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ABSTRACT This paper presents an antenna array organized in sub-arrays and composed of densely
spaced dielectric-based radiating elements. To reduce the number of active components required in the
array beamforming network, each sub-array consists of a single active element, directly fed, and several
passive reactively loaded elements. State-of-the-art implementations of such arrays are typically based on
rectangular air-filled waveguide radiators which provide a limited bandwidth and support a single linear
polarization only. By utilizing the dielectric-based radiators presented in this work, a significant increase in
the operating bandwidth of the array can be achieved. In this case, the aforementioned reactive loading is
implemented through short-circuited dielectric-filled waveguides. By optimizing the position of the short
circuits, the radiation pattern of the sub-array can be controlled and synthesized according to a given mask.
To create larger design flexibility, one can design the sub-array in the presence of the adjacent sub-arrays,
achieving in this way their effective overlapping. By employing the considered design technique, a sub-
array featuring flat-top radiation pattern characteristics in combination with low side-lobe levels and high
gain was developed, manufactured, and thoroughly analyzed. An additional benefit of such a design choice
is the possibility of supporting two orthogonal polarizations.

INDEX TERMS Dielectric, antennas, waveguides, overlapping, flat-top, reactive, loads, passive, sub-array,
arrays.

I. INTRODUCTION the relevant radiating elements, as well as on the type of

Modern satellite and terrestrial communication networks
require high flexibility and control in terms of radiation
pattern reconfigurability. At the antenna level, this can be
achieved by adopting active antenna array architectures
with electronically controllable beam-steering and multi-
beam capabilities [1], [2]. The radiation characteristics of
an antenna array depend on the position and excitation of
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adopted antenna technology. Although active antenna arrays
provide maximum performance flexibility, the relevant costs
of implementation and the required power levels are pro-
hibitive for most practical applications, even when arrays of
moderate size are considered [3]. In order to deal with these
limitations, various antenna array design architectures were
proposed [4], [5], [6], [71, [8], [9], [10], [11], [12], [13].

In the case where the required field of view (FoV) is
limited, a cost-effective antenna array solution can be realized
by combining the radiating elements in sub-arrays and using
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one transmit/receive channel per sub-array. The disadvantage
of such a configuration is the significant separation between
the phase center of the various sub-arrays that is typically
larger than half-wavelength at the frequency of operation, this
leading to the appearance of grating lobes unless these are
properly filtered by a flat-top radiation pattern at the level
of individual sub-array. Many radiating structures have been
proposed in the scientific literature to achieve flat-top radia-
tion pattern characteristics [14], [15], [16], [17], [18], [19];
however, due to their specific geometries [15], [19] and large
dimensions in combination with broad beamwidth [14], [16],
[17], [18], there is no easy way to adopt those as radiating
elements in an array structure, which is meant to deliver high
gain and grating lobe free radiation even though in a limited
scanning range.

To achieve effective control of the sub-array radiation char-
acteristics while maintaining a large aperture of the radiating
elements, the same radiating elements can be re-used in the
adjacent sub-arrays achieving, in this way, a sub-array over-
lapping. A comprehensive overview of antenna arrays with
sophisticated feeding structures enabling overlapping use can
be found in [4]. Moreover, a recent example of a feeding
network with overlapping functionality is presented in [7].
However, such a feeding network is very complex even for
arrays with a small number of radiating elements; hence,
this implementation concept has found limited application.
The complexity of the feeding network can be simplified
significantly by using array topologies consisting of both
directly fed radiating elements and parasitic passive elements
terminated on suitable loads. In such a configuration, the pas-
sive elements are fed via a free-space coupling mechanism.
Examples of such a configuration can be found in [5] and [6]
for dipole arrays whose beam-scanning characteristics are
controlled by adjusting loads of suitable parasitic elements.
In [10], [11], and [12], the radiated beam of waveguide
antenna arrays is shaped by reactive loading of parasitic
waveguiding elements. In a more recent study [13], com-
plex magneto-electric dipoles have been used to enhance the
antenna’s directivity.

In [20], we designed and realized an array of sub-
arrays composed of open-ended waveguide antenna elements.
In the considered design, the reactive loads were implemented
by parasitic waveguides terminated on short circuits and by
properly selecting the relevant length. In this way, we were
able to shape the radiation pattern of the individual sub-array
and control the scattering parameters at the corresponding
ports. The analysis of the radiation properties of a sim-
plified version of such a structure, composed of identical
passive metallic waveguide elements, is presented in [21],
where multiple electromagnetic radiation regimes involving
volume, surface, and leaky waves were identified for the
considered class of antennas. The increased complexity of
the radiating structure proposed in this study prevents the
application of the analysis methodology used in [21]. On the
other hand in [20], we have developed a coherent design
methodology for reactively loaded overlapping sub-arrays
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design which is not constrained by the shape and type of
the waveguides. The sub-array overlapping was also achieved
by taking advantage of the mutual coupling process which
occurs between adjacent waveguiding elements. The array
structure detailed in [20], however, suffers from a limited
operational bandwidth that reduces its practical use. To over-
come the aforementioned limitation, we propose here to use
reactively loaded dielectric-based radiating elements. As was
shown in [22], an additional benefit of such a design choice
is the possibility of supporting two orthogonal polarizations.

This paper is organized as follows. Section II presents the
framework of the semi-analytical design technique imple-
mented for the design of the reactively loaded sub-array.
Section III starts with the analysis of the performance of
the radiating element and justifies its choice. Next, a linear
array of 3-sub-arrays is designed and analyzed. Section III
concludes with a theoretical analysis of the performance
of a large array based on the previously designed sub-
array. In Section IV, the 3-sub-array prototype is pre-
sented, and its performance is compared with the theoretical
study of Section IIl. Concluding remarks are summarized
in Section V.

Il. METHODOLOGY

A schematic of an antenna array of randomly distributed
N, directly-fed active elements and N, reactively-loading
passive elements is shown in Fig. 1. The optimization of
the terminations of the various passive elements using a
full-wave electromagnetic (EM) solver is extremely time-
consuming. Therefore, to reduce the development time,
we exploit the semi-analytical design methodology devel-
oped by the authors in [20] that is summarized hereafter.

Aal|stalt 2l

Nl 1 N42 N3 NNl Niel

NN, N,

FIGURE 1. Schematic view of a reactively loaded antenna array [20].
According to [20], the frequency-domain distribution of

the total electric field E(0, ¢) radiated by the array structure
of Fig. 1 can be written as:
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with the superscript 7 denoting the matrix transposition and
the subscripts a and p referring to the active and passive
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elements, respectively. Besides, 6 and ¢ are the conventional
spherical angles.

In (1), the vector a, contains the excitation coefficients
of the active, directly fed, radiators, whereas the vectors

a(@ ¢) and Ep(9 @) are the electric fields radiated by
the active and passive elements, respectively. Moreover, the
matrices §p and S_ denote the blocks of the complete array
scattering matrix S that describe, respectively, the inter-
action between passive waveguides and the coupling pro-
cess between passive and active waveguides. Lastly, I,
Y, and h,, are diagonal matrices containing the reﬂectlon
coefflclents of the loads, the complex propagation coeffi-
cients, and lengths of the passive waveguides, respectively.
In addition, the scattering matrix of the directly fed elements
can be expressed as:

—2y h, _ -1
S,=8,+8.[@, ¢ B -5 ] 8T @

Here, S, is the block, in the complete array scattering
matrix S, that describes the interaction between directly fed
radiating elements.

By exploiting (1) and (2), the design of reactively loaded
sub-arrays can be accomplished following the procedure
hereafter:

1. Set the array topology and determine the minimum num-
ber Ns of sub-arrays needed to approximate an infinitely
large array environment for the central sub-array element
and fix the number of elements per sub-array Ng.

2. Determine the scattering matrix and the electric fields
radiated by the Ny x Ng elements forming the array
structure.

3. Choose a suitable optimization algorithm and set the
proper optimization goals selecting from the set of avail-
able optimization parameters [I,, Y, h,].

4. Use the central sub-array pattern as the embedded element
pattern for the design of arrays of any size.

Utilizing the proposed design procedure, a reactively loaded
array with a shaped radiation pattern and constrained scatter-
ing matrix characteristics can be developed and optimized.
The proposed design procedure has been implemented in
Matlab [23].

Ill. DESIGN

A. RADIATING ELEMENT

The choice of the radiating element plays a significant role
during the antenna array design stage. First of all, in order to
be able to shape the sub-array radiation pattern, the separation
between array elements has to be smaller than Ay/2, with Ag
being the free-space wavelength. In [20] and [24], we used,
as radiating elements, air-filled rectangular waveguides oper-
ating on their fundamental TEg; mode. This allowed us to
keep one of the waveguide dimensions small to densely place
the radiating elements and achieve efficient control of the
sub-array radiation characteristics. Although we were able
to design sub-arrays with nicely shaped radiation patterns
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and reduced active reflection coefficients at the selected
working frequency, the radiation pattern stability over the
frequency was rather limited. To overcome this limitation,
in this study we propose to use dielectric radiators, terminated
by dielectric-filled waveguides. The height of the dielectric
radiator is optimized in such a way to achieve maximal
radiation efficiency. For comparison reasons, the air-filled
rectangular waveguide antenna array structure is shown in
Fig. 2a, while in Fig. 2b an array of waveguides filled with
extended dielectric rods is presented. In addition, in Fig. 2,
the azimuth ¢ and elevation 6 angles are defined. The round-
ing radius of the corners of the air-filled waveguide cross-
sections is adjusted to achieve the same cut-off frequency
as obtained with the dielectric-filled waveguides. In both
configurations, the elements are excited by the TE(y; waveg-
uide mode. Table 1 presents the coupling levels between
the central radiator, labeled as “1”’, and the adjacent ele-
ments on one side of each sub-array presented in Fig. 2.
We can readily notice that the coupling levels achievable
with the dielectric-based design are typically much larger
than those obtained with the air-filled counterpart structure.
Furthermore, the dielectric-based radiators are characterized
by a reduced input reflection coefficient which translates into
a smaller quality factor of the short-circuited ‘“‘resonators”
used as loading elements.

5.05 mm

(®)

FIGURE 2. Three-dimensional view of the 11 x 1 antenna array of
a) air-filled waveguides b) dielectric-filled waveguides with extended
dielectric rods.

TABLE 1. Coupling coefficients between the central element and the
5 elements of one side of an 11 x 1 antenna array, fo = 20.0 GHz.

Si1[dB] |Sai[dB] |S5i[dB] |S4i[dB] |Ssi[dB] |Se [dB]
Air -7.11 -8.33 -1545 | -19.62 | -22.75 | -24.34
Diel. -15.95 | -14.19 -9.92  11.28 -14.28 | -18.74

B. SUB-ARRAY DESIGN

In the present work, the sub-array design procedure detailed
in [20] was utilized. Such a procedure starts with the choice
of the number Ns of integrated sub-arrays. To enable the
overlapping between adjacent sub-arrays, we need to use
Ns > 3. The simplest sub-array configuration which can be
adopted is the one where an individual central directly-fed
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element is integrated with multiple passive elements sym-
metrically placed on both sides. In this study, we target an
FoV of +8.5° around the broadside in combination with an
operational bandwidth BW = 500 MHz (19.7-20.2 GHz) at
a 10-dB return-loss level. To ensure that the grating lobes
are outside the FoV for all the scan angles, the sub-array
spacing has to be 3.42A¢ or smaller wherein the roll-off of
the relevant radiation pattern is properly accounted for [25].
Using the dimensions of the dielectric-based elements pre-
sented in the previous section while aiming for maximal sub-
array separation of about 2.5Ay, where Ay, is the wavelength
at the highest frequency of operation, we end up with a
sub-array consisting of 11 elements and having a length
L = 2.48\p. The selected separation places the first grating
lobe at £23.8° when the array is radiating along the broadside
direction and at —15.3° degrees for the maximum scan angle
6. = 8.5° [25].

The scattering matrix S of the 3 x 11 elements array
and the embedded radiated electromagnetic field distribu-
tions required for the application of the design algorithm
were evaluated using a Finite Element Method (FEM) solver
implemented in the commercial software CST Microwave
Studio [26]. The numerical results collected in this way were
then imported into a dedicated optimization tool, which relies
on the numerical algorithm described in [20]. The lengths
of the passive waveguide elements, l_1p, were chosen as the
design parameters in the sub-array optimization procedure
and the following objective function was built:

Dby, 6.
Yo (f’l_lp>=|:1_ (fvl—lp)H 96[191;2%00] D(f,l_lI;,Q)
Oe
~|[[p¢ 1,00~ D by 0] ao | @)
0

where D denotes the array directivity function and S 11,4 18 the
input reflection coefficient of the active element of the central
sub-array when the adjacent sub-arrays are terminated with
matched loads. In (3), the two terms in brackets control the
optimization of the array radiation pattern in terms of sidelobe
level (SLL) for 6 € [6sz, 90°] with 65y = 20° and in terms of
flatness within the FoV for 6 € [0°, 6,]. Since the considered
array is symmetric, we can confine the analysis to the angular
range 6 € [0, 90°]

Upon focusing on the three (lower, middle, upper) frequen-
cies fr = 19.7 GHz, fy = 20.0 GHz, and fy = 20.2 GHz, the
design procedure is turned into the solution of the following
minimization problem:

arg min I:_\IJO ( L hp) - lIJO (an hp) - \IJO ( H, hp)] )
OSEFSO.S)LX
4)

where A, = 10.1mm is the guided wavelength corresponding
to the TEg; mode of the dielectric-filled waveguide at the
working frequency, fy = 20 GHz. Thanks to the symmetry
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of the sub-array structure, the number of design parameters
is equal to half the number of passive waveguides.

The structure obtained by means of the presented design
procedure is shown in Fig. 3, and the relevant optimized
waveguide lengths are listed in Table 2, where the numbering
starts from the element immediately adjacent to the central
waveguide.

Matched

Matched Active

FIGURE 3. Schematic of the 3 sub-arrays array. Each sub-array consists of
11 radiating elements, one directly fed or terminated on a matched load
and 10 reactively loaded in a symmetric placement around the central
element.

TABLE 2. Waveguide lengths of the structure in Fig. 3.

ho h[ hz h3 h4 hi

[mm)] 5.05 | 0.85 0.03 3.81 1.09 0.00

[Ae]@20GHz | 0.5 0.084 | 0.003 0.377 | 01.08 | 0.000

To assess the overlapping effect, the central sub-array was
directly fed while the feeding waveguides of the adjacent sub-
arrays were terminated to their characteristic impedances,
as it is shown in Fig. 3, and the electric field distribution of
the central sub-array was analyzed at different frequencies
(see Fig. 4). Fig. 4 clearly shows a strong field coupling
process occurring across neighboring sub-arrays, especially
at the highest end of the operational band.

v/m
10000

9000
8000
7000
6000
5000

4000

3000

2000

1000

FIGURE 4. Electric field distribution along the cross-section of the
3-sub-array structure when the central sub-array element is excited at
(a) f; = 19.7 GHz, (b) fy = 20.0 GHz, and (c) fy; = 20.2 GHz.

Fig. 5 shows the E-plane directivity function at the
three frequencies of interest, while Fig. 6 shows the cross-
polarization discrimination (XPD) defined as co-polarization
to cross-polarization ratio along the E-plane for the sub-array
integrated as the central element in a 3-sub-array config-
uration at f; = 19.7 GHz, fy = 20.0 GHz, and fy =
20.2 GHz. The XPD characteristics displayed in Fig. 6 are
evaluated in the ideal case of the central sub-array fed by
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FIGURE 5. E-plane directivity function of the sub-array in standalone
configuration (dashed line) and integrated as the central element in a
3-sub-array configuration at (a) f; = 19.7 GHz, (b) fy = 20.0 GHz, and
(c) fy =20.2 GHz.

a pure TEp; mode, without any feeding and holding structure
included. One can notice that the designed antenna features
a very low cross-polarization component with the XPD level
being larger than 49 dB across the entire FoV.

The efficiency of the considered radiating structure is
shown in Fig. 7. As it appears from Fig. 7, the designed
sub-array features high radiation efficiency with a nearly
flat distribution having a maximal fluctuation level of about
1.3%. For completeness, the sub-array performance has been
evaluated, also, in the case of a lossless dielectric. By visual
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FIGURE 6. XPD, along the E-plane, of the sub-array integrated as the

central element in a 3-sub-array configuration at f; = 19.7 GHz,
fo = 20.0 GHz, and fy; = 20.2 GHz.
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FIGURE 7. Radiation efficiency of the sub-array integrated as the central
element in a 3-sub-array configuration.

inspection of Fig. 7, it is clear that the dielectric losses cause
a degradation of the radiation efficiency of up to about 10%.

C. SUB-ARRAY PERFORMANCE

In Fig. 8, the input reflection coefficient of the central sub-
array and the coupling coefficients relevant to the optimized
3-sub-array configuration are shown. Thanks to the symmetry
of the structure, the corresponding behavior can be character-
ized by means of a reduced number of scattering parameters.
Fig. 8 shows that the coupling level between sub-arrays is
lower than —20dB nearly across the entire band. On the other
hand, the magnitude of Sy; is somehow larger than —10dB at
low frequencies; however, it can be improved by integrating
a suitable impedance matching circuit.

A feeding structure consisting of a pin integrated into a
short-circuited waveguide parallel to the electric field of the
TEo; mode was adopted for the feeding of individual active
elements. The position of the pin along the waveguide and
its length were optimized in such a way as to enhance the
impedance matching across the entire frequency band. The
schematics of the feeding section is shown in Fig. 9, while
the relevant dimensions are listed in Table 3.

Two additional 0.5-mm holes were realized in the waveg-
uide structure so to make use of suitable tuning screws,
in order to be able to adjust the input impedance characteris-
tics after manufacturing. The distance between the waveguide
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FIGURE 8. Reflection coefficient and coupling level between sub-arrays
of the 3 x 11 antenna array structure of Fig. 3.
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FIGURE 9. Different cut-sections of the array feeding structure: (a) yz-cut,
(b) xz-cut, and (c) xy cut.

aperture and the center of the screw hole and the connector is
4.97 mm and 9.97 mm, respectively.

In Fig. 10 are presented the E-plane distributions of the
directivity function obtained for 3-, 5-, and 7-sub-array con-
figurations. One can readily observe that the integration
of the first two sub-arrays next to the central one has a
small but noticeable impact on the radiation characteristics.
On the other hand, the integration of the additional sub-
arrays produces rather marginal effects. In the light of this,
the directivity function of the central sub-array in the 7-sub-
array configuration was selected as the embedded directivity
function in the synthesis procedure of arrays of arbitrary size;
the relevant main characteristics are reported in Table 4 for
completeness.
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TABLE 3. Dimensions of the feeding structure.

L, 19.20 mm Lu 5.00 mm
L, 15.70 mm Li» 6.00 mm
Ls 14.20 mm Lis 2.90 mm
Ly 9.55 mm Lis 1.90 mm
Ls 4.70 mm Lis 1.50 mm
Ls 2.85 mm R, 4.06 mm
L, 2.00 mm R, 0.50 mm
Lg 1.30 mm R; 1.28 mm
Lo 4.85 mm Ry 2.60 mm
Lo 2.26 mm Rs 6.06 mm
15
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FIGURE 10. E-plane directivity function of the central sub-array
integrated in different array configurations at (a) f; = 19.7 GHz,
(b) fy =20.0 GHz, and (c) fy = 20.2 GHz.

In Fig. 11, the input reflection coefficient of the active
element of the central sub-array and the relevant coupling
coefficients to the adjacent sub-arrays are shown and
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TABLE 4. Radiation characteristics of the central sub-array of the array
consisting of 7 sub-arrays across the frequency band of interest.

f Duiom | D(6=0°) | D(6=8.5%) | D(6=153°) | SLL
[GHz] | [dBi] [dBi] [dBi] [dBi] [dB]
19.7 11.63 10.99 9.72 424 -12.21
20.0 11.74 11.01 10.59 3.68 -15.43
202 11.80 10.96 10.53 4.89 -15.84

compared when considering arrays of 3, 5, and 7 identi-
cal sub-arrays. As it can be noticed, a good impedance
matching has been achieved across the entire frequency range
of operation, with a slight degradation at the lower sub-
band. Fig. 11 shows, also, that the input reflection coef-
ficient remains practically unaffected when additional sub-
arrays are integrated thanks to the low coupling level between
sub-arrays. On the other hand, as the number of sub-arrays
increases from 3 to 5, a reduced impact on the Sy coeffi-
cient is observed. A further increase in the number of sub-
arrays, however, does not cause any noticeable change in
the coupling level between the central sub-array and the
immediately adjacent one. Here it is worth mentioning that
in the 7-sub-array configuration the coupling level to other
sub-arrays which are further apart from each other is well
below —35 dB. This clearly indicates that the surface wave
component excited by the central active waveguide element
does not propagate farther than the first adjacent sub-array.
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-24 =

A et
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28 F

o7 19.8 19.9 20 20.1 20.2
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FIGURE 11. Input reflection coefficient and coupling level in different
array configurations. The port numbering is according to Fig. 3.

D. CASE STUDY: ARRAY OF 57 SUB-ARRAYS

The use of the design sub-array in a large array configuration
is presented in this section. The case study concerns the
design of a linear array featuring a half-power beamwidth of
0.5° around the broadside direction in the relevant E-plane,
which requires an integration of Ng = 57 sub-arrays. In order
to properly account for the edge effects during the array
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FIGURE 12. Schematic representation of (a) 7 sub-array and
(b) 57 sub-array array structures inclusive of the relevant edge elements.
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FIGURE 13. E-plane radiation pattern of the array of 57 overlapping
sub-arrays of dielectric-loaded radiating structures at (a) f; = 19.7 GHz,
(b) fy =20.0 GHz, (c) fy = 20.2 GHz. The embedded radiation pattern of
the central sub-array at the considered frequencies is included as well.

design stage, the technique implemented in [24] was adopted,
and to this end, the considered 57-sub-array structure was
segmented as illustrated in Fig. 12.

In Fig. 13, the radiation pattern of the designed array
is shown for three relevant scan angles at the aforemen-
tioned frequencies f; = 19.7 GHz, fy = 20.0 GHz, and
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TABLE 5. Radiation characteristics of the 57-sub-array array.

Frequency | Scan Angle | Directivity | 1*Grating | 2" Grating
f[GHz] 0[] [dBi] Lobe [dB] | Lobe [dB]
0.0 28.56 -14.71 -13.36
19.7 4.0 27.89 -11.56 -12.11
8.5 26.88 -5.67 -11.77
0.0 28.58 -14.61 -16.91
20.0 4.0 28.10 -12.45 -15.70
8.5 27.74 -6.49 -16.42
0.0 28.52 -17.42 -18.62
20.2 4.0 28.13 -12.92 -16.25
8.5 27.66 -4.85 -17.22
0 I
i === o == = S
—H [=—=C| H—y 2
ﬁ ] 1o ‘:I
Y

(b)

FIGURE 14. Model of the manufactured array demonstrator:
(a) 3-sub-array cross-section, (b) isometric view of the array inclusive of
the mounting structure.

TABLE 6. Actual dimensions of the connectors in the realized prototype.

pin [mm] cover [mm]
Original, all 6.0 2.8
Port #1 591 32
Port #2 6.08 3.4
Port #3 5.92 3.23

Jfu = 20.2 GHz for three different scan angles. It is apparent
that the grating lobes are filtered effectively in the case of
broadside illumination for all three frequencies. However,
as the scan angle moves away from the 8 = 0° direction, the
first grating lobe moves closer to the boresight, this causing a
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Scattering Parameters (dB)

-25
= = +§1,1 Original 51,1 Modified =======51,1 Manufactured
— §- +52,2 Original —— 52,2 Modified —==-=-52,2 Manufactured
= == +53,3 Original 53,3 Modified ======= 53,3 Manufactured
-30
19.7 19.8 19.9 20 201 20.2

Frequency (GHz)

FIGURE 15. Reflection coefficient of the original array structure (solid
line), of the array demonstrator including the mounting structure shown
(dashed line), and of the array model with the actual dimensions of the
connectors integrated into the real-life prototype (dash-dotted line).

FIGURE 16. Prototype of the array of three sub-arrays of dielectric-based
reactively loaded waveguide antennas inclusive of mounting structure:
a) front view, b) right view, c) back view, d) top view.

decrease in the relevant rejection level in the measure of the
sub-array element pattern.

Table 5 summarizes the array characteristics at the con-
sidered frequencies. From Table 5, we can conclude that
the boresight directivity is nearly constant over the entire
frequency range of interest while having some decrease when
scanning. In addition, the rejection level of the first grating
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FIGURE 17. Measured (solid line) and simulated (dashed line)

(a) reflection coefficients and (b) coupling coefficients, of 3 sub-arrays
antenna array. The simulation model is based on dielectric parts with
relative permittivity ¢, = 10.23.

lobe degrades while scanning to the edge of the FoV. In prac-
tical applications, the scan range can be limited so to ensure
the required rejection level over the entire frequency band of
operation.

IV. PROTOTYPE
To validate the design concept proposed in this research
study, an array of three sub-arrays has been manufactured
and thoroughly studied. The relevant model, inclusive of the
mounting structure, is shown in Fig. 14.

The mounting structure consists of two metal pillars having
a length of 108.95 mm and a tapered profile with thickness
varying from 20 mm down to 2 mm. The feeding elements
of the array are directly attached to the supporting pillars
which, in turn, are fixed on a metal plate with dimensions of
97.85 mm x 106 mm x 5 mm. In order to increase reliability,
holes with a radius of 1 mm were realized in the center of
each short circuit wall, so to let air escape during the press-
filling process implemented for the fixation of the dielectric
rods inside the passive waveguides.

During the manufacturing process, some deviations
were noticed in the dimensions of the pins integrated in
the connectors. In view of this, the array model was modified
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FIGURE 18. Comparison between the measured and simulated E-plane
radiation pattern at (a) f; = 19.5GHz, (b) f, = 19.8GHz, and

(c) fy = 20.0GHz with the relative permittivity of the dielectric filling the
waveguide antenna elements set equal to ¢, = 10.23.

using the actual lengths for the pins (L5+Lg) and the dielectric
cover of the pins (L5 — L;3) indicated in Table 6.

The analysis with the new dimensions revealed that the
aforementioned manufacturing errors primarily affect the
impedance matching characteristics at the input ports (see
Fig. 15), whereas the coupling coefficients and radiation
patterns remain effectively unchanged.

Fig. 16 shows different views of the manufactured
prototype. The physical body of the array demonstrator is
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FIGURE 19. Measured (solid line) and simulated (dashed line) XPD of the
central sub-array of 3 sub-arrays antenna array at (a) f; = 19.5 GHz,

(b) fg = 19.8 GHz, and (c) f;; = 20.0 GHz. The simulation model is based
on dielectric parts with relative permittivity ¢, = 10.23.

made of aluminum and machined through a computer numer-
ical control (CNC) milling process. The feeding structures
have been manufactured separately and then mounted on the
main structure with screws. The supporting pillars have been
realized out of aluminum as well, whereas the base plate is
made out of stainless steel. The dielectric rods are milled
out of a dielectric sheet with relative permittivity &, = 10.0
(£5%).

The experimental measurements revealed a shift in the
frequency response of the array demonstrator. The reason
for such a shift is likely caused by the tolerance range of
+5% in the permittivity of the dielectric material used for
the fabrication. By numerical fitting, we concluded that the
actual relative permittivity is around &; = 10.23.

The measured scattering parameters of the array demon-
strator are shown in Fig. 17 and compared to those of the
updated simulation model with the fitted relative dielectric
constant. A residual deviation between measured and simu-
lated S11, S22, and S33 parameters can be observed. This is
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due to manufacturing inaccuracies which resulted in air gaps
in the feeding structure. On the other hand, the reported in
Fig. 18 measured and simulated radiation patterns success-
fully demonstrate the achievement of flat-top characteristics
over almost the entire frequency band of operation.

The measured XPD is shown in Fig. 19 and it is compared
to the equivalent figure of merit relevant to the complete
array inclusive of feeding and holding structures as shown
in Fig. 14 while accounting for the deviations between the
simulated model and the manufactured prototype. As can be
seen in Fig. 19, the inclusion of the feeding and the holding
structures results in a reduced XPD level of about 30dB,
in the worst-case scenario, across the main-beam region. The
measured XPD results tend to match the simulated XPD
behavioral trend, but are typically lower, although above
20dB across nearly the entire main-beam region with a small
additional degradation at 19.5 GHz.

V. CONCLUSION

A reactively loaded antenna array with enhanced bandwidth
characteristics was presented. The proposed design relies on
dielectric-based radiating elements which support enhanced
inter-element coupling which, in turn, translates into better
control of the sub-array characteristics. The manufactured
sub-array structure features a fairly stable flat-top radiation
pattern over an operational bandwidth of about 500 MHz,
from 19.7 GHz to 20.2 GHz. Relevant analyses revealed
a strong overlapping effect, occurring between sub-arrays,
which is instrumental to enhance the array directivity.
A three-element array based on the designed sub-array was
manufactured and characterized.

The flat-top radiation pattern behavior with low sidelobe
levels across the operating frequency band has been success-
fully demonstrated. The measurements showed the impor-
tance of accurate manufacturing of the feeding structure to
reduce performance deviations, especially in terms of input
impedance matching characteristics.
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