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A B S T R A C T   

This paper presents a novel metasurface antenna whose radiation characteristics can be remotely controlled by 
optical means using PIN photodiodes. The proposed reconfigurable antenna is implemented using a single 
radiating element to minimize the size and complexity. The antenna is shown to exhibit a large impedance 
bandwidth and is capable of radiating energy in a specified direction. The proposed antenna consists of a 
standard rectangular patch on which is embedded an H-tree shaped fractal slot of order 3. The fractal slot is used 
to effectively reduce the physical size of the patch by 75 % and to enhance its impedance bandwidth. A meta-
surface layer is strategically placed above the patch radiator with a narrow air gap between the two. The 
metasurface layer is a lattice pattern of square framed rhombus ring shaped unit-cells that are interconnected by 
PIN photodiodes. The metasurface layer essentially acts like a superstrate when exposed to RF/microwave ra-
diation. Placed below the patch antenna is a conductive layer that acts like a reflector to enhance the front-to- 
back ratio by blocking radiation from the backside of the patch radiator. The patch’s main beam can be precisely 
controlled by photonically illuminating the metasurface layer. The antenna’s performance was modelled and 
analyzed with a commercial 3D electromagnetic solver. The antenna was fabricated on a standard dielectric 
substrate FR4 and has dimensions of 0.778λo × 0.778λo × 0.25λo mm3, where λo is the wavelength of free space 
centered at 1.35 GHz. Measured results confirm the antenna’s performance. The antenna exhibits a wide frac-
tional band of 55.5 % from 0.978 to 1.73 GHz for reflection-coefficient (S11) better than − 10 dB. It has a 
maximum gain of 9 dBi at 1.35 GHz with a maximum front-to-back ratio (F/B) of 21 dBi. The main beam can be 
steered in the elevation plane from − 24◦ to +24◦. The advantage of the proposed antenna is it does not require 
any mechanical movements or complicated electronic systems.   

1. Introduction 

In recent years, reconfigurable antennas have received great 

attention [1]. This is a result of their attractive features, such as beam 
steering, polarization diversity, and multi-band functionality [2]. 
Reconfigurable antenna can reduce the number of antennas needed in 

* Corresponding authors at: Department of Signal Theory and Communications, Universidad Carlos III de Madrid, 28911 Leganés, Madrid, Spain (M. Alibakh-
shikenari); Department of Communication Engineering, Al-Ma’moon University College, Baghdad, Iraq (T.A. Elwi). 

E-mail addresses: mohammad.alibakhshikenari@uc3m.es (M. Alibakhshikenari), tahaelwi82@almamonuc.edu.iq (T.A. Elwi).  

Contents lists available at ScienceDirect 

International Journal of Electronics and Communications 

journal homepage: www.elsevier.com/locate/aeue 

https://doi.org/10.1016/j.aeue.2023.154652 
Received 31 January 2023; Accepted 30 March 2023   

mailto:mohammad.alibakhshikenari@uc3m.es
mailto:tahaelwi82@almamonuc.edu.iq
www.sciencedirect.com/science/journal/14348411
https://www.elsevier.com/locate/aeue
https://doi.org/10.1016/j.aeue.2023.154652
https://doi.org/10.1016/j.aeue.2023.154652
https://doi.org/10.1016/j.aeue.2023.154652
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aeue.2023.154652&domain=pdf
http://creativecommons.org/licenses/by/4.0/


AEUE - International Journal of Electronics and Communications 166 (2023) 154652

2

wireless systems thus reducing the overall system size and complexity 
[3]. The need for such antennas is growing in demand especially for 
application in smart wireless systems [4]. Because reconfigurable an-
tennas can serve multiple devices, they are a topic of intense research for 
use as intelligent surfaces in future generation of mobile wireless 
communication systems like 6G [5]. 

Several electronically beam-steering antennas proposed recently 

include Butler matrix [6], phased array [7], Lunburg Lens [8], parallel 
plate lens [9], Rotman Lens [10], partial reflective surfaces (PRS) [11], 
and reconfigurable metasurface [12]. Butler matrix antenna reported in 
[6] provides low-loss and wide bandwidth. While, in [7], a phased array 
antenna exhibits good radiation performance and rapid beam scanning 
capability. These two antennas employ multiple radiating elements that 
make them bulky, and their complexity makes them challenging to 

Fig. 1. Structure and geometry of the proposed antenna: (a) isometric view, (b) metasurface layer, (c) antenna patch, and (d) ground plane of patch antenna.  
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design. Antennas based on Lunburg Lens, parallel plate lens, and Rot-
man lens, [8]–[10] are capable of steering multiple beams however 
these antennas are expensive to fabricate. The design of these antennas 
at the low microwave frequencies makes them bulky [10]. Although 
reconfigurable PRS can also be used for multi-beam applications how-
ever the large profile of this type of antenna makes them unsuitable for 
many applications [11,12]. Currently, research is focused on designing 

electronically steerable antennas that can overcome the issues described 
above [13]. 

Antenna performance can be controlled using various methods based 
on mechanical, optical, or electronic. Smart material have also been 
reported to dynamically reconfigure antenna’s radiation characteristics 
[14]. Most reconfigurable antennas use electronic switches because they 
can easily be integrated with RF/microwave circuitry. The switching 
devices commonly used include PIN diodes, RF micro-electromechanical 
systems (MEMS), varactor diodes, and piezoelectric actuators 
[2,15–17]. Although, these switches consume low power and have 
excellent miniaturization factor however they require DC biasing cir-
cuitry [14,15]. Also, the operational bandwidth of reconfigurable an-
tennas using varactor diodes is limited [2]. The antennas based on 
piezoelectric actuators are limited to certain applications due to the 
effects of the mechanical vibration on the antenna performance [16]. 
This makes reconfigurable antennas using PIN diodes the default option 
[17]. DC biasing circuitry of PIN diodes however can adversely interfere 
with the antenna’s performance [18]. 

Proposed in this paper is an antenna that overcomes the limitations 
of the existing beam steering techniques. The proposed antenna is based 
on metasurface and its main beam is reconfigured by photonic means. 
The antenna uses a single rectangular patch on which is constructed H- 
tree shaped fractal slot. Placed above the patch is a metasurface layer 

Table 1 
Dimensions of the proposed antenna.  

Parameter Dimensions (mm) Parameter Dimensions 
(mm) 

W1 = L1 193 Wh2  2.8 
W2 = L2 173 Lh2  30.8 
Wp 70.7 Wh3  16.8 
Lp 56 Lh3  2.8 
h1 30 Wh4  1.4 
h2 25 Lh4  13.3 
Wc 2 Wh5  8.4 
Lc 33 Lh5  1.4 
Lc2 15.5 Wh6  0.7 
d 2 Lh6  6.65 
Wh 33.6 Wf  2.971 
Lh 3.5    

Fig. 2. Refractive index of the proposed unit cell: (a) Real part, and (b) Imaginary part.  
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comprising PIN photodiodes. Placed under the patch is a reflective 
surface that blocks radiation from the backside of the patch, which is 
necessary to improve the antenna’s front-to-back ratio. Beam steering is 
implemented by affecting the properties of the metasurface layer. This is 
achieved by optically switching the array of PIN photodiodes embedded 
in metasurface layer. By strategically activating the column of PIN 
photodiodes the main beam of the antenna can be steered by ±24◦ in the 
elevation plane. Moreover, the proposed antenna has a fractional 
bandwidth of 55.5 % from 0.978 − 1.73 GHz. 

2. Antenna geometry 

The proposed antenna is constructed from a single rectangular patch 
that is defected with a fractal slot geometry based on a 3rd order H-tree 
structure, as shown in Fig. 1. High order fractals essentially increase the 
surface current paths that lowers the resonance frequency of the an-
tenna. This property is exploited here to reduce the electrical dimensions 
of the patch [19–21]. A rectangular slot is etched on the ground plane of 
the patch antenna. The purpose of this was to mitigate capacitive 
coupling between the patch slots with the ground plane which would 
otherwise trap RF energy and thereby degrade the antenna’s gain and 
radiation efficiency performance [22,23]. A metasurface layer is located 
on the top of the patch antenna with a narrow air gap between the two. 
The layer is made of a lattice pattern comprising 5 × 5 matrix of square 

framed rhombus ring shaped unit-cells where the unit-cells are inter-
connected by PIN photodiodes. Placed under the patch antenna is a 
conductive reflector to block backside radiation from the patch antenna. 
The antenna patch structure is printed on an FR4 substrate of 1.6 mm 
thickness. The gap between the patch and the reflection layer is made to 
avoid total internal reflection at the critical angle of wave incidence 
[24]. The patch antenna is excited through a 50 Ω microstrip line. The 
dimensions of the proposed antenna are 173 × 173 × 56.6 mm3. Other 
geometrical details are listed in Table 1. 

3. Metasurface unit-cell 

3.1. Unit cell performance 

The metasurface layer is constructed from a lattice pattern of unit- 
cells that consist of a square framed rhombus ring, as shown in Fig. 1 
(b). The unit-cell is essentially constructed from two different sized 
square rings one of which is inside the other. The smaller square ring is 
oriented by 45◦ with respect to the larger ring and its size is such that its 
corners touch the outer ring. This ensures the unit cell is polarization 
independent and is insensitive to the angle of incidence wave [25]. The 
inductive and capacitive energy storage by this unit-cell structure is 
reduced. The metasurface layer comprises a matrix of 5 × 5 unit-cells. 
The length and width of each unit-cell is approximately λ/8 at 1.13 

Fig 3. Normalized directivity obtained from Eqn.(2) and CST MWS.  

Fig. 4. Simulated S11 response of the rectangular patch antenna and the patch antenna loaded with H-Tree slotted fractals of orders 1 to 3.  
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GHz. The gap between successive unit cells is 2 mm to accommodate the 
PIN photodiodes. 

Fig. 2 shows the numerical characterization of the unit-cell in terms 
of the refractive index (n) using CST Microwave Studio (MWS), which is 
an 3D electromagnetic solver [26]. It is evident from the figure the 
proposed unit-cell has a near zero refractive index (NZRI) over the entire 

frequency band of interest between 1.08 GHz and 1.48 GHz. The loss in 
the unit-cell is represented by the imaginary part of the refractive index 
shown in Fig. 2(b). It is found that the loss in the proposed antenna is 
much less than the loss of a single unit-cell. The reduction in the loss is 
attributed to the effects of coupling between the inner and outer rings of 
the unit-cell [27]. 

Fig. 5. The comparison of the microstrip patch antenna with and without the ground plane aperture: (a) S11, (b) Realized gain, and (c) Radiation efficiency.  
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3.2. Metasurface operation 

Each metamaterial unit-cell has a certain electromagnetic aperture 
that acts like a spatial filter with a certain impulse response [28]. 
Therefore, the periodicity of the apertures constituting the metasurface 
layer can be represented by an impulse function. Consequently, the ra-
diation pattern of the metasurface layer can be modeled by the periodic 
convolution function of the unit-cell (Fuc) when it’s illuminated by 
incidence electromagnetic waves [28]. The overall radiation pattern of 
the metasurface layer (FSL) can be evaluated using the following 
expression: 

FSL = Fuc

[
Xsin(πvx(N + 1)

sin(πvxX)

][
Ysin(πvy(M + 1)

sin(πvyY)

]

(1)  

where, vx and vy are the periodicity along the x- and y-directions, 
respectively. X and Y are the interval displacements along the x- and y- 
directions, respectively. N and M represent the number of unit-cells in x- 
and y-directions. Since the proposed metasurface has an equal number 
of unit-cells in the x- and y-directions, Eqn.(1) simplifies to: 

FSL = Fuc

[
Xsin(πvx(N + 1)

sin(πvxX)

]2

(2) 

Fig. 6. Effect of metasurface matrix size on the antenna performance: (a) S11, (b) realized gain, (c) radiation efficiency, and (d) F/B ratio.  
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Since the unit-cell is small enough to be considered as an isotropic 
radiator, the value of Fuc is approximated to unity in all directions. Fig. 3 
shows the exact value of Fuc pattern along the x- and y-directions eval-
uated using Eq. (2) and CST MWS. The accuracy of the theoretical 
expression is remarkable. 

4. Antenna design methodology 

4.1. Patch antenna design 

The design of a standard rectangular patch antenna can be found 
abundantly in literature. The effective length and width are given by 
[20]: 

Fig. 6. (continued). 

Fig. 7. Effect of metasurface spacing on the antenna performance: (a) S11, and (b) Realize gain.  

Z.S. Muqdad et al.                                                                                                                                                                                                                              



AEUE - International Journal of Electronics and Communications 166 (2023) 154652

8

L =
λo

2 ̅̅̅̅̅̅̅εeff
√ − Δ (3)  

W =
c

2fr

(
εr + 1

2

)− 1/2

(4)  

where 

εeff =
εr + 1

2
+

εr − 1
2

(

1 +
12h
W

)− 1/2  

Δl = 0.412h
(

εeff + 0.3
εeff − 0.258

)
(W/h) + 0.264
(W/h) + 0.8 

The parameter W is the microstrip line width, h is the thickness of the 
substrate, εr is the dielectric constant of the substrate, εeff is the effective 
dielectric constant, and Δl is the correction term accounting for the 
fringe capacitance. The patch was embedded with H-tree shaped fractal 
slots of order 3. The feedline is a 50 Ω microstrip line. 

4.1.1. Fractal effect 
Fractals are geometric shapes that display self-similarity or repeti-

tion through the full range of scale [29]. Fractal have been applied in the 
design of multi-band and broadband microstrip [30]. In this paper, the 
H-tree shaped fractal slot is applied on the rectangular patch. The order 
of the fractal was determined by studying the effect of the fractal order 
on the antenna’s reflection coefficient response, shown in Fig. 4. The 1st 

Fig. 8. Effect on reflector spacing on the antenna performance: (a) S11, (b) realized gain, and (c) F/B ratio.  
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order response shown in the green dot-dash curve has two resonant dips. 
The low dip at 0.75 GHz and a large dip where S11 ≤ − 10 dB at 1.57 
GHz. The 2nd order has two dips for S11 ≤ − 10 dB at 0.87 GHz and at 
1.77 GHz. The 3rd order has three dips for S11 ≤ − 10 dB at 1.17 GHz, 
1.79 GHz and 1.975 GHz. It can be observed from the figure that a higher 
order fractal generates more resonance frequencies. This is attributed to 
the increased current paths. 

4.1.2. Ground plane aperture effect 
The effect of the ground plane aperture on the antenna’s 

performance was investigated. The proposed antenna’s ground plane 
was modified by etching a rectangular slot or aperture directly under-
neath the patch, as shown in Fig. 1(d). The results of the analysis in 
terms of S11, gain, and radiation efficiency are shown in Fig. 5. It is 
evident from Fig. 5 that with the aperture the antenna’s reflection co-
efficient, gain and radiation efficiency are significantly improved. The 
average gain between 0.8 GHz and 2 GHz without the aperture is − 20 
dBi, and with the aperture it is 2 dBi. The overall improvement obtained 
is 22 dBi. Over the same frequency range, the average improvement in 
efficiency is 70 %. This is because the aperture mitigates capacitive 

Fig. 9. The overall effect of including the metasurface layer in front of H-Tree fractal slot patch with a backside reflective surface: (a) S11, (b) Realized gain, (c) F/B 
ratio, and (d) 3D radiation pattern. 
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Fig. 9. (continued). 

Fig. 10. (a) Cross section of the PIN photodiode structure, (b) Equivalent circuit of the PIN photodiode, and (c) Measured spectral responsivity of the PIN photodiode.  
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coupling between the patch slots and the ground plane that would 
otherwise trap some of the RF energy and undermine the antenna’s gain 
and radiation efficiency. 

4.2. Metasurface inclusion 

The metasurface unit-cell employed here consists of two square rings 
where one of the rings is enclosed inside the other ring. The inner ring is 
offset by 45◦ with respect to the outer ring and its size is such that its 
corners touch the outer ring, as shown in Fig. 1(b). The purpose of the 
unit-cell is to present an NZRI medium to incident electromagnetic 
signals over a frequency range of interest. The NZRI surface has been 

shown to converge incident collimated electromagnetic waves [12,31]. 
This property is exploited here to increase the directivity of the proposed 
antenna. 

When electromagnetic waves impinge on the metasurface layer the 
magnitude of the amplitude and phase of the wave at each unit-cell will 
differ [5]. The consequence of various metasurface sizes is investigated 
here. Also investigated here are the gap between the patch and the 
metasurface layer, and the gap between the patch and the reflective 
surface. 

4.2.1. Metasurface matrix size 
Effect of the metasurface size on its performance is studied here in 

Fig. 11. (a) Setup and test fixtures to obtain the frequency response of the PIN photodiode switching response, and (b) Measured frequency response of the PIN 
photodiode in the ‘On’ and ‘Off’ state. 
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(a) State 1 - All PIN photodiodes switched off. 

(b) State 2 -  Columns #4 & #5 are switched off. 

(c) State 3 - Columns #1 & #2 are switched off. 

Fig. 12. Simulation result of the electric field distribution over the proposed antenna at 1.35 GHz for: (a) State 1, (b) State 2, and (c) State 3.  
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terms of S11, gain, radiation efficiency, and F/B ratio. Fig. 6(a) shows 
how the S11 response is affected by various matrix sizes, i.e., 1 × 1, 3 × 3, 
5 × 5, 7 × 7. It is evident from this figure that the impedance matching 
(S11) increases with a larger matrix size but in the case of the second 
response at 1.15 the impedance matching declines for matrix size higher 
than 5 × 5. Also, the impedance bandwidth of the second response in-
creases with larger matrix size. The improvement in S11 is attributed to 
the effects of surface wave suppression with increasing the metasurface 
size [21]. The effect on the gain response is shown in Fig. 6(b). Over 0.7 
GHz to 1.09 GHz the gain increases with larger matrix size however at 
frequencies above 1.09 GHz this is not the case. Matrix size greater than 
5 × 5 does not enhance the gain performance between 1.09 GHz and 
1.76 GHz. Fig. 6(c) shows the radiation efficiency increases with in-
crease in matrix size over 0.7 GHz to 1.6 GHz, but this is not the case for 
frequencies above 1.6 GHz. The front-to-back ratio in Fig. 6(d) shows 
increase in matrix size improves the F/B ratio but this case applies be-
tween 0.6 GHz and 1.13 GHz and between 1.82 GHz and 2 GHz. From 
this analysis it is evident that the optimum matrix size is 5 × 5. As a 
result, this size was used in the proposed antenna. 

4.2.2. Metasurface spacing 
Air gap spacing between the metasurface and the antenna was 

investigated on the performance of the antenna. The gap spacing was 
varied from 20 mm to 40 mm in a step size of 10 mm. Fig. 7(a) shows the 
increase in the gap (h1) has no effect on the first S11 response at 0.78 
GHz and marginal effect on the third response at 1.78 GHz. There is 
marginal effect on the second response at 1.12 GHz by gap size of 20 mm 
and 30 mm, however a gap of 40 mm shifts the center response from 
1.13 to 1.17 GHz. Fig. 7(b) shows the gain changes by approximately 1 
dB for different gap sizes. The gap of 30 mm provides higher gain be-
tween 1.1 GHz and 1.34 GHz and between 1.52 GHz and 1.73 GHz. The 
variation in the gain is attributed to the progressive phase variation 
across the metasurface. The gap spacing of 30 mm, which is about λ/8 at 
1.13 GHz, was used in the design of the proposed antenna. 

4.2.3. Reflector effect 
The effect of the reflector spacing in Fig. 1(a) on the antenna’s per-

formance was also investigated. The purpose of the reflector was to 
block the radiation from the backside of the antenna and thereby 
enhance the front-to-back ratio. Fig. 8 shows how the spacing of the 
reflector had on S11, gain and F/B ratio. It is evident that S11 improves 
with gap spacing of 25 mm and 35 mm. The graph in Fig. 8(a) shows that 
the optimum spacing for S11 ≤ − 10 dB is 25 mm across 0.99 GHz and 
1.72 GHz. Fig. 8(b) shows the gain obtained is higher for spacing of 25 
mm and 35 mm however the gain advantage between the two gap 
spacings is on average about 0.5 dBi. Fig. 8(c) shows the F/B ratio is 
higher for spacing of 35 mm from 0.68 GHz to 1.66 GHz however this is 
on average higher compared to 15 mm by 2.5 dBi. The reflector gap 
spacing used in the proposed antenna was 25 mm. 

4.3. 3- overall performance comparison 

Fig. 9 shows there is significant improvement in the antenna’s per-
formance by stacking the metasurface layer above the patch and the 
conductive reflector below it with appropriate air gap spacing. Fig. 9(a) 
plots show extension in the impedance bandwidth for S11 ≤ − 10 dB is 
achieved between 0.978 GHz and 1.73 GHz which corresponds to a 
fractional bandwidth of 55.5 %. Over this frequency range the 
enhancement in gain is about 4 dBi and the average gain is about 7 dBi. 
Fig. 9(c) shows that over 0.978 GHz to 1.73 GHz the average F/B ratio 
improves by approximately 16 dBi and the average F/B ratio is 14 dBi. 
Fig. 9(d) shows by adding the metasurface and reflector layers the back 
lobe radiation is virtually eliminated and a highly directional radiation 
is realized. 

5. Beam steering mechanism 

The mechanism for steering the main beam radiated from the pro-
posed antenna is achieved by switching ‘On’ and ‘Off’ a certain column 
of PIN photodiodes mounted on the metasurface layer shown in Fig. 1. 
The PIN photodiode chip used is based on InGaAs from QPHOTONICS 
(part no. DPDWM40-OM-FC/APC) which has a maximum operating 
frequency of 12 GHz. The cross section of the PIN photodiode is shown in 
Fig. 10(a). The PIN photodiode is composed of the physical and the 
electrical model parts. The electrical model of the PIN photodiode, 
shown in Fig. 10(b), consists of intrinsic chip model (junction capaci-
tance, junction and series resistance), the extrinsic chip (e.g., bonding 
pad capacitance) and the external circuit, which is a 50 Ω load. Details 
on the model can be found in references [31–33]. The measure of the 

(b) (c)

Fig. 13. Simulated radiation pattern of the proposed antenna at 1.35 GHz for: (a) State 1, (b) State 2, and (c) State 3.  

Table 2 
Operation states of the proposed antenna.  

Deactivated columns Main beam direction 

– 0o 

#5 − 20o 

#4 & #5 − 24o 

#1 20o 

#1 & #2 24o  
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sensitivity to light, i.e., responsivity, of the photodiode is defined as the 
ratio of the photocurrent to the incident light power at a given wave-
length. The measured responsivity in Fig. 10(c) shows the effectiveness 
of the photodiode in converting the light power into electrical current. 
The PIN diode has an optimum responsivity at a wavelength of 850 nm. 

The experimental setup used to measure the frequency response of 
the ‘On’ and ‘Off’ state of the PIN photodiode is shown in Fig. 11(a). An 
LED of wavelength 850 nm was used to active and deactivate the 
photodiode. The Vector Network Analyzer used was Rohde & Schwarz 
R&S®ZNB. Fig. 11(b) shows the magnitude of the insertion-loss (S21) as 
a function of frequency for the ‘On’ state (with applied light of wave-
length 850 nm from LED) and ‘Off’ state (without applied light). The 
measured results show that the cut-off frequency of the photodiodes in 
the ‘On’ state is slightly above 12 GHz, which is consistent with infor-
mation given by the manufacturer. In the ‘On’ state the insertion-loss is 
about − 0.5 dB, and the ‘Off’ state the insertion-loss is greater than − 16 
dB in the desired frequency range of operation between 1 GHz and 2 
GHz. In the ‘Off’ state the magnitude of S21 decreases with increase in 
frequency. 

If we had used visible light containing different wavelength between 
380 nm and 700 nm the insertion-loss performance would have been 
compromised. Visible light therefore was not an option for practical 
purposes. 

By deactivating certain columns of photodiodes results in variations 
in the electric field distribution over the metasurface that effects the 
direction in which the main beam is firing. By strategically photonically 
controlling the activation and deactivation of the PIN photodiodes the 
direction of the main beam can be precisely controlled. 

To gain a better understanding of how the electric field distribution 

over the metasurface layer changes, the antenna was modelled using 
CST MWS. Fig. 12(a) shows under state 1 when all the PIN photodiodes 
are switched ‘Off’ the electric field is most intense over unit-cell rows 
two to four. The superposition of the radiation from all unit-cells creates 
a directional broadside beam as shown in Fig. 13(a). In state 2, PIN 
photodiodes in columns #4 and #5 counting from the left-hand side are 
deactivated. Fig. 10(b) shows the resulting electric field intensity is 
concentrated mostly over the first three columns. This indicates phase 
coherence over these columns. The consequence if this is deflection of 
the beam by − 24◦ in the elevation plane, as shown in Fig. 13. In state 3, 
when the left-hand side column #1 and #2 in Fig. 13(c) are deactivated, 
the electric field is concentrated over the right-hand side columns 
causing beam deflection of +24◦ in the elevation plane, as shown in 
Fig. 13. The total beam steering obtainable is 48◦. These results are given 
in Table 2. 

6. Results – design validation and discussion 

Prototype of the fabricated antenna and the measurement set-up 
employed is shown in Fig. 14. The antenna was fabricated using the 
standard photolithography. This involves placing the mask of the an-
tenna pattern on a substrate which has negative photoresist coated on it 
and exposing the entire structure to UV-light. The mask is then removed, 
and chemical etching is used to dissolve away the unexposed microstrip 
regions leaving behind the required circuit pattern. Photolithography 
was used to create the metasurface layer. The PIN photodiodes were 
soldered directly on the metasurface layer. The overall antenna was an 
assemblage of the three components, i.e., the metasurface layer, the 
patch antenna, and the reflective layer. Foam pillars were used to 

Fig. 14. Fabricated prototype of proposed antenna: (a) metasurface with PIN photodiodes, (b) front-view of the patch antenna, (c) back-view of the patch antenna, 
and (d) anechoic chamber with the measurement setup. 
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implement the required air gap between the patch and the two layers. 
The antenna was fed RF energy through an SMA connector. The radia-
tion pattern of the proposed antenna was measured in a standard 
anechoic chamber [20]. 

Fig. 15 shows the simulated and measured antenna performance of 
the antenna in terms of S11 and radiation pattern. The measured results 
show that the proposed antenna has a fractional bandwidth of 55 % from 
0.96 GHz to 1.78 GHz for S11 ≤ − 10 dB. The measured gain at the an-
tenna’s mid-band frequency of 1.35 GHz is approximately 9 dBi. The 
antenna radiates unidirectionally in the broadside when all the PIN 
photodiodes on the metasurface are deactivated. These results confirm 
the antenna is an excellent candidate for long range wireless commu-
nication systems. 

The antenna’s beam forming process was validated by activating and 
deactivating the metasurface PIN photodiodes under different scenarios. 
The PIN photodiodes used are sensitive to light of wavelength 850 nm. 
Under darkness the photoresistor presents a high electrical resistance. 
Conversely when photoresistor is exposed to light from a LED of 850 nm 
its electrical resistance significantly reduces. In fact, the magnitude of its 
resistance reduces rapidly with increase in light intensity. This is evident 
from the measurements shown in Fig. 11(b). This property is exploited 
here to control the performance of the metasurface layer. Under state 2 
when the PIN photodiodes in columns #4 and #5 of Fig. 12(b) are 
deactivated the antenna’s main beam deflects to the left by − 24◦ in the 
elevation plane, as shown in Fig. 16(a). Under state 3 when the PIN 
photodiodes in columns #4 and #5 of Fig. 12(b) are deactivated the 
antenna’s main beam deflects to the right by +24◦ in the elevation 
plane, as shown in Fig. 16(b). Other combinations of photonic illumi-
nation of the photoresistor provide different degrees of deflection. The 
maximum beam steering achievable with this technique is total 48◦. 

The proposed antenna whose radiation pattern can be controlled 
photonically is compared in Table 3 with other beam steering 

Fig. 15. Simulated and measured antenna characteristics for state 1 when all 
the PIN photodiodes are deactivated: (a) S11, and (b) radiation pattern. 

Fig. 16. Simulation and measured of radiation pattern at mid-band frequency of 1.35 GHz for: (a) state 2 when PIN photodiodes in columns #4 and #5 in Fig. 12 are 
deactivated, and (b) state 3 when PIN photodiodes in column #1 and #2 in Fig. 12 are deactivated. 

Table 3 
Comparison of the proposed antenna with pervious works.  

Ref. Fractional bandwidth Dimensions Max scan angle Max gain (dBi) Mechanism 

[5] 30 %@1.05 GHz 0.9λo × 0.9λo × 0.06λo ±25o 9.4 PIN diodes 
[31] 3.8 %@ 2.6 GHz 1.04λo × 1.04λo × 0.06λo ±20o 5.7 Fluid 
[25] 27 %@0.92 GHz 0.98λo × 0.77λo × 0.06λo ±30o 8 PIN diodes 
[13] 11.5 %@5.2 GHz 1.16λo × 1.16λo × 0.26λo ±36o 9.3 PIN diodes 
[34] 4.1 %@5.5 GHz 0.6λo × 0.6λo × 0.05λo ±32o 7.2 Mechanically 
[35] 2.77 %@3.6 GHz 4.2λo × 4.2λo × 0.72λo ±20o 13.9 Varactor diodes 
[36] 10.6 %@9.41 GHz 1.59λo × 0.86λo × 0.12λo ±30o 5.11 MEMS switches 
This work 55.5 %@1.35 GHz 0.778λo × 0.778λo × 0.25λo ±24o 9 PIN photodiodes  
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mechanisms reported recently in literature in terms of dimensions, 
maximum scan angle, and maximum gain. The dimensions and gain of 
the proposed antenna are comparable to other beam steering techniques 
however the proposed antenna offers beam steering in the elevation 
planes by a maximum of ±24◦. Unlike other methodologies reported to 
date the proposed technique uses light to affect beam steering. This 
novel technique mitigates the complexity and interference issues asso-
ciated with other prior techniques. 

7. Conclusion 

Demonstrated for the first time is a novel reconfigurable metasurface 
antenna for beam steering applications in wireless communication sys-
tems. The antenna is designed to operate across 0.978 GHz to 1.73 GHz 
with a reflection-coefficient (S11) better than − 10 dB. The antenna 
comprises three layers. The middle layer is a rectangular patch antenna 
on which is implemented H-Tree shaped fractal slots. Located above the 
patch antenna is a metasurface layer consisting of a lattice structure 
constructed from unit-cells that are interconnected to each other by PIN 
photodiodes. The backside of the patch antenna is shielded with a 
reflective surface that ensures a high front-to-back ratio. The metasur-
face focuses the main beam emanating from the antenna to enhance its 
directivity. Surface currents over the metasurface can be perturbed by 
activating the PIN photodiodes when illuminated with LED light of 
wavelength 850 nm. It is shown that by activating appropriate PIN 
photodiodes on the metasurface the antenna’s main beam can be 
controlled precisely. Maximum beam deflection achieved with the 
proposed mechanism is 48◦ from − 24◦ to + 24◦ in the elevation plane. 
The antenna offers a maximum gain of 9 dBi and its front-to-back ratio is 
21 dBi at its mid-band frequency of 1.35 GHz. The antenna has a frac-
tional bandwidth of 55.5 % from 0.978 GHz to 1.73 GHz. The antenna is 
low profile and compact with dimensions of 0.778λo × 0.778λo × 0.25λo 
mm3. In the future, we plan to design flat antennas at other frequency 
bands where size and space are a constraint. In fact, the proposed 
technology is a applicable for use as intelligent and reprogrammable 
surface required for 6G mobile communication systems. This work can 
be extended in the development of smart antennas for future wireless 
systems operating at terahertz frequency band. 
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