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Abstract: This paper proposes a novel high-gain antenna element that can be used in antenna arrays
that only require a limited scan range. Each high-gain antenna element uses a linear sub-array of
highly-coupled open-ended waveguides. The active central element of this sub-array is directly
fed, while the remaining passive waveguides are reactively loaded. The loads are implemented by
short-circuits positioned at various distances from the radiating aperture. The short-circuit positions
control the radiation pattern properties and the scattering parameters of the array. The proposed
sub-array antenna element is optimized in the presence of the adjacent elements and provides a
high gain and a flat-top main lobe. The horizontal distance between the sub-array centers is large
in terms of wavelengths, which leads to limited scanning capabilities in the E-plane. However,
along the vertical axis, the element spacing is around 0.6 wavelength at the central frequency that is
beneficial to achieve a wider scan range in the H-plane. We show that the sub-array radiation pattern
sufficiently filters the grating lobes which appear in the array factor along the E-plane. To demonstrate
the performance of the proposed array configuration, an array operating at 28.0 GHz is designed.
The designed array supports scan angles up to ±7.5◦ along the E-plane and ±24.2◦ along the H-plane

Keywords: phased arrays; high-gain array element; sub-array; mm-wave; flat-top pattern

1. Introduction

To support the growing demand for high data rates, the telecommunication industry is constantly
moving to higher frequencies where larger operational bandwidths are available [1]. However,
the propagation loss of radio-wave signals also increases significantly at millimeter-wave frequencies,
thus severely limiting the communication range. One way to deal with the increased path losses is to
compensate them by increasing the directivity using antenna arrays with electronic beamforming [2,3].
An alternative solution consists in the use of multibeam antennas which reduce the overall system
footprint and can enhance, significantly, the system capacity [4]. However, the cost of electronic
components required for the development of such a complex antenna system increases dramatically as
the frequency of operation becomes higher. Therefore, only small-size antenna arrays with moderate
directivities have been developed until now.

On the other hand, there are plenty of applications that require a very high antenna gain but
only over a limited field of view (FoV). Examples in this respect are given by point-to-point or
point-to-multipoint backhaul links and antennas for sub-urban coverage. For such applications,
one can use array elements characterized by a large aperture and, therefore, high directivity [5].
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This allows reducing the number of radiating elements needed to achieve the required gain levels.
In turn, this translates into reduced design complexity and manufacturing costs of the feeding network.
However, the use of radiating elements with large apertures leads to the appearance of grating lobes in
the visible region. The distance between the main lobe and the grating lobes is inversely proportional
to the distance between sub-array centers. Therefore, the inter-element spacing should be selected
in such a way to keep the grating lobes outside the field of view for all scan angles. To this end,
the aperture size should be restricted to certain dimensions. A useful design approach to overcome
this drawback, and which is implemented in this research study, is based on the use of overlapping
radiating apertures, i.e., the use of the same aperture for multiple feed points. In this way, we can
achieve the required levels of gain while maintaining the overall array compactness. Even though
overlapping techniques allow keeping grating lobes outside the FoV, the presence of grating lobes still
has, per se, certain adverse effects on the side-lobe characteristics of the overall array. More specifically,
in transmit mode, they can result in energy leakage along undesired directions that, in turn, can cause
a waste of power and potential electromagnetic interferences. In the receive mode, grating lobes can
cause the reception of spurious radio signals from undesired directions and, thereby, a degradation of
the signal-to-interference ratio. Therefore, appropriate measures have to be taken so as to minimize the
detrimental impact of grating lobes. The solution, adopted in this paper, is to filter the grating lobes by
the proper shaping of the embedded radiation pattern featured by the individual array element [5,6].

A number of techniques have been developed to reduce the distance between radiating apertures.
One can use a complex feeding network to distribute the energy of a port to multiple radiating
apertures, enlarging, in this way, the size of each radiating element. Nonetheless, the feeding network
becomes very complex even for a small number of array elements; therefore, this technique has found
limited applications, mostly in space [7,8]. Another approach consists in using partially reflective
surfaces placed above the array structure [9–11]. However, the reflective surfaces increase the height of
the structure and reduce its mechanical robustness.

In our previous work [6], we proposed a technique to reduce the separation between the phase
centers of a one-dimensional array so as to avoid the use of complex overlapping networks or reflective
surfaces. In the proposed design approach, each radiating aperture consists of a linear sub-array
composed of one directly fed open-ended waveguide radiator and a large number of short-circuited
highly-coupled waveguide elements. The energy is delivered to the passive waveguides by free-space
coupling and the sub-array structure is designed in such a way to deliver energy to the passive
elements of the adjacent sub-arrays as well. As a result, an effective overlapping between sub-arrays
can be realized without the use of any additional power distribution network. The positions of the
short circuits define the impedance experienced by the electromagnetic field coupled to the passive
waveguides. Due to the low loss of the waveguides, said impedance is mainly reactive. Therefore,
by optimizing the positions of short circuits, we can control the wave radiation process by the individual
passive waveguide and, in this way, shape the embedded sub-array radiation pattern as well as control
the active scattering parameters of the overall array structure.

In the present research study, we apply the technique proposed in [6] to the design of a planar
antenna array composed of linear sub-arrays. The embedded radiation pattern of the realized antenna
sub-array provides a limited scan range along the sub-array main axis (E-plane) but a substantially
larger coverage along the orthogonal axis (H-plane). The array presented in this paper operates at
Ka-band at 28.0 GHz, where several emerging wireless applications are being developed [12] but can
be easily scaled to any desired frequency.

This paper presents the following new scientific contributions:

• Extension of the overlapping technique based on free-space coupling to design a planar array.
The optimized array features high gain and requires a much smaller number of active elements as
compared to traditional phased-array systems.

• A theoretical framework to optimize and analyze the proposed class of arrays for any
specific application.
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The paper is organized as follows. In Section 2, we describe the design procedure, and introduce
the mathematical model used for the array optimization; the interested reader can find a more detailed
derivation of the model in [6]. In Section 3.1, we present an overlapping sub-array structure featuring
an embedded flat-top radiation pattern. Next, in Section 3.2 we use the designed subarray as a building
block for the development of a high-gain antenna array. The paper closes with the main conclusions
and future directions.

2. Method

Figure 1 shows a schematic of a reactively loaded antenna array consisting of Na directly-fed
waveguides and Np reactively loaded waveguides. The employed design procedure is general;
therefore, the active and passive elements can be randomly distributed across the array.
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Figure 1. Schematic view of a reactively loaded waveguide antenna array. 
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with the superscript T denoting the matrix transposition; the subscripts a and p refer to active and
passive elements, respectively. Besides, θ and ϕ are the conventional spherical angles.

In Equation (1), the vector a contains the excitation coefficients of the directly-fed array elements,

and
→

Ea(θ,ϕ),
→

Ep(θ,ϕ) are the vectors containing the electromagnetic field contributions radiated by
the active and passive elements, respectively. The matrices Sp and Sc are blocks of the scattering matrix
S, they are relevant to the entire structure and describe the interaction between the passive waveguides
and the coupling between the passive and directly fed waveguides, respectively. Finally, Γp, γ

p
, and

hp are diagonal matrices containing the reflection coefficient of the load, the complex propagation
constant, and the length of the passive waveguides, respectively.

In [6], it has been demonstrated that the scattering matrix of the active elements can be calculated
as follows:

S
′
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where Sa is the block matrix of S describing the interaction between active elements.
On the basis Equations (1) and (2), the design of the proposed type of arrays can be performed

using the following procedure:

1. Decide on the array topology and the minimum number of sub-arrays NS useful to approximate
a large array environment for the central sub-array.

2. Decide on the number of elements per sub-array, NE.
3. Obtain the scattering matrix and the embedded element patterns for all the elements of the

(NS × NE) × (NS × NE) array.
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4. Choose an optimization algorithm and select the optimization parameters.
5. Define the objective function on the basis of Equaitons (1) and (2).
6. After optimization, increase the array size by adding sub-arrays until there is no change in the

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

As it is apparent from Equations (1) and (2), the main optimization parameters are (Γp, γ
p
, hp),

which define the electrical length of the passive waveguides and their loading profile. The proposed
design procedure has been implemented in Matlab [13].

3. Design

3.1. Sub-Array Design

In this paper, we design a planar array built up from linear sub-arrays. The sub-arrays have to
support a wide scan range in the H-plane with a reduced scanning capability in the E-plane. The design
starts from the structure of Figure 2a, where a linear antenna sub-array of NE = 13 open-ended
waveguides is placed in an NA = 9 × 3 array configuration.
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Figure 2. (a) Planar NA = 9 × 3 array configuration using high-gain sub-arrays of open-ended
waveguides. The central sub-array is highlighted in green, whereas the relevant geometrical parameters
are reported in (b).

The length of the sub-array, L = 2.653λ0, with λ0 denoting the free-space wavelength, was chosen
in such a way as to achieve a FoV of about ±8◦. The choice of the length, lw = 0.6λ0, of the waveguides
is governed by the cut-off condition of the fundamental TE01 mode, that is lw > 0.5λ0. The width of
the passive waveguides, wp = 0.12λ0, the thickness of the walls, t = 0.0679λ0, as well as the relevant
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rounding radius of 0.8 mm were chosen so as to simplify the manufacturing process. Finally, the width
of the central waveguide, wa = 0.3λ0, is optimized in a way to achieve good impedance matching
characteristics. At the initial design step, the length of all the waveguides is set to 0.1λg, where λg

denotes the guided wavelength of the fundamental TE01 mode of the passive waveguides. At the
working frequency, f0 = 28.0 GHz, and for the specified waveguide dimensions, we get λg = 21.104 mm.

In a linear array, the angular position of the grating lobes is a function of the separation d between
antenna elements and the scan angle θ0, and is given by:

sinθp = sinθ0 +
pλ0

d
(3)

where p = ±1, ±2, . . . is chosen in such a way as to define an angle with real value, as per the condition
|sinθp| ≤ 1. The maximum scan angle of the array factor before the appearance of the first grating lobe
in the field of view is θp = −θ0.

Using Equation (3), we can evaluate the maximum theoretical scan range in the two main planes
of the array of sub-arrays in Figure 2, which is ±10.86◦ along the E-plane and ±48.47◦ along the H-plane.
Therefore, theoretically, in order to maximize the gain flatness and minimize the radiation to the
undesired directions, the sub-array embedded radiation pattern has to have a high gain flat-top shape
in the calculated scan range and should have a low gain outside this range. However, a radiation
pattern with such a jump discontinuity in the relevant gain distribution cannot be synthesized using
a limited-size array, unless we introduce a transition region which, however, reduces the maximum
scan range.

Therefore, on the basis of this observation, the flat-top region has been set to ±8.0◦ and ±40.0◦

along the E-plane and the H-plane, respectively. Additional design goals are enforced so as to achieve
maximal directivity along the boresight, low side-lobe levels (SLL < −15 dB) along the E-plane, and
high return loss combined with low coupling coefficients at the active ports of the array at the central
operating frequency. Equation (4) shows the objective function used for the optimization:
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}
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(4)

where the first term is to minimize S′1 j,a, j = 1,2, . . . , Na, and, in this way, optimize the scattering
parameters of the central sub-array. The second term maximizes the broadside directivity. The next
two terms are introduced to maximize the flat-top regions, with θh = 40◦ and θe = 8◦, along the H-plane
and E-plane, respectively. Finally, the last two terms are useful to minimize the directivity outside the
field of view along the E-plane, the relative directivity at the critical angle θc = 14◦, and the SLL for
θ ∈ [θSL, 90◦] with θSL = 20◦. The designed sub-array is symmetrical with boresight radiation pattern
characteristics along the z-axis. Therefore, we can confine the optimization process to the angular
range ϕ ∈ [θSL, 90◦]. Figure 3 shows graphically the defined angular regions.



Electronics 2020, 9, 1376 6 of 15

Electronics 2020, 8, x FOR PEER REVIEW 5 of 15 

 

denotes the guided wavelength of the fundamental TE01 mode of the passive waveguides. At the 

working frequency, f0 = 28.0 GHz, and for the specified waveguide dimensions, we get λg = 21.104 

mm. 

In a linear array, the angular position of the grating lobes is a function of the separation d 

between antenna elements and the scan angle θ0, and is given by: 

0

0sin sinp

p

d


    (3) 

where p = ±1, ±2,… is chosen in such a way as to define an angle with real value, as per the condition 

|sinθp| ≤ 1. The maximum scan angle of the array factor before the appearance of the first grating 

lobe in the field of view is θp = −θ0. 

Using Equation (3), we can evaluate the maximum theoretical scan range in the two main planes 

of the array of sub-arrays in Figure 2, which is ±10.86° along the Ε-plane and ±48.47° along the H-

plane. Therefore, theoretically, in order to maximize the gain flatness and minimize the radiation to 

the undesired directions, the sub-array embedded radiation pattern has to have a high gain flat-top 

shape in the calculated scan range and should have a low gain outside this range. However, a 

radiation pattern with such a jump discontinuity in the relevant gain distribution cannot be 

synthesized using a limited-size array, unless we introduce a transition region which, however, 

reduces the maximum scan range. 

Therefore, on the basis of this observation, the flat-top region has been set to ±8.0° and ±40.0° 

along the E-plane and the H-plane, respectively. Additional design goals are enforced so as to achieve 

maximal directivity along the boresight, low side-lobe levels (SLL < −15 dB) along the E-plane, and 

high return loss combined with low coupling coefficients at the active ports of the array at the central 

operating frequency. Equation (4) shows the objective function used for the optimization: 

   

 

0 1 , 0 0 0 0 0 0

1 0

0 0 0 0 0 0

0

0

,90
0

, , ( , , ,0 ) ( , , ,0 ) ( , , ,0 )

( , , ,90 ) ( , , ,90 ) 10 ( , , ,90 ) ( , , ,90 )

( , , ,90 )
min

( , , ,90 )

ha

e

SL

N
o o o

O p j a p p p p

j

o o o o

p p p c p

o

p e

o

p

f S f D f D f D f d

D f D f d D f D f

D f

D f





 

   

    







 

       


     






 



h h h h h

h h h h

h

h
,





 (4) 

where the first term is to minimize 1 ,j aS , j = 1,2,…, Na, and, in this way, optimize the scattering 

parameters of the central sub-array. The second term maximizes the broadside directivity. The next 

two terms are introduced to maximize the flat-top regions, with θh = 40° and θe = 8°, along the H-

plane and E-plane, respectively. Finally, the last two terms are useful to minimize the directivity 

outside the field of view along the E-plane, the relative directivity at the critical angle θc = 14°, and 

the SLL for θ ∈ [θSL, 90°] with θSL = 20°. The designed sub-array is symmetrical with boresight 

radiation pattern characteristics along the z-axis. Therefore, we can confine the optimization process 

to the angular range φ ∈ [θSL, 90°]. Figure 3 shows graphically the defined angular regions. 

D (E-plane)

θe θo θcθSL 90o

θ

 

D (H-plane)

θh θo 90o

θ

 

(a) (b) 

Figure 3. Graphical representation of the array radiation pattern mask along the (a) E-plane and (b) 

H-plane. 

Figure 3. Graphical representation of the array radiation pattern mask along the (a) E-plane and
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Utilizing the objective function defined in Equation (4), the design procedure is turned into the
solution of the following minimization problem:

argmin
0≤hp≤0.5λg

ΨO
(

f0, hp

)
(5)

Due to the symmetry of the considered sub-array structure, the number of design parameters is
equal to half the number of passive waveguides embedded in each individual sub-array.

The optimization procedure starts with the calculation of the embedded element patterns
and scattering matrix of an array of 9 × (3 × 13) elements. To this end, a suitable full-wave
electromagnetic solver is used [14]. The obtained results are then imported into an in-house developed
dedicated software that implements the proposed design procedure. Next, using Equations (1) and (2),
the objective function of Equation (4) is implemented. Then, the Global Search Optimization routine
embedded in Matlab [13] is adopted to address the minimization problem described by Equation (5).
The Global Search Optimization technique combines a global pattern-search-based optimizer with a
local gradient-based optimization algorithm. Details of the Global Search Optimization algorithm can
be found in [15].

The optimal positions of the short-circuits along the passive waveguides are listed in Table 1,
where the waveguides have been numbered starting from the closest one to the central active element.
A cross-section of the resulting array is shown in Figure 4.

Table 1. Passive waveguides lengths of the optimized structure.

Section Length h1 h2 h3 h4 h5 h6

Value in λg 0.196 0.205 0.193 0.0000 0.098 0.206
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The electromagnetic characteristics of the designed sub-array structure have been successfully
validated by using a full-wave solver [14]. After the optimization procedure, the number of sub-arrays
has been gradually increased until the radiation pattern of the central sub-array does not change
significantly any longer. Figure 5 shows the three main cuts of the embedded radiation pattern of the
central sub-array when integrated in 9 × 3, 11 × 5, and 15 × 9 array configurations.
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and 15 × 9 at the design frequency f0 = 28.0 GHz.

In Figure 5, one can notice a non-negligible change in the embedded radiation patterns along the E-
and D-planes when the array size is increased from 9 × 3 to 11 × 5 sub-array elements. More specifically,
even though the half-power beam-width does not vary along the H-plane, it differs significantly along
the other planes, by 0.3◦ along the E-plane and by 1.3◦ along the D-plane. Furthermore, a large deviation
of about 7.8 dB is observed in the sidelobe level along the E-plane. No meaningful performance
variations occur for further increases of the array size, i.e., to 15 × 9 elements. As a matter of fact,
the maximal difference inside the half-power beam-width along the various planes is about 0.1 dB,
whereas the deviation in terms of the sidelobe level is negligible. An additional investigation has
been performed on the active reflection coefficient of the central sub-array element in the 9 × 3, 11 × 5,
and 15 × 9 array topologies. As it appears in Figure 6, the active reflection coefficients featured by
the central elements of the 11 × 5 and 15 × 9 arrays show rather similar behavior but differ quite
significantly from the one obtained for the 9 × 3 array. On the basis of the reported results, the radiation
pattern of the central element of the 11 × 5 array has been selected as the embedded sub-array pattern,
whose main parameters are detailed in Table 2.
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Table 2. Embedded radiation pattern characteristics of the 11 × 5 array.

Cuts D(0◦) (dBi) BW(−3 dB) (◦) BW(−0.5 dB) (◦) SLL (dB)

H-plane 15.7 ±25.7 ±14.9 −18.2
E-plane 15.7 ±9.3 ±5.9 −17.8
D-plane 15.7 ±12.9 ±8.5 −17.8

From Figure 5b and Table 2, it can be concluded that the scan range along the E-plane is close to
the optimization objective, whereas a gap is observed in relation to the scan range along the H-plane.
The sub-array directivity for θ0 = 0◦ is 15.7 dBi, which is 2.3 dB higher than the nominal directivity
calculated on the basis of the physical aperture area Aap of the individual sub-array, that is:

Dap =
4π
λ2

0

Aap = 13.4 dBi (6)

We can conclude that the sub-array directivity has been enhanced thanks to the overlapping with
adjacent sub-arrays. This increase in directivity can be translated in a 41% reduction of the required
transmit power or, equivalently, a 23% reduction in the number of required sub-arrays. In order to
provide an insight into the process that is responsible for the enhancement of the directivity, the electric
field distribution over the radiating aperture of the 11 × 5 array is reported in Figure 7 when only the
central sub-array is active and the other sub-arrays are terminated on matched loads.
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Figure 7. Calculated electric field distribution of the central sub-array when all other sub-arrays are
matched in the 11 × 5 array at the design frequency f0 = 28.0 GHz.

From Figure 7, it can be seen that the electric field propagates in a very effective way towards
adjacent sub-arrays virtually in all directions. Effectively, all the sub-arrays contribute, to some extent,
to the electromagnetic field radiation process. This mechanism enables the sub-array overlapping and,
from there, the mentioned directivity enhancement and capability of synthesizing complex-shaped
radiation pattern. It should be noted however that, while propagating, the electromagnetic field
gradually decays and eventually displays a limited intensity along the edge elements of the array.
This is the reason why a further increase in the number of sub-arrays (beyond the size of 11 × 5) does
not significantly affect the central sub-array characteristics.In Figure 8, the embedded radiation pattern
of the central sub-array of the 11 × 5 element array is presented in the uv-plane, where u = sinθcosϕ
and v = sinθsinϕ.
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Figure 8. Embedded element pattern of the optimized sub-array at the center of the 11 × 5 array,
displayed in the uv-plane, where u = sinθcosϕ and v = sinθsinϕ. The black and white solid lines
encircle areas with a level higher than−15 dB and−3 dB compared to the maximum value. All presented
results are obtained at the design frequency f0 = 28.0 GHz.

Figure 8 shows that the areas where the SLL is larger than −15 dB are outside the region
defined by the vertical dotted lines. This region identifies the angular sector where the grating lobes
would occur assuming that the considered sub-array is used in a uniform planar array configuration.
The performance of such an array can be estimated by analyzing the embedded sub-array pattern
presented in Figure 8. Along the H-plane, the grating lobes are outside the visible region over the
entire scan range. However, along the E-plane, the grating lobes are inside the visible region. In order
to achieve a 10 dB grating-lobe rejection level, we have to limit the scan range to ±8.7◦. On the other
hand, if a 15 dB grating-lobe rejection level is enforced, the scan range shrinks further to ±6.5◦.

The active voltage standing wave ratio (VSWR) versus frequency and scan angle of the central
sub-array of the 11 × 5 array configuration is shown in Figure 9.
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Figure 9. Active voltage standing wave ratio (VSWR) versus frequency and scan angle for (a) H-plane
and (b) E-plane of the central sub-array of the 11 × 5 array.

Figure 9 shows that the designed sub-array is intrinsically matched, though the relevant impedance
matching band shifts with the scan angle. The maximum scanning range can be obtained on the basis of
application-specific requirements for active VSWR and bandwidth. In case, where broadband behavior
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is needed, the integration of a suitable impedance matching network can be explored. The design of
such a matching network is outside the scope of this work.

3.2. Array Design

In this section, we use the designed sub-array to realize an antenna array that features a rotationally
symmetric mainbeam with a high directivity level of at least 46 dBi. To achieve these goals, a planar
array of 65 × 19 elements is required. The simplest approach to the design of such an array would
be to adopt the same embedded radiation pattern of the central sub-array analyzed in the previous
section for all the array elements. However, this approach would not account for the fact that the edge
elements experience different surroundings and, therefore, are characterized by different embedded
radiation patterns. A more accurate design approach consists in the use of the embedded radiation
pattern of the edge elements of the small array as an approximation of the one relevant to the edge
elements of the large array, as illustrated schematically in Figure 10.
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Figure 10. Schematic representation of the transformation from (a) small array with 11 × 5 sub-array 

elements to (b) a large array of 65 × 19 elements. In (a) each block represents a sub-array placed in the 

specific location. In (b) the various blocks represent sub-domains (with dimensions indicated into 

brackets) synthesized using the relevant embedded sub-array patterns in (a). The green blocks are 1 

× 1 sub-arrays. 

The scan characteristics along the two principal planes of the resulting 65 × 19 array are 

illustrated in Figure 11. The achieved boresight directivity level is 46.5 dBi, which is 0.1 dBi smaller 

than that displayed by the 65 × 19 array when the embedded radiation pattern of the central sub-

array is used for all the elements and, therefore, the edge effect is neglected. It is worth noting, also, 

that the edge effect causes faster decay of the array mainbeam with the scanning angle, as it can be 

observed in Figure 11. In the absence of the edge effect, the array mainbeam would follow the profile 

of the central sub-array pattern. This non-ideality is responsible for a reduced scan range, which can 

be quantified as 7.5° in the E-plane, and 24.2° in the H-plane. 

Figure 10. Schematic representation of the transformation from (a) small array with 11 × 5 sub-array
elements to (b) a large array of 65 × 19 elements. In (a) each block represents a sub-array placed in
the specific location. In (b) the various blocks represent sub-domains (with dimensions indicated into
brackets) synthesized using the relevant embedded sub-array patterns in (a). The green blocks are
1 × 1 sub-arrays.

The transformation from the 11 × 5 to the 65 × 19 array configuration is performed as follows:

1. The radiation pattern of the central element of the 11 × 5 array (red element in Figure 10a is used
to synthesize the central 55 × 15 sub-array (highlighted in red in Figure 10b).

2. The elements highlighted in orange in a are used to synthesize the corresponding domains with
55 × 1 sub-arrays highlighted in orange in Figure 10b.

3. Similarly to step 2, the blue elements in Figure 10a are used to synthesize the domains of 1 × 15
sub-arrays highlighted in blue in Figure 10b.

4. Finally, the remaining green elements in Figure 10a are used as is to complete the 65 × 19 array
in Figure 10b.

The scan characteristics along the two principal planes of the resulting 65 × 19 array are illustrated
in Figure 11. The achieved boresight directivity level is 46.5 dBi, which is 0.1 dBi smaller than that
displayed by the 65 × 19 array when the embedded radiation pattern of the central sub-array is used
for all the elements and, therefore, the edge effect is neglected. It is worth noting, also, that the edge
effect causes faster decay of the array mainbeam with the scanning angle, as it can be observed in
Figure 11. In the absence of the edge effect, the array mainbeam would follow the profile of the central
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sub-array pattern. This non-ideality is responsible for a reduced scan range, which can be quantified
as 7.5◦ in the E-plane, and 24.2◦ in the H-plane.
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Figure 11. The radiation pattern of the 65 × 19 array for various scan angles along the (a) H-plane and
(b) E-plane. The figure also includes the embedded radiation pattern of the central sub-array of the
11 × 5 array, sub-array factor (SF).

To show the impact of the edge effect on the side-lobe level characteristics, the array radiation
pattern evaluated using the proposed design approach for the scan angles of 25◦ and 7.5◦ along the
H- and E-plane, respectively, has been compared against the corresponding one obtained when the
radiation pattern of the central sub-array is used for all elements of the array; therefore, the edge effects
are neglected (see Figure 12).
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Figure 12. Comparison of the radiation pattern of the 65 × 19 calculated by the proposed approach
(solid line) versus an approach that assumes identical embedded radiation (dotted line) for the
(a) H-plane and (b) E-plane. The figure also includes the embedded radiation pattern of the central
sub-array of the 11 × 5 array (SF).

As it can be noticed in Figure 12, neglecting the edge effect leads to an overestimation of
the main-beam directivity, by 0.7 dB in the H-plane, and by 1.6 dB in the E-plane, respectively.
The deviation along the E-plane is more noticeable because of the smaller number, 19, of sub-arrays
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in that direction, as compared to the number of elements, 65, along the H-plane. Another effect of
the edge elements that can be observed in Figure 12 is relevant for the increase of the sidelobe levels,
by about 14.6 dB for θ '−25.0◦ along the H-plane, and by about 7.5 dB for θ '−7.5◦ along the E-plane.
The performed comparison clearly shows the importance of including the edge effects in the analysis
of the array performance.

The filtering effect of the sub-array factor for various scan angles is visualized in Figure 13e–h.
For comparison, the array factor of a 65 × 19 array is presented in Figure 13a–d. Figure 13a–d shows
the array factor of a 65 × 19 array for various representative scanning angles. The array elements are
excited with uniform amplitude, whereas the phase tapering is optimized so to steer the array beam
along the desired direction. Because of the large distance between array elements along the u-axis,
grating lobes appear. On the other hand, the array element separation along the v-axis is smaller than
0.6λ0 that is instrumental in keeping the grating lobes outside the visible region, as per Equation (3),
for the targeted scanning range. Figure 13e–h shows the filtering effect on the sub-array radiation
pattern that is useful in the suppression of undesired grating lobes. It is worth mentioning that even
though the sidelobe level of the embedded sub-array pattern is very high in some specific directions,
as is shown in Figure 8, the radiation pattern of the total array has a sidelobe level below −30 dB, at the
specified directions. This performance is achieved thanks to the fact that the array scanning is restricted
to the angular region defined by the contour line at −3 dB level. Therefore, it has been shown that the
requirement on the sub-array side lobe level can be relaxed for certain directions which are defined by
the scan range of the full array. Finally, due to the uniform amplitude excitation, the side-lobe level of
the total radiation pattern is about −13.27 dB. If further sidelobe level reduction is required, a suitable
amplitude tapering scheme of the array excitation has to be adopted [16].
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4. Conclusions

In this work, we have proposed a novel antenna array architecture based on high-gain linear
sub-arrays. An array structure has been designed so to achieve a directivity of 46.5 dBi, which is 2.2 dB
higher than the corresponding 100% aperture efficiency limit. This performance has been obtained
by exploiting the overlapping of multiple linear sub-arrays. The individual sub-array has a length
of 2.653λ0 which might lead to the appearance of grating lobes while scanning. This non-ideality,
however, has been properly taken into account during the design stage. As a matter of fact, the grating
lobes are filtered by a proper shaping of the embedded element pattern of the sub-array. It has been,
also, demonstrated that, for an accurate prediction of the array characteristics, it is key to properly
model the edge effects. The inclusion of the edge effect limited the array scan range from ±9.3◦ to
±7.5◦ along the E-plane and from ±25.7◦ to ±24.2◦ along the H-plane, respectively. We have shown
that the antenna array is intrinsically matched, though the relevant impedance matching band shifts
with the scan angle. To mitigate this drawback, the integration of an external impedance matching
network can be considered. The proposed design supports a single linear polarization. Although
this might be sufficient in several operative scenarios, there are a large number of applications where
simultaneous support of two polarizations is required. To achieve dual-polarization operation, suitable
radiating elements have to be utilized. One example of such an element is the square dielectric-filled
waveguide operating in TE01 and TE10 modes simultaneously. Another area for further improvement
is the extension of the bandwidth of the proposed design. One way to achieve such an extension is to
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investigate alternative choices for the radiating elements. Another option, especially if a wide-band
operation is required, is to use active non-foster loads as waveguides terminations [17,18]. By enabling
dual polarization and broadband behavior, one can develop multibeam/multicolor arrays based on
the proposed reactively loading approach. In this case, the coloring can be performed on the basis of
polarization and frequency separation [19].

Some general properties and implementation schemes for linear and planar arrays organized in
overlapped subarrays can be found in [20].
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