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Abstract: In this paper, a matrix antenna composed of 

radiating pixels elaborated in meta-materials is presented. The 

pixels are surmounted with a frequency selective structure and 

closed with four metallic walls. The cavity is excited by a 

radiating patch and filled with dielectric. This dielectric makes 

it possible to reduce the overall width of the pixel by increasing 

the dielectric length of the cavity while maintaining the 

performances of the pixel. The pixel is reduced to a width of 

50.96 mm (0.34*λ) at 2 GHz. The -10 dB fractional bandwidth 

of the pixel is 22% (2-2.5 GHz). The pixel is then placed in a 17 

elements matrix to achieve high steering angles. The 

optimization focuses on the steering capacity, the bandwidth 

and the side-lobes levels. On the whole band, the steering angle 

is more than 70° and the antenna achieves low side-lobes levels 

at less than -9.9 dB. A device to reduce the mutual coupling 

between the elements by using soft surfaces is also presented. 

These surfaces allow to widen the matching band while the 

steering is produced. 

Keywords: Beam steering, Matrix antenna, Soft surfaces,   
 Wideband antenna.

I. INTRODUCTION 

The demand for high gain antennas capable of achieving 

high steering angles is becoming more and more prevalent in 

civil and military applications. To reduce the need to use 

multiple antennas, wide bandwidth antennas are especially 

sought after. Among the antennas that can combine both 

wide bandwidth and high steering angles are the antennas 

using a radiating patch base. Patch antennas are known to 

have narrow bandwidth and some methods must be used to 

improve them. Among these methods we find the 

reconfiguration techniques allowing to achieve multiple 

resonances whether using P-i-N diodes [1] multiple ports [2] 

or phase shifters [3], non-rectangular patches [4], stacked 

structures [5] and cavity backed patches [6,7]. To achieve a 

high steering angle while conserving its gain, the antenna 

must also possess a high half-power beamwidth (HPBW). 

To achieve this, it is possible to use metal protrusion [8], 

metallic walls [9] or high impedance periodic structures 

[10]. 

One of the structures that combines both wide band with 

high HPBW is the Agile Radiating Matrix Antenna (ARMA) 

[11,12]. These antennas are composed of several joined 

elements called pixels which are low-profile and high gain 

and give to the matrix its characteristics. They can achieve 

fractional bandwidth of up to 40% [13,14] and their HPBW 

allows the matrix to achieve a high steering angle of up to 

70° [15] in narrow band configuration while maintaining low 

side-lobe levels [16]. These characteristics make the ARMA 

technology a good choice for wide-band high steering 

antennas.  

In their standard design, the pixels have a width of 0.5 λ0, 

with λ0 the wavelength of the low working frequency. This 

allows them to achieve a wide band but reduces their 

steering capacity in the high frequencies. Indeed, when high 

steering angles are achieved, it leads to the appearance of 

grating lobes which reduce the directivity of the matrix. This 

should be avoided to maintain the high gain of the matrix 

and the low side-lobes levels obtained at a high steering 

angle. To achieve low grating lobes, the distance between 

each pixel phase center must follow equation (1) [17]: 

(1) 

With θmax the achieved steering angle and dmax the 

maximum distance between two phase centers to ensure the 

absence of grating lobes. The working frequency is given by 

the wavelength λ. In the ARMA matrix, the pixels form a 

contiguous surface. The distance between two phase centers 

is then the width of the antenna. For the application, the S 

band is required. The low frequency is then roughly 2 GHz 

which corresponds to λ=150 mm. To achieve a steering  
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Fig. 1. Cut view of the pixel. 

angle of 70°, the pixel needs to be at most 53 mm wide, 

which roughly corresponds to 0.35 λ0. It has been shown in 

[18] that it is possible to slightly reduce the dimensions of 

the pixel with effects on the band and gain of the antenna but 

not on its other characteristics. The new dimensions may as 

such be smaller than what it needs to be with the modified 

band.  

One of the main drawbacks that arise while using beam 

steering antennas is the coupling between them. Indeed, 

these interactions generally implies degradation of the return 

parameters of one or more antennas. One of the phenomena 

linked to these perturbations is the transition of surface 

current between the elements. Among the way to reduce 

their impact, it has been shown that moving the antennas 

apart reduce the impact of surface current [19]. However, 

this is not possible to achieve with the ARMA technology 

because of the radiating matrix properties of the antenna. 

Other solutions that can be used to reduce the impact of 

surface current generally revolves around corrugations [20], 

soft surfaces [21] or electronic bandgap (EBG) elements 

[20]. While the EBG structures present lots of interest, the 

main limitation of the utilization of filtering component in 

the ARMA technology is the available space between each 

element. As the soft structures are more compact at a given 

frequency [22], they have been privileged in this study. 

The paper is organized as follows. The second section 

presents the proposed pixel which follows the dimensions set 

by the equation (1) and its performances are analyzed. The 

third section presents the performances of a matrix 

composed of the proposed pixels and the benefits of the 

reduction. The fourth section presents the problematic 

resulting from the mutual coupling in the matrix and the way 

it can be solved. Finally, the last section presents a summary 

and concluding remarks. 

II. PROPOSED PIXEL DESIGN AND PERFORMANCES

The cut view of the pixel is shown in Fig. 1. The pixel is 

composed of a frequency selective surface (FSS) made from 

metallic elements placed on both sides of a substrate. The 

pixel is excited by a radiating patch which lies on a substrate 

and is fed by an SMA connector. The cavity is filled by a 

substrate and is closed by four electric walls. The geometric  

(a) 

(b) 

(c) 

Fig. 2. Dimensional parameters of the pixel: (a) Top view of the FSS (b) 

Top view of the exciting patch. (c) Side view without walls. 

TABLE I. GEOMETRICAL DIMENSIONS OF THE PIXEL 

Parameter Dimension 

(mm) 

Parameter Dimension 

(mm) 

W 50.96 H0 31.52 

Hp 8 Hs 19.5 

HFSS 1.52 

Wp 15 Lp 27 

d 13 δ 4 

LFSS 11.5 r 5.5 

dFSS 2 

dimensions are shown in Fig. 2 and the dimensions are 

presented in table I. The walls form a square structure with a 

width of W and a height h0. The walls are 2.5 mm wide, 

which makes the inside of the cavity 45.96 mm wide. The 

patch substrate has a height of Hp and an εr=4.2, the cavity 
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Fig. 3. Simulated reflection coefficient of the pixel. 

Fig. 4. Gains of the pixel over the whole frequency band. 

Fig. 5. Realized gain radiation pattern at 2 GHz 

(a) 

(b) 

Fig. 6. Views of the matrix: (a) Top view. (b) Side view. 

substrate has a height of Hs and an εr=3.2. The FSS substrate 

is a Rogers RO4003C substrate with a height of HFSS and an 

εr=3.55. The GND plane makes up for the rest of the total 

height H0 with a height of 2.5 mm. The size of the exciting 

patch is Wp x Lp. It is fed with a SMA connector placed at d 

from the center of the patch. The whole structure consisting 

of the patch and its connector is off-centered by δ. The 

elements of the FSS have a lateral dimension of LFSS and a 

blend radius of r. Each element is separated from the other 

with a distance dFSS. The central element of the FSS structure 

is located at the center of the pixel.  

The dielectric of the patch substrate and the cavity are 

chosen as proof of concept for the antenna reduction and 

therefore are not existing materials. They both have a 

tan(δ)=0.0027 at 1 GHz. However, the Arlon AD 410 and 

Arlon AD 320 are both good candidates for the patch 

substrate and the cavity substrate respectively. 

The antenna is simulated using CST Microwave Studio 

2020 and the results are the following: the operating 

frequency band shown in Fig. 3 for the pixel is from 2 GHz 

to 2.5 GHz which corresponds to 22%. It is lower than the 

expected one of the pixels of 0.5 λ0. This is due to the 

reduction of the pixel and the appearance of perturbations in 

the higher frequencies, starting at 2.55 GHz, which can be 

seen in the Fig. 4. They can be observed with the rapid 

increase followed by the reduction of the HPBW and the 

strong reduction of all the gains of the antenna. This 

negatively affects the radiating pattern in the high 

frequencies and is not suitable for steering applications. 

The cavity filled with dielectric material allows for the 

pixel to achieve a lower width compared to other pixels 

using comparable frequency bands. Indeed, it allows to 

increase the electric length inside the cavity, offsetting the 

reduction of its width. This allows to better keep up with 

equation (1). Furthermore, the reduction of the width of the 

antenna pixel has a beneficial effect on the HPBW of the 

pixel which is increased for all the frequencies. The 

radiating pattern of the pixel is shown in Fig. 5 for the 

frequency 2 GHz. The HPBW is greater than 135° over the 

entire operating band which should make it possible to 

obtain a large steering angle. The increase of the HPBW 

causes a reduction of the gain of the pixel compared to a 

pixel with a lower HPBW. Indeed, the energy is spread over 

a wider area. In this configuration, the realized gain is 2.67 

dBi at 2 GHz. The pixel reduction and geometric 

dimensional changes also cause a small shift in the main 

lobe direction of the pixel. This shift ranges from -0.8° at 2 

GHz to -3.7° at 2.5 GHz. The maximum realized gain 

difference between the main lobe direction and the normal of 

the pixel is small and the main direction of the matrix 

composed of the pixels is unchanged by this variation, as 

such it is not a problem for the steering capacity of the 

antenna. 

III. PROPOSED MATRIX ANTENNA DESIGN AND 

PERFORMANCE RESULTS 

In order to demonstrate the steering capacity of the matrix 

antenna composed of the proposed pixels, a 17-elements 

matrix has been simulated. The matrix is presented in the 

Fig. 6. This number of elements has been chosen in order to 

allow a comparison with past results of the antenna which 

used the same number of elements [11]. 

The steering angle was obtained by shifting the feeding 

phases of the pixels. No changes were made on the 

amplitudes of the signals. The phases were shifted using the 

classic formula (2) [17]. With Φ the phase difference 

between two consecutive pixels, d the distance between each 

phase center, θ the steering angle and λ the wavelength of 

the working frequency. 
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 TABLE II. SCANNING RADIATION PERFORMANCES AT DIFFERENT FREQUENCIES FOR DIFFERENT STEERING ANGLES 

Frequency 2 GHz 2.25 GHz 2.5 GHz 

Steering angle (deg) Gain (dBi) SLL (dB) Gain (dBi) SLL (dB) Gain (dBi) SLL (dB) 

-75 12.7 -9.9 13.3 -9.9 13.3 -10.0 

-71 13.4 -11.4 14.1 -11.4 14.3 -11.7 

-60 13.3 -12.9 14.1 -12.8 14.4 -12.7 

-30 13.5 -12.9 15 -12.7 15.7 -12.8 

0 13.8 -13.2 15.7 -13.3 16.8 -13.4 

30 13.4 -12.8 15 -12.7 16 -12.7 

60 13.3 -12.9 14.1 -12.8 14.4 -12.7 

71 13.4 -11.5 14.1 -11.4 14.3 -11.9 

75 12.7 -10.0 13.3 -9.9 13.2 -10.0 

(a) 

(b) 

(c) 

Fig. 7. Steering angle of the matrix for different frequencies: (a) 2 GHz 

normalized at 13.8 dBi (b) 2.25 GHz normalized at 15.7 dBi (c) 2.5 GHz 

normalized at 16.8 dBi 

Fig. 8. Maximum steering angle for each frequency 

Fig. 9. Side-lobes levels for each frequency 

(2) 

The scanning performances in the E-plane of the matrix 

are presented in Fig. 7 for three frequencies in its operating 

bandwidth. The beam can scan with a variation of less than 3 

dB from -70° to +70° for the entire frequency band. Fig. 8 

present the steering maximum achieved angle for the three 

frequencies while complying to the 3 dB criteria. The 

realized gain performances of the matrix are shown in Table 

II. The realized gain decreases with the steering angle.

However, the back-lobes concur to the overall gain of the 

matrix after 60°. This allows to improve the gain and to stay 

within the 3 dB variation range. It is notably shown at the 

frequency of 2 GHz for which the gain at 71° is higher than 

that is achieved at 60°. The matrix also has low side-lobes 

levels (SLL) on the entire bandwidth with the highest ones 

being at -9.9 dB. The grating lobes are kept lower than -15 

dB of the main lobes thus ensuring a high-quality beam 

steering. The SLLs for each frequency are presented in Fig. 

9, they show a good similarity for each steering angle. 

The Table III compares the steering results of this work 

and some other antennas. The papers presenting these 

antennas show that it is possible to achieve a high steering 

angle. However, these high angles tend to deteriorate either 

the SLLs or the bandwidth of the antenna. The proposed 

design, while not achieving the highest in each category, 

seems to present a good comprise between all parameters. 
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TABLE III. COMPARISON OF SCANNING PERFORMANCES BETWEEN THIS PAPER AND [1-3], [11] AND [23-26] 

Reference Relative BW Peak SLL Scan range 

[1] 5% -7.8 dB 150° 

[2] 2% -10.1 dB 144° 

[3] 3.3% -8.8 dB 162° 

[23] 3% -10 dB 150° 

[24] 18% -4.9 dB 144° 

[25] 3% -15 dB 140° 

[26] 17% -3 dB 180° 

[11] 4% -11 dB 140° 

This work 22% -9.9 dB 142° 

Fig. 10. Coupling coefficient of the 17-elements matrix without soft 

surfaces. 

IV. MUTUAL COUPLING IN THE MATRIX AND ADDITION OF 

SOFT SURFACES 

While the proposed matrix antenna is able to achieve a 

wide scanning angle, the size reduction of the elements has 

caused an increase of the mutual coupling of the pixels. 

Those coupling are presented in Fig. 10. In this figure, only 

the central pixel of the matrix is fed and the coupling are 

observed on the other elements. It allows to study the 

symmetry between both directions regarding the coupling 

coefficient. As such, the nearest pixels are the ones that are 

most affected. Those coupling cause the active reflection 

coefficient to go over -10 dB. This can be detrimental to the 

feeding used to power the matrix and reduce the gain of the 

antenna. To have a comparison base, the active adaptation 

parameters have been simulated for steering angle of 0°, 30° 

and 60°. They are presented in Fig. 11. 

In order to decrease the coupling between the elements, a 

soft surface composed of metallic stripes on a substrate has 

been implemented. As the frequency most affected by the 

coupling is 2 GHz, this frequency has been chosen as a basis 

to reduce the impact of the coupling on it. The chosen 

solution is the addition of soft surfaces between each 

element. This causes the pixels to be slightly further apart, 

but the reduction of the dimensions of the pixels allows the 

matrix to still stay within the bounds set by equation (1). The 

geometry of the surface used is presented in Fig. 12. It is 

composed of three metallic stripes on a substrate with a 

depth that corresponds to formula (3) [21]. 

(3) 

(a) 

(b) 

(c) 

Fig. 11. Active adaptation parameters of the 17-elements matrix without 

soft surfaces for different steering angles: (a) 0° (b) 30° (c) 60° 

With h the depth of the substrate, λ the wavelength that is 

filtered and εr the substrate permittivity. The distance 

between two walls of the new antenna is 5 mm. The 

substrate chosen to make the soft surfaces is an FR-4 

substrate with a permittivity of 4.3. While this is a lossy 

substrate and as such is not desirable for soft surfaces 

because it reduce its performances [27], the simulations were 

made in order to consider a fabrication. The depth of the 

substrate is 18.08 mm and the metallic stripes have a width 

of 0.72 mm. 
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Fig. 12. View of the soft surface between the elements. 

Fig. 13. Coupling coefficient of the 17-elements matrix with soft 

surfaces. 

The coupling coefficient of a 17-elements matrix with 

these elements are presented in the Fig. 13. As with the 

matrix without the soft surfaces, they are computed on the 

central pixel, as they show a good symmetry the computed 

pixel does not matter much. Indeed, the results will be quite 

similar with another element being fed. They show an 

improvement of the coupling coefficient on all elements. 

The two closest elements, pixels number 8 and 10, go from a 

-10.1 dB maximum coupling to -11.3 dB. They are the 

pixels where the improvement is the least important. On the 

pixels 7 and 11, the coupling goes from -15 dB to -19.2 dB. 

It can be noted that, while the adaption parameter is 

changed, the overall performances of the matrix are 

improved. This is shown in Fig. 14 on which the active 

adaptation parameters of the matrix are shown. As with Fig. 

11, the adaptation parameters are presented at a steering 

angle of 0°, 30° and 60°. In these figures, the benefits of the 

soft surfaces are made clearer. Indeed, they allow the 

antenna to achieve a far better band while no steering is 

applied. With this setup, the -10 dB adaptation band of the 

antenna is 2.05-2.55 GHz (which corresponds to a 21% 

fractional bandwidth). 

While steering is applied, the soft surfaces allow the 

antenna to keep a larger band, albeit with a little more loss. 

The bandwidth of the new filtered antenna stays the same at 

a 60° steering angle but with a maximum a -6.5 dB. This is 

still far better than the previous antenna, that had its 

bandwidth drastically modified by the steering. At 30° the 

bandwidth is clearly improved in comparison with the 

previous antenna. For the higher steering angle however, the 

filtering elements are not enough to prevent disruption from 

the mutual coupling. This may stem from the fact that not all 

mutual coupling come from surface current. 

(a) 

(b) 

(c) 

Fig. 14. Active adaptation parameters of the 17-elements matrix with 

soft surfaces for different steering angles: (a) 0° (b) 30° (c) 60° 

It is also worth noting that a portion of the energy is 

diverted in the soft surfaces, and as such reduces the overall 

gain of the antenna. Indeed, at a 60° steering angle and 2 

GHz, the reduced matrix achieves a 13.3 dBi realized gain. 

The reduced matrix with soft surfaces only has a 12.5 dBi 

gain. This difference is not present in the higher frequencies 

as the soft surfaces do not filter these. This reduction leads 

to the need to compromise between the bandwidth, the gain 

and the steering capacity in the design of future antennas. 

The radiating patterns of the matrix antenna are presented in 

Fig. 15 and the results are compiled in the Table IV. In this 

table it can be seen that the 3 dB steering capacity of the 

antenna is also slightly reduced from what it was without the 

soft surfaces. A comparison of the gains of the base antenna 

and the antenna using soft surfaces is presented Fig. 16. The 

deformation of the gain due to the back radiation is clearly 

visible in the figure. The new steering capacity is more 

around 130° over the whole band. It also has SLLs lower 

than -10.4 dBi in this steering range. A comparison between 

both antennas in term of evolution of SLLs is presented Fig. 

17. This figure shows the breaking of the symmetry at 2

GHz which is the filtered frequency. 
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TABLE IV. SCANNING RADIATION PERFORMANCES OF THE MATRIX WITH SOFT SURFACE AT DIFFERENT FREQUENCIES FOR 

DIFFERENT STEERING ANGLES 

Frequency 2 GHz 2.25 GHz 2.5 GHz 

Steering angle (deg) Gain (dBi) SLL (dB) Gain (dBi) SLL (dB) Gain (dBi) SLL (dB) 

-75 9.31 -8.2 12.2 -9.2 12.3 -9.6 

-65 11.8 -10.4 14.1 -12.2 14.1 -12.6 

-60 12.4 -10.9 14.2 -12.3 14.2 -12.6 

-30 14.1 -12.1 15.5 -12.7 15.9 -12.6 

0 14.7 -12.8 16.2 -13.3 17 -13.3 

30 14.2 -13.3 15.5 -12.8 16.1 -12.6 

60 12.5 -12.5 14.2 -12.7 14.2 -12.6 

65 12 -11.6 14.2 -12.6 14.1 -12.8 

75 9.56 -9.9 12.2 -9.5 12.2 -9.6 

(a) 

(b) 

(c) 

Fig. 15. Steering angle of the matrix for different frequencies: (a) 2 GHz 

normalized at 14.7 dBi (b) 2.25 GHz normalized at 16.2 dBi (c) 2.5 GHz 

normalized at 17 dBi 

V. CONCLUSION 

In this paper, an ARMA matrix composed of reduced 

pixels is studied. The pixels are composed of a radiating 

patch inside a cavity created by a frequency selective surface 

and filled with dielectric material. The use of such dielectric 

allows to obtain a reduced width of the pixel compared to 

the common design method and improves its half-power 

beam-width in the steering plane to more than 135°. The 

reduction of the pixel also leads to a reduction of the 

Fig. 16. Comparison between the maximum steering angle of the base 

matrix and the matrix with soft surfaces 

Fig. 17. Comparison between the side-lobes levels of the base matrix and 

the matrix with soft surfaces 

matching and emission band, attaining a 22% fractional 

bandwidth. A matrix composed of 17 pixels then 

demonstrates its steering capacity. The matrix can scan from 

-71° to +71° with low side lobe levels and keep a stable gain 

over the on-scanning angles. 

A method of reduction of the coupling coefficient between 

elements has then been studied. Allowing to improve the 

band while steering. It has still to be improved as it does not 

work as well in the higher steering angle and causes a loss of 

gain at the lowest one. 

Further research on this topic will focus on the realization 

of a working prototype. This will demand the optimization 

of the pixels with mechanical requirement linked to the 

manufacturing process. It will also require the realization of 

a steering network to allow the measure of the active 

adaptation parameters. 
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