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Abstract— A novel strategy for the design and optimization of 

large-scan phased arrays is proposed. Active electronically beam-

scanning antennas offer an unparalleled set of degrees of freedom, 

but they can be expensive, require complex radiofrequency 

frontends, a suitable thermal management and generally undergo 

a loss in directivity due to the pattern shape of the unit radiating 

element. A solution to these problems can be offered by an 

approach that reduces the number of transmit/receive modules 

(TRMs) and phase shifters (PSs) by a simple and fast clustering 

strategy based on Penrose tessellation that operates on the regular 

lattice of the radiating elements. More importantly, the proposed 

scheme adopts a mixed-mode element factor that proves to be 

effective in guaranteeing a remarkable scan efficiency and 

robustness with respect to array elements failures. The 

optimization process aims to maximize the minimum gain along 

the main beam during the scan as well as minimizing the peak 

sidelobe level (PSLL), while reducing the number of TRMs. 

 
Index Terms—Penrose tiles, triangular lattice, phased array 

antenna, multiobjective optimization, wide angle scan.  

I. INTRODUCTION 

ver-increasing system performance requirements for 

wireless communications push the development of 

radiating platforms offering flexible, reliable, and cost-effective 

solutions [1]–[4]. Important features can be represented by 

adaptive properties offered by a single antenna able to 

reconfigure its operative frequency [5]–[7], radiation pattern 

[8]–[11], or polarization [12], [13]. Active electronically beam-

scanning antennas are also a fundamental asset in the new 

communications paradigms [14]. Indeed, wide beam scanning 

range to provide a viable communication and fulfil the systems’ 

needs, such as reliability and spectral efficiency represents an 

essential feature in most of the modern wireless systems and 

certainly will represent a key factor in driving their evolution 

with the advent of future 6G wireless technologies [15]. In a 

fully populated array (FPA) it is possible to independently 

control both feeding amplitude and phase of each radiating 

element by using a dedicated transmit/receive module (TRM), 

a solution that provides an excellent control of the radiated 
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pattern at the price of a high cost. This architecture also requires 

for each individual antenna a phase shifter (PS) as well as a 

power amplifier (PA), thus furthering increasing the cost but 

also the overall loss determined by the high number of PSs and, 

possibly, a critical thermal and footprint management of the 

radiofrequency frontend [14]. Moreover, phased arrays undergo 

a decrease in directivity when large scan angles are approached 

due to the element factor, which is typically a cosine function 

[16]. These critical factors suggest seeking for other options 

than a FPA that can mitigate their downsides. An aperiodic 

arrangement of the array elements can help in coping with some 

of the aforementioned problems [17]–[20], although it can 

require complex feeding networks. The reconfigurability of the 

single element radiation pattern during the main beam scan can 

be introduced as an additional design resource [21], [22]. 

However, a pattern-reconfigurable element needs diodes or RF 

switches that cause a decrease of the overall system 

performance due to the insertion loss of the active element with 

respect to a static one.  

The cost reduction and power saving goals can be achieved 

by the reduction of the TRMs number, since they count for 

almost half of the cost of a phased array [14]. To achieve this 

goal the array radiating elements lying on a regular and periodic 

lattice are grouped into different tiles or subarrays fed by a 

single TRM. A phased array can therefore be divided into 

identical and contiguous subarrays. However, although this 

approach eases the array manufacturing, reducing the cost and 

the power consumption with respect to an FPA, it can undergo 

limitations in angular scan range due to the onset of grating 

lobes inside the visible region [16] determined by the subarray 

periodicity. Overlapped subarrays have been investigated to 

overcome this drawback, [23], [24] but they need cumbersome 

feeding network, especially at millimeter wave frequencies 

[25], and may have limited scan. Irregular subarray partitions 

have been proposed [26]–[30] with the aim of maintaining 

acceptable the feeding network complexity, but at the same 

time preserving the wide-angle beam scanning capability. In 

fact, the aperiodicity introduced at the subarray level avoids the 

appearance of grating lobes and keeps at a reasonable level the 
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radiation pattern lateral lobes. However, it has to be noticed that 

sometimes the computational cost of individuating the most 

suitable partitioning scheme can be considerable since the 

irregular partition of a phased array is an open-ended problem 

[31], [32]. Recently, a clustering technique exploiting the 

Penrose tessellation for the partitioning of a periodic phased 

array into irregular subarrays has been proposed [33] as a 

solution for overcoming or mitigating the FPA critical issues. 

The Penrose element arrangement can easily provide irregular 

partitions of arrays with elements on a regular lattice by 

exploiting a tessellation obtained with a deterministic 

procedure. The number of TRM and PS is clearly reduced 

because of the partition policy that consider a single PS for each 

subarray.  

The proposed work aims to address the directivity scan loss 

in the framework of multiobjective optimization problem aimed 

to maximize the minimum gain along the main beam direction 

during the scan as well as minimizing the peak sidelobe level 

(PSLL) and the number of TRMs but, at the same time, 

avoiding the use of RF switches. The envisioned approach is 

based on the use of two different radiating elements that exhibit 

a static radiation pattern. It is worth mentioning that this is the 

first time that a static mixed-antenna element pattern has been 

exploited in the design of phased arrays. 

The paper is organized as follows. Section II describes the 

procedure that provides the irregular array partitioning by using 

the Penrose tessellation and introduces the exploitation of two 

different antenna elements with static radiation patterns. The 

assessment of the achievable performance and the benefit 

offered by the proposed array configuration are reported in 

Section III for two different scenarios, namely the former 

requiring an angular scan up to 60° and the latter going up to 

75°. Section IV offers a statistical analysis of the mixed-

element configurations and the average performance of an array 

employing a mixed-element pattern with respect to a single one. 

The robustness of the proposed design approach is also tested 

by considering the failure of up to four TRMs (i.e., four 

subarrays) and final conclusions are drawn in Section V. 

II. IRREGULAR PARTITIONING WITH MIXED ANTENNA 

ELEMENT FACTORS DESIGN STRATEGY 

The radiation pattern (RP) radiated by a subarrays-based 

phased array comprising Q tiles number lying on xy plane is 

equal to: 
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where u = sin( )cos(), v = sin( )sin(),  =2/0 is the 

wave number, Iq, q and Nq represent the amplitude, the phase 

and the number of radiating elements of the qth tile, 

respectively, Eq,n (u,v) the nth element radiation pattern within 

the qth tile, whereas xq,n and yq,n are the related antenna element 

geometrical coordinates that depend on the employed array 

lattice. The radiation element phase (q) related to the qth 

subarray, and hence to all the radiating elements (Nq) belonging 

to the selected subarray, depends on its centroid (xq,0, yq,0) to 

steer the main beam in the desired direction (0,0) as follows: 

 ( ) ( ) ( ) ( ),0 0 0 ,0 0 0sin cos sin sinq q qx y      = + 
 (2) 

In the proposed design strategy, the benefit of adopting an 

aperiodic tessellation capable to cover a plane with a 

deterministic policy [34] has been exploited to provide irregular 

partitions of a phased array. Indeed, in general, the subarrays-

based phased arrays allow considerably reducing both the cost 

and the array architecture complexity by providing a more 

balanced cost and performance trade-off. Specifically, the 

version known as “thick and thin” composed by a pair of 

isosceles triangles, namely with internal angles 36°, 36°, 108° 

and 72°, 72, and 36° that are able to cover a plane without 

overlaps or gaps, has been exploited for the phased array 

partitioning optimization.  

In addition to the clustering technique based on a Penrose 

tessellation, in order to extend the scanning range, the selection 

of one between two alternative radiation patterns for all the 

phased array radiating elements is exploited. Specifically, two 

possible radiation patterns for each radiation element can be 

selected, namely a patch-like (EF1) or a monopole-like (EF2) 

one, as follow: 
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where the exponent 3.5 for EF2 has been selected to 

guarantees the same antenna element factor maximum gain of 

6 dBi. The employed mixed antenna element factors as a 

function of the  angle are shown in Fig. 1. 

 
Fig. 1. Example of the two considered element radiation patterns as a 

function of  angle. 

As it can be seen, the patch-like mode presents a maximum 

radiation toward   = 0° whereas the monopole-like element 

factor is characterized by a maximum radiation at  = 60°. 

Some examples of antenna design with radiated fields shape 

quite similar to the adopted ones, namely a patch-like (EF1) or 

a monopole-like (EF2) mode, are reported in [35]–[37]. It is 

worth mentioning that the novelty addressed in this paper is not 

mainly related to the two alternative radiation patterns shapes 

shown in Fig. 1 (EF1 and EF2). In fact, they are used just as 

example to emphasize the potential radiative performance of 

the proposed phased array architecture based on a mixed 

element factor. Therefore, in general, according to the operative 

scenarios and the required system needs, different mixed 

This article has been accepted for publication in IEEE Transactions on Antennas and Propagation. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TAP.2023.3340866

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

3 

antenna element factors could be employed. 

The novel clustered-based phased array architecture 

employing mixed antenna element factors is generated through 

a recursive algorithm as follows: 

1) define the isosceles triangular side length L and overlap the 

Penrose tessellation vertexes with the regular and periodic 

phased array lattice; 

2) create a list with the antenna elements that can be used for 

the phased array partition. At the beginning, the list 

contains all the antenna elements of the array; 

3) generate two binary variables xn and ym 𝜖{0,1}, where xn 

(n = 1,…,K) being K the total number of vertexes of the 

tessellation, and ym (m = 1,…,N) being N the total number 

of antenna elements. ym defines the antenna elements 

radiation pattern of the array, i.e., ym = 1 for EF1 whereas 

ym = 0 for EF2. 

4) call a recursive partition function for all the selected vertex 

xn = 1 by starting from the first one in the list: 

a. identify all the isosceles triangles of the 

tessellation that have in common the picked 

vertex, 

b. all the antenna elements of the periodic array 

inside the selected isosceles triangles form a 

subarray, 

c. remove the selected antenna elements of the 

periodic array from the list of the available 

antenna elements for the phased array partition. 

5) if the list of the available antenna elements for the phased 

array partition is not empty, assign a single element 

subarray for all the elements. 

 
(a) 

 
(b) 

Fig. 2. Penrose tessellation of the array: (a) triangles of the “thick and thin” 

version of Penrose, where the variable τ represents the ratio of the area of 
both triangles and (b) example of a possible tessellation where red squares 

refer to the triangular periodic element lattice whereas the black crosses ones 

to the Penrose’s triangle vertexes. The grey squares are the patch-like 
elements, whereas the triangles are the monopole like ones.  

For better clarify the algorithm used for the synthesis of the 

proposed clustered-based phased array architecture, an example 

of partition of an array composed by 8×8 elements arranged in 

a triangular lattice is shown in Fig. 2. In particular, the two 

triangles of the “thick and thin” Penrose tessellation are 

reported in Fig. 2a whereas the red squares and the black cross 

ones refer to the regular and periodic triangular lattice array and 

the vertexes of a Penrose’s tiles, respectively (Fig. 2b). 

Moreover, both the interelement spacing among antenna 

element and the Penrose’s isosceles triangles sides length L is 

equal to 0.5 0. In the first three iterations of the algorithm of 

Fig. 2 the highlighted areas (i.e., red, green and blue) host the 

antenna elements that form the three different subarrays. They 

are realized from the picked Penrose’s triangle vertex through 

the binary variable xn, xn+1 and xn+2. Meanwhile, the binary 

variable ym defines the antenna elements radiation pattern of 

whole array (i.e., grey triangles for the monopole-like, grey 

square for patch-like). It is worthwhile to mention that in the 

clustered-based phased array multiobjective optimizations, the 

selection of one of the two alternative radiation patterns, 

through the binary variable ym, is not subject to any constraint 

or selection policy. Therefore, each phased array partition 

layout, as well as in every single tile, could host elements factor 

with the numerosity and ratio guided by the Pareto front 

algorithm. However, in case of some radiative constraints, such 

as the minimum array gain value at broadside direction ( = 0°), 

some selection policies could be introduced in the Pareto 

optimization problem. 

In the following sections it will be highlighted as the 

Penrose’s triangle sides length L and the mixed antenna element 

factor affect the radiation performance while reducing the 

number of TRMs. It is worth noting that, in the following, since 

the mutual coupling among radiating elements is more related 

to a particular antenna array design perspective instead of the 

addressed theoretical study, the arrays performance are 

evaluated under the assumption of identical element factors 

(i.e., EF1 and EF2) for all the corresponding radiating elements. 

III. 16×16 SUBARRAY-BASED PHASED ARRAY WITH MIXED 

ANTENNA ELEMENT FACTOR 

The novel strategy for improving the performance of a large-

scanning phased array has been applied to the case of a 16×16 

array of radiating elements arranged in a triangular lattice with 

an interelement spacing of 0.5 0. The 16×16 phased array 

optimization has been carried out by exploiting the multi-

objective algorithm based on the Pareto dominance concept 

[38] implemented in MATLAB. Specifically, the parameters 

defined in a-priori set are: (i) the total number of phased array 

elements (N), (ii) phased array lattice (i.e., triangular) and 

element spacing (0.5 0), (iii) side of the Penrose tessellation 

(L) and (iv) the angular scan region. The parameters to be 

optimized (i.e., the search space) are: (i) the vector X that 

determines the tessellation and (ii) the vector Y that determines 

the kind of array element. The conflicting objectives of the 

Pareto optimal solutions are: (i) maximizing the minimum array 

gain along the main beam direction evaluated inside the 

t L

L L

36° 36°

108°

L L

L/t
72° 72°

36°

xn=1xn+2 =1

ym=0

ym+1=1

xn+1 =1
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predefined scenario where the phased array can steer, (ii) the 

number of subarrays (i.e., feeding points or TRMs) as well as 

(iii) the peak side lobe levels (PSLL) in the visible region. A 

flowchart describing the Penrose clustered phased array 

optimization based on the Pareto dominance concept is depicted 

in Fig. 3. 

 
Fig. 3. Flowchart describing the Penrose clustered phased array 

optimization based on the Pareto front algorithm. 

In the following, two operative scenarios comprising a 

predefined circular scanning area in the uv plane with a 

maximum steering angle of 60° and 75° have been considered 

to assess the novel phased array architecture.  

A. Case 1: Maximum Steering Angle of 0 = 60° 

In this subsection, a circular scenario with a maximum steering 

angle of 0 = 60° is considered. By using the algorithm described 

in Section II, the two Pareto fronts that highlight the trade-off 

among the three conflicting objectives, namely minimum array 

gain, number of subarrays and the PSLL as a function of the 

number of subarrays, are reported in Fig. 4 for different values of 

the triangle side length L. To implement the partition of the array, 

a uniform amplitude excitation at the subarrays’ level has been 

considered [33]. More in detail, Fig. 4 compares two Pareto 

fronts by considering the mixed-mode antenna reported in Fig. 1 

(i.e., patch-like and monopole-like patterns) and a single-mode 

antenna element factor by employing only EF1 (i.e., patch-like 

only). As expected, the phased array undergoes a decreasing of 

the minimum gain achievable along the main beam during the 

scan inside the visible region for both approaches by reducing the 

number of subarrays. However, the dual-mode antenna element 

factor allows enhancing the minimum value of the achievable 

array gain, hence reducing the scan loss. Specifically, for large 

number of subarrays (higher than 170 TRMs) the two Pareto 

fronts differ in gain about 0.6 dB. However, reducing the number 

of irregular and contiguous subarrays causes a higher and higher 

gain difference in favor of the phased array with mixed-antenna 

element factors. The largest difference between the minimum 

gain offered by the two strategies is more than 2 dB in case of 

100 subarrays in favor of the mixed-element one. It is important 

to highlight that this solution reduces of around 60 % the feed 

points with respect to the FPA. In addition to a lower scan loss, 

Fig. 4b emphasizes that the mixed antenna element factor 

architecture turns out to be advantageous also from the PSLL 

point of view. Indeed, for almost all the array partitioning, the 

achieved PSLL during the steering inside the circular scenario in 

case of a mixed antenna element factor is lower than the single 

mode. 

 
(a) 

 
(b) 

Fig. 4. Pareto fronts obtained by considering a 16×16 clustered phased 

arrays for different Penrose isosceles triangle sides length L in case of a 

single-mode antenna elements factor EF1 (Patch-only) and a mixed-mode 

antenna radiation pattern elements (EF1 and EF2) with a maximum scan 

beam up to 0 = 60°; (a) minimum array gain along the main beam during 

the scan versus number of subarrays and (b) PSLL versus number of 

subarrays. 

Moreover, the reduction of the subarrays causes a severe PSLL 

worsening for a single mode array solution. On the contrary, the 

PSLL degradation in case of the proposed mixed antenna element 

mode, is considerably lower. Specifically, the mixed mode can 

ensure a PSLL <− 10 dB by employing at least 118 feed points, 

whereas by employing only a patch antenna element factor, the 

condition of PSLL <− 10 dB is guaranteed by using at least 158 

subarrays, namely around 34 % more of feed points. For 

comparison, Fig. 4 also shows the radiative performance of a 

FPA with 16×8 elements (i.e., 128 TRMs) comprising patch-like 

radiation patterns (i.e., EF1 only) in case of an interelement 

spacing of 0.5 0 and 0.72 0. Specifically, although both the 

FPAs with half TRMs (i.e., 128) provides a superior minimum 

array gain along the main beam direction than the clustered-based 

16×16 phased array with a single-element antenna pattern (i.e., 

EF1 only), especially for the one with an interelement spacing of 

0.5 0, the novel clustered-based phased array configuration 

employing mixed antenna element factors allows enhancing the 

overall minimum array gain value. Concerning the PSLL (Fig. 

4b), the 16×8 FPA with 0.5 0 elements spacing ensures a 

Defined parameters
• total number of elements (N)

• phased array lattice

• element spacings

• Penrose triangle side (L)

• angular scan region

Search Space

• vector X for the tessellation

• vector Y for the kind of array element

Search for the Pareto Front in the Objective Space 

Non-dominated solutions

• minimization of PSLL

• maximization of the minimum gain along the angular scan

• minimization of the TRM number
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PSLL <− 10.9 dB instead of a PSLL <− 9.8 dB in case of a 

mixed antenna element mode. Nevertheless, the halves of the 

array aperture in case of 16×8 FPA determines a larger radiations 

footprint, namely a worse angular scan resolution of the main 

beam than clustered-based 16×16 phased arrays. Moreover, this 

also leads to an almost double power consumption density [39], 

thus requiring more complicated heat dissipation mechanisms. 

On the contrary, the 16×8 FPA with the same area of the 

clustered-based 16×16 phased arrays, achieved with an 

interelement spacing of 0.72 0, suffers of grating lobes onset due 

to a PSLL = 0 dB.  

The radiation performance of a clustered-based phased arrays 

composed by 118 feed points is examined in the following. The 

normalized gain value as a function of the main beam direction 

with a maximum scan beam up to 0 = 60° is illustrated in Fig. 5 

for both the phased array architectures. In general, the arrays’ 

gain present higher values along the broadside direction (θ0 = 0°), 

and then, it fades little by little during the main beam steering due 

to the beam widening and to the lower element’s gain [40]. More 

in detail, the scan loss in case of a mixed antenna element factors 

(Fig. 5a) is slightly more than 3 dB whereas, the patch-only 

antenna mode is characterized by a scan loss more than 7 dB in 

case of scanning angles close to 60°. 

  
(a) (b) 

Fig. 5. Normalized array gain as a function of the steering angle with a 

maximum scan beam up to 0 = 60° by exploiting the Penrose clustering-

based 16×16 triangular lattice array with 118 subarrays; (a) mixed-mode 

antenna elements factor and (b) patch-only antenna element factor. 

  
(a) (b) 

Fig. 6. PSLL as a function of the steering angle with a maximum scan beam 

up to 0 = 60° by exploiting the Penrose clustering-based 16×16 triangular 

lattice array with 118 subarrays; (a) mixed-mode antenna elements factor 

and (b) patch-only antenna element factor. 

The lower scan loss as a function of beam steering provided 

by a mixed-mode phased array could be beneficial also in terms 

of transceiver linearity and power consumption, both pivotal 

features for the next wireless communication systems [41], [42]. 

In fact, due to the array gain decrease during the scan, the output 

power required to preserve the same equivalent isotropic radiated 

power (EIRP) turns out to be dependent on the main beam 

direction. This may lead to a large dynamic of the PAs output 

power and hence to a dissimilar signal distortion and PAs 

efficiency [43] in the scanning area, under the assumption of a 

fixed PAs operation point. Therefore, the reduced output power 

dynamic offered by the mixed-mode element architecture favours 

the transceiver linearity improvement as well as a less power 

hungry. Even though the mixed-mode architecture provides a 

small scan loss, the maximum gain value of the array achieved at 

broadside (θ0 = 0°) is 25.85 dBi whereas the patch-only antenna 

element pattern provides about 2 dB more maximum gain. The 

lower maximum gain value is inevitable since the array antenna 

elements with monopole-like (EF2) radiation pattern does not 

radiate toward broadside. However, the adoption of some 

element factor selection criteria during the optimization or the 

employment of two other elements with a more overlapping 

radiation pattern, could compensate the gain reduction at 

broadside. 

The PSLL as a function of the steering angle by exploiting the 

Penrose clustering-based 16×16 triangular lattice array with 118 

subarrays is depicted in the color maps of Fig. 6. As it is evident, 

despite a feeding points reduction of more than 50 %, Penrose 

clustered arrays with a mixed antenna element factor (Fig. 6a) 

allows a remarkable PSLL < − 10dB. Conversely, the patch-only 

antenna case (Fig. 6b) undergoes a PSLL worsening, suffering a 

PSLL of − 4 dB. 

The normalized radiation patterns (RPs) of two partitions 

arrangement of a Penrose clustering-based 16×16 triangular 

lattice array with 118 and 139 subarrays evaluated for broadside 

(0 = 0°) and 0 = 60° scan angle at  = 0° plane are shown in 

Fig. 7.  

 
(a) 

 
(b) 

Fig. 7. Normalized RP with a Penrose clustering-based 16×16 triangular lattice 

array with 118 and 139 subarrays in case of a single-mode antenna elements 

factor EF1 (Patch-only) and a mixed-mode antenna radiation pattern elements 
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(EF1 and EF2); (a) 0 = 0° scan angle and (b) 0 = 60°, = 0° scan angle. 

Additionally, the normalized RPs when the main beam is 

steered at the edges of the field of view are reported in the color 

maps of Fig. 8. It is apparent that, despite the large scanning, 

the lateral lobes turn out to be well below the main beam 

especially for a mixed-mode antenna elements factor (Fig. 

8a,b,i,l). Conversely, the patch-only case (Fig. 8c,d,m,n) 

determines a greater radiation spreading over the visible region 

with the presence of different high lateral lobes especially for 

the case of 118 feed points (Fig. 8c,d) to the point that the main 

beam direction cannot be uniquely identified. The performance 

improvement exhibited by the mixed antenna element factor is 

also appealing in a multiusers scenario where a lowering of the 

average interference over the visible region is beneficial for an 

improved quality of service [44]. Fig. 8 also shows the array 

clustering layout and the corresponding antenna element factors 

for both the array partitions.  

118 Subarrays 

Mixed-mode (EF1 and EF2) Patch-only (EF1) 

    

(a) (b) (c) (d) 

    

(e) (f) (g) (h) 

139 Subarrays 

Mixed-mode (EF1 and EF2) Patch-only (EF1) 

    

(i) (l) (m) (n) 

    

(o) (p) (q) (r) 

Fig. 8. Normalized radiation pattern evaluated at 0 = 60°,0 = 0° and 0 = 60°,0 = 135° by exploiting the Penrose tiling subarrays in case of 16×16 elements 

by considering (a),(b),(i),(l) a mixed-mode antenna elements factor and (c),(d),(m),(n) a patch-only antenna element factor for 118 and 139 subarrays number; 

(e),(g),(o),(q) array clustering layout whereas (f),(h),(p),(r) antenna element factors. 
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To better appreciate the improvement of the mixed-mode 

approach, Table I summarizes the radiation performance in 

terms of TRMs number, maximum and minimum array gain, 

scan loss and PSLL for both the mixed-mode and single-mode 

antenna element factor architecture. In addition, the FPA array 

radiative performance in case each radiation element has a 

patch-like (EF1) radiation pattern are reported for comparison. 

TABLE I 

PERFORMANCE COMPARISON FOR DIFFERENT TRMS IN CASE OF A MIXED-

MODE (EF1 AND EF2) AND A SINGLE-MODE ANTENNA ELEMENT FACTOR (EF1 

ONLY) 16×16 PHASED ARRAY WITH A MAXIMUM STEERING ANGLE OF  = 60°. 

TRMs 

Phased 

Array 

Architecture 

Max 

Gain 

(dBi) 

Min 

Gain 

(dBi) 

Scan 

Loss 

(dB) 

PSLL 
(dB) 

100 

Single-

Mode 
28 19 9 -1.7 

Mixed-

Mode 
25.38 21.4 3.98 -8.5 

137 

Single-

Mode 
28.23 22.05 6.18 -7.36 

Mixed-

Mode 
25.58 23.36 2.22 -10.45 

160 

Single-

Mode 
28.2 23.33 4.87 -8.8 

Mixed-
Mode 

26.48 24 2.48 -13.22 

200 

Single-

Mode 
28.2 24.4 3.8 -11 

Mixed-
Mode 

26.9 24.9 2 -10.8 

256  FPA 28.48 25.4 3.08 -11.2 

B. Case 2: Maximum Steering Angle of 0 = 75° 

With the aim of further assessing the performance 

improvement of clustered-based phased arrays by employing 

mixed antenna element factor a circular scenario with a 

maximum steering angle of 0 = 75° is considered in this sub-

section. 

Fig. 9 displays the two Pareto fronts highlighting the trade-off 

among the minimum array gain, number of subarrays and the 

PSLL as a function of the number of subarrays in case of a 16×16 

clustered phased arrays. As in the pareto fronts of Fig. 4, the dual-

mode antenna element factor architecture (i.e., EF1 and EF2) 

outperforms the single-mode one by employing only EF1. 

Additionally, a more pronounced difference of the minimum gain 

in favour of the mixed-mode strategy is visible in Fig. 9a. In fact, 

in case of a clustered phased array characterized by 180 subarrays 

the two Pareto fronts provide a gain difference of 2.1 dB. 

However, by reducing more and more the subarrays number there 

is an almost linear increasing of the gain difference up to reach a 

value of around 5 dB in favor of a mixed-mode array partition in 

case of 100 subarrays. The mixed-mode element factor proves to 

be effective also in keeping at acceptable levels the PSLL during 

the steering inside the circular scenario, as illustrated in the 

Pareto fronts of Fig. 9b. Indeed, as for the case of 0 = 60° (Fig. 

4b), the reduction of the subarrays causes a serious PSLL 

worsening for a single mode array solution without ever reaching 

a PSLL <− 10 dB and suffering from grating lobes for 100 

subarrays. On the contrary, the mixed antenna element scheme is 

capable to guarantee a PSLL <− 10 dB during the beam steering 

inside the circular scenario by employing an array partition with 

at least 162 subarrays. In addition, array partitions with lower 

subarrays provides a mild deterioration of the PSLL up to around 

−5.5 dB with 100 TRMs. 

 
(a) 

 
(b) 

Fig. 9. Pareto front by considering a 16×16 clustered phased arrays for 

different Penrose isosceles triangle sides length L in case of a single-mode 

antenna elements factor EF1 (Patch-only) and a mixed-mode antenna radiation 

pattern elements (EF1 and EF2) with a maximum scan beam up to 0 = 75°; (a) 

minimum array gain versus number of subarrays and (b) PSLL versus number 

of subarrays. 

It is worth noting that if some applicative scenarios need to a 

lower PSLL within the whole the scanning area some amplitude 

tapering techniques could be used to further reduce the lateral 

lobes [30], [33], [45], [46]. However, as remarked in [33], the 

amplitude effect on PSLL lowering gradually vanishes with the 

reduction of the employed TRMs. 

The normalized RP of a clustered-based phased arrays 

composed by 118 subarrays when the main beam is steered at 

(0 =75 , 0 = 45°) is examined in Fig. 10a for both the phased 

array architectures. As it can be inferred from the color maps, the 

patch-only antenna element factor (Fig. 10a right column) 

provides a considerable radiation spreading in the visible region 

to the point that the desired main beam direction cannot be clearly 

identified. Conversely, the mixed-mode antenna elements factor 

(Fig. 10a left column) focusses better the energy toward the 

desired main beam direction by generating just three undesired 

lateral lobes with a PSLL of around −9 dB. The corresponding 

arrays partition layout and the antenna element factors are 

depicted in Fig. 10b-c. 

Table II reports the radiation performance comparison for a 

16×16 Penrose clustered phased array in terms of maximum 

and minimum array gain, scan loss and PSLL between the 

mixed-mode and the single-mode antenna element factor for 
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some TRMs number. In addition, the FPA array radiative 

performance in case each element has a patch-like (EF1) 

radiation pattern are reported for comparison. 

  
(a) 

  
(b) 

  
(c) 

Fig. 10. Normalized radiation pattern for a 16×16 Penrose clustered phased 
arrays with 118 subarrays in case of a patch-only antenna elements factor 

(right column) and a mixed-mode antenna elements factor (left column) for 

scan angle of (a) 0 = 75° at  = 45° plane, (b) the array clustering layout 

and (c) the antenna element factors. 

TABLE II 

PERFORMANCE COMPARISON FOR DIFFERENT TRMS IN CASE OF A MIXED-
MODE (EF1 AND EF2) AND A SINGLE-MODE ANTENNA ELEMENT FACTOR (EF1 

ONLY) 16×16 PHASED ARRAY WITH A MAXIMUM STEERING ANGLE OF  = 75°. 

TRMs 
Phased 
Array 

Architecture 

Max 
Gain 

(dBi) 

Min 
Gain 

(dBi) 

Scan 
Loss 

(dB) 

PSLL 

(dB) 

120 

Single-

Mode 
28.02 16.98 11.04 -2.54 

Mixed-

Mode 
23.73 21.37 2.36 -8.04 

160 

Single-

Mode 
28.33 20 8.33 -6.22 

Mixed-

Mode 
25.27 22.72 2.55 -11.4 

180 

Single-

Mode 
28.35 20.94 7.41 -8.07 

Mixed-

Mode 
25.31 23.28 2.03 -11.32 

256  FPA 28.48 23.1 5.38 -9.8 

IV. STATISTICAL ANALYSIS AND FAILURE ASSESSMENT 

The selection of the antenna element between the two 

available options was not subject to any constraint in the 

optimization process. Each subarray could host any of them and 

in the numerosity suggested by the Pareto front algorithm. It is 

therefore interesting to observe that (Fig. 11a) among all the 

array configurations, and for all the adopted tessellations, the 

monopole-like array element (i.e., EF2) has been selected more 

times than the patch-like ones. Moreover, this trend is much 

more visible by incrementing L (Fig. 11b), since the probability 

of having a majority of patch elements decreases with the 

increase of the side length of the tessellation. 

A statistical analysis has been carried out to additionally 

highlight the advantages of the proposed subarray strategy. 

Specifically, the circular scanning area in which the phased 

array can steer the main beam has been discretized with a 

sampling step of 5° for both  and , respectively, to collect the 

radiative performance. By referring to the case of all the array 

partition layouts with a length L = 0.6 , it is possible to 

observe from the cumulative distribution function (CdF) that in 

the 80% of the scans within the circular scenario with a 

maximum steering angle of 0 = 60° (CdF = 0.8) the mixed-

mode approach guarantees a PSLL between −13 dB and −7 dB 

(Fig. 12a) whereas the single-mode one goes from −15 dB up 

to −3 dB (Fig. 12b). This means that during the scan on the 

whole visible region, the mixed-mode offers a much better 

worst-case scenario. 

  
(a) (b) 

Fig. 11. (a) Percentage probability of having monopole elements (EF2) in 

the array partition layouts and (b) array partition probability having a 

majority of EF2 as a function of Penrose isosceles triangle sides length L. 

The analysis refers to the Penrose clustering-based 16×16 triangular lattice 

array with maximum steering angle of 0 = 60°. 

If the case of the array with 118 TRMs is considered as a 

representative one, being the one that exhibits a PSLL lower 

than −10 dB with the lowest number of subarrays, it can be seen 

that the PSLL of the mixed-mode array always outperforms the 

patch-like one during the scan (Fig. 13a) and that in around the 

30% of the pointing directions it is also better in terms of gain 

(Fig. 13b) as well as providing a superior minimum gain value. 

  
(a) (b) 

Fig. 12. CdF of the PSLL evaluated within the circular scenario with a 

maximum steering angle of 0 = 60° as a function of the array partition 

layouts by considering a 16×16 clustered phased arrays with a Penrose 

isosceles triangle sides length L = 0.6  in case of (a) mixed-mode antenna 

radiation pattern elements (EF1 and EF2) and (b) a single-mode antenna 

element factor EF1 (patch-only). 
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(a) (b) 

Fig. 13. CdF of the (a) PSLL and the (b) gain for a 16×16 Penrose clustered 

phased arrays with 118 subarrays in case of a patch-only antenna elements 

factor and a mixed-mode antenna elements factor for a circular scenario with 

a maximum steering angle of 0 = 60°. 

Finally, an assessment of the performance of the addressed 

array partitioning scheme has been done looking at the 

robustness with respect to failures of some TRMs [47]. More in 

detail, the first ten larger subarrays have been selected, 

regardless of the kind of hosted antenna elements. Then, for 

each pointing direction of the main beam, all the possible 

combinations of them including two, three and four subarrays 

among the selected ones have been considered and switched 

off. This means that in the case of the failure of four subarrays, 

up to thirty elements (around 12% of the total) are not 

contributing to the shaping radiation pattern. It is apparent from 

Fig. 14 that the presented paradigm provides a phased array 

that, despite a feeding points reduction of more than 50 % with 

respect to the FPA, is also able to endure the failure of several 

elements by keeping the PSLL lower than −10 dB, with very 

few exceptions, and never higher than −9.5 dB. 

 
Fig. 14. PSLL within the circular scenario with a maximum steering angle 

of 0 = 60° in case of two, three and four damaged subarrays for a 16×16 

Penrose clustered phased arrays with 118 subarrays and a mixed-mode 

antenna elements factor.  

V. CONCLUSION 

A solution to some of the problem that affects large-scan 

phased arrays has been proposed. The described strategy offers 

the possibility to lower the phased array cost by reducing the 

number of transmit/receive modules (TRMs) and phase shifters 

(PSs) by resorting to a subarray partitioning exploiting the 

Penrose tessellation. This task does not require a significant 

computational effort and operates on regular array lattices. 

More importantly, the envisioned scheme adopts a mixed-mode 

element factor that exploits the use of two different array 

elements with a non-reconfigurable pattern. This means that no 

additional RF switches must be implemented thus further 

contributing to an energy-efficient radiating platform, together 

with the reduction of PS because of a reduction in TRMs.  

The performance assessment has shown a significant 

advantage with respect to designs based on a single-element 

antenna pattern in terms of TRMs reduction, minimum PSLL 

and maximum of the minimum gain during the wide-angle scan 

of the main beam. Specifically, by employing less than 50% of 

the TRMs of a FPA, a better minimum gain along the main 

beam (more than 5 dB) and lower PSLL (more than −5 dB) is 

provided by the proposed clustered-based phased arrays 

employing mixed antenna element factor. 

The mixed-mode phased array scheme has also proven to be 

robust with respect to subarray failures, exhibiting a decreasing 

of the PSLL less than 1 dB even when 12% of elements 

switched off.  
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