considered in the rest of the treatment.

Moreover, it is worth noticing that the structural antennas up to now
considered have typically narrow bandwidths and a proper broadbanding
strategy has to be chosen in order to perform broadband naval communi-
cations. Impedance loading method is generally employed together with the
use of a matching network to achieve broadband wire antennas for the whole

HF band. Such a strategy will be adopted in the following Chapters.



Chapter 3

Design of the basic broadband
structural element (NSA/)

This Chapter focuses on the design of the single-feed Naval Structural An-
tenna or NSA;. At the beginning, a preparatory study to the NSA; is accom-
plished and, by using the impedance loading method discussed in Appendix
A, a stand-alone broadband wire antenna for the whole HF band (2-40 MHz)
is designed. This antenna, denoted as bifolded, has a simple wire geometry,
only requires four lumped loads and an impedance transformer, and exhibits
the capability to simultaneously perform Seawave and NVIS links [26], [27].

In order to obtain a structural antenna, the diameter of one of the bi-
folded vertical conductors is supposed to be enlarged as in Fig[l.10] At this
point, the broadband NSA; is designed by modifying the wire shape and
re-optimizing the antenna loading in order to take into account the presence
of the large cylinder, resembling a funnel or a big mast. The resulting struc-
ture is a compact structural antenna for HF naval communication having
the possibility to communicate at different elevation angles depending on the
frequency.

The study of this and the next Chapter, will leave apart from a particular
naval realization and will consider a canonical test-case with the purpose
to investigate the feasibility and potentials of the naval structural antenna
concept. The application to a realistic ship model will be discussed in Chapter
7.
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3.1 Bifolded antenna

Bifolded is a new wire antenna of size suitable for naval installation and
with multi-mode capabilities, in the sense that it combines the possibility
to simultaneously provide Seawave and NVIS links with broadband features.
Antenna geometry is obtained starting from a folded monopole and adding
some horizontal and vertical wires in order to increase the number of current
paths at different frequencies. Lumped impedances are placed on the antenna
conductors with the twofold purpose of broadband radiation pattern synthe-
sis and antenna matching (see Appendix A). Unlike conventional RLC trap
loading, the proposed strategy involves the placing of isolated resistors, par-
allel and series LC circuits, by whose combination more complex topologies
can be obtained. This strategy permits to minimize the components of the

matching network which is practically distributed all over the antenna.

3.1.1 The unloaded bifolded monopole

To achieve multi-mode functionalities, the antenna geometry needs to in-
clude the shape of a monopole and that of a half loop for NVIS radiation.
Accordingly, the proposed geometry is shown in Fig3.1]

This is obtained as modification of a simple folded monopole, where the
addition of a nested wire improves the space filling of the antenna and per-
mits to create more complex meander paths useful for antenna miniaturiza-
tion [2§]. The expected benefit will be a bandwidth improvement or, from a
different point of view, a simpler antenna broadbanding task.

Fig[3.2] shows the input impedance of the unloaded bifolded monopole
in comparison with a folded monopole having same sizes, as computed by
MoM [23], under the assumption that the antennas are placed on a perfect
ground plane. It can be observed that the folded monopole exhibits a short-
circuit condition around 12 MHz (R;, ~ 4Q) corresponding to the loop anti-
resonance (2H + W ~ X). Around this frequency it will be rather difficult
to match the antenna, even with trap loading, unless a sensible lowering of
the efficiency. On the contrary, the bifolded geometry does not show a so
huge short-circuit around that frequency and the minimum value of its input

resistance occurs around 24 MHz (R, ~ 10Q). Moreover, the impedance
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Figure 3.1: Geometry of the bifolded monopole over an infinite ground plane.

|

The impedance transformer ratio N will be optimized together with antenna
loading. Antenna size: H = 12m, W = 2m, hg = H/2, wy = 1.6m.

curves are less oscillating than that of the folded monopole and it is therefore

expected that an easier matching will be possible for the new antenna.

3.1.2 Broadbanding Strategy

To achieve broadband features and a radiation pattern suitable to differ-
ent kinds of services, the antenna in Fig[3.1] is loaded by means of passive
lumped electric devices, which will enforce the most suitable current path
at each frequency. Reasonable requirements for a loaded antenna system are
VSWR<3 within the whole HF band, antenna efficiency larger than 50%,
gain higher than —20dB at NVIS, higher than —10dB along the horizon
for 2MHz < f < 5M Hz and higher than 2dB above 5 MHz. The allowed
range of the electric components needs to be properly defined at the purpose

to obtain feasible values. In particular, large values of inductance or trans-



3.3.1.2 Broadbanding Strategy 29

1000

E 600
S ! :
= 20010 !
£ ! ;
N 200[ 1 \
1/ \
1y
-600 LI L 1 1 1 1 1 1 1
5 10 15 20 25 30 35 40 45 50
Frequency (MHz)
T T T T T
1000 -
E 600} ! .
5 vt '
— H N
= N Ao 4 et z=2
ﬁ R B 1, 1 ;I POl Sam - N SN - ]
oot i AR
J ¥
_600 ] I H 1 | I 1

1 | 1 1
5 10 15 20 25 30 35 40 45 50
Frequency (MHz)

Figure 3.2: Input impedance in the band 2-50 MHz of the unloaded folded
monopole (up) and of the new bifolded monopole (down) of size in Fig[3.1]
Solid and dashed lines respectively refer to real and imaginary part of the

input impedance.

formation ratio involve large coils which can get self-resonating [29] in the
upper part of HF band. Concerning the resistor limitations, large resistances
could require cooling systems to be distributed along the wires for high power
dissipation at low frequencies where the antenna efficiency is small. The pa-
rameters’ ranges which will be here considered are: 50nH < L < 3uH,
SpF < C < InF, R < 10052. Within these constraints, it has been veri-
fied that the above gain and matching requirements can not be achieved,
at a same time, by using conventional RLC traps and typical lossless net-
works [22], [30] plus a frequency-independent attenuator and an impedance
transformer. Therefore, a different strategy is here adopted. The matching
network only retains an impedance transformer while loading components
are distributed along the antenna according to multiple topologies. The ba-
sic circuits are the isolated resistor and both the series and the parallel LCs,
which can respectively act as short- and open-circuit at their natural fre-
quency. By introducing also individual resistors it is possible to synthesize a
proper frequency-dependent attenuator all over the antenna and, since more

loading impedances are allowed to share a same position in the wire as series
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connection, more electrical topologies can be attained.

The optimization of antenna loads (number, topology, position and val-
ues) and of the impedance transformer is achieved with respect to the min-
imization of the following penalty function (see Appendix A) depending on

matching, gain and efficiency requirements:

Ny
1 n n n n n n
F= FfZ[wg )F\(/S?WR+w§ )Fé ) +U}§ )FéH)] +w6ﬂraps (31)
n=1

Here, Ny is the number of frequency samples in the HF band (tagged by
index n), F‘(,%)W r 1s a normalized threshold function controlling the matching
(VSWR<3), Fn(”) controls the system efficiency, F((;;) the system gain along
the horizon (# = 90°) and at NVIS angles (6 = 20°). Finally, F},qps tries
to minimize the number of loading impedances. Details on these functions

are given in Appendix B ("Bifolded antenna and NSA; loading’ paragraph).
(n)
J

gain and matching requirements in different parts of the band. For instance,

Parameters w; "’ are frequency-dependent in order to selectively weigh the
at lower frequencies (2-4 MHz) the weight of matching penalty (F‘%)W r) is
more emphasized than that affecting the gain. The Genetic Algorithm (GA)
[31], which is a commonly used tool to design loaded antennas, is applied for
solving the optimization problem together with MoM for antenna analysis.
The evaluation of the features of each population member (i.e. a loaded
antenna) is achieved by the fast method described in [30] which requires

the inversion of small matrices, of size depending only on the loads’ number
(Appendix A).

3.1.3 Results

The loading of the bifolded monopole has been optimized having set to 10
the maximum number of loads. Conductors are assumed to be aluminium
pipes with diameter of 8.5 cm.

At purpose of comparison, also the folded monopole of same size has
been optimized according to the proposed strategy. Fig3.3|shows the loading
topology of the bifolded monopole as found by GA. Four circuits have been

required while seven circuits have been necessary for the folded monopole.
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Figure 3.3: Optimized loads for the bifolded monopole. The transformation
step-up ratio has been set to 3.4.

Although both the folded and the bifolded antennas are well matched
in a band which is even larger than the required HF region, the proposed
antenna shows superior performances, as concerns the gain and the efficiency
(Fig. The ¢-averaged gain of the bifolded is higher and more uniform up
to 40 MHz whereas the folded monopole gain drops under 2 dB in many
parts of the band. The efficiency of the new antenna is higher than that of
the conventional folded monopole in particular for 7 MHz < f < 15 MHz, i.e.
around the sharp short-circuit effect which is present in the input impedance
of the unloaded structure as discussed in the previous paragraph. In this
case the low efficiency of the folded monopole is the price to pay to have the
antenna matched.

By inspection of current patterns of the loaded bifolded monopole (Fig.,
it is evident the combination of the different current paths, loop and monopole
modes in particular, allowed by the proposed geometry. At 2.5 MHz the
equivalent electric monopole current is the difference between currents along
segments a and b, while the magnetic dipole results from the current path c,

d, e, f. The lower vertical wire, g, connected to ground is isolated by the two
high-impedance series LC loads of Figl3.3] (which resonate at f = 50.3M H 2
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Figure 3.4: ¢-averaged gain at the horizon and at § = 20°, and system effi-
ciency after loading optimization in the range 2-50 MHz. Solid lines tag the
loaded bifolded monopole with four circuits, while dashed curves are for the
reference folded monopole having the same size of the proposed antenna, and

loaded with seven circuits.

and f = 74.6 M H z, respectively) and therefore it does not much contribute
to radiation at low frequencies while it is active at higher frequencies. Ra-
diation patterns in Figl3.6) indicate NVIS gain performances and an almost
omnidirectional radiation along the horizon.

A different optimized topology is presented in Fig[3.7 where the loading
resistors are constrained to be placed only close to the ground plane: this
condition could be useful whenever the antenna has to handle high power and
cooling equipments need to be considered. In this case, the electromagnetic
requirements previously introduced, are matched by using only three LC
circuits on the right vertical conductor, two resistors close to the source

and an impedance transformer of value N = 4. Due to its simpler practical
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Figure 3.5: Current patterns (amplitude) at some frequencies. Arrows indi-

cate the current direction.
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Figure 3.6: Radiation patterns at some frequencies. Solid line: ¢ = 0° cut;
dashed line ¢ = 90° cut.

realization, this configuration of bifolded will be considered hereafter.
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Figure 3.7: Loading topology of the bifolded monopole when resistors are

constrained close to the ground plane. The transformation step-up ratio has
been set to 4 and wy = (2/5)W.

3.1.4 Extension to higher frequencies

As stated in the introduction, broadband antennas, though not so common,
are also used in naval environments, but their bandwidths are generally less
than 10:1. Electrically loaded wire antennas can be used in the HF band while
discone and log-periodic radiators typically serve the VHF /UHF ranges. Ar-
rangements of different antennas to obtain a compact broadband radiator,
have already been discussed in some papers [32], [33] but these solutions,
however, refer to not so wide frequency ranges.

The following two paragraphs describe the extension of the bifolded op-
erational bandwidth to the VHF/UHF bands [34]. This is accomplished by
a mechanical and electrical integration of the basic antenna structure with
a top-mounted VHF omnidirectional broadband radiator, such as a discone
antenna. The novelty of this approach, which can be also applied to other
antenna typologiesis, is the feeding strategy, which should minimize the inter-
antenna coupling. In this context, the purpose of the integration consists in

the design of a broadband system having two separate input ports for the HF
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and VHF channels, where each sub-antenna retains about the same electro-
magnetic performances as in the stand-alone configuration. This is a strong
challenge, particularly in the HF band, since the VHF feeding cable could
strongly interact with the HF antenna and the discone modifies the origi-
nal bifolded geometry by extending its height. In this perspective, a solution

involving the tuning of the HF antenna impedance loading is presented.

Integration strategy

With reference to the bifolded-discone arrangement of Fig[3.8| the new pro-
posed integration requires the VHF feeding cable to run along (or inside)
one of the vertical (hollow) conductors of the HF structure, which serves as

a mechanical and electrical support.

VHF Discone ¢

lo

HF Bifolded a

X Y f £
HF PORT Tt )S

HF VHF/UHF

Figure 3.8: Two-ports antenna system obtained by combining the bifolded
and the discone radiators. Dimensions (in [m]): a =12, b=6,c=0.8,d = 2,
e=6,f=6,9g=217 h =155 m =19, s =0.2, t = 0.4. Bifolded pipes
diameter d, = 0.1. Discone wires diameter d; = 0.004. Black squares indicate
the impedance loads in the bifolded design in Fig..
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Since the HF antenna is loaded by lumped circuits, which interrupt the
bifolded, they could prevent the VHF feeding cable to reach the discone.
In particular, the bifolded antenna of Figl3.7 is equipped with three loads
on the vertical right conductor ('’ and ’f’ wires in Fig. and no load on
the left branch ’a’. The VHF feeding cable cannot run inside the unloaded
conductor 'a’ because the HF source would be short-circuited. However, the
VHF feeding cable may run inside the HF-grounded conductors ’e’ and ',
but the impedance loading of the antenna needs to be modified with the
purpose to leave these wires unloaded or, at least, to load them with only
parallel LC-type circuits. In the latter case, the required inductance may be
obtained by twisting the VHF cable itself (Fig[3.9p).

Discone
& choke
d :
a ile
E VHF
é/ag::eT: ‘r cable
a) b)

Figure 3.9: a) The inductor of the LC parallel circuit is obtained by twisting
the VHF cable itself. b) HF-choke used to suppress the induced currents on

the discone antenna.

Performances estimation

For the sake of simplicity, an 8-radials discone is considered. This antenna has
a VSWR<3 in the 40-440 MHz range, but the proposed integration can be
also applied to different and better performing monopole-like VHF antennas.
It has been numerically verified that the inter-antenna isolation improves

if the discone is placed far from the HF port, i.e. at the top of the right
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conductor ’e’ (Fig{3.10)).
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Figure 3.10: Re-optimized bifolded loading configuration. One LC-parallel
circuit (tagged by 'E’) was selected by the GA on the right vertical conductor.
When using a coaxial cable of diameter 5 mm, for instance, the inductance in
the circuit 'E’ corresponds to a coil of 10 turns, of length 10 cm and diameter
5 cm. The HF transformation step-up ratio was set to 4 as in the previous

case.

The tuning of the impedance loads on the HF antenna is achieved by the
same GA approach as in the bifolded optimization.

The best re-optimized antenna requires one LC parallel circuit on the
conductor 'f’ (tagged with 'E’ in Fig, while four circuits are placed on
the other branches. The performances in the HF band are shown in Fig[3.11]
and compared with those of the stand-alone bifolded.

Because of the induced currents on the discone, a slight degradation of
the VSWR and a lowering of the gain occur between 8-20 MHz. This can be
avoided by using HF-choke mechanisms (Fig), for instance obtained by
means of soft magnetic-material layers as suggested in [15].

The VHF antenna behaviour, instead, is substantially independent on
the particular HF antenna impedance loading configuration. The discone
VSWR and averaged horizontal gain after the integration were computed

and compared with those obtained at the same height from the ground plane,
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Figure 3.11: HF performances: ¢-averaged gain at horizon (0 = 90°) and
NVIS (6 = 20°), and VSWR of the following antenna systems: stand-alone
re-optimized bifolded (solid line), un-choked bifolded + discone (dotted line),
bifolded + discone and finite impedance model (|Zs|/sq=500 as in [15]) for
the HF-choke in Fig (dashed line).

without the supporting HF structure. As shown in Fig[3.12] the VHF antenna
is well matched in the whole 40-440 MHz frequency range.

The nulls in the gain around 200 MHz and 400 MHz are due to the
intrinsic discone anti-resonances rather than to the coupling with the bifolded
antenna.

The resulting VSWR of the integrated antenna system is shown in Fig[3.13]

Because of its low VSWR values, the bifolded antenna could be used up
to 45 MHz. The normalized radiation patterns on the horizontal plane are
represented in Figf3.14] where a good omnidirectionality can be observed at

all the considered frequencies.



3.3.1.4 Extension to higher frequencies

39

Gy (dB)

VSWR

I
\:' s /\‘l
i l"
\ |I
!
5t 1 |'
I
ll
10+ N
!
-15 L L ) L ) ) L
40 100 150 200 250 300 350 400 460
Frequency (MHz)
5
4- /
3 \
b4
2 n
1 1 I I 2 1 1
40 100 150 200 250 300 350 400 460

Frequency (MHz)

Figure 3.12: VHF performances: ¢-averaged gain at horizon (6 = 90°) and
VSWR of the discone antenna in two different configurations: top-mounted
discone in Fig. (dashed line), and stand-alone discone placed at the same
height from the ground plane (solid line).
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Figure 3.13: VSWR of the integrated antenna system in Fig|3.10|in the overall
2-460 MHz. Bifolded VSWR (dotted line) was extended up to 45 MHz.
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Figure 3.14: Normalized horizontal gain at different frequencies for the inte-
grated antenna system in Fig .

3.2 Single-feed broadband NSA

The structural antennas considered in the first two Chapters (FiglL.10] and
Fig have narrow bandwidths around their resonances and they have been
verified not to possess broadband features, as required to serve the whole HF
range, even if the wires were loaded by lumped impedances. In order to design
the NSA; in the overall HF band, the bifolded layout of Fig[3.7]can be chosen
as a starting point. In fact, since its left vertical conductor is unloaded, it can
be supposed to be replaced by a large cylinder resulting in a typical structural
configuration. The presence of the large metallic object, however, perturbs
the electromagnetic behavior of the resulting antenna and, therefore, the wire
shape and loading need to be re-optimized. Among the various considered,
an interesting geometry for the wire part of the structure, hereafter denoted
as sub-radiator, is shown in Fig[3.15 This shape is conceptually similar to
that of the bifolded in the sense that it embodies nested closed-loops and,
if properly loaded, permits to excite different current patterns, and hence

different radiation patterns, at different frequencies. The vertical conductor
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up above the cylinder will be useful to enhance the radiation in the highest

part of the HF range, as shown later on.

Figure 3.15: Example of structural antenna (single-feed NSA) with a shaped
wire sub-radiator. Segment size (in [m]): a = 7,b = 3,¢ = 2,d = l,e =
1,f = 3,9 = 1. The RF source is connected to the antenna by means of an
impedance transformer with step-up ratio N = 4. Geometrical (in [m]) and
electrical parameters of the circuits ,, are: hy = 3.25, hy = 7.75, hy = 8.25,
he = 10, Cy = 569.1pF, L1 = 1.12uH, Ry = 61Q, Cy = 59.8pF, L =
0.073uH, R, = 48.6Q.

An impedance transformer, of step-up ratio to be optimized, is connected
between the wire-radiator and the RF source generator. The parameters of
the broadband system are chosen again by a GA driven optimization with
the purpose of minimizing the same penalty function found in for the
case of the bifolded antenna.

An example of optimized structure requires four loading impedances as in
Fig[3.175 [35], [36] and the resulting antenna is well matched in the whole HF
band as visible in Fig[3.16] The shadowed region gives the sensitivity of the

VSWR to a random +10% deviation of the electric components values from
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the optimized results. As expected from the GA paradigm, the optimized
antenna appears rather robust to fabrication uncertainties.

The inspection of the antenna current in Fig[3.17 reveals the presence, at
lower frequencies (2 MHz), of two nested rectangular loops. The smaller one
consists of the b, d, f, g segments and mainly radiates toward the zenith. The
external loop acts as a folded monopole of segments a, b, d, e together with the
cylindrical body, with main radiation toward the horizon. The vertical wire
c is nearly isolated. The resulting radiation pattern (Fig. still retains
hemispherical coverage. As frequency increases (15 MHz) the current pattern
becomes more complex, the internal loop mode vanishes, the segment ¢ start
to be energized and the radiation is similar to that of a whip antenna, i.e. with

nearly omnidirectional pattern on the horizontal plane without the presence

of nulls.

10

VSWR

1 Il Il
5 10 15 20 25 30

Figure 3.16: VSWR for the single-feed NSA of Fig. without (dashed
line) and with (solid line) optimized broadbanding loads and transformer.
The shadowed region gives the sensitivity of the VSWR to a random +10%

deviation of the electric components values from the optimized results.

The frequency-dependent ¢-averaged gain (Figf3.19) shows values larger
than 0 dB at horizon above 5 MHz with peak values of about 5dB beyond 15
MHz. It can be also appreciated a reasonable high gain in the NVIS frequency
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2 MHz 15 MHz

— .
] fL

Figure 3.17: Currents on the single-feed loaded NSA at two different frequen-

cies. Shadowed regions indicate the current amplitude at wire location.

range. Finally, except for 2 MHz, where the efficiency is between 0.2% and
0.5%, acceptable values are obtained in the whole HF range, and in particular
beyond 5 MHz where the efficiency ranges between 30% and 80% (Fig|3.20)).

f=2MHz " 0 f<5MHz °

Figure 3.18: Gain of the single-feed loaded NSA at some frequencies; solid
line: ¢ = 0°, dashed line: ¢ = 90°.
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Figure 3.19: Frequency-dependent ¢-averaged gain for the single-feed loaded
NSA along the horizon (6 = 90°, solid line) and at NVIS (6 = 20°, dashed

line).
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Figure 3.20: Efficiency of the single-feed loaded NSA.



Chapter 4

Multi-port Naval Structural
Antenna (NSA y)

This Chapter extends the design of the single-feed NSA to that of multi-port
NSA or NSAy. The inclusion of more than a single loaded wire sub-radiator
on the cylindrical body yields a multiple-feed compact antenna system which
can be used in two different configurations: multi-channel (or incoherent)
and mono-channel (or coherent). In this way, a great flexibility in terms of
power handling and radiation pattern reconfigurability can be achieved [35],
[36]. In particular, in the first case a huge efficiency improvement over the
conventional broadband antenna systems, equipped with lossy combining
networks as discussed in the introduction, can be obtained. In the second
case, the NSAy can be used as an array and a moderate shape of the beam
is possible in the HF band.

As an example, Fig[4.1]shows the NSA, configuration including four equi-
spaced wire sub-radiators (A¢ = 27/N = 7/2). 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.
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\

\
\
\

A==

Figure 4.1: Multiple-feed NSA,. The four wire sub-radiators are clockwise

numbered.

4.1 Multi-channel mode

This feeding strategy allows the antenna to simultaneously communicate on
multiple-channels. Each port of the structure can be directly excited by a
different narrow-band signal. In this way a set of signals is combined on
air, avoiding the use of lossy combining networks that are generally adopted
together with broadband radiators. In general, the efficiency of a broadband
antenna equipped with a signal combiner is 1,4, = N7, where 7, is the
antenna efficiency, 7o = 1/N is the combiner efficiency and N = 2? is the
total number of channels to be combined. In other words, each combination
stage causes a loss of 3 dB on each channel. Tab[4.1] shows that 7. sensibly
reduces with the increase of channels’ number and, therefore, the resulting

system efficiency 7, ~ can be very low.

Multi-channel strategy significantly improves the system efficiency with
respect to the traditional broadband systems, as explained in the following
example. Three antenna systems (F ig are considered: a) a single-feed
broadband NSA with a single-channel, b) the same antenna equipped with
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Table 4.1: Efficiency of combining networks for different numbers of channels.

channels | losses | 7,
1 0dB 100%
2 3 dB 50%
4 6 dB 25%
8 9dB | 12.5%

a broadband combiner of 4-channels, ¢) a 4-port NSA used in multi-channel

mode.
f, f, f, ¢
f, 4
D N
N 7N
ST
T\_/

A=

a) b) c)

Figure 4.2: a) NSA; single-channel. b)) NSA;+4-channel combiner. ¢) NSA,

multi-channel.

While the efficiency of the NSA; plus the combiner network managing N
channels is 14, = Nyg4,/N, the exclusive allocation of each sub-radiator of
the NSA y to a single channel is expected to ideally give a higher system effi-
ciency, close to 1y, - However, because of the coupling among sub-radiators,
the efficiency of the NSAy on each channel is slightly smaller than nyg,,,
as shown in Figld.3] for the case N = 4. Anyway, it can be appreciated up to
400% improvement in the most part of the band with respect to the NSA;
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plus the power combiner network. At those frequencies where the port cou-
pling is more effective, the above improvement is smaller but always larger

than about 300%.
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Figure 4.3: System efficiency of the NSA, in multi-channel mode (solid line),
of the NSA; with a single-channel (dashed line), and of the NSA; connected
to a power combiner for a simultaneous 4-channels communication (dash-

dotted line).

The embedded VSWR, gain and efficiency, i.e. input and radiation char-
acteristics of the multiple-feed NSA when a single source is excited and the
remainings are turned off and terminated to the nominal line-impedance,
have been numerically computed and can be compared with those of the
NSA; depicted in Figl3.15 Figld.4] shows the embedded VSWR for N=4
and N=6 equi-spaced elements. In both configurations, the mutual coupling
among wire sub-radiators is not so strong to sensibly modify the antenna
matching in comparison with the single-feed loaded NSA (see Figl3.16)).

Fig[i.5] and Figld.0] represent the embedded gain at different frequencies
on both horizontal and vertical cuts for the NSA,. The azimuthal patterns,
particularly at higher frequencies, retain omnidirectional features as in the
NSA;, and NVIS links are still possible due to the acceptable radiation close

to the zenith at lower frequencies.
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Figure 4.4: Embedded VSWR of the NSA, (solid line) and NSAg (dashed
line) with respect to 20012.

Figure 4.5: Embedded gain of the NSA, at different frequencies on the hori-

zontal cut (# = 90° plane). The source is assumed to be placed in ¢ = 0°.

90°

Figure 4.6: Embedded gain of the NSA, at different frequencies on the vertical
cut (¢ = 0° plane). The source is assumed to be placed in 6 = 90°.

NSAy with NV < 6 sub-radiators can be therefore used in multi-channel
configuration maintaining about the same input and radiation characteristics

as the single-feed NSA. For a larger number of elements, the distance between
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adjacent sub-radiators reduces and the mutual coupling effects can start to
degrade the antenna matching.

In order to quantify the inter-port coupling, the scattering matrix [S] has
been calculated for N = 4. Because of the periodicity of the structure, the
scattering matrix is circulant, i.e., every row is obtained from the previous
one through a cyclic permutation. If in the antenna structure only recipro-
cal elements are present, [S] is also a symmetric matrix as indicated below.

Moreover, since Sis = Si4, the following relation holds:

Sll 512 Sl3 S14 Sll Sl2 513 Sl2

[S] _ 521 522 523 824 _ 812 Sll SIQ Sl?) (41)
531 832 533 534 SlS 812 Sll 512
S41 S42 S43 544 512 513 Sl2 Sll

The scattering matrix is completely characterized by the scattering coef-
ficients Si1, Sia, S13, whose values in the HF band are shown in Figl4.7]

0

|Sij| [dB]

-35 [ 1 1 1
5 10 15 20 25 30

f [MHz]

Figure 4.7: Scattering coefficients for the NSA,.

The inter-port coupling is weak and values lower than -15 dB can be ob-
served in almost the whole HF band. It was also verified that, by terminating
the ports on an impedance different from the optimized nominal value, for
instance a short- or an open-circuit, the embedded performances are not

sensibly modified because of the low inter-port coupling.
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4.1.1 Performances with different superstructures

It is here investigated the extension of the NSA y concept to different super-
structures in order to better understand the role of the thickness and shape
of the central conductor with respect to the broadband performances. Three
geometries have been considered (Fig: a bm-square cross-section cylin-
der having wire sub-radiators in front of the wedges, a Im-diameter cylinder
representative of a naval mast, and a simple wire which may yield a stand-
alone general purpose multi-port broadband antenna system. Four ports are
allocated in each configuration (NSA4). Wire sub-radiators retain the same
shape as in the original NSA while the loading impedances are re-optimized,
only for what concerns their values, having fixed the topology and positions
as before. The embedded performances are calculated by means of the usual
numerical models. It is however expected that even better results could be

obtained with an ad-hoc design of the wire sub-radiators.

5m im 0.1m

5m

b)

Figure 4.8: Three alternative geometries for the multiport NSA system. The
central conductor is a fat hollow square-size cylinder of 5m-side, a thin cir-
cular hollow cilinder of 1m-diameter and a simple 0.1m-thickness wire. The
wire sub-radiators geometry is the same as in Fig.

In all the geometries the ports are well matched (Fig. with VSWR <3
in most part of the HF band, quite apart from the size and shape of the
central structure. The average embedded gains along the horizon (Figl4.10)

reveal some differences, particularly at low frequencies (2-5 MHz). As the
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size of the central conductor is reduced, the embedded gain at the horizon
increases since the structure acts more as a monopole rather than as an
isotropic antenna, that is instead a feature of large central conductors. The
thick circular- and square-section NSAs perform similar, while systems with

thinner central conductors exhibit a less uniform gain with the frequency.
8

7+ ]:[_ _

6_ 4

Embedded VSWR
+

5 10 115 20 25 30
f [MHz]

Figure 4.9: Embedded VSWR of the three NSA, systems in Fig when
the loading impedances have been re-optimized, according to the penalty
function in (3.1)), only for what concerns their values, while the topology and

positions are the same as in Fig)3.15

More evident differences in antenna performances appear in the embed-
ded efficiency diagrams of Fig/. 11} where the NSAs with a thinner central
conductor are less efficient in most part of the HF band. This effect is due
to the overall reduced size of the antenna system and, hence, to a coupling
among sub-radiators larger than that of the 5m structure. For instance, as it
is visible in Figl4.12] the Si3 scattering parameters between antipodal ports
reveal a stronger interaction for thinner structures. In this case, part of the
current injected by the excited port in a sub-radiator will be both dissipated
by the loading resistors of other sub-radiators and collected at the passive
ports. The increase of inter-port coupling could also forbid the multi-channel
usage of the system with thin central conductors.

It was finally verified that even removing the central conductor, the re-

sulting antenna system still retain the same features of the NSA, equipped
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Figure 4.10: ¢-averaged embedded gain of three NSA, systems in Fig.

after loading impedance re-optimization.
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Figure 4.11: Embedded efficiency of the NSA, systems in Fig. after loading

impedance re-optimization. Curves have to be compared with the solid line

in Fig@.

with a thin central conductor. The presence of a fat central structure seems

therefore to be required to obtain high efficiency and a reasonable decoupling
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Figure 4.12: Coupling parameters (Si3) among antipodal ports for circular

cylidrical NSAs with diameter 5m, 1m and 0.1m.

among ports rather than for broadbanding purposes.

4.2 Mono-channel mode

In this feeding strategy, the N ports are simultaneously allocated to the
same channel as in array configurations. The following investigation will ad-
dress the sectorial coverage properties of the NSAy, that can be achieved
by a simple phase synthesis, and will analyze the degradation of the system
broadband features in comparison with the single-feed NSA (see Fig3.16).
Although the overall structure is not properly an array, since there is a tight
electrical contiguity among all the radiating elements, nevertheless the sys-
tem can be considered as a single antenna equipped with N ports having
the possibility to host different current patterns depending on the particular
feeding strategy. An active element factor ﬁn(r,& ¢, f) can be associated
to the unitary excitation of the nth port when the other ports are turned
off. The total radiated field of the NSAy when the ports are excited by
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An(f) = Co(f)e?oD) {C,, ) € R, can be written [25] as
E(r,0,0,f) = ZA E.(r,0,6, f) (4.2)

Due to the rotational periodicity of the considered structure, E)n(r, 0,0, f)
ﬁ
=FEq(r,0,0+ (n—1)Ag¢, f), and 1' becomes

E S an(N R
E(r,0,6,) = Ca( D E (10,6 + (n — 1)Ap, f) (4.3)
n=1
with A¢ = 27 /N. It is easy to observe that beam steering on the hor-

izontal plane (f = 90°) at ¢, direction can be simply achieved choosing

Co(f) = Co(f) and

an(f) = =2 E1(r,90°, ¢ + (n — 1)Ag, f) (4.4)

where 7 /” denotes the phase operator.

Fig[d.13| and Fig{4.14 show the gain of the NSA 5 on the horizontal plane
at different frequencies respectively for the cases N = 4, with beam steering
in ¢, = 45°, and for the case N = 6, ¢, = 30°. Azimuthal patterns, which
are symmetric as regards ¢,, have been compared with those of the NSA;
rotated of ¢,. As visible in Fig[4.13] at 2 MHz 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 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 that of the single-feed structure along ¢,. Using
N = 6 sub-radiators (Fig[4.14) it can be noted 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 MHz and 25 MHz than that found in
the NSA,.

Antenna matching can be still considered acceptable for the NSA4 (Figid. ,
while some blind sub-bands appear for the NSAg¢ ( Flg-. ). Hence, it can be
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f=2 MHz o0 =10 MHz w0

~.

f=15 MHz ;

270°

Figure 4.13: Azimuthal gain patterns of the NSA, steered to ¢, = 45° (solid
line) compared with those of the NSA; oriented along ¢, (dashed lines).

necessary to compensate this behaviour by introducing a proper matching
network or by means of a more efficient array synthesis strategy, also ac-
counting for matching requirements, as it will be discussed in Chapter 6.

The choice ¢, = (m + 1/2)A¢ permits to obtain symmetric patterns
and to simultaneously minimize the mutual coupling among sub-radiators.
In particular, it was verified that antenna matching degrades as ¢, moves
from the central position between two adjacent sub-radiators towards one of
them, as it will be shown in detail again in Chapter 6 (Fig.

Finally, the NSAy in mono-channel configuration can be even used to
emphasize the radiation towards the zenith for NVIS links in the range 2-10
MHz. By feeding a pair of opposite sub-radiators with equal signal ampli-
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f=2 MHz 90° f=10 MHz
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=15 MHz %" 10 ) f=25MHz 90° 45

180°

Figure 4.14: Azimuthal gain patterns of the NSAg¢ steered to ¢, = 30° (solid
line) compared with those of the NSA; oriented along ¢, (dashed lines).

tudes and opposite phases, the current on the antenna (Fig. assumes the
same distribution as on a large half-loop. Comparing the resulting 2 MHz pat-
tern with that of the single-feed NSA (Fig, it can be observed a gain
improvement of about 3-4 dB on the zenith and a more uniform radiation
close to it. It was also verified that the active sub-radiators still retain an
acceptable matching (VSWR<3.5).

It was finally verified that using the same superstructures as the previ-
ous paragraph in mono-channel mode, blind sub-bands are visible again, the
efficiency is poor (<40%) in the whole HF band for the NSAs with thinner
central conductors, and sectorial coverage is not possible at lower frequen-

cies because of the very weak array effect due to the close proximity of the
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10 : : ;
. 4o=45°

Figure 4.15: VSWR at each port of the NSA,; when ¢, = 45°; due to the
antenna rotational symmetry as regards ¢, pairs of symmetric sources share
the same VSWR curve. VSWR is referred to 200¢2.

10 T T T
- $,=30°

Figure 4.16: VSWR at each port of the NSAg when ¢, = 30°; due to antenna
simmetry as regards ¢, pairs of symmetric sources share the same VSWR
curve. VSWR is referred to 20052.
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Figure 4.17: 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.

sub-radiators compared with the wavelength.



Chapter 5

Modal study of highly coupled

circular arrays

This Chapter introduces a modal approach of general interest for the investi-
gation of multi-port radiating structures. The basic concepts are derived from
[37] and [38] and are here extended and treated in a unitary way keeping in
mind the application to structural antenna systems; some new interesting
results are found and shown. The presented method is particularly suited
for the analysis and synthesis of highly coupled circular arrays, such as the
NSA, and will be here applied to analyze the main properties of some un-
loaded multi-port structures with circular periodicity and to show a simple
way to achieve a moderate beam focusing from this kind of antennas. In
the next Chapter the theory will be used to perform NSA radiation pattern

synthesis.

5.1 Modal theory formulation

Given an N-port antenna, this method is based on the study of the admit-
tance matrix [Y] (or, equivalently, the scattering or impedance matrix) and
its eigenvectors v and eigenvalues A, related by the following well-known

relation:

Y] 7@ =XO70 =12 . N (5.1)
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In this particular problem, the eigenvectors 7 are also
called eigenexcitations of the N-port antenna. Each eigenexcitation excites
a mode of the radiating structure. The physical meaning of the eigenvalues
A9 is that of active mput admittance, the same at each port, when the N-

port antenna is excited by the eigenexcitation ' [37]. It can be verified by

expanding (/5.1)):

anii)JrYHvéi)erjLYlNU%) :)\(i)vf)

Yool + Yool + .+ Yool = AOu) i=12,..,N (52)

Yvay) -+ YNQUQi) —+ ...+ YNNU](\Z';) = )\(Z)’U](\Zf)

The eigenvalue A is found by inverting 1)

( N

E ( @)
Y
) 1Rk 70

)\(i) Yy +Y12'U§i)+---+Y1N'U%> _ k=1 _ Arora __ Y(z‘)
= o R =~ — YN

v

N
Z Yary ()
i i i i .
(4) Y21v§ )+Y22v§ )+~--+Y2Nv§v) k=1 Irors (2)
'UQZ 'UQZ 'UQZ ’

A0 — Yo et v _ Irory _ ()
= @ = ® =~ ~—YInnNn

\ 'UN ’UN ’UN

where ];Z)OT,C and YI(]Z\;k are the total current and the active input ad-

N
Z Ve (i)
k=1 i I

mittance at the kth-port when the ports are excited by the eigenexcitation
o @
DARS

As discussed in [37], the eigenexcitations can be orthonormalized:
N . .
(T, 7O =3 " = gy (5.4)
k=1

where 6;; is the Kronecker symbol, and an arbitrary excitation o can be

expressed as a linear combination of the eigenexcitations:

T =) v® (5.5)

1=1
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where ¢; are complex weighing coefficients given by the scalar product:
c; = (v, v (5.6)

Starting from these basic concepts, an important equation will be now
found, relating the active input admittance at the kth-port due to an ar-
bitrary excitation, to the eigenvalues, eigenvectors and the weighing coeffi-
cients.

According to (5.5)) an arbitrary voltage at the kth-port (the kth-component

of vector ') is given by:

N
ve= ) ol (5.7)
=1

By multiplying both members of (5.2)) by ¢; and applying the sum operator,
these relations hold:

;

)\(i)civgi)

I
.MZ

=1 i=1

N N N

Vi > et + Y Y et + .+ Vi Y el
=1 =1
N N

N N
Yo Z cw%’) + Yo Z Civél) + ...+ Yon Z Ci/U](\ZT) = Z /\(i)Cz‘Uéz)
i=1 i=1 i=1 i=1
Y1 Z civiz) + Yo Z c,»véz) + ...+ Yyn Z CZ'U](\Z/) = Z )\(Z)Civg\l,)
\ =1 i=1 i=1 i=1
(5.8)
By using (5.7)), equation (5.8) can by written as:
( N
anl + Yigvz + ...+ YiNUN = Z )x(i)cwiz)
i1 |
Yorv1 + Yooug + ... + Yoyun = AD el
21U1 22V2 2NUN Z 2 (5.9)

=1

N
Yniv1 + Yaove + ... + Yynony = Z )\(i)civz(\zr)

\ =1

The kth-row of the left-hand member of (5.9) is the total current at the

kth-port due to an arbitrary excitation ». This current can be expressed
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as the product between the active input admittance at the kth-port and the
voltage at the kth-port. In other words, the kth-row of the left-hand member
of (5.9) can be written as:

N
Yklvl + Ykgvg + ...+ YkN'UN = Z Ykivi = ITOT,k = Yﬁv,kvk (510)

=1

By using (5.9)) and ([5.10)), for the kth-row it holds:

N
YN iV = Z )\(i)civ,(j) (5.11)
i=1
Finally, by using (5.7]), the expression of the active input admittance at the
kth-port due to an arbitrary excitation v is obtained:
N
i) . (0
A )civk
a i=1
Yivg = ——— (5.12)
Civl(j)
i=1
It is worth noticing that, while A is the active input admittance, the
same at each port, when the array is excited by the eigenexcitation o @, Yiv e
is the active input admittance at the kth-port when the array is excited by
an arbitrary excitation v'.
At this point, the expression of the active reflection coefficient at the kth-

port due to an arbitrary excitation @ is easily obtained:

Yo — Y/
Iy = “ok T CINk (5.13)

Yg,k + Yﬁ\/k

where Y, ;, is the line admittance of the kth-source.

5.1.1 Eigenpatterns

The radiated far-field of the N-port antenna produced by the orthonormalized
eigenexcitation v is called eigenpattern [37] and it will be denoted as
ﬁ(i)(ﬁ, ¢) = Eéi)(é, (ﬁ)b\—l— Eg)(Q, qﬁ)a . The eigenpatterns satisfy the following
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orthogonality relation on the sphere at infinity [38]:
— — — —
<E ), E(”)*> = / / E™(0,8)-E™*(8, $) sin 0d0d¢ = K by (5.14)
4

that is, by expanding ([5.14)):

< / / "E +EYES) sin 0d0dg=(Ky,,, +Kpmn)Sn
(5.15)
where:
2
Kgnn = / / ‘Eé") sin 0dfde (5.16)
47
2
Kgnn = / / ‘E;”)‘ sin d0d¢ (5.17)
47
and:

By the superposition principle, the radiated field due to an arbitrary ex-
citation v can be expressed as the linear combination of the eigenpatterns
[37):

E(0,0)= > cEY(0.0) (5.19)

where ¢; are shown in ([5.6)).
It has to be oserved that, by using the linearity of the scalar product
and equations (I5.14|) and (I5.19|), the scalar product between E’)(H, ¢) and the

ith-eigenpattern gives:

N N
<§,ﬁ<f>*>:<zcjﬁ<j>,ﬁ >:ch<§ B0 = ZCJKJI%_CZ :

7j=1 J=1




5.5.1.2 Case of circular array 65

(5.20)

Therefore, another definition of the coefficients ¢; has been here found,

based on the eigenpatterns rather than on the eigenexcitations:

1 .
¢ = <E> E><@>*> (5.21)

i
Such a definition is useful when a pattern synthesis has to be performed,

ﬁ
as it will be shown in the next Chapter. In this case, E (6, ¢) is the desired
pattern and ¢; are the synthesized coefficients that give the array excitation

vector according to ([5.5]).

5.1.2 Case of circular array

For an array of 4 radiators angularly equispaced on a circle (UCA) and in
which only reciprocal elements are present, the admittance matrix [Y] is
circulant and symmetric as found in (4.1)):

Yii Yo Yiz Yoo
Yio Yii Yo Y,

V] = 12 Y11 Y12 Y3 (5.22)
Yis Yio Y Yo

Yio Yi3 Yi2 Y

It has to be observed that Yy, is replaced by Yj, due to the periodicity of
the structure.
The matrix in ([5.22)) has the following set of orthonormalized eigenvectors
[37):
@) ei2m(i—1)(k—1)/N]
Uk -
VN
where ([5.23)) represents the kth-component of the ith-eigenvector.

For a given eigenvector, which is independent on the frequency, the am-

ik=12..N (5.23)

plitude of each component is constant end equal to 1/v/N, while the phase

changes with constant step. In particular, the ith-eigenexcitation represents
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a uniform phasing of the array with step A¢, = Qﬁ”(z —1):

1
. 1 )
0 — J2A; i=1,2,....N 5.24
v e i=1,2,..., .
e o2

It can be observed that A¢, = 0 when ¢ = 1 and the array ports are
excited with the same phase.

According to (5.24), eigenvectors can be real or complex. In particular,
when the number of ports N is even, there are 2 real eigenvectors and % -1
pairs of complex and conjugate eigenvectors. When N is odd, there is one real

eigenvector and L%J pairs of complex and conjugate eigenvectors (Tab..

Table 5.1: Real and complex conjugate orthonormalized eigenvectors as a

function of the number of ports N.

N || Ag eigenvectors
2 || 180° 2eR

3 11 120° | 1 € R, 1 pair c.c.
4 || 90° || 2 € R, 1 pair c.c.
5 || 72° || 1 € R, 2 pairs c.c.
6

8

60° || 2 € R, 2 pairs c.c.
45° || 2 € R, 3 pairs c.c.
10 || 36° || 2 € R, 4 pairs c.c.

As discussed in [37] the eigenvalues of [Y] are, instead, given by:

N
AD =3 "yl BreNEUNT im0 N (5.25)

k=1
Expression ([5.25)) has the form of a discrete Fourier transform of Yj. It

may be inverted, giving the values of Y, as functions of \¥:

1 N

_1 (1) o —i[2m(i~1) (k=1)/N]
Yip = N;A e (5.26)
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It is here finally found that the field produced by the sum of the N eigenex-
citations is a quantity proportional to the active element factor E‘f, that is
the field obtained by exciting the array with v'¢ = (1,0,0, ..,0). In fact, from

and A¢; = 2 (i — 1):

N
N-1
! e
N N TA% N1
: 1 A 1 o
7O =" 7200, = J2N (5.27)
v e €’ N .
(N-1)Ag; N1
Zej(N—l)%”
i=0

By using the well-known summation of the geometric series

Z O (5.28)
becomes

N JN
1—ei?7
N 1 1— 6]2\7; 0
—(i) _ 1—ed4m _ — VN7
Y vh=—— dee = o |=VvN7¢ (5.29)
i=1 VN =W
1_ed(N=1)2m 0

The sum of the N eigenexcitations gives v N ¢ and, therefore, produces
a far-field equal to vV N ﬁ‘f. It was verified that the same field is given by the

N
sum of the eigenpatterns, that is Z E0 = \/NE’)‘{
i=1

5.2 Application

5.2.1 Modal analysis of highly coupled circular arrays

The theory formulated in the previous paragraph is here applied to investi-
gate the main electromagnetic properties of three different multi-port radiat-

ing structures: a circular array of eight monopoles in absence and in presence
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of a central cylindrical conductor, and an eight-port structural antenna of the
same size where the monopoles are connected to the cylinder (Fig.. The
height of the structures is A\/15 @Q2M Hz and 4)\/3 @40M H z, the radius of
the arrays is about A\/33 @2M Hz and 0.6\ @40M H z, the distance between
two adjacent radiating elements is about \/44 @2M H z and 0.46\ @Q40M H .

O R

10m

b) )

Figure 5.1: Example of three different multi-port radiating structures.

The set of orthonormalized eigenexcitations is the same for the three
arrays and is independent on the frequency since, as shown in (5.23), it only
depends on the properties of the [Y] matrix, which is circulant and symmetric
in the three considered configurations as in (5.22)). All the eigenexcitations
have the same amplitude as shown in (5.24]), while the values of the phases
are summarized in Fig[5.2] for the 8-monopoles circular array reference case.

In this paragraph the eigenvalues of the scattering matrix [S] and the
eigenpatterns, that is the active reflection coefficients and the gain associated
to each eigenexcitation, respectively, are investigated in the HF band. All
the simulations are carried out by MoM, assuming the antennas made of
aluminium and placed over an infinite perfect ground plane.

In Fig[5.3] the half-sphere averaged gain and the active reflection coef-
ficients (equal at all ports) are plotted for each eigenexcitation (or mode).
Eigenexcitations 1 and 5 are real while the pairs of eigenexcitations (2;8),
(3;7) and (4;6) are complex conjugate (Tabl5.1)). Since complex conjugate
eigenexcitations have the same gain and reflection coefficient amplitude, only
five different curves appear.

A sort of cut-off frequencies can be observed in the gain of the modes
(3;7), (4;6) and 5 in all the three configurations. Before their cut-off, modes
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Figure 5.2: Phase relationships between the elements in each eigenexcitation
or mode. Current amplitude and phase on each monopole are shown at 3

MHz. A¢ is the phase difference between two adjacent elements.

seem to contribute in negligible way to the radiation and the resulting an-
tenna efficiency approaches to zero because of the ohmic losses. At lower
frequencies, in fact, the array elements are very close with respect to the
wavelength, and for certain phase relationships between adjacent elements,
the transmission line mode can be very dominant on the antenna mode. For
instance, in mode 5, which is that with the higher cut-off frequency, adja-
cent radiating elements are excited with opposite phase (Fig and they
behave as an actual transmission line. After 12-15 MHz all modes exhibit an
averaged gain higher than 0 dB, which retains rather uniform in the rest of
the HF band. In all considered cases, the higher gain is achieved by modes 1,
where the radiating elements excitation is cophasal and of equal amplitude
(Fig.2), and (2;8).

For what concerns the active reflection coefficients, modes mainly resonate
around the series resonances of the 10m-monopoles (7, 21 and 35 MHz) for the
configurations a and b, while resonate at different frequencies in the structural
array (c). From the |Sy;| curves of case b, it is evident that only around 21

and 35 MHz most of the modes are simultaneously matched and therefore
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Figure 5.3: Averaged eigenpatterns (left) and eigenvalues of [S] (right) for the

structures in Figl5.1l Curves of |Sy;]| refer to 508; [S11| < —6dB corresponds
to VSWR<3.

they can contribute to the total radiation according to the superposition

principle in (5.19)). In case ¢, the situation is worse because at the frequency
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where a mode is matched, the others are strongly mismatched and their
contribution to the total radiated field is negligible. Such a phenomenon can
be also discussed from the point of view of the array degrees of freedom.
Using the array at those frequencies where one or more modes are strongly
mismatched, and hence are not sensibly contributing to the radiation pattern,
is the same as using the array without exploiting all the available degrees of
freedom, with a consequent reduction of the shaping capabilities. The array
degrees of freedom are fully exploited only at those frequencies where all
modes are well matched. In this perspective, the impedance loading or, in
general, the antenna broadbanding strategies, can help to take advantage of
all the available degrees of freedom for radiation pattern shaping. In the next
paragraph a simple way to focus the beam of the loaded NSA, system in the
HF band is shown, while the radiation pattern synthesis of the NSA will be
discussed in detail in the next Chapter.

The half-sphere averaged gain gives an idea of the global radiation of each
mode but it does not provide information on how each mode redistributes
the power in the half-space. At this purpose, the gain on the principal cuts
will be considered.

The first two graphs of Fig[5.4] show the ¢-averaged gain at the horizon
of each mode in the HF band. In particular, the graph on the left refers
to the array of monopoles in presence of the cylindrical structure (b) and
that on the right corresponds to the structural configuration (c). The graph
of the simple array of monopoles (a) is omitted since it is very similar to
that of configuration b. In both cases, at lower frequencies the cut-off effect
previously discussed is visible, and around 15 MHz all the modes have an
horizontal gain higher than 0 dB. Moreover, the gains of configuration b are
more uniform than those of configuration ¢ and the nulls around 30 MHz
are due to the anti-resonance of the monopoles and the cylindrical structure,
whose height is A at this frequency.

In the middle of Fig[5.4] the horizontal gain at 15 MHz (left) and the
vertical gain at 25 MHz (right) of each mode are plotted with respect to ¢
and 0, respectively, for the array of monopoles (a).

The horizontal gain of modes 1, (2;8), (3;7) is fully omnidirectional, modes

(4;6) exhibit slight oscillations, while mode 5 strongly oscillates in the range -
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20 dB to 10 dB. In this case, as shown in the 3D-radiation-pattern in the inset,
the maximum values correspond to the angular positions of the radiating
elements, while the nulls occur between two adjacent elements. This general
behavior of the modal gains at the horizon is about the same for the structures
b and ¢, and it is not sensibly affected by the presence of the central cylinder.
Such a behavior is also rather stable with frequency and it was observed that
when the frequency is changed, only the oscillation’s dynamics of modes are
slightly modified. For instance, if the frequency increases, the oscillation of
modes (4;6) becomes more appreciable.

The vertical gains of all modes exhibit a deep null on the zenith for the
structure a at all frequencies of the HF band and, therefore, no mode radiates
isotropically. The figure on the right shows that, at 25 MHz, modes mainly
radiate at elevation angles between 20° and 70° because of the previously
mentioned monopoles antiresonance around this frequency, which causes low
gain values at the horizon.

Finally, the last two graphs of Fig[5.4] investigate the radiation towards
the zenith obtained from modes (2;8) when the cylindrical body is present.
In these cases, all the other modes have a deep null in the vertical direction
as in the array of monopoles.

The graph on the left shows the gain on the zenith with respect to the
frequency, obtained from modes (2;8) in configuration b and c. As expected,
the structural array (c) can strongly radiate toward the zenith because of the
physical connection of the monopoles to the cylinder that originates a plural-
ity of closed paths operating as loop-like shapes of different size with respect
to the wavelengths of the HF band. It is worth noticing that also the array in
which the monopoles are not connected to the cylinder (b) radiates toward
the zenith, although the gain is lower than that of the structural array. In
particular, in the range 20-25 MHz, modes (2;8) exhibit values of gain higher
than 0 dB; this effect is due to the excitation of the circular top-edge of the
cylinder, whose circumference is about one wavelenght at these frequencies
and therefore it behaves as a loop of lenght A. In Fig[5.5|the current distribu-
tion on a loop of length A\ and the related radiation pattern in the free space
are shown. The currents on the semi-circumferences approximately radiate

as a broadside array of two dipoles, having the same current amplitude and
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phase, and therefore maximizing the gain along the zenith. Moreover, it has
been found that the radiation of configuration b and ¢ due to modes (2;8) is
circularly polarized on the zenith with an axial ratio AR = 1. Such a polar-
ization is caused by the progressive phase difference A¢ = 45° associated to
these modes in the case of 8 elements.

The last graph on the right of Fig/5.4] shows the gain on the vertical plane
of modes (2;8) at 25 MHz for the three considered structures. The array of
monopoles has the null on the zenith, configuration b has a gain of about
1.1 dB in this direction, and the structural array has a null at the horizon
and a gain of about 3.9 dB on the zenith, as visible in the nearly spherical

3D-radiation-pattern in the inset.
N

— — .
In order to excite a radiated field F(6,¢) = ZciE(l)(Q, ¢) without a
i=1
null towards the zenith, one or both the eigenexcitations (2;8) will have to
N

be included in the linear combination v = Z ¢; v presented in ((5.5). Any

superimposition of all other modes will yielzd:1a radiation pattern with a null
in the vertical direction at all frequencies.

The discussions made in this paragraph also hold for multi-port NSA
systems with loaded sub-radiators. In particular, this analysis corroborates

some results found in the previous Chapters concerning NSA radiators:

e The strong coupling among the sub-radiators and the associated cut-off

effects degrade the NSA performances at low frequencies (2-5 MHz).

e The broadband behaviour of the NSA corresponds to have all modes
well-matched in the HF band and so many degrees of freedom are

available to shape the beam at each frequency.

e The presence of the cylindrical structure contributes to the radiation
toward the zenith and produces a nearly isotropic radiation at low HF

frequencies.

5.2.2 Simple beam focusing of the NSA,

The modal theory is here used to achieve a beam focusing at the horizon
from the NSA, in Fig[5.6 placed over an infinite perfect ground plane.
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The admittance matrix is circulant and symmetric as in (5.22]) and its
orthonormalized eigenvectors and eigenvalues are given by equations ((5.23))
and (5.25)). In particular, the eigenexcitations are the following:

1 1 1 1
o1 P ol P el V| el
211 |’ 2 1 ’ 21 -1 |’ 21 —1
1 -1 —j j
(5.30)

According to Tabls.1] 7, T® e R and 7® = T®W* In the first
eigenexcitation all the ports are in phase, in the second one adjacent ports
have opposite phase, in the third and fourth adjacent ports are in quadrature.

Fig. shows the eigenpatterns EW (0, ¢) of the NSAy, that is the electric
far-field radiated by each eigenexcitation. In particular, the amplitudes and
phases of the eigenpatterns are plotted at the horizon, where ﬁ(") = Eéi)g,
with respect to the azimuth (abscissa) and frequency (ordinate) in the HF
band. Due to the periodicity of the structure, also the eigenpatterns have a
periodic azimuthal behavior with a period of 90° in this case of four sub-
radiators. The first eigenpattern exhibits a nearly omnidirectional azimuthal
radiation up to 28 MHz and a uniform phase up to 20 MHz; the second plot
shows low values of radiated field below 10 MHz, high values above 15 MHz
where four lobes appear and the phase exhibts four discontinuities of 180°;
the third and fourth diagrams show, for a fixed frequency, a gradual phase
variation with the azimuth. It can be observed that eigenpatterns 3 and 4
have the same amplitude.

In Fig[5.§ the eigenvalues of the scattering matrix are shown, that is the
amplitude of the reflection coefficient, equal at all ports, when the array is
driven by each eigenexcitation. Since NSA, was loaded to achieve a broad-
band behavior, all the modes are matched with a reflection coefficient lower
than -6 dB (VSWR<3) in nearly the whole HF band and, therefore, they

will all contribute to some extent to the radiation pattern at each frequency.

. ﬁ N ﬁ > . . .
According to £ = E ¢; E®W, an arbitrary radiated field can be achieved by
i=1
properly weighing each eigenpattern in amplitude and phase.



5.5.2.2 Simple beam focusing of the NSA, 75

The simplest kind of pattern synthesis, without any control on the pattern
shape, consists in choosing, for each frequency, |¢;| = 1 and Z¢; so that all the
eigenpatterns sum with the same phase along a desired azimuthal direction

¢,. For example, for the phases of ¢; it can be chosen

Zei(f) = —ZLED(90°, ¢y, f) (5.31)

In this way, only the maximum radiation along a given direction is im-
posed and in Figl5.9| the resulting patterns when ¢,=135° and ¢,=180° are
shown. In both cases it can be observed that, also by imposing the construc-
tive interference of the eigenpatterns in a given direction, at lower frequencies
(f<10 MHz) the array effect is very weak, due to the close proximity of the ra-
diating elements with respect to A, and the synthesized patterns retain nearly
omnidirectional. At intermediate frequencies (10 MHz<f<18 MHz) the array
starts to be effective and a single lobe is visible. At higher frequencies sec-
ondary lobes appear due to the higher electrical spacing between radiating
elements. However, in the whole frequency range the focusing capabilities of
the array are limited by the small number of sub-radiators and, therefore, of

degrees of freedom.
N

By using the same ¢; coefficients in v = Z c; v at each frequency, the

=1

array excitations that give the radiation patterns in Figl5.9) can be found.

Moreover, by using equation ([5.12), here reported for clarity in ([5.32)), the
active input admittance at each port is obtained when the array is focusing

along ¢,; then, the active reflection coefficients I'} at each port can be easily

calculated by ((5.13)).

N

Z )\(i)civ,(f)

Yineg = —F—— (5.32)

Z Cﬂ)](j)

=1

Fig{5.10[ shows the active VSWR at each port, given by 1+’£§’
1Tk

array is focusing along ¢, = 180°. As already found in the 'mono-channel

, when the
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mode’ paragraph of Chapter 4, some blind sub-bands appear in the VSWR
curves with values higher than 3. Hence, in order to maximize the array
performances, it can be necessary to compensate this behaviour by means
of more efficient array synthesis strategies, also accounting for matching re-

quirements, as discussed in the next Chapter.
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Figure 5.4: up) ¢-averaged gain at the horizon for configurations b (left) and
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at 25 MHz (right) for configuration a. down) gain on the zenith with respect
to the frequency achieved by modes (2;8) for configurations b and ¢ (left);
vertical gain (¢ = 0°) at 25 MHz for the three configurations (right).
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Figure 5.5: a) Array of configuration b. b) excitation of the loop mode at 25

MHz where the top-edge circumference is about \. ¢) Radiation pattern of a

loop of length A in the free space.

N

R

\

\
\
\

Figure 5.6: Multiple-feed loaded NSA, over an infinite perfect ground plane.
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Figure 5.8: Amplitude of the reflection coefficient (eigenvalues of the scatter-
ing matrix [S]), referred to 2002 and equal at all ports, for each eigenexcita-

tion.
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Figure 5.9: Pattern synthesis obtained by properly choosing, at each HF fre-
quency, the phases of ¢;. left) beam focusing on ¢,=135°.right) beam focusing
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Figure 5.10: Active VSWR (referred to 200€2) at the ports when the array is
focusing on ¢, = 180° (see Fig.



Chapter 6

Design of highly coupled

circular arrays

After a short recall of the main properties and the basic theory of the circular
array, this Chapter considers the radiation pattern synthesis of the NSA in
coherent configuration.

When the geometry of the array is known, a problem of synthesis consists
of determining the element excitations (amplitudes and phases) in such a way
that the corresponding pattern satisfies prescribed conditions.

The basic theory of the circular array neglects the inter-element couplings
and assumes that all the radiating elements have the same radiation pat-
terns. Such a theory is not applicable to the NSA because the sub-radiators
are placed at a close proximity with respect to the wavelength and, there-
fore, they are highly coupled; moreover, the radiation patterns of the sub-
radiators connected to the cylinder are not omnidirectional and are not the
same because they are reciprocally rotated in azimuth. For these reasons it
is not possible to extract a true array factor from the total radiated field
expression of the NSA and the conventional beam synthesis techniques, e.g.
Chebyshev, Taylor, Schelkunoff, cannot be exploited.

In this case, the synthesis has to be directly performed on the total radi-
ated far-field expression and two different methods are here considered, both
taking into account the inter-port coupling. The first one is based on the
active element factor concept, already introduced in Chapter 4, the second

one on the modal approach fomulated in the previous Chapter. These meth-
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ods have the additional advantage to directly synthesize the array in its real
environment, for instance a complex naval scenario, without assuming the
approximated hypothesis of free space as the conventional beam synthesis
techniques do.

In order to control the beam shaping of the NSA, and not only the direc-
tion of maximum radiation, a mask for the desired radiation pattern has to be
defined. Moreover, it may be desirable that array ports retain well-matched
(active VSWR<3) in order to maximize the use of the available power, or
that the ratio between the maximum and minimum excitation amplitudes be
limited for feasibility reasons. At this purpose, two kinds of constrained op-
timizations are considered: in the first case the active element factor theory
is used together with a stochastic optimizer based on a Genetic Algorithm,
in the second case the modal synthesis is combined with a deterministic and

iteratve algorithm.

6.1 Circular arrays

6.1.1 Main properties and applications

Array configurations in which the elements are placed in a circular ring are
of very practical interest. They find applications in radio direction finding,
smart antennas, air, space and coastal navigation, underground propagation,
radar, sonar and many other systems. An application example is the devel-
opment of the Traffic Collision-Avoidance and Alert System (TCAS), started
in the early 1970’s, whose function is to help aircraft pilots to avoid mid-air
collisions. TCAS systems generally consist of a pair of eight-elements circular
arrays, placed on the top and the bottom of the aircraft fuselage [39].
Uniform circular array (UCA), in which the radiating elements are uni-
formly disposed on a circle, has some important advantages over uniform
linear array (ULA) and uniform retangular array (URA) [40]. For instance,
though a uniform linear array exhibits excellent directivity and can form a
very narrow main lobe in a given direction, it does not work equally well in
all azimuthal directions. In this case, scanning of the radiation beam can be

obtained by combining a few linear phased arrays, whose sectorial coverages
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add to give the desired 360° scan, which is required in many applications.
At the contrary, due to its intrinsic symmetry and to the absence of edge
elements, the UCA has the capability to azimuthally scan the beam through
360° with little change in either the beamwidth or the sidelobe level, and the
beam steering can be simply achieved by circularly shifting the array excita-
tions. Although mechanical scanning antennas can be used at this purpose,
phased circular arrays can be particularly useful to satisfy the need for high
speed scanning or when a fast reconfigurability of the main-lobe direction is
required, as in the case of smart antenna systems [41]. Another important
feature of the UCA, coming from its symmetry, is the possibility of producing
patterns which are omnidirectional in azimuth.

Besides the radiation pattern invariance with the scan angle, circular ar-
rays have the interesting characteristic to generate a main beam and sidelobes
that are also independent on frequency. This is due to the fact that the far
field pattern can be represented in terms of orthogonal phase modes (modes
of unit amplitude and linear-phase-azimuth variation) and, so long as the
relative amplitudes of these modes are controlled to be constant, the entire
pattern retains constant with frequency as discussed in [42].

On the other hand, a circular array is a high-sidelobe geometry. In par-
ticular, the radiation pattern of rather large structures has -8 dB sidelobes
when the element excitation is cophasal and of equal amplitude [43]. Side-
lobes can be reduced by tapering the excitation amplitudes, by appropriate
phase adjustment, by adding additional concentric rings to obtain spatial
tapering, or by decreasing the distance of array elements [44], [45]. In this
case, however, the mutual coupling effects, that in general are more severe

than in ULAs beacause of the array geometry, can become more significant

and difficult to be handled.

6.1.2 Array factor of a circular array

As shown in [I7], by neglecting the coupling between the elements, the array

factor of a circular array of N equally spaced elements on a ring of radius a,
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is given by
N
14};1(‘97 (b) _ ZInej[kasinOCos(qbfzﬁn)Jran] (61)
n=1

where I,, and «,, are, respectively, the amplitude and phase excitation of
the nth element and ¢, =2m(n — 1)/N is its angular position in the array;
the first element is supposed to be in ¢; = 0°. To direct the peak of the main
beam in the (0o, ¢,) direction, the phase excitation of the nth element can

be chosen to be
a, = —kasin Oy cos(¢y — ¢,,) (6.2)

By supposing to have isotropic elements, assuming a uniform excitation
(I, = Ip) and using and (6.2), the performances of the circular array
radiation at the horizon (0y=90°) are investigated for a different number
of radiating elements N and for different values of the array radius a. In
Tab d is the distance between two adjacent array elements, BW_34p is
the half-power beamwidth of the main beam, SSL indicates the level of the
sidelobes with respect to the main lobe, FT' BR is the front to back ratio
and GL indicates the numer of grating lobes in the azimuthal 2wr—angle.
As expected from the general array theory, for a small number of elements
(N =4 and 6) some grating lobes appear when d > A/2 and high levels of
sidelobes, low values of FTBR and large beamwidths can be observed. Also,
the radiation pattern modifies for what concerns SLL and FTBR when the
focusing direction is changed. For a larger number of elements (N > 10), and
hence for large structures with respect to the wavelength, the array effect is
more evident and better performances are obtained. In particular, the level of
the sidelobes assumes the typical -8dB value, FTBR improves and the main
lobe becomes very narrow. Moreover, the beamwidth of the main lobe and
the sidelobe levels become nearly invariant with the scan angle (as indicated
with V¢, in the Table).

In Figl6.T] the normalized array factors of four configurations in Tab6.]]
are shown. In the first two cases (N = 10 and 20), two different plots are
represented, referring to the focusing on ¢, and ¢,+A¢/2, where A¢p = 27 /N

is the angle between two adjacent elements. When the main lobe moves from
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Table 6.1: Array Factor performances for different values of N and a

N a b0 d BW _35 SLL FTBR GL
4 A/2 0° 0.7\ 42° 0dB 0dB 4
4 AJ2 | 45° || 0.7A 41° -5.8 dB 11.5 dB -
4 A 0° || 1.41A 21° -11.5 dB 0 dB 4
4 A 45° || 141\ 20° -1.3 dB 1.3 dB —
6 AJ2 || 0° | 0.5\ 41° -6.8 dB 9.5 dB —
6 AJ2 | 30° || 0.5\ 41° -2.2dB 2.2 dB —
6 A 0° A 21° -7.3 dB 0dB 1
6 A 30° A 21° -0.6 dB 11.7 dB —
10 || A/2 || Yo, || 0.31A 42° -79dB || 12—-14dB | —
10 A Vo, || 0.62) 21° -3 dB variable -
20 A Vo, || 0.31A 21° -7.9 dB ~ 16 dB —
20 || 3\/2 || Vo, || 0.47\ 13.6° —7.9dB variable —
50 2N || Voo || 0.25A 10.2° -8 dB ~ 19 dB —
50 3N || Vo, || 0.37A 6.7° -8 dB ~ 21 dB -
50 AN || Vo, || 0.5\ 5° -8dB [|[10-15dB | —
100 AN || Vo, || 0.25A 5° -8 dB 22 dB —
100 | 5\ || Vo, || 0.31A 4° -7.9 dB 23 dB —
200 || 8\ || Vo || 0.25) 2.4° -8.4 dB 25 dB —

¢o to ¢y + Ap/2, the beamwidth and the level of the secondary lobes remain

unchanged, while some variations can be in general observed in the FTBR,

as also indicated in the Table. It is worth noticing that the array factor

when focusing on a given direction ¢, is a periodic function and therefore

its properties can be investigated only in the angular region [¢,, ¢, - A¢p/2],

then they periodically repeat. Figl6.1] also shows the array factor in the cases

of N =100 and 200 radiating elements, where very narrow main lobes and
high values of FTBR can be achieved.
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Figure 6.1: Array factors on the array plane (horizontal plane) for different

values of N and a. The four configurations corresponds to the rows in italic

in Tab
6.2 Design methods

In the previous Chapters two simple kinds of NSA radiation pattern synthesis
were introduced.

In the 'mono-channel mode” paragraph of Chapter 4 the active element
factor theory [25] was used to obtain the expression of the total radiated
far-field in taking into account the inter-port coupling. The beam fo-
cusing at the horizon on a desired direction ¢, was then obtained by choosing
the excitation phases as in (4.4). In such a way the active element factors
associated to each port could constructively interact along this direction. No

control of the pattern shaping, active port-matching and excitation ampli-



6.6.2 Design methods 87

tude was performed. The horizontal radiation patterns obtained at some HF
frequencies in the case of NSA equipped with 6 elements and focusing on
¢ = 30° are reported for clarity in Figl6.2] Fig[6.3|reports the active VSWR

at each port where blind sub-bands with values higher than 3 were found.

f=2 MHz ° f=10 MHz

=15 MHz i =25 MHz
120° °

Figure 6.2: Azimuthal gain patterns of the NSAg steered to ¢, = 30° (solid
line) compared with those of the NSA; oriented alog ¢, (dashed lines).

In the last paragraph of the previous Chapter, instead, the modal ap-
proach was used to obtain the expression of the total radiated far-field of the
NSA equipped with 4 sub-radiators. Also this method considers the inter-
port coupling and expresses the total far-field as the linear combination of
an orthogonal set of eigenpatterns according to . The simplest kind of
pattern synthesis, without any control of the pattern shaping, port matching

and excitation amplitude consists in choosing |¢;| = 1 and Z¢; according to
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VSWR

Figure 6.3: VSWR at each port of the NSAg on-PEC when ¢, = 30°; due to
antenna simmetry as regards ¢, pairs of symmetric sources share the same
VSWR curve. VSWR is referred to 200¢2.

. In this way all the eigenpatterns sum with the same phase along a
desired azimuthal direction ¢,. The beam focusing on the horizontal plane
at each frequency for two different directions of ¢, and the active VSWR at
each port when the array is focusing on ¢, = 180° were shown in Figl5.9 and
Fig[5.10] Also in this case blind sub-bands were visible with values of VSWR
higher than 3.

In order to compensate this behaviour, two efficient constrained synthe-
sis strategies are presented in the following paragraphs, also accounting for
radiation pattern shaping, port-matching and excitation amplitude require-
ments.

Coupling-constrained array pattern synthesis have received considerable
interest starting from the late 1960 [46]. Different techniques [47], [48], have
been used to shape the pattern and, at the same time, to design match-
ing networks able to mitigate the impedance change of the radiating ele-
ments in steerable-beam arrays. In the Software Defined Radio context, sig-
nal waveforms to be transmitted can be easily managed by the processing

unit with the possibility to digitally set their amplitude and phases [49]. The
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impedance-matching and radiation-pattern constraints optimization can be

therefore more easily formulated straight in terms of amplitudes and phases.

6.2.1 GA synthesis

This is a multi-objective optimization strategy that permits to control not
only the pattern shaping, but also the active port matching. The method is
based on the theory of the active element factor [25] combined with a Genetic
Algorithm for the opimization of the array excitations.

The overall radiated field can be expressed in terms of the active element

é . . .

factors E,(r, 0, ¢, f), as found in (4.2)) and 1} and it is here repeated for
clarity:

N

— —
E(r,0,6,f) =Y Au(f)En(r,0,0, f) (6.3)

n=1
The objective function here considered for the solution of the {A4,} ex-
citation coefficients is composed by two terms, referring to pattern shaping

and port matching at a given frequency:

F =waenltan + wyswrFvswr (6.4)

Fan, and Fygwr are the normalized functions described in Appendix B
(’On-PEC NSAp excitation’ paragraph), respectively controlling the hori-
zontal gain and the port matching; wg, and wy gy g are the related weighing
coefficients. In order to perform an unconstrained optimization of the radia-
tion pattern, without any control of the port matching, the coefficient wy sy r
can be set to zero.

As an example, in Fig[6.4] gray regions represent the penalty associated
to the horizontal gain and VSWR. In particular, on the left the horizontal
gain mask used in the following examples is shown, characterized by three
parameters: main lobe level (M LL), side-lobe level (SLL), and angular region
where the main lobe is desired (BW). On the right, the threshold sy for the
active VSWR can be seen.

Now it will be shown how the synthesis here considered has the capability
to eliminate the NSAg blind sub-bands of Fig[6.3] and to moderately shape
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VSWR())

Gi(9n)
MLL fmmmmmmmem ,/\

DV v
1V

o ~ port index (i)

Figure 6.4: Example of penalty associated to the horizontal gain and VSWR
with respect to the gain mask and VSWR threshold.

the beam improving, for example, the FTBR or modifying the main lobe
beamwidth.

In general, supposing to optimize both the amplitudes and phases of the
excitations, D = 2N — 2 degrees of freedom are available (the amplitude and
phase of one port are fixed as a reference); in the considered case N = 6 and
D = 10. By imposing the symmetry of the radiation pattern with respect to
$o=30° direction, and hence the symmetry of the excitations, the degrees of
freedom reduce to D = 2(N/2) — 2 = N — 2; in the considered case D = 4.
The synthesis, with the constraint of VSWR<3 at each port, is performed at
those frequencies where the mismatching is more evident in Figl6.3] that is
at 3.5, 14, 18 and 27.5 MHz. The synthesized radiation patterns are shown
in Figl6.5

Despite the small number of degrees of freedom (D = 4) and the con-
straint on the port matching, acceptable gain values are obtained. Moreover,
due to the choice of a gain mask, better values of FTBR than those of Fig[6.2]
are in general achieved. The corresponding values of VSWR (GA) at the
various ports are shown in Tab6.2] and are compared with those obtained in
Fig[6.3| (phase).

With the proposed method of synthesis, the achieved VSWR values in
Tabl6.2] are always lowen than 3.15. In this way, array performances are
optimized since the input power and, therefore, the radiated power are max-
imized. It can be observed that ports 3 and 4 are turned off at 18 MHz; in
this case the optimizer is not able to simultaneously lower the active VSWR

on all ports and, so, the highly mismatched ports can be turned off without
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f=3.5MHz 90° 5 f=14MHz 0" 4o

120° 120°

180° 180°

270° 270°

f=18MHz 90° 4o f=27.5MHz 9" o
120° 120°

180° 180°

270° 270°

Figure 6.5: Synthesized pattern obtained with D = 4 degrees of freedom and
with the constraint of port matching (VSWR<3.5).

sensibly affecting the radiation pattern.

In order to focus the beam in angles that differ from the intermediate di-
rection between two sub-radiators, the symmetry of the excitations has to be
removed and a greater number of degrees of freedom can be exploited. Using
the simple phase synthesis of Chapter 4, it was verified that antenna match-
ing degrades as ¢, moves from the central position between two adjacent
sub-radiators towards one of them (Figl6.6)).

This problem can be solved again by a GA synthesis as shown in TabJ6.3]
at 14 MHz. The high values of VSWR on port-1 (phase) are lowered under
3 (GA) without sensibly affecting the radiation patterns (Figl6.7)).

In conclusion, the constrained GA optimzation can be very useful to
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Table 6.2: VSWR at the ports when the array is focusing on 30°. "GA’ indi-
cates the constrained optimization method here proposed, 'phase’ indicates

the simple phase synthesis described in 'mono-channel mode’ paragraph of
Chapter 4.

f [MHz] | method | ¢, | port-1 | port-2 | port-3 | port-4 | port-5 | port-6
3.9 GA 30° 2.92 3.11 3.08 3.08 3.11 2.92

phase | 30° | <3 <3 4.64 | 4.64 <3 <3

14 GA 30° 2.77 2.93 1.32 1.32 2.93 2.77
phase | 30° | 4.59 <3 <3 <3 <3 4.59

18 GA 30° | 2.30 3.14 Off Off 3.14 2.30

phase | 30° <3 5.63 <3 <3 5.63 <3

27.5 GA 30° | 2.14 2.59 2.36 2.36 2.59 2.14
phase | 30° | 5.16 | 6.92 <3 <3 6.92 | 5.16

ZZZ2Z2Z22

DB WN =

Figure 6.6: Active VSWR obtained with method ’phase’. left) focusing on
¢y = 15°. right) focusing on ¢, = 0°.

achieve sectorial coverage around a given angular direction controlling at
the same time the port matching. However, there is a small set of frequen-
cies, for instance 26 MHz, in which it was verified that the array ports cannot
be simultaneously matched even if the gain requirement in (6.4]) is strongly
relaxed.

Finally, it is worth noticing that in all the considered optimizations, the

ratio between the maximum and minimum voltage amplitude of the array
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Table 6.3: VSWR at the ports when the array is focusing on 15° and 30° at
f=14 MHz using methods 'GA’ and "phase’.

f [MHz] | method | ¢, | port-1 | port-2 | port-3 | port-4 | port-5 | port-6

14 GA 15° | 2.24 1.98 1.06 2.80 2.17 2.03
phase | 15° | 6.77 <3 <3 <3 <3 <3
14 GA 0° 2.88 2.87 1.29 1.22 1.75 2.27

phase | 0° | 8.14 <3 <3 <3 <3 <3

f=14MHz A f=14MHz | 15

150° : > o 150°
§ fo LN -
180° 180°

o
210° Smeee” o 210°

270° 270°

Figure 6.7: Focusing on ¢, = 15° (left) and ¢, = 0° (right). Solid lines tag
‘G A’ method, dashed lines tag 'phase’ method.

excitations is completely acceptable and feasible without performing any con-
|
< 5.

trol on it. In particular, it was found “‘ém?"
m

min|

6.2.2 Modal synthesis

This method is based on the theory formulated in the previous Chapter and
utilizes the orthogonality properties of characteristic modes to synthesize
the desidered radiation pattern over all space in a mean square error sense.
This feature may be desirable in some cases, but the method suffers from
the disadvantage of computational complexity when the radiation pattern is
required to be optimized, for instance, along a particular cut.

In the following paragraphs, at first an unconstrained modal synthesis
is considered, where a desired pattern is given and synthesized. In the sec-

ond paragraph a constrained optimization is proposed combining the modal
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synthesis with the iterative method of the alternate projections [50], [51].
In this case, the radiation pattern can be optimized together with the port
voltage-amplitude or port matching control. Some examples are shown for
a canonical circular array of monopoles and for the NSA above an infinite
perect ground plane.

The main differences between modal and GA synthesis are that in the first
method a bidimensional gain mask is required even if the radiation pattern
has to be shaped along a particular cut, and the optimization process is

deterministic, and hence faster, instead of stochastic.

Unconstrained modal synthesis

The modal synthesis of the radiation pattern at a given frequency is composed
of three main steps:

1. Assignment of the desired bidimensional far-field mask ﬁd(e, ¢). In
general E)d(é, @) = Eg(0, ¢)§+ Eqs(0, gb)a and, therefore, two bidimensional
masks can be assigned; moreover, each mask Egy (0, ¢) and Eq4(6, ¢) can be
specified in amplitude and phase. In the following examples of this Chap-
ter, without loss of generality E4,(6,¢) = 0 will be assumed and only the
amplitude |Eg (0, ¢)| will be assigned, by supposing ZFE4 (0, ¢) = 0.

2. Computation of ¢; coefficients according to , here reported for

clarity for what concerns the general case:

1 /— —=,.
o (i)
=5 <Ed,E > (6.5)
where
12 N2
K = Koii + Kgii = / / \ng sin 0d0de + / / (E;“ sin 0ddp  (6.6)
47 47
and
(Eo BO") = / / Ea(60,0)- ED*(0, 6) sin 0d0do (6.7)
47
that is

R )x (i)* (D)% o
<Ed,E >: (EwE(" + E4ES") sin 0d0dg (6.8)
A7
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3. Computation of the synthesized excitation vector v, by (5.5, here

reported for clarity:

N

To=) v (6.9)

=1

The excitation vector v, will produce a field ﬁs(ﬁ, ¢) which synthesizes
the mask E’)d(ﬁ, ¢) in a mean square error sense. It has to be observed that
the double integrals in and will be computed on the 4m-sphere
if the array is in the free space and on the 27-half-sphere in presence of an
infinite perfect ground plane.

In Figl6.8 a simple scheme for the unconstrained modal synthesis is sum-
marized. In particular, T operator gives the far-field produced by a given
excitation vector, while 771 is the inverse transformation which, starting
from a far-field mask and passing through the computation of ¢; coefficients,

synthesizes the corresponding excitation vector.

|Ede| IEsel

N

|EI=E,

Figure 6.8: Scheme for the unconstrained modal synthesis. For the desired

far-field mask it is here assumed Ez4(6,¢) = 0 and ZLE4(0, ¢) = 0.

In order to demonstrate the effectiveness of the method, some exam-
ples are shown considering a circular array of monopoles above an infinite
perfect ground plane. In this case, for any array excitation, and hence also

for the eigenexcitations, the far-field has only the 6-component (E)(Q, @) =
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-~

Ey(0, $)0) and exhibits a null along the zenith (§=0°), as found in the modal
analysis of Chapter 5. Consequently, reduces to:

2
K = Ky = // ‘Eéz) sin AdAd¢ (6.10)
2
and becomes:
(Eo BO") = / / B ES” sin 0d9de (6.11)
2

In this configuration the computation of coefficients ¢; by is simpli-
fied.

Moreover, due to the antenna geometry, the array effect is stronger on
the horizontal plane (6=90°) and, therefore, the far-field masks are expected
to be better matched for high values of theta (60° < 6 < 90°); at higher
elevation angles the radiation pattern control is expected to be weak.

In the following examples the normalized desired and synthesized far-
fields (|E4| and |Egg|) are shown together with the synthesized horizontal

and 3D-total-gain. For each configuration, the synthesized values of ¢; and

|V max|
|V min|

are reported. The monopoles’ height is fixed to h = A/4.

7’5, the ratio FTBR, SLL and maximum gain on the horizontal plane

In the first case, the number of array elements is N = 6, the array radius
is a = A\/2 and the inter-element spacing is d = A/2. The desired mask
imposes a single lobe in the angular region 45° < 0 < 90°, 0° < ¢ < 180°.
The mask and the synthesized radiation patterns are shown in Figl6.9]

The amplitudes and phases of ¢; and v’; are reported in Tab.

Eigenpattern 1 (uniform excitation) provides the maximum contribution
to the radiated field (|c;|=1), while eigenpatterns 3 and 5 (|c35|=6e-3) and
eigenpattern 4 pratically do not contribute to the total riated field (|c4| ~0).
It can be observed that coefficients ¢, cg have a phase difference of 180°.
For what concerns the excitations, symmetric with respect to ¢,=90°, all the
ports are active and a tapering of the amplitudes can be observed. Moreover,
with reference to Figl6.9, while ports 2, 3, 1 and 4 radiate nearly with the
same phase, ports 5 and 6 are shifted of 90°.



6.6.2.2 Modal synthesis 97
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Figure 6.9: up) Mask of the desired far-field (left) and synthesized far-field
(right). down) Synthesized horizontal gain (left) and synthesized 3D-gain
(right).

The ratio 222 ig about 5.2, FTBR is about 15dB (intended as the ratio

|V min]|

between tha gain in $=90° and $=270°) and maximum gain is 9.5dB.

In the second case, the same configuration as before is considered but a
different far-field mask is given. In particular, since the array cannot control
the radiation pattern at high elevation angles, the isolated monopole far-field
(element factor) is assumed for 0° < 6 < 45° instead of the value —20dB. In
this way a more accurate synthesized field is expected at low elevation angles.
The mask and the synthesized radiation patterns are shown in Fig[6.10]

The amplitudes and phases of ¢; and ¥’; are reported in Tab

The ¢; phases are the same as in the previous case, while the amplitudes

give more weight to eigenpatterns 2 and 6. The ports are all active and the
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Table 6.4: Normalized values of the synthesized weighing coefficients and

array excitations.

~.

|es| Zc; v ] Zv;

1 [ aase [ 052 [ 144.2°
0.57 | -76.4° || 1 [ 155.4°
6e-3 | -127.7° | 1 | 155.4°
~o | nrre [ o052 | 144.2°
6e-3 || -127.7° || 0.19 || 65.2°
0.57 || 103.6° || 0.19 || 65.2°

D S|~ L[|~

Eql [dB]

max-nerm | max-nerm

B4 [4B]
0

80
> 60
=
T 40
element factor
20
50 100 150 200 250 300 350 ’ 50 100 150 200 250 300 350
¢ [deg] ¢ [deg]

Figure 6.10: up) Mask of the desired far-field (left) and synthesized far-field
(right). down) Synthesized horizontal gain (left) and synthesized 3D-gain
(right).
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Table 6.5: Normalized values of the synthesized weighing coefficients and

array excitations.

~.

e Zc; v ] Zv;
1 [ 14430 [ 046 | 144.2°
0.71 || -76.4° 1 156.6°
Te-3 || -127.7° 1 156.6°
~0 | 1177 [ 046 | 144.2°
Te-3 || -127.7° || 0.22 || 36.8°
0.71 || 103.6° || 0.22 || 36.8°

D S|~ L[|~

same tapering of the amplitudes as before is visible.
The ratio 222 ig about 4.5, FTBR is about 25dB (intended as the ratio

|V min]|

between tha gain in $=90° and ¢=270°) and maximum gain is 9.4dB. Using
this different mask FTBR is improved of about 10dB5.

In the third case, the same configuration as before is considered but a
new far-field mask is given. In particular, two symmetric lobes are required
in the angular regions 45° < 6 < 90°, 45° < ¢ < 135° and 45° < 6 < 90°,
225° < ¢ < 315°. The mask and the synthesized radiation patterns are shown

in Figlo.11]
The amplitudes and phases of ¢; and ©’; are reported in TabJ6.6]

Table 6.6: Normalized values of the synthesized weighing coefficients and

array excitations.

.

e Ze; v Zv;
1 || 14400 [ 046 | -71.4°
~ 0| 84.9° 1 136.5°
0.89 52.3° 1 136.5°
~0 | 1198 [ 046 -71.4°
0.89 52.3° 1 136.5°
~ 0 || 87.7° 1 156.5°

D S| L[|~

Only eigenpatterns 1, 3 and 5 contribute to the radiated field. For what
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Figure 6.11: up) Mask of the desired far-field (left) and synthesized far-field
(right). down) Synthesized horizontal gain (left) and synthesized 3D-gain
(right).

concerns the excitations, symmetric with respect to ¢,=90°, all the ports
are active. According to Fig ports 2, 3 and 5, 6 radiates the maximum
power and have the same amplitudes and phases.

The ratio [V.max!

|V min|
perpendicular side lobes is 17dB and the maximum gain is 11.4dB.

is about 2.1, the ratio between the main lobes and the

In the last case, the number of array elements is N = 20, the array ra-
dius is @ = A and the inter-element spacing is d ~ 0.31\. According to
Tabl6.1] by a simple phase synthesis of the excitations, the following perfor-
mances were found for the considered array: BW_34p = 21°, SLL = —8dB,
FTBR = 16dB. By the modal synthesis also the amplitudes of the excita-

tions are optimized and, therefore, better performances are expected. The
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desired mask imposes a main lobe in the angular region 60° < 6 < 90°,
75° < ¢ < 105° (¢y=90° and A¢p=30°) and tries to minimize the back radia-
ton. The mask and the synthesized radiation patterns are shown in Fig

max-norm |Ed| [dB] max-norm |Es| [dB]
0
80 0 80
4] =] -10
g . g & -20
= k=
@ 40 T 40
-20 dB -
20 20 40
f -50
50 100 150 200 250 300 350 100 150 200 250 300 350
$ [deg] b [deg]

Figure 6.12: up) Mask of the desired far-field (left) and synthesized far-field
(right). down) Synthesized horizontal gain (left) and synthesized 3D-gain
(right).

The amplitudes and phases of ¢; and ¥; are not reported for brevity.
However, some observations can be made: eigenpattern 11 gives the maximum
contribution to the radiated field (|c;1|=1) and all the other eigenpatterns
contribute in a comparable way (0.1 < |¢;| < 0.52). The array excitations
are symmetric with respect to the focusing direction ¢, = 90° and their
amplitudes are tapered with values 0.35 < |v;| < 1.

The ratio Y220 is about 2.8, FTBR is about 16dB (intended as the ratio

|V min]|
between the gain in ¢=90° and ¢=270°), SLL is about —14dB, BW_3,53=16°
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and maximum gain is nearly 18dB. The degrees of freedom given by the
excitation amplitudes permit to improve the side-lobe-level and to reduce

the beamwidth with respect to the performances in Tabl6.1]
|V max|
|V min]|

finally worth noticing that, by using a greater number of elements, better ar-

In all the considered cases the ratio

is completely acceptable. It is

ray performances can be achieved because of the greater number of available

degrees of freedom for the synthesis.

Constrained modal synthesis

Figl6.13] proposes a scheme for the constrained modal synthesis based on
the iterative projection method [50], [51]. The problem is formulated as the
search of the intersection between two suitable sets. When a given radiation
pattern is synthesized, it may be required to control the dynamic range of the
array excitations, i.e. the ratio between the largest and smallest amplitude
excitation, or to control the port-matching. The solution will be found as the
intersection between the following two sets:

1. The set of array excitations that satisfy the requirements specified by
a desired far-field mask.

2. The set of array excitations that satisfy the dynamic range or the
port-matching constraints.

The iterative process in Figl6.13] begins with the choice of an arbitrary
array excitation v’y as a starting solution, for instance the uniform excitation.
The corresponding field ﬁo is obtained by using the operator T previously
introduced. At this point the first iteration starts and |Egg| (it is assumed
Eys = 0) is compared with the desired field mask |E4| and corrected by the

operator Cg in the following way:

Emax<97 ¢) |§zzgz:§;| |E09(97 ¢)| >Emax(97¢)
E19(67 ¢) = EOO(ea ¢) Emin(ea¢> S ‘EOQ(ea ¢)| S Emax(67¢) (612)
Enin(0, 8) 65 | Boo (0, 0)| <Eumin(6,6)

where E,,.. and E,,;, € R define the maximum and minimum desired

field amplitude in each direction (6, ¢) according to the assigned mask. The
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yes
port
amplitude

port
matching

Figure 6.13: Scheme for the constrained modal synthesis. For the desired
far-field mask it is here assumed Ez4(6,¢) = 0 and ZLE4(0, ¢) = 0.

. —
ratio égzgg’z;‘ indicates the term e?4£00(%:9) From the resulting field E'q, the

corresponding array excitation v’y is found by operator 7.

Now the scheme offers the possibility to include a constraint on the port-

amplitude or port-matching.
In the first case (port-amplitude), if the constraint is satisfied the algo-

. . . . —_— .
rithm ends, otherwise each component of the excitation vector v’ is cor-
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rected by operator C), in the following way:

‘/rmaxlz#lC |U1,k’ >Vmax
]
Vo k = U1,k Vinin < |U1,k‘ < Viax (613)
VminM |Ul k| <vmin
o1k ’

where V.. and V,;, € R are the maximum and minimum desired

indicates the term e/“Vi* v,y is the cor-

voltage-amplitude. The ratio =%

|16
rected excitation at kth-port and ¥, is the corrected excitation vector.

In the second case (port-matching), at first the reflection coefficient at

each port I'y ; is computed by operator F, given by ([5.12)) and (5.13)); then,

if the constraint on |I'| is satisfied V& the algorithm ends, otherwise I'; 4 is

corrected by operator Cr in the following way:

Fmax_’ r >Fmax
0] o (6.14)
Fl,k ’Fl,k| S Fmax

where I',,,. € R is the maximum desired amplitude of the reflection
Ty k
By
rected reflection coefficient at kth-port.

coefficient. The ratio indicates the term e/“T# while I'y 1, is the cor-

Once Iy, are computed Vk, excitation ¥’y is obtained by inverting oper-
ator F. In particulare, the inversion of is simple, while the inversion of
to find coefficients ¢; leads to the solution of an homogeneous linear
system Ax = 0, that can be more complicated.

The final step consists in the computation, by means of operator T, of
field Eg that will be the input to the next iteration.

In the following example, the radiation pattern is synthesized with the
constraint on the excitation voltage-amplitude.

The number of array elements is N = 20, the array radius is a = A and the
inter-element spacing is d ~ 0.31\. At first, Fig[6.14] shows the performances
obtained by the unconstrained synthesis discussed in the previous paragraph
when the main lobe is required to be in the wide angular region 65° < 6 < 90°,
0° < ¢ < 180°.
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max-norm |Ed| [dB] max-norm |Es| [dB]
0 0
30 80
0dB "
D 60 T 60
s, g
40 30 T 40
-20 dB
20 .40 20
-50
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¢ [deg] $ [ded]

Figure 6.14: up) Mask of the desired far-field (left) and synthesized far-field
(right). down) Synthesized horizontal gain (left) and synthesized 3D-gain

(right). The ||“;E?;‘| ratio is about 32.

A maximum gain of 9.7dB and a FTBR of about -24dB are found. The
radiation is well confined and rather uniform in the desired half space and

the back lobes level is about —7.7dB. These performances are achieved by a

|V max|
|V min]|
In order to lower this ratio without sensibly affecting the radiation pat-

ratio of about 32.

|V max| __
|V min| —

tern, the constrained synthesis of Fig6.13|is performed. In particular,

5 is imposed and the following normalized mask is chosen:

(6.15)

Eow=—2dB, FE.,..=0dB if 65°<6<90°N0° < ¢ <180°
Eon=—00, FEna=—20dB otherwise

A uniform excitation, producing an azimuthal omnidirectional far-field,
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is used as starting point and after ¢ = 10 iterations the results in Fig

are obtained.

max-norm |Ed| [dB] max-norm |Es| [dB]
0 0
-2dB<|E[<0dB e "
§ 20
-20 3, f
30 ® 30
|E|<-20dB )

20 -40 -40
-50 -50

50 100 150 200 250 300 350 50 1000 150 200 250 300 350

¢ [ded] ¢ [deg]

Figure 6.15: up) Mask of the desired far-field (left) and synthesized far-field
(right). down) Synthesized horizontal gain (left) and synthesized 3D-gain
(right). The 220 ratio is about 4.8.

|V min|

The maximum gain is 9.9dB and the FTBR is about -13d B. The radiation
retains well confined in the desired half space but exhibits a lobed shape

and the back radiation level is increased. These performances are however

|V max|
|V min|

comparable with those obtained by the unconstrained synthesis, but
4.8.
Fig shows the voltage amplitudes at each port in the considered cases

of unconstrained and constrained synthesis.
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35 ; T T T 35

30+

25¢

20+

0 5 10 15 20 0 5 10 15 20
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Figure 6.16: left) Array voltage amplitudes obtained by the unconstrained
synthesis. right) Array voltage amplitudes obtained by the constrained syn-
thesis. In both cases |Vii| = 1.

Application to the NSA

In this paragraph the modal synthesis is applied to the NSA system of Chap-
ter 4. This configuration is different from the simple array of monopoles pre-
viously considered and, in general, the radiated fields (and hence the eigen-
patterns) have the ¢-component, and the radiation along the zenith can also
be significant.

In the following examples, only the amplitude of the -component of the
desired field is assigned and, therefore, it is implicitly assumed £ FEg (6, ¢) = 0
and Fy(6, ¢) = 0 for each direction (6, ¢). In this case, equations (6.5)-(6.8)

become:

1 /— =,
=—(E E<l>*> 6.16
ci= g (Eo (6.16)
where
12 12
2w 2w

and

T )« (D)% .
<Ed,E >: BB sin 0d0do (6.18)
27
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In the first example the NSA, is considered at f = 15M Hz. At this
frequency the height of the overall structure is about A\/2. The mask and
the synthesized radiation patterns are shown in Figl6.17] The main lobe is
required in the angular region 65° < 6 < 90°, 45° < ¢ < 135°.

max-norm |Ed’| [dB] max-norm |Es| [dB]
0
80
0dB P
D 60 =
@ -20
=, =,
@
- -20 dB o
20
_a—
50 100 150 200 250 300 350 50 100 150 200 250 300 350
¢ [deg] ¢ [deg]

Figure 6.17: up) Mask of the desired far-field (left) and synthesized far-field
(right). down) Synthesized horizontal gain (left) and synthesized 3D-gain
(right).

After the synthesis, the ratio ||“//Tn?§|| is about 2.5, FTBR is about 13dB
(intended as the ratio between the gain in ¢=90° and ¢$=270°), SLL is about
—6dB, and maximum gain is nearly 9.8dB.

In the second case the NSAg is considered at f = 15M H z. The mask and
the synthesized radiation patterns are shown in Figl6.18 The main lobe is
required in the angular region 65° < 6 < 90°, 45° < ¢ < 135° and a value of

—40dB is imposed in the angular region 45° < 0 < 90°, 225° < ¢ < 315° in
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order to minimize the back radiation.

Max-nornm lEﬂ' [dB] max-noim |ES| [dB]
0
& 0 dB -40 dB . 8
g 60 .20 g 60
D 40 © 40
-20 dB i
20 40 20
50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
¢ [deg] ¢ [deg]

Figure 6.18: up) Mask of the desired far-field (left) and synthesized far-field
(right). down) Synthesized horizontal gain (left) and synthesized 3D-gain

(right).

The obtained ratio 22 i about 2.4, FTBR is about 10.4dB (intended

|V min]|
as the ratio between the gain in $=90° and ¢$=270°), and maximum gain is

nearly 10.4dB.




Chapter 7
Shipborne application

HF antennas for naval communications are generally designed over an infi-
nite ground plane assuming the sea as a perfect conductor due to its high
conductivity. In this Chapter, the previously considered radiating structures
are investigated in a realistic naval environment so that control and com-
pensation techniques can be developed in order to minimize the interactions
with the ship superstructures. Such interactions can be very strong in the
HF domain where the antenna resonant length could be of similar size as the
whole platform, as discussed in Chapter 1. Therefore, a strong pattern dis-
tortion [20] and source mismatch may occur, demanding multiple antennas
and encouraging ad-hoc solutions [7].

The first part of this Chapter concerns the numerical analysis of the bi-
folded antenna onboard a realistic ship model, the aircraft carrier G. Garibaldi,
in order to investigate the changes of its performances with respect to the
infinite perfect ground plane case.

In the second part, the critical aspects concerning the extension of the
NSA concept to a realistic ship environment is discussed with the purpose to
define a general ship-suited design strategy [52]. In the previous Chapters the
concept of Naval Structural Antenna was introduced and it was shown how
the interactions of the HF source with a part of the ship, such as a funnel or a
big mast, which in general produces undesired effects, can be instead steered
to give unconventional performances and to reduce the number of antennas
onboard. Up to now, however, this idea was investigated with reference to

canonical geometries over a perfect ground plane. The discussions and the
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results here presented will be referred to a realistic ship model resembling a
frigate where the challenge is to transform the big central mast into a broad-
band multi-port HF antenna system with a really limited use of the available
space. The considered scenario is rather common and therefore the design
methodology which will be developed, although experimented with a bechk-
mark ship, is of general interest and can be extended to several installation

typologies.

7.1 Bifolded analysis on a realistic ship model

Numerical simulations of the bifolded monopole when embedded on a real
ship model, the aircraft-carrier G. Garibaldi (Fig, are here carried out
in order to investigate the antenna performances’ modifications with respect
to the infinite perfect ground plane configuration considered in Chapter 3.
The large electric dimensions of the structure (12A@Q20M H z with 17500 un-
knowns) prevent a full-MoM analysis in the whole HF band. Therefore, MoM
is used up to 16 MHz and the Multi-Level Fast Multipole Method (MLFMM)
[53], an algorithm to quickly solve the MoM in presence of large size objects,
is used in the upper range 16-40 MHz. The sea is modelled as a perfect
ground plane and the bifolded antenna replaces a typical twin whip antenna

mounted in the considered ship.

Figure 7.1: Electromagnetic MoM model of the aircraft carrier G. Garibaldi.

Bifolded antenna is indicated by the arrow.
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As visible in Figl7.2] the antenna input impedance after the on-ship instal-
lation is not sensibly modified with respect to the simulation over a perfect
ground and the VSWR is lower than 3 in almost the whole HF band. The
¢-averaged gain at the horizon is enforced by the ship superstructure, par-
ticularly in the range 2-8 MHz, with improvements up to 10 dB. The most
evident result, however, is the improvement of more than 10 dB of the NVIS
radiation. This effect is substantially due to the antenna position within the
ship environment. In this case, strong currents are induced by the radiator
on the edges of the ship hull that behave as horizontal dipoles emphasizing
the radiated field toward the zenith.

5
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41

VSWR
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Frequency [MHz]

0 ra
[ et NVIS (0=5°)

Gain [dB]

5 10 15 20 25 30 35 40
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Figure 7.2: Bifolded performances over an infinite ground plane (dashed line)
and on the ship (solid line). up) VSWR. down) ¢-averaged gain at the horizon
and at NVIS.

The radiation patterns at some HF frequencies are shown in Fig[7.3] The
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lobes and nulls at higher frequencies are due to the scattering effects caused

by the complex electromagnetic scenario.

2 MHz

Figure 7.3: Radiation patterns of the bifolded antenna onboard the ship at

different frequencies.

Finally, it is worth noticing that also the antenna efficiency improves in
the range 2-10 MHz after the on-ship installation.

In conclusion, the input impedance of the antenna is not sensibly modi-
fied by the presence of the ship and it has been verified to hold also for other
antenna positions on the ship. Therefore, in a first approximation, the an-
tenna can be simply designed over an infinite perfect ground plane. For what
concerns the radiation pattern, instead, it is strongly affected by the antenna
position because of the electromagnetic interactions with the ship and its
superstructures. In particular, the gain improvement at NVIS is nearly inde-
pendent on the antenna typology and particularly depends on the induced
currents on the ship itself. Therefore, the NVIS requirement can be relaxed
in favour of other performances during the antenna design over an infinite

perfect ground plane.
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7.2 NSA design on a realistic ship model

This paragraph opens with the definition of reference performance indicators
for onboard HF naval antennas and introduces the optimization problem for
loaded broadband antennas including the ship superstructures. As a second
step, details are given about the design of a single-feed NSA on the mast by
a modification of the sub-radiators in Chapters 3 and 4, for what concerns
topology, position and electrical values of the loading impedances. Then,
the extension to the 4-port NSA is discussed with a particular attention to
the embedded patterns features. Finally, the pattern synthesis optimization
problem, with the additional constraint of the impedance matching at the
antenna ports, is considered and solved by GA approach. By a proper control
of port excitations, it is demonstrated how to improve the pattern uniformity
at the horizon, caused by the shadowing effects of the surrounding deck
objects, and how to enhance the system radiation toward a given angular
sector having all the active ports matched with VSWR<3.

7.2.1 Statement of the problem

The reference naval platform, considered to illustrate the design methodology,

is a typical frigate-like geometry containing a funnel, a big mast and a radar
tower (Fig{7.4]).

mast

radar tower

Figure 7.4: Simplified model of a frigate where the NSA concept will be
experimented. The ship is 120m-long and 15m-wide.

The mast to be turned into an antenna is enlarged in Fig[7.Bh. The

non-uniform cross-section, tapered from the ground to the top, ranges from
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Tmx4m at the base, to 0.7mx0.7m at the top, and the overall height is more
than twice the size of the canonical cylinders (height 10m) previously con-
sidered. In this case the mast becomes one of the vertical conductors of a
folded-monopole-like geometry, and the wires are loaded by lumped electric
circuits. Based on the previous experience, the same wire geometry as in
the cylindrical NSA structure is connected to an edge of the mast while the
loading circuits are re-optimized by GA for what concerns topology, position
and electrical values.

N

Figure 7.5: a) Transforming the mast into an NSA; by loaded-wires feeding.
Size are: a = 6m, b = 1m, ¢ = 4m, d = 3.5m, e = 2m. b) Loading impedances
optimized by GA for the case of the mast over a perfect ground: Z; is the
series connection of L; = 0.23uH and C} = 506pF’; Z, is the series connection
of Ly = 0.77uH and Cy; = 561pF; Z3 and Z, are resistors of value 542 and

9€). The impedance transformer ratio is N = 4.

Some of the performances to be met have been already introduced in the

previous Chapters, the others are borrowed from [7]:



7.7.2.2 Design of the NSA on-the-mast 116

e VSWR<3 (line impedance 5012).

e ¢-averaged gain at the horizon (0 = 90°) more than —10dB for 2 MHz<
f <5 MHz and higher than 2dB above 5 MHz.

e ¢-averaged gain at high elevation angles ( = 10°) more than —20dB

to perform Near Vertical Incidence Skywave (NVIS) communications.

e Gain variation on the horizontal plane with respect to the peak value,
less than 10dB in the 80% of the whole azimuthal angle. The func-
tions U(f) and U, referred to as pattern uniformity (see Appendix B,
equation and global pattern uniformity, respectively, indicate the
percentage of the whole azimuthal angle at the frequency f, and the

percentage of the whole band (U), where the gain requirement is met.

In the given examples, all the objects are considered made of aluminium
and the wires are 10cm-cross-section pipes. The electromagnetic models of
the mast equipped with wires and of the surrounding environment required
for the GA optimization are achieved by MoM [54]. In the second half of the
band (20-40 MHz), the huge size of the unknowns requires a combined MoM
and MLFMM approach [53], as in the case of the bifolded on the aircraft

carrier. The sea is modelled again as a perfect ground plane.

7.2.2 Design of the NSA on-the-mast

The considered problem is a rather hard challenge since additional difficulties
are now present in comparison with the simplified structures in Chapter 4
due to the high extension of the mast, to the absence of azimuthal periodicity
as in a cylinder, and to the interactions with large objects on the ship, such
as the funnel and the radar tower placed at a close proximity to the mast.
To isolate the features of the mast-as-antenna from the interactions with the
ship environments, a preliminary optimization assumes the mast to be placed
over a perfect ground plane. Since the overall height of the wire radiator is
12m, it is expected that the current over a consistent portion of the mast,
from the horizontal platform up to the tip, will be out of any control. By

previous experiences, having fixed to four the maximum number of loading
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impedances, the optimizer has selected two series LC circuits and two resis-
tors placed as in Figf[7.5b and a nearly omnidirectional pattern is obtained
with variations smaller than 10dB in the most part of the band (global uni-
formity U = 87%). The other results are shown in Fig.. Besides a good
matching in the whole HF band, it can be observed that the ¢p—averaged gain
at the horizon reduces around 8 MHz. At this frequency, the mast electrical
height, including the overlength due to the horizontal platform, is roughly A,
and the current exhibits two oscillations. The upper part of the mast radiates
with a 180° phase difference with respect to the current on the wires and on
the lower part of the mast and therefore the gain at the horizon is lowered. To
overcome this problem, some choke mechanisms could be introduced in the
upper part of the mast with the purpose to suppress, or at least to reduce, the
induced currents as in [I5]. In the following part of the paper an un-choked
mast is nevertheless considered since, as shown later on, the multiresonance
behavior of the mast is less effective when the NSA is installed on the ship

due to the interactions with the naval structure.
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Figure 7.6: NSA; over a perfect ground plane. VSWR, ¢—averaged gain at
the horizon and at NVIS (6 =10°), and efficiency.
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When the NSA; without chokes, and provided with the loads optimized
in the perfect ground configuration, is placed in the real position over the
ship, some changes in the antenna features occur due to the electromagnetic
coupling with the surrounding environment. The VSWR (Fig, dashed
line) reveals a slight mismatch at low frequencies (VSWR<4), while the
¢—averaged gain does not any longer exhibit the reduction around 8 MHz,
as in the perfect ground case. After a new optimization of a same number
of loads, involving the full electromagnetic model of the antenna together
with the naval platform, the NSA; becomes well matched in the whole HF
band (Figl7.7] solid line). Nevertheless, because of the ship-to-sea discontinu-
ity and the presence of other deck objects, such as the funnel and the radar
tower (Fig[7.4), the global pattern uniformity gets worse (U = 70%) with
respect to the perfect ground case (it was U = 87%). The most penalized
frequencies, in the HF band, are close to 8 MHz and 28 MHz.

7.2.3 Design of multi-port configuration

Multi-port configuration (NSAy) requires that multiple wires and feeding
points are connected to the central thick superstructure (the mast in the
reference geometry). The resulting arrangement should minimize the coupling
of the sub-radiators with the surrounding deck objects. Fig[7.§ shows an
example of NSA, on the frigate, where the wires share the same loading
set (topology, values and positions) of the NSA; on the ship. Additional
degrees of freedom could be included if the loading impedances of each wire
were independently chosen at the cost of a not negligible increase in the
optimization times.

As stated in Chapter 4, this system can be used in multi-channel mode,
where each port is instantaneously allocated to a single channel, or in mono-
channel mode, where all the ports are instantaneously allocated to a single
channel.

The incoherent management of the NSA for a realistic installation is here
discussed, while the coherent case is addressed in the next paragraphs.

The independent excitation of the antenna ports to host multiple chan-
nels at a same time without the use of signal combiners is feasible if 1)

the radiation patterns of the system, when a single port is fed (embedded
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Figure 7.7: NSA; on the ship. VSWR, ¢—averaged gain at the horizon and
at the NVIS (# =10°), and efficiency. Dashed lines tag the performances
with loading impedances borrowed from the mast-plus-perfect ground model,
while continuous lines refer to the case where the loading impedances are
those re-optimized for the must-plus-ship model. The histogram describes
the pattern uniformity U(f) referred to 10dB gain difference from the peak

value.

radiation pattern), retain reasonable omnidirectional features and i) the ex-
cited port is still matched. It has been verified that also for the NSA4 on the
ship the embedded VSWR at the system ports remains well matched in the
whole HF band (Fig. When compared with diagrams of Fig referring
to the NSA; performances, the NSA, embedded average gain and efficiency
show similar values in the most part of the HF band. As explained in 'multi-

channel mode’ paragraph of Chapter 4, this means that an improvement in
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Figure 7.8: NSA, on the ship. The four wire radiators are connected to the

mast edges.

the system efficiency of about four times can be theoretically achieved when
four channels are simultaneously allocated to the NSAy, one for each port,
instead of using the NSA; equipped with a 4-channel signal combiner.

The embedded radiation patterns, nevertheless, deserve some discussions.
By the geometrical symmetry with respect to the zz-plane, the embedded
element factors associated with port P.1 and port P.2 are mirror images of
ports P.4 and P.3, respectively (Fig. However, due to the strong inter-
actions among wires, the overall pattern uniformity of each port is worse
than the NSA; arrangement (U = 40% instead of 70%) and some blind di-
rections appear at different angles and frequencies depending on the excited
port (Fig. The versatility of a NSAy on a real ship, as a multi-channel
system, is hence reduced in comparison with the ideal case of the perfect
ground plane since the channels need to be properly distributed over the
antenna ports taking into account the angular sector for the communication.
For instance, if it is required to activate the NSA, on the frigate for a com-
munication at 10 MHz along ¢ = 90°, the port P.1 or P.2 have to be used
since the others have low values of gain, while for communications at 15 MHz
along ¢ = —60° both P.3 and P.4 ports can be chosen.
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Figure 7.9: NSA, on the ship. Embedded VSWR, ¢—averaged gain and ef-
ficiency. Due to the nearly symmetry with respect to the xz-plane of the
geometry and the scenario (Fig., curves related to port P.1 (continuous
lines) and port P.2 (dashed lines) are completely superimposed to those of

port P.4 and port P.3, respectively.

Radiation pattern shaping

The use of the multi-port NSA as an array (coherent mode) promises a
moderate degree of pattern shaping with the purpose to improve the gain
uniformity or concentrate the radiation toward a given angular sector. The
overall radiated field is expressed in terms of active element factor as in
and, due to the high inter-port coupling, the impedance matching is
controlled together with the pattern shaping.

Similarly to the GA synthesis in Chapter 6, it is here formulated a gen-
eral multi-objective constrained optimization problem for the solution of the
excitation coefficients in order to achieve different kinds of performances,
such as i) the excitation of uniform patterns on the horizontal plane, i) the

radiation enhancement within a particular azimuthal angular sector and 4ii)
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Figure 7.10: NSA, on the ship. Embedded gain patterns at the horizon related
to each port. Labels on the horizontal axis tag the frequency. Since the ship is
almost symmetrical with respect to ¢ = 0° (corresponding to the ship bow),

G5 and G4 are the mirror image of G5 and G, respectively.

the improvement of NVIS radiation. The optimization is performed by con-
trolling not only the pattern shaping, but also the port matching and the
number of excited ports.

In order to have the transmitters working with the maximum power, only
a phase synthesis will be considered. It is assumed that C,, = {0,1} and, in
the general case of N excited ports, i.e. A, = e/} N —1 degrees of freedom
are available. The multi-objective optimization requires the minimization, at

each frequency, of the following penalty function
F=wegFg+ wyFy + waF4s +wyly +wyFy (71)

where, depending on the particular requirements to be met, only some of

the weight coefficients {w,} are different than zero. Fys, F;, Fa, Fy and Fy
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are the normalized functions (0 < F, < 1) described in detail in Appendix
B ("On-ship NSAy excitation’ paragraph), respectively controlling the port
matching (Fs), the uniformity of the azimuthal pattern at horizon (Fy), the
horizontal gain in a defined azimuthal sector (Fy), the NVIS gain (Fy ), and
the number of excited ports (Fy). In particular, Fy; function controls the
effective average gain, Ggrr = GayU, which is a measure of the pattern
uniformity weighed by the average gain G4y, that correctly penalizes those

patterns which, although uniform in azimuth, exhibit a low average gain.

Excitation of uniform patterns - A proper choice of the NSA 5 phases
can mitigate the pattern distortion of the NSA; radiator caused by the ship
interactions, with the purpose to achieve a pattern uniformity U(f) > 80%.
Accordingly, the penalty function is customized by setting wy = wy =
0. The reference configuration for the evaluation of the uniformity enhance-
ment is the NSA; on the frigate corresponding to port P.1 which, from
Figl7.7] suggests some improvements around 8 MHz, 10 MHz, 14 MHz and
29 MHz. After the phase optimization, the azimuthal patterns of Fig[7.11]
are obtained for the NSA,, having all the excited ports well matched with
VSWR<3. In all the cases the effective average gain Ggpp has been highly
improved as shown in Tab[7.I] The uniformity requirement is met at all the
frequencies with a reasonable high ¢—averaged gain at the expenses of the
maximum gain which is generally penalized in favour of a raising of the min-
imum values. It is finally interesting to note that not all ports are always
excited: for instance, at 10 MHz and 28.5 MHz only two of them are required
to achieve pattern uniformity. In such a case the remaining ports could be
allocated to other services, improving the system flexibility, or dedicated to
the same channel with higher performances (for instance, the effective gain
at 10 MHz can be improved from Ggrr = —1.8dB to Gprr = 1.2dB).

Improving radiation within an angular sector - To achieve directional
properties with the NSA, on the mast, within an azimuthal sector at the
horizon, centered at ¢, [0y = 90°, |¢ — ¢ < A¢/2], the penalty function
in is customized by setting wy = wy = 0. The effectiveness of the
optimization results is quantified by a global indicator I(6y ¢y, A¢) giving
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Table 7.1: Gain parameters when the NSA is phased for horizontal pattern

uniformity
a) b) c) d)
8.5MHz | 10MHz | 14MHz | 28.5MHz
4 ports 2 ports || 4 ports 2 ports
Guarax || NSA; 5.6 4.5 7.5 9.1
[dB] NSA, 5.9 24 7.2 6.6
Gay || NSA, -4.7 -4.3 1.9 1.5
[dB] NSA, 0 -14 3.8 2
U NSA, 45 63 80 57
(%] NSA, 85 92 100 80
Gprr || NSA; -8.2 -6.3 0.9 -0.9
[dB] NSA, -0.6 -1.8 3.8 1

the relative increase of the radiated power in that angular sector with respect
to the pth embedded pattern having the best gain, G}, toward the steering

direction ¢,:

S22 | Givsan (8o, &) — G680, 6)|dd

100,09, Ap) =
0,%0 f¢o+AA¢()b//22 p (bo)d(b

(7.2)

For the NSA, on the frigate, it has been found that the gain improvement
is evident above 15 MHz, where the NSA ports begin to be electrically far
enough to produce an array behavior. Additionally, since the embedded gain
patterns (Fig are not azimuthally uniform in the whole HF band, there
are some frequencies and angles, for instance ¢ = +90°, where their radiation
is simultaneously low and therefore only negligible gain improvement can be
achieved by phasing the NSA,. Fig[7.12] gives some examples of radiation
enforcement along the ship bow (¢, = 0°) and stern (¢, = 180°), and along
intermediate directions (¢, = 330° and ¢, = 210°). The shadowed regions
are representative of the radiation power improvement, 1(90°, ¢, 90°) in |¢p —

®o| < 45°, ranging from 50% up to more than 200%.
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Beyond 30 MHz the mast starts to act as a reflector and the embedded
gains are mainly confined within a half space. In this case interesting results
can be achieved by turning on that pair of ports having high gain in the

required angular sector.

Enhancement of NVIS radiation - The multi-objective optimization
of the NSAy excitation is finally applied to the enhancement of the NVIS
radiation which can be obtained within a given azimuthal direction by using a
phased NSA y. This feature can be useful when an obstacle, e.g. a mountain,
prevents the sea-wave propagation in a given direction. The penalty function
in is customized by setting w4 = wy = 0. As in the previous paragraph,
the optimized results for the NSA, on the frigate model are compared with
the embedded gain pattern having the best radiation in |¢ — ¢,| < 45° at
0y = 10° (Fig.. An average 3 dB improvement in the peak gain can be
appreciated at the considered frequencies, while the radiated power has been

nearly doubled.
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Figure 7.11: Phased NSA, (continuous lines) for uniform pattern synthesis
at the horizon (6y = 90°) compared with the azimuthal gain pattern of
NSA; corresponding to port P.1 (dashed line). a) f = 8.5M H z, four ports
used, oy = 0°, ap = 24°, a3 = 325°, ay = 315°, 1.7 < VSWR < 2.2. b)
f = 10MHz, two ports used, ap = 0°, a3 = 5°, 1.5 < VSWR < 1.7. ¢)
f = 14MHz, four ports used, a; = 0°, s = 296°, ag = 164°, ay = 121°,
1.7<VSWR < 25. d) f=285MHz, two ports used, a; = 0°, ag = 150°,
3.1 < VSWR < 3.2. The direction ¢ = 0° corresponds to the ship bow.
Details about gain improvements in Tab
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Figure 7.12: Phased NSA, (continuous lines) for sectorial pattern synthesis
at the horizon (6y = 90°) compared with the embedded pattern having the
highest gain at ¢, (dashed lines) a) ¢, = 0°, f = 20M Hz, two ports used,
ay = ag, VSWR =26, =61%. b) ¢, = 180°, f = 25M Hz, two ports
used, ay = a1, VSWR = 2.1, I =56%. ¢) ¢y =330°, f =20M Hz, three
ports used, ay = 0°, ap = 297°, az3 = 289°, 1.6 < VSWR < 3, I = 230%.
d) ¢y = 210°, f = 15M H z, three ports used, ay = 0°, ag = 200°, g = 96°,
23 < VSWR < 3,1 =:66%.
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Figure 7.13: Phased NSA,(continuous lines) for NVIS links around ¢, = 0°
at g = 10° compared with the embedded pattern having the highest gain
at such a direction (dashed lines). a) f = 4M H z, two ports used, ag = «q,
VSWR =2.6,1=63%. b) f =06MH-z, four ports used, a; = 0, ag = 59°,
a3 =T70° ay = 344°, 1.9 < VSWR < 3, I = 108%.



Chapter 8
Experimental evaluation

This Chapter presents the experimental evaluation of the bifolded antenna
and of the NSA. In particular, scale bifolded antenna models were built and
measured both above a finite copper ground plane and onboard a scale model
of the aircraft carrier G. Garibaldi. Also a full-size scale bifolded prototype
was experimentally evaluated in transmission and the results were compared
with those of a commercial HF broadband whip antenna.

For what concerns the NSA, two different scale models, in which the
central superstructures resemble a funnel and a big mast, were built and
measured above a finite copper ground plane [55]. In all the considered cases
a good agreement between simulations and measurements is found and the
slight differences can be due to the non-ideality of the electrical components,
to fabrication inaccuracies and to the use of a non-anecoic measurement

environment.

8.1 Bifolded measurements

8.1.1 Scale model on PEC

The optimized topology presented in Fig3.7 and here reported for clarity
(Fig[8.1), in which loading resistors are placed close to the ground plane and
only three LC circuits are used, is here considered.

The 1:50 scale prototype in Fig[8.2] was measured on a 1lm x 1m cop-
per ground plane and within the scaled up frequency band 100-2000 MHz.
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Figure 8.1: Loading topology of the bifolded monopole when resistors are

constrained close to the ground plane. The transformation step-up ratio has
been set to 4 and wy = (2/5)W.

It is worth noticing that the inductors and capacitors’ values are required
to be scaled down of the same factor. The conductor is a 2mm-diameter
silvered-copper wire and loading electric devices are sustained by a dielectric
substrate.

After the antenna connector de-embedding, the measured input impedance
and VSWR in Fig[8.3] and Fig[8.4] respectively, are in good agreement with
the numerical MoM model.

In order to check in first approximation the bifolded radiation along the
horizon, measurement of the scattering parameter S;5 between the antenna
and a short probe monopole was carried out. Due to the nearly omnidirec-
tional horizontal radiation of the bifolded, an arbitrary direction was chosen
for measurement and simulation. The simulation was performed in the free
space by placing the two antennas on a copper ground plane of size 1m x 1m.

A good agreement between measurement and simulation can be observed.
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Figure 8.2: Scale model (1:50) of the bifolded antenna in Figﬂ On the

right, some details about the loading circuit realization.

8.1.2 Scale model on scale ship prototype

In Chapter 7 it was numerically verified that the antenna input impedance
is not sensibly modified after the on-ship installation and in this paragraph,
therefore, only the horizontal patterns are investigated. Measurements were
carried out in a military site of the Italian Navy, properly equipped to per-
form shipborne antenna measurements onboard realistic scale ship models.
Bifolded prototype was mounted on the scale brass model of the aircraft
carrier G. Garibaldi in the same position as in Chapter 7, and the overall
system was placed on a rotating platform (Fig. A calibrated transmit-
ting broadband antenna (log-periodic) was placed at 50m from the bifolded
and at 1m-elevation from a conductive ground made of zinced cement rep-
resenting the sea. Measurements were performed in reception mode during a
complete turn of the rotating platform.

Fig[8.7 shows the comparison between measurements and simulations
of the normalized horizontal radiation patterns. The measured patterns well

agree with numerical data and are not so uniform as in the perfect ground
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Figure 8.3: Input impedance of the bifolded monopole in Fig.. Simulated
data (gray curves) are compared with measurements (black curves). Solid
lines tag the real part of the inut impedance while dashed lines indicate the

imaginary part.
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Figure 8.4: VSWR referred to 20082 of the bifolded monopole in F ig

Simulated data (dashed line) are compared with measurements (solid line).

plane configuration because of the shadowing effects of the naval superstruc-
tures. The considered frequencies corresponds to 3, 15 and 25 MHz of the
HF band.
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Figure 8.5: Amplitude of the scattering parameter Sis referred to 502 be-
tween the bifolded in Fig[8.2] and a short probe monopole of height 2.3cm.

Simulated data (dashed line) are compared with measurements (solid line).

- * .

‘_bifolded antenna

Figure 8.6: Bifolded model mounted on 1:50 scale brass model of the aircraft

carrier G. Garibaldi.

8.1.3 Full-size scale model

Fig[8.8 shows the full-size scale bifolded prototype, manufactured by Selex
Communications of Pomezia (RM). The box at the antenna basement con-
tains resistors, devices for heat dissipation, and the broadband transformer.
This paragraph considers the measurement of radiated field by comparison
with a commercial HF broadband 10m-whip, the valcom antenna.
Transmission measurements were performed by feeding bifolded and val-
com antenna with the same 150W input power. Antennas, 20m apart, si-
multaneously transmitted on close channels (Af = 15K Hz) from Pomezia.
The receiving antenna was a tunable short whip connected to a spectrum

analyzer and located on Torvaianica; the link length was about 6Km. Fig[3.9]
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Figure 8.7: Normalized radiation patterns on the horizontal plane at some

frequencies. Simulated data (solid line) are compared with measurements

(dashed line).

shows the received power from the probe antenna in the HF band. At lower
frequencies (2-4 MHz) bifolded seems to work much better than valcom, with
a difference of more than 10 dB in the received power. In the range 5-7 MHz
the received power is about the same and the radiation seems to depend
on the propagation channel more than the antenna typology. In the rest of
the band, bifolded radiation is on average higher than that of the valcom

antenna.

8.2 NSA measurements

8.2.1 Scale models on PEC

This paragraph experimentally demonstrates the NSA concept and verifies
the main electromagnetic features by characterization and fabrication of 1:50
scale NSA prototypes. Two NSA models, resembling a funnel and a big mast,
are considered. 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.
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a) b)

Figure 8.8: a) Full-size scale bifolded prototype; circles indicate trap posi-
tions. b) Detail of a trap. ¢) Detail of the antenna basement, where metallic

20m-wires depart in order to reproduce a conductive ground.

Prototype design and fabrication

Following the layouts in the previous Chapters, two different geometries
are considered for the central body (Fig. The first one is a cylindri-
cal funnel-like structure having about the same height as the 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 scale models as discussed in [7] and in the previous
paragraphs. Accordingly, the frequency band ranges from 100 MHz to 1500

MHz. The loaded conductors are designed as planar traces printed on a thin



8.8.2.1 Scale models on PEC 136

651 — bifolded

- — valcom

P, [dBm]

5 10 15 20 25 28
Frequency [MHz]

N
o
o

Figure 8.9: Radiation measurements in transmission mode. Comparison be-

tween bifolded and valcom antenna.

a) b)

245m

12m

Figure 8.10: a) HF-NSA obtained from a funnel-like structure. The four input
ports at the base of each sub-radiator are clockwise numbered. b)) HF-NSA

obtained from a mast-like structure.

dielectric substrate (thickness=1.524 mm and ¢,=2.4) as shown in Figl8.11
The planar technology, in fact, simplifies the assembling of the electrical

components and gives a good mechanical stability to the NSA prototype.
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Figure 8.11: 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 mm.

A Finite Difference Time Domain (FDTD) [50] electromagnetic solver is
used to re-design the NSA loading in presence of dielectric materials with re-
spect 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. It is worth
recalling that, in the optimization procedure in Chapter 3 and 7, the loading
impedances could be placed at any position on 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 significant change in the system performance. The resulting loading set
is therefore only given by two capacitors and two resistors (Fig.. The
performances of the optimized single-feed scale NSAs in terms of gain at the
horizon and VSWR (Fig. and Fig are fully comparable with those
of the HF structures previously discussed, where a VSWR<3 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 sim-
ulations of Fig[8.12] and Fig[8.13] as well as the real components used in the
fabrication, are given in Tab[8.1] for both the radiating structures. According

to the sensitivity analysis, the slight discrepancies should not sensibly affect
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the measurement results.
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Figure 8.12: Simulated performances of the single-feed scale funnel-like NSA.
The shadowed region gives the sensitivity of the VSWR to a random +15%
deviation of the electric components values from the nominal optimized re-
sults. VSWR is referred to 20012 line impedance.

Measurements

The electromagnetic performances of the prototypes have been analyzed by
measurements of input impedance, inter-port coupling and near field radi-
ation. Measurements were performed by means of the Agilent Technologies
E5070B Vector Network Analyzer, by placing the scale NSA models at the
centre of a copper ground plane of size 1m x 1m. Experimental data are com-
pared with numerical simulations, wherein the antennas were placed over a

perfect electric conductor of the same size.
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Figure 8.13: Simulated performances of the single-feed scale mast-like NSA.
The shadowed region gives the sensitivity of the VSWR to a random +15%
deviation of the electric components values from the nominal optimized re-
sults. VSWR is referred to 20012 line impedance.

Input impedance - Preliminarily, NSA models with only one sub-radiator
were manufactured (Figl8.14h and Fig[8.14p) and measured. A good agree-
ment can be appreciated in Fig[8.15 between measured and computed input
impedance in the range 100 MHz - 1500 MHz for both structural antennas.

The measurement was repeated for the 4-port prototypes (Fig) with
the purpose to analyze the scattering matrix and the embedded VSWR. Also
in this case, measurements and numerical simulations compare well (Fig
and Fig.. The inter-port 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 Chapters 4 and 7. 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
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Table 8.1: Nominal and real values of the electrical components of the opti-

mized scaled NSAs. Loads are shown in Fig.8.11.

funnel-like

mast-like

nominal real nominal || real
vy, | 128 pF || 12.4 pF 8.9 pF 8.2 pF
Yo 1.0 pF 1.0 pF 4.9 pF 5.6 pF
Y3 67.1 €2 66.5 2 110 Q2 110
Ya 50.9 Q2 49.9 Q 110 €2 110 €2

c)

Figure 8.14: 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 [I7]. b) Example
of 1:50 scaled model of the single-feed funnel-like NSA. ¢) Example of 1:50

scaled model of the 4-port mast-like NSA.

environment.

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 tran-

sition, estimated for the full-size scale NSAs over an infinite perfect ground,
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Figure 8.15: Measurement of input impedance on the single-feed NSAs com-
pared with FDTD simulations. a) Funnel-like NSA. b) Mast-like NSA.

extends from about 8m@Q2M Hz up to 115m@30M H z, for the funnel-like
structure, and from 30m@Q2M Hz up to 480m@30M H z, for the mast-like
one. The near field measurement gives therefore useful information about the
compliance of the transmitters with the field exposure limitations onboard
the ship, and about the co-habitation with other onboard equipments. The

measurement procedure considers the NSA radiation from a single port when
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Figure 8.16: 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 S1o = Si4 due to the simmetry of the structures. Data are

referred to a 2002 line impedance and ports are numbered as in Figi8.10p.

the others are terminated to a 200 €2 line impedance. The field probe is a short
monopole of height h = 2¢m, which is smaller than A/10 in the whole con-
sidered band. The monopole is placed at a fixed radial distance r = 0.388m
from the NSA geometrical centre in two different positions (A¢ = 45°), as
shown in Fig[8.I8a. 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 mea-
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Figure 8.17: Measurement of the embedded VSWRs on the 4-port NSAs (grey
lines) compared with FDTD simulation (black line). a) Funnel-like NSA. b)
Mast-like NSA. Data are referred to a 200f2 line impedance.

surements of the mutual coupling Sp,,, between the n-th sourced port of the
NSA and the probe, which receives the vertical component of the radiated
field E,. The strength of F, at the position of the probe is given by [57]

|E.| = (AFM)VR (8.1)

where AF); is the antenna factor of the monopole and Vi is the mag-
nitude of the voltage drop at the receiver load R. As described in [5§], the
antenna factor of a monopole is AFy; = ‘R+RZM| i, where R = 20012, Z,; is
the monopole input impedance, and h, = h/2 is its effective height [57]. The

2
power delivered to the receiver Pr = %V—é"' is related to the input power Pjy
at the n-th transmitting antenna port by Pgr = |SOn|2PIN- By combining

these relations to express Vg = [So,| V2R Py, 1) becomes

|R 4+ Zy| 8Prn
E,|="—""19,, 2
|B.] = == S0l = (8:2)

The rotational symmetry among the NSA ports permits to estimate the

radiation on the horizontal plane along some directions by a small set of
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measurements. In a first set-up, the probe is placed in position M (Fig)
and the scattering parameters Sp1, Sp3 and Sp4 are measured. Then the probe
is moved in position N and Sp; and Sy3 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[8.18b, where M1, N1 and M2 are
the positions of three observation points on the circumference of radius r =
0.388m (about 20m for the full-size 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 of the NSA in the range 2-6 MHz. Fig[8.19/and Fig[8.20/show
the comparison between computed and estimated fields around the NSAs for
P;ny = 1W input power at port 1. A good agreement is observed in the whole
band, particularly in positions N and M, where the probe is closer to the
sourced port and, thus, the coupling with the surrounding environment is
less effective. gives a useful information about the near field strength
onboard a ship (at a distance of about 20m from the NSA). For instance,
for typical P;y = 1KW input power, the curves in Fig[8.19 and Fig[3.20]
have to be increased of 30 dB and a frequency-averaged value of about 45-
50 dBV/m is found in the various observation points. It is also confirmed
that, as expected from a broadband antenna, the field strength exhibits small
variations in the considered frequency band. Moreover, up to about 300 MHz,
where the assumption of far field is reasonable, the measurements seem to
corroborate the azimuthal omnidirectionality of the embedded NSA radiation

found in Chapter 4, with maximum fluctuations of less than 10 dB.
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Figure 8.18: 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 ¢, b, e are rotated and
translated to be centred in the port 1.
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Figure 8.19: 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 when port 1 is sourced with
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Figure 8.20: Measurement of the near field radiation on the horizontal plane
for the mast-like NSA, compared with FDTD simulations on an infinite

perfect ground, along five different directions when port 1 is sourced with

Py =1W.



Conclusions

The design methodologies discussed in this work have led to broadband an-
tennas with unconventional features suitable for naval communications.

The antenna impedance loading technique is exploited for different pur-
poses. It is found that the use of a small number of electric circuits (four
or five) placed on properly shaped wire antennas is sufficient to cover the
whole HF band and to moderately shape the radiation pattern to achieve,
for example, NVIS and Seawave links at the same time. The tuning of the
electrical components, moreover, is used to compensate the modification of
the antenna performances, particularly the input impedance, when the ra-
diator is placed in electromagnetic scenarios different from the original one.
For instance, the tuning of the HF bifolded is performed to minimize the
coupling with a top-mounted discone antenna for VHF /UHF bands.

The best way to compensate the electromagnetic performance modifica-
tions due to the presence of large metallic objects near the antenna consists
in considering them as an active part of the antenna since the design stage.
This strategy has led to the design of the naval structural antennas where an
existing metallic superstructure, such as a funnel or a big mast, is connected
to some loaded wire conductors and is exploited to maximize the overall
radiating structure performances.

By driving the structural antennas with multiple feeding-ports, additional
degrees of freedom in the synthesis procedure are exploited. In particular,
when these multi-port radiating structures are fed incoherently, a sensible
increase of the radiated efficiency with respect to the conventional single-
port broadband radiators can be obtained. The coherent feeding strategy,
instead, permits to shape the beam in a similar way as in the conventional

array configurations. In particular, it is possible to perform sectorial cover-
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ages or broadcasting communications by compensating the radiation pattern
distortion due to the shadowing effects of the naval superstructures.

In order to shape the beam without causing the port-mismatching, due to
the close proximity of the radiating elements and the strong interactions with
the surrounding environment, constrained array synthesis strategies have
been succesfully adopted.

Despite the fabrication inaccuracies, the non-ideality of the electrical com-
ponents, and the use of a non-anecoic measurement environment, the experi-
mental evaluation on scaled and full-size prototypes of the new antennas has
shown a good agreement with simulations, that corroborates the effectiveness
of the employed methodologies.

The innovative antennas that resulted from the design techniques pre-
sented in this Ph.D. work promise to overcome the limitations of the actual
shipborne systems, providing a great operational flexibility and a smart power
handling with a modest space requirement. The power supply, the transmit-
ters and the amplifiers can be therefore concentrated within a small space

with a great simplification on the distribution and control networks.






Appendix A

BLADE: a Broadband Loaded

Antenna DEsigner

In the last years, some popular electromagnetic solvers, such as the pub-
lic domain 4-NEC2 [59] or the commercial SUPERNEC® [60], have been
equipped with GA-based optimizers conceived for general purpose applica-
tions. They offer a moderate customization of the whole optimization set-up,
including the expression of the objective function. Moreover, they require
intensive and repeated fullwave electromagnetic analysis and therefore they
are not particularly suited to broadband optimizations due to the large time
involved.

This Appendix presents a versatile electromagnetic tool, named BLADE
[61], especially dedicated to the combined design of loaded antennas equipped
with a matching network for broadband or multiband applications. It imple-
ments a Genetic Algorithm optimizer to automatically select the great num-
ber of parameters relating to the traps and to the matching network, and uses
a reduced antenna port model to quickly evaluate the antena system perfor-
mances. The tool allows the user to rationalize the whole antenna design and
to efficiently handle all the available degrees of freedom. A particular care was
addressed to the possibility of setting the range of the electrical components
to be optimized, in order to assure a practical feasibility. Moreover, the user

can easily customize the objective function containing the electromagnetic
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requirements and can examine the entire optimization process by means of a
monitor module. The tool has a graphical interface designed in MATLAB®
and can be directly linked to the popular NEC2 [23] solver. Nevertheless, the
possibility to handle reduced port models of the antenna, permits to use any
kind of numerical solver for the electromagnetic analysis.

At the beginning of this Appendix, the concepts of impedance loading
and broadbanding are recalled, then an optimization method is presented,
based on the Genetic Algorithm, to determine the best topology, position and
electrical values of lumped impedances (traps) and of a matching network
with respect to a particular objective function. The modular architecture
of the tool is then described and some examples of broadband and multi-
band antenna designs in complex environment are shown to demonstrate the

potentiality of the tool.

A.1 Impedance loading and broadbanding

Impedance loading, widely argued in literature, seems to be an interesting so-
lution to design multiband, broadband and compact antennas. An electrically
loaded antenna is obtained by placing lumped or distributed impedances,
generally denoted as RF traps (parallel LC circuits [62], transmission line
stubs [9], [63], dielectric and magnetic beads [10]), on simple wire radiators
in order to properly modify the current distribution along the conductors
with the purpose of enhancing the desired antenna performances. Together
with the antenna loading, the broadbanding strategy can also provide an ”on-
body” matching network [64], [22]. Some constructive realizations of lumped
impedances on monopoles operating in the VHF/UHF band are shown in
[65]. Antenna loading is even attractive for antenna miniaturization purpose,
within the theoretical limitations of small antennas [66], [67]. In [68], it has
been demonstrated that by using distributed impedances, more than a 30%
reduction in monopoles length can be achieved preserving nearly the same
radiation characteristics. The problem of the antenna size is a critical issue
in the HF band, particularly when the available space for antenna instal-
lation is limited, such as in naval scenarios [7], [69]. Finally, the design of

loaded antennas reveals rather flexible when tunable components realize the
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traps. In this case, changes in the electromagnetic environment surrounding
the antenna, can be compensated by a new design of the antenna loading
preserving acceptable performances.

In all the optimizations here considered, only lumped impedances are used
to load the wire antennas and, because of the multiplicity of parameters re-
lating to the broadband radiating system (traps and matching network), a
powerful design procedure based on a Genetic Algorithm (GA) driven opti-
mization is performed [22], [31], [30], [68].

A.1.1 Trap concept

The trap is a circuit that anti-resonates at a given frequency assuming an
infinite impedance. The most common trap, whose constructive implemen-
tation is described in [62], is represented by the parallel inductor-capacitor
connection (LC circuit) which anti-resonates at f = 1/2wv/LC. By properly
integrating one or more of these traps into a wire antenna it is possible to
strongly modify its electromagnetic features. Fig[A. T helps to recall the basic
idea of the trap-loaded antenna. A quarter-wave monopole of length [, hav-
ing the first resonance at fy, exhibits a rather high input resistance at the
second resonance 2 fy. If a parallel LC trap (designed to anti-resonate at 2 f)
is placed in the middle of the monopole, the current distribution at f; is not
strongly perturbed because of the low impedance of the trap. At 2fy, instead,
the current in the upper part of the antenna is nullified and it radiates as a
quarter-wave monopole of length [/2 even at this frequency. In this case, the
use of a single trap has led to a dual-band antenna that can be considered

as the composition of two quarter-wave monopoles of different size.

A.1.2 Broadbanding strategy

The integration of one or more loading circuits along the antenna wires per-
mits to control, dynamically with the frequency, the current distribution
and consequently the input impedance, the radiation pattern and the effi-
ciency. The traps are generally used to improve the antenna bandwidth or
to achieve multiband features. Though the parallel LC circuit is the most

common kind of trap, other topologies, including lossy circuits, can be used
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f, R,=360Q 2f, R,=1.5KQ
Gun=5.1dB GMM=6.9dB
), Unloaded
f, R,=360 2f; R, =360
Gy =5.1dB G =5.1dB

Loaded

LC-trap

Figure A.1: The concept of trap. In the upper part, the current amplitude
(shadowed region) and the radiation pattern of a conventional monopole at
the first and second resonance. In the lower part, the features of a trap-loaded
monopole which exhibits the same radiation pattern and impedance at the

two frequencies.

too. For example, parallel inductor-resistor circuits have been proposed in
[65]. The optimizations performed in the next paragraphs, provide three dif-
ferent topologies of load: the parallel and series LC circuits, that respectively
act as an open- and a short-circuit at their resonant frequency (Fig.
and as reactive loads elsewhere, and the isolated resistors, useful to achieve
a frequency-dependent attenuator distributed all over the antenna. By the
series connection of these basic circuits, even more complex topologies can
be attained. These new composite loads can exhibit multiple resonances (see
Fig[A.2] where the series connection of a parallel and a series LC circuit is
considered), adding further degrees of freedom in a synthesis procedure. Dif-
ferent kind of traps, involving transmission line stubs, have been considered
in [9], [63]. These devices require additional wire segments to be added to the
original antenna and possess an infinite set of resonances defined by a small
set of degrees of freedom. Only lumped traps will be considered here since
their input impedance can be better controlled all over a wide band. Besides

the antenna loading, also a matching network [64], [22] can be introduced be-
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tween the loaded antenna and the transmitter in order to further reduce the
VSWR. The general components of a matching network are a lossless ladder

network, an impedance transformer and a frequency-independent attenuator

(Fig[A.3).
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Figure A.2: Input reactance of simple and combined loading circuits.
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Figure A.3: General composition of a broadband antenna system.
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A.1.3 GA Design optimization

Designing a broadband/multiband loaded antenna system to satisfy certain
requirements, generally entails the solution of a non-linear optimization prob-
lem. The optimizer has to determine a large set of optimal parameters, i.e.,
the locations and the electrical values of the loads, and the components of
the matching network. For instance, the design of an antenna loaded with
4 parallel LC traps and connected to a 3rd order ladder network involves
the simultaneous optimization of 15 parameters. An efficient and commonly
used procedure, when a great number of unknowns has to be determined,
can be based on the Genetic Algorithm [3I]. The solution of the optimiza-
tion problem involves a search for the maximum (or the minimum) of a
judiciously selected objective function (or fitness function) over the space of
design parameters. The objective function primarily depends on the antenna

requirements and it is typically expressed in the form of a summation

Each of the G; terms reflects a desirable antenna feature that needs to be
improved, and w; is the related weighing coefficient. The choice of the objec-
tive function reflects on the final result of the entire optimization and there-
fore all the parameters included have to be carefully selected, with particular
attention to the weighing coefficients. Often, the expression of the objective
function becomes definitive after some attempts consisting in adjusting the
weighing coefficients at the end of each optimization and consequently this
is the most critical part of the GA.

The tool here presented is based on a combined MoM/GA approach.
Since the optimization procedure in principle demands thousands of antenna
analysis as the circuit parameters are changed, it is useful to define a reduced
port model of the antenna in order to speed up the process. The antenna port
model is obtained by solving the problem for the unloaded structure at each
frequency and storing all the inverted MoM matrices. Then, for each new set
of loads, the solution can be constructed from that of the unloaded antenna
by using both the Sherman-Morrison-Woodbury-based scheme [22] or even
a simpler approach, discussed in [30], which requires the inversion of small

matrices of size only depending on the number of the employed loads.
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A.2 Optimizer architecture

The optimization tool is developed in MATLAB® [70] and is equipped with
a modular interface assembled by means of the MATLAB GUIDE facility
that allows the user to easily set-up the optimization process, to monitor it
during its evolution, and to post-process the results. Besides the graphical
interface, the tool offers the possibility to insert all the input data directly by
a script file for off-line driven optimization. This paragraph introduces both
the general architecture of the tool and the functionality of each module.
First of all, BLADE can process two different inputs: a text file written by the
NEC2 code, defining the antenna geometry to be optimized, or a reduced port
model of the unloaded antenna, separately produced by any electromagnetic
solver. In the first case, the optimizer displays the NEC2 structure (Fig.
and by the Antenna module the user sets all the parameters required to
the NEC2 engine to directly produce the reduced antenna port model. The
second step consists in the overall broadband antenna system optimization
set-up. All the parameters are grouped into independent modules, comprising
the Loads module, the Network module, the Requirements module and the
GA module as shown in Fig[A.4l This modular approach allows the user
to handle all the involved parameters in a versatile and efficient way. In
particular, the Requirements module assists in the definition of the objective
function and in the calibration of the weighing coefficients. Once the whole
set-up is completed, the optimization process starts and a Monitor module
permits to control the progresses. The optimization results can be managed

by a Post-processing module.

A.2.1 Antenna module

This module is used to set all the parameters relating to the antenna (Fig.
when the reduced port model has to be built by BLADE itself. At this
purpose it is possible to explicitly indicate which parts of the antenna can
potentially host the loading circuits or let the whole structure to be loaded.
Finally, it is possible to constrain some resistors on the antenna, by specifying
their locations and values. In the case of high power dissipation, e.g. in the

broadband HF antennas, constraining the resistors close to the ground plane
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Figure A.4: Optimization set-up window and geometry of an antenna to
optimize. The circle is for the source position, the 'x’ indicates the constrained
resistors and the segmented wires tag the parts of the antenna which can be
loaded.

can simplify the cooling equipment. Once all the antenna parameters have
been set, Fig[A.4] is updated and the generator, the resistors, the wires to

load and the antenna environment are shown.

A.2.2 Loads module

The Loads module is used to define all the parameters relating to the lumped
impedances that will load the selected antenna wires. As visible in Fig/A.6]
the user can provide the maximum number of loads and their topology (re-
sistors and parallel and series LC circuits). Moreover, it is possible to set
feasibility bounds for the electrical components, to customize their binary
coding and to indicate the -factor of the inductors. It is useful to remem-
ber that large values of inductance require large coils with respect to the

wavelength that can get undesired self-resonances [29]. Concerning the resis-
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Figure A.5: Antenna module: the parts of the antenna to be loaded (according

to the NEC2 tag formalism) and the positions of the fixed resistors can be

defined.

tor limitations, instead, large resistances could require cooling systems to be

distributed along the wires for high power dissipation.

A.2.3 Network Module

This module is used to assembly the matching network which is generally

composed by the cascade, between the transmitter and the antenna, of a loss-
less ladder network, an impedance transformer and an attenuator (FiglA.3)).

As visible in Fig[A.7] the user can decide to optimize the electrical compo-
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Figure A.6: Loads module: set-up of the loads topology and values.

nents of the lossless network, choosing among low-pass and high-pass filters
of the 3rd and the 5th order, the impedance transformer step-up ratio, and
the attenuation constant. The bounds and the coding bits of the lossless

network components are the same as for the loads.
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Figure A.7: Network module: set-up of the matching network.
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A.2.4 Requirements module

This module allows the user to manually assembly the objective function to
be minimized, whose general expression is shown in the upper part of Fig[A.§]
This function evaluates the goodness of each individual with respect to the
optimization problem. Ny is the total number of frequency samples in the
selected range (tagged by the index n), F, E™ and E™ are the functions
shown in —, respectively controlling the antenna matching, the effi-
ciency and the gain along a given direction. In these functions, sy, 1, and Gg
are frequency-independent thresholds, whose values depend on the system
requirements. In particular, the VSWR has to be constrained under sy, while
the efficiency and the gain have to be confined above 7, and G, respectively.
Functions w{”, w{"”, wi selectively weigh F\", F\™ and F\" in different
parts of the band, while coefficients C,, C,, C, are frequency-independent
weights which add further degrees of freedom. Finally, F} tries to minimize
the number of loading impedances placed on the antenna and w, is the re-
lated weight. Such an objective function reaches its minimum when all the
antenna specifications are met, namely when the functions — are

simultaneously zero.

o _ )0 if VSWR™ < s A2
v ) VSWRM™-sq 4perwise -

VSWR(™)
o 0 if n™ > n, (A.3)
no ) me—n™ otherwise |

Mo
£ (2(n)

po_ [0 HEVsG, (A4)

% otherwise

As visible in Fig[A.8| the user can assembly the objective function by se-
lecting the VSWR, the efficiency and the direction (6, ¢) where the gain has
to be optimized, and by defining the thresholds Gy, 1y, s and all the weights
above mentioned. In particular, the frequency-independent weights have to
satisfy the relation C\,+C,+Cy+w;, = 100%, while the frequency-dependent
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Figure A.8: Requirements module for the customization of the fitness func-

tion.

parameters can take different values for each sub-band, whose sum is 100%
again. This arrangement of the fitness function permits to obtain broadband
or also multiband (up to 4 bands) antennas. The four frequency ranges of each
performance to be optimized are independent and could be either contiguous
or separated to further customize the optimization strategy. Explicative ex-
amples about the role of the objective function in the optimization outcome

will be shown later on.

A.2.5 GA module

The GA module is used to customize the parameters of the Genetic Algo-
rithm. As visible in Fig[A.9] first of all the user has to set the number of
individuals of each population (which has to be approximately equal to the
number of bits of the resulting chromosome), and the probabilities concern-
ing the genetic operators [31]. In particular, the generation gap indicates the
fraction of the population to be reproduced. Next, an escape test has to be

defined. The Genetic Algorithm stops whether one or both the following con-
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ditions are met: the maximum number of iterations is reached and the best
individual remains the same for a given number of iterations.

=10
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Mutation rate (<1) I 01
Generation gap (<1) I 0.9

Escape test

" Max number of iterations: | 500

' Stabilityfor [ 300 iterations
¢ Bath

ok I exit I

Figure A.9: GA module: the default number of individuals is automatically

evaluated starting from the number of bits of the resulting chromosome.

A.2.6 Monitor module

Once the optimization set-up has been completed, the evolutive process can
start and a monitoring window is displayed (Fig. In the upper part, the
antenna performances to be optimized and relating to the best individual of
the current generation are plotted and compared with those of the unloaded
antenna system. In the central part, the histogram on the left represents
the values of the objective function (which has to be minimized) of each
individual of the current generation. On the right, a visualization of the
individuals in the constraint space gain-vswr-efficiency is shown. In the lower
part of the monitoring window the actual best fitness and the best antenna

loading are represented.

A.2.7 Post-processing module

If the antenna model is built by NEC2, the post-processing module can be
useful to calculate the full performances of the optimized antenna system
both at a single frequency (Fig{A.11)) and within a frequency range.
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A.3 Application Examples

The potentialities of BLADE are now discussed by means of two examples
concerning the antenna optimization over mobile platforms: a medium-size
ship and a vehicle. In both cases the reduced antenna port model within the

complex scenario is accomplished by the NEC2 solver.

A.3.1 A broadband antenna for naval communications

The purpose of this design is to enlarge the bandwidth of a conventional
HF folded monopole of height 8m when embedded into a naval scenario
(Fig/A.12) maximizing, at the same time, its gain and efficiency. The antenna
has been optimized in the whole 3-30 MHz range on the basis of the following
requirements: VSWR<3, gain at horizon in the bow direction and efficiency
higher than 0 dB and 50 %, respectively. The wire model of the ship has
been borrowed, after some changes, from the 4NEC2 example catalog. The
whole structure is supposed to be in aluminium and connected to a perfect
ground plane simulating the sea. The folded monopole is excited by a voltage
source at the base of the left vertical conductor and the loading circuits may
be placed at any of the segments decomposing the antenna wires. Two 75 2
resistors has been constrained, in the Antenna module of Fig[A.5| at the lower
ends of the vertical conductors in order to improve the antenna bandwidth
and simplify the cooling equipment. The reduced antenna port model has
been generated by BLADE with 1 MHz frequency step. The optimizer will
allocate an impedance transformer and up to 4 loads, chosen as series and
parallel LC circuits. Neither a ladder lossless network nor an attenuator are
considered in the Network module of Fig]A.7] The electrical components have
been subjected, in the Loads module of Fig[A.6] to the following constraints:
50nH < L < 300nH, 5pF < C' < 100pF, 0 < R < 10012. For what concerns
the Requirements module of Fig[A.§ the VSWR has been weighed more
than gain and efficiency (Fig[A.13)), particularly at lower frequencies where
the antenna is small with respect the wavelength and therefore rather difficult
to match. The chromosome to be optimized is finally composed of 90 bits and
therefore a population of 100 individuals has been chosen in the GA module
of Figl/A.9 After 200 iterations BLADE has selected 3 LC traps and, as
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visible in Fig[A.T2] two of them, on the left vertical conductor, share the same
location by a series connection originating a more complex circuital topology
as seen in Figl/A.2] The optimized impedance transformer value has been
set to 4:1. The antenna performances, compared with those of the unloaded
antenna in the same electromagnetic scenario, are shown in Fig[A.14] The
VSWR is smaller than 3 all over the HF band and also the antenna gain
and efficiency satisfy the requirements in almost the whole HF range. The
poor performances at the lower frequencies are due to the small size of the
antenna with respect to the wavelength. It has to be noted that a further
improvement of the final results can be obtained by adjusting the weighing
coefficients of the objective function in further optimizations. For instance,
the user can try to improve the efficiency around 16 MHz by increasing the

related weighing coefficient in this sub-band.
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Figure A.12: Folded monopole of size 8m x 2.25m mounted on a medium-size
ship. The tag ’(2)’ indicates that two traps have been placed by BLADE in

the same position.
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Figure A.14: Naval antenna: performances after the optimization of the loads

and of the impedance transformer (solid line) compared with those of the an-

tenna without loads and impedance transformer (dashed line). VSWR curves

refer to 50€2.
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A.3.2 A dual-band antenna for vehicular communica-

tions

This example checks the potentiality of BLADFE to design dual-band anten-
nas. In particular, an HF monopole of height 5m mounted on the roof of
a vehicle and excited at the base is considered (Fig/A.15). The antenna has
been optimized in order to match the following requirements: VSWR <3, gain
at horizon in the ¢ = 270° direction and efficiency respectively higher than 4
dB and 90 % in the non contiguous frequency ranges 13-17 MHz and 26-30
MHz. The whole antenna has been selected to host up to three lossless loading
circuits (series and parallel LC traps), and the matching network has been
endowed with only an hi-pass filter of the 3rd order. The ranges of the electri-
cal components’ values are the same as in the previous example. The reduced
antenna port model has been generated by BLADE with 0.4 MHz frequency
step. For what concerns the objective function, the dual-band requirements
have been obtained by weighing VSWR, more than gain and efficiency and
by setting to zero all the weighing coefficients in the two sub-bands where
the antenna is not required to communicate (10-13 MHz and 17-26 MHz), as
described in Fig[A.T6] Moreover, because the first resonance of the monopole
(fo = 15 M Hz), where it is naturally matched, occurs in the first band to
optimize, a more significant weight (60 %) has been associated to the other
band. The resulting chromosome has 72 bits and therefore a population of 80
individuals has been chosen. After 100 iterations, only one parallel LC trap
has been selected by the optimizer and the use of the ladder lossless network
has permitted to enlarge the bandwidth of each sub-band. The antenna per-
formances, compared with those of the unloaded antenna without matching
network in the same electromagnetic scenario, are shown in Fig[A.17 VSWR
shows the dual-band operation in the required frequency ranges where both

the antenna gain and efficiency fully match the requirements.
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Figure A.15: Monopole of 5m on a vehicle assumed to be 0.5m upon a PEC.
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5% has been set. Dashed circles highlight that a null weight has been given

to the non-interesting bands.
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Appendix B

Details on the penalty functions

B.1 Bifolded antenna and NSA; loading

Equations (B.1)-(B.3]) define the normalized threshold functions in (3.1,
while (B.4) represents the penalty associated to the number of effective load-

ing impedances.

0 if VSWR™ < ™
= ’ (B.1)
VSWR VSWR(")fsgn) ) ‘
“VSWRM™ otherwise
(n) 0 if ™ > gl
F\) — ) n .
! no<—n7)7() otherwise (B.2)
Mo
W [0 o say
Fn — () o) .
“ S (59 otherwise (B.3)
GOG
Ntr
Froawe = 3 (B.4)

VSWR™, n™ and Gén) are the voltage standing wave ratio, efficiency

and ¢-averaged gain (linear) at elevation angle 90° — 6, calculated in the

nth frequency sample. Generally, s(()n), nén)and Gg;) are frequency-dependent



B.B.2 On-PEC NSA y excitation 171

thresholds, whose values depend on the system requirements. For what con-
cerns equations -, the penalty is zero when a requirement is met,
otherwise the penalty linearly increases with the distance from the threshold
value.

Gén) in 1) controls the ¢-averaged gain at different elevation angles
depending on the operating frequency. In , gain is optimized around the
zenith at lower frequencies to achieve NVIS links, and at the horizon in the
rest of the band.

M 9« f<10(MH

G 10< f <40 (MHz)

More complicated controls on gain requirements could be performed: for

instance, it could be useful to simultaneously optimize the gain at two dif-

ferent elevation angles or to obtain a good pattern uniformity at the horizon

for broadcast communications. In these cases, new functions will be defined
instead of (B.3)) and (B.5).

Ny and Ny, in (B.4)) are, respectively, the number of loading impedances

actually employed and the maximum number of loading impedances chosen.

It is worth noticing that all the functions in (B.1))-(B.4]) are defined to be
in the [0,1] interval.

B.2 On-PEC NSAjy excitation
Equations — define the normalized threshold functions in ((6.4]) and

refer to a fixed frequency.

B.2.1 Matching penalty Fyswr

1 X
Fyswr = N > DVswr (B.6)
i=1
; (@)
(i) . 0 if VSWRY < s
Pvswr = { VSWRW—so (4} orwise (B.7)
VSW R

N is the number of NSA ports, V.SW R refers to the ith port and sq is

a threshold value that has not to be exceeded.
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B.2.2 Horizontal gain penalty Fgy,

1 Mo
Fan = N n;lpah(%) (B.8)
0 if (¢, € BW)N (Ga(s,) > MLL)
0 if BW)N (G SLL
pen(o,) = MLL—Gp(¢,) 0. € )1 Gulen) < ) (B.9)

MLL if (¢, € BW)N(Gu(e,) < MLL)

G”((?:(—W if (¢, € BW)N(Gr(¢,) > SLL)

Ny is the number of ¢, points in the 27r-angle, G}, (¢,,) is the horizon-

tal gain (linear) computed in the point ¢,, M LL and SLL are thresholds
defining the desired level of the main lobe and of the side-lobes, respectively,
BW defines the desired angular region for the main lobe and BW is the
complementary angular region (BW = 27 — BW) for the side-lobes (see

Fig[6.4)).

Fyswr and Fgy, are defined to be in the [0,1] interval.

B.3 On-ship NSAy excitation

Equations (B.10)-(B.17)) define the normalized threshold functions in ([7.1))
and refer to a fixed frequency.

B.3.1 Matching penalty F

Fo— L350 (B.10)
=t
; 0 if VSWR®Y < s,
pfg) — ) VSWRO_s, : (B.11)
o . Otherwise

Np is the number of excited ports, VSW R® refers to the ith port and

Sp is a threshold value that has not to be exceeded.
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B.3.2 Uniformity penalty Fy

0 it Gerr > gru
Fv= { 9ru=CGErE  therwise (B-12)
9dTH
1 N
Ggrr = GayU, U= m > oule,) (B.13)
n=1
0 if @ < Gumax
v () = 1 H(¢n) 9w (B.14)
1 otherwise

Gr(o,,) is the horizontal gain (6 = 90°) along the direction ¢,,, Gprax is
the maximum value of the Gy curve and gy is a threshold value set on the
basis of the uniformity requirement with respect to the maximum gain (a
typical value is gy = 0.1). N, is the number of points where the azimuthal
gain is evaluated, U is the pattern uniformity, i.e. the percentage of the
whole azimuthal angle where Gy meets the uniformity requirement, G 4y is
the ¢-averaged value of Gy, and Ggpp is an effective average gain which
correctly penalizes those patterns that, although uniform in azimuth, exhibit
a low average gain. Finally, grg = urg - gay is a threshold value for the
effective gain Ggpp, where urg and gay are the desired values of the pattern

uniformity function U and of the average gain G 4y, respectively.

B.3.3 Horizontal gain penalty F4

1 Nae
A¢ n=1
0 if Gu(é,) > ga
B B.16
pa(¢,) { %f(%) otherwise ( |

Npy is the number of ¢,, points in the angular sector A¢, centered at the
¢, direction, where the horizontal gain Gy (6 = 90°) has to be maximized.
g4 is a threshold value establishing the desired gain level in such an angular

sector.
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B.3.4 NVIS penalty Fy

The definition of FYy is the same as F)y with the NVIS gain Gy (¢,,) at 8 = 10°
instead of Gy (¢,,).

B.3.5 Excited ports penalty Fy

N, -1
= B.1
- (B.17)
N, is the number of simultaneously excited ports and N is the total
number of ports of the NSA.

Fs, Fy, Fa, Fy and Fy are defined to be in the [0,1] interval.
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