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Reflective Intelligent Surfaces
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Abstract—To achieve a smart electromagnetic (EM) environ-
ment, several implementation challenges need to be addressed.
Among them, the practical realization of low-cost and easily deploy-
able reconfigurable intelligent surfaces (RISs) is a crucial objective
for both the applied EM and wireless communication communities.
In this framework, we propose a new design strategy for adding
reconfigurability to reflective metasurfaces (MTSs) and, thus, im-
plementing RISs. In particular, we exploit the insights of CV theory
to control the overall scattering pattern of reflective MTSs and
reduce the complexity of the control system. Indeed, instead of con-
tinuously tuning the response of each MTS element, the proposed
solution requires only switching on and off the response of a portion
of the MTS itself, allowing for an easier practical implementation.
The results of an analytical analysis and a set of numerical full-wave
simulations confirm the effectiveness of the proposed approach.

Index Terms—Composite vortex, metasurfaces, reconfigur-
ability, reflective intelligent surfaces, smart electromagnetic (EM)
environment.

I. INTRODUCTION

ECONFIGURABLE intelligent surfaces (RISs) have been
Rrecognized as a key enabling technology for beyond 5G
wireless systems [1], [2], [3]. This kind of planar structure
typically consists of scattering elements, whose electromagnetic
(EM) response can be independently controlled to achieve the
desired overall scattering pattern when excited by an external
EM field. In this way, by properly covering them with RISs,
the objects in the environment can be transformed from mere
obstacles for signal propagation to actual relays or transceivers
with an active role in the reliability and capacity of the commu-
nication channel [4]. Although this approach provides a number
of degrees of freedom, it also involves several implementation
challenges [5], [6]. In particular, a proper deployment strategy
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should be implemented for maximizing channel performance
while, at the same time, taking into account several practical
factors, such as the deployment cost, the user distribution, the
available space, and the propagation conditions. In addition, the
possibility of tailoring the EM response of the object typically
involves the use of large RISs. Therefore, an efficient design
strategy for minimizing the complexity of the RISs should be
implemented.

In this framework, a crucial role is played by metasur-
faces (MTSs) that, being constituted by electrically small and
subwavelength-spaced passive elements [7], [8], [9], allow for a
fine tuning of the EM response and a low-cost implementation.
Still, we need to independently control the response of each
element of the MTS, resulting in significant complexity in
the case of large structures. Indeed, the massive use of active
components (e.g., varactor diodes, MEMS, etc.) and the large
number of control lines, limit the large-scale deployment of
RISs.

In the literature, some interesting solutions to simplify the
design and implementation of reconfigurable MTSs have been
proposed [10], [11], [12], [13], [14]. In particular, the concept of
digital MTS allows to control the EM field using different coding
sequences, which can be pre-evaluated, stored, and switched in
real time using a field programmable gate array (FPGA) [11].
Still, the external control circuit typically needs to evaluate
a huge number of coding sequences and actively control all
the MTS elements independently. Another interesting approach
consists of mutually twisting two closely stacked MTSs [14]. In
this way, one can synthesize far-field scattering patterns through
the direct contact of mutually twisted fully passive metallic
patterns. However, this requires a mechanic rotating system,
which is not compatible with the extreme low-latency required
by beyond-5G wireless systems.

In this letter, we propose a new mechanism for reaching
dynamic tuning of RISs through the composite vortex (CV)
theory. Indeed, instead of controlling the response of each
individual element of a MTS, we concentrically placed two
circular MTSs that, when excited by an impinging plane wave,
produce different vortex modes. The superimposed vortex beams
give rise to an overall scattering pattern, which varies as a
function of the relative amplitude and phase of excitation of
the two modes. A similar approach has been recently proposed
for tuning the radiation pattern of patch antennas [16], [17].
Howeyver, here, the vortex modes are not excited at the source
level, but rather generated after reflection from an illuminated
properly structured MTS. In addition, the proposed approach
is not limited to the generation of different vortex modes for
multiplexing applications [18], [19], [20], [21], [22], [23], but it
is exploited in the context of CV theory in order to give design

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/


https://orcid.org/0000-0001-9231-7360
https://orcid.org/0000-0002-4297-5274
https://orcid.org/0000-0002-2248-2261
https://orcid.org/0000-0002-1164-267X
mailto:mirko.barbuto@unicusano.it
mailto:alu@mail.utexas.edu
mailto:filiberto.bilotti@uniroma3.it
mailto:alessandro.toscano@penalty -@M uniroma3.it
mailto:alessandro.toscano@penalty -@M uniroma3.it

BARBUTO et al.: COMPOSITE VORTEX MANIPULATION AS A DESIGN TOOL FOR REFLECTIVE INTELLIGENT SURFACES

E

Incident H

plane wave z

P

Fig. 1. Sketch of a circular reflective MTS divided into an inner circular disk
surrounded by an external ring, which imparts a different helical phase profile
to a vertically polarized orthogonal impinging plane wave (as an example, the
colors represent the phase response for: £1 = 1, o =2, § = 7/2).

guidelines for RISs, whose response can be tailored in a much
simpler way.

We remark here that some preliminary results on this topic
have been discussed in our recent conference paper [15] which,
however, was limited to a pure analytical analysis. In this letter,
in addition to providing more details on the analytical results,
we also propose a practical implementation based on a realistic
model and full-wave simulations.

II. PROBLEM FORMULATION AND ANALYTICAL RESULTS

Vortex modes belong to a specific class of EM fields exhibiting
a hollow intensity distribution due to a phase singularity point
[24]. To expand their potential, they can be combined together to
form the so-called composite vortices [25]. Indeed, the overall
field distribution, in both amplitude and phase, can be finely
manipulated by properly balancing the constituting beams. This
phenomenon has been successfully employed to design a wide
range of practical devices [26], [27], [28], [16], [17]. A similar
approach is exploited here to manipulate the scattering pattern of
areflective MTS and, thus, simplify the reconfigurable strategies
of RISs.

For this purpose, we start our analysis by considering that a
single reflective MTS can be designed to impart a helical phase
profile el*# and, thus, transform an impinging plane wave into
a reflected vortex mode [19], [20], [21], [22], [23], [29], [30].
Ideally, the MTS should exhibit a reflection of unitary amplitude
and a phase response

¢ = £ x arctan (%) ()

where ¢ is the vortex order mode and we have assumed a
metasurface placed in the xy-plane.

In our case, we need to superimpose two different vortex
modes. Thus, the considered reflective MTS, reported in Fig. 1,
consists of two regions, i.e., an inner circular disk surrounded
by an external ring, each one exhibiting a reflection of unit
amplitude but a helical phase profile of different order (¢; and
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o, respectively). In this case, the overall scattering pattern can
be written as [21] where | F5 is the hypergeometric function,
Ry and Ry are the radii of the inner and outer region of the
MTS, respectively, ¢ is the added phase shift between the two
modes, and 6 and ¢ represent the elevation and azimuth angles,
respectively.

Equation (2) shown at the bottom of this page can be directly
used to compute the response of the overall MTS, once the main
geometrical and EM parameters are fixed. However, due to the
presence of the hypergeometric functions, it does not allow for
a simple analysis of the problem and for implementing a clear
design strategy. On the contrary, several physical insights can
be inferred directly from the CV theory. Indeed, the analysis
reported in [25] demonstrated that, by properly choosing the
order of the constituting vortex beams (i.e., /1 and {5), the
number of phase singularity points and, thus, of amplitude nulls,
can be chosen at will. In addition, the positions of these nulls
can be manipulated by simply acting on the relative amplitude
and phase of the two modes, further increasing the possibilities
for reconfiguring the MTS response. Therefore, depending on
the requirements for a specific application, the overall MTS can
be designed to reflect the desired composite vortices and, thus,
exhibit the required number of amplitude nulls.

Here, we focus our attention in the simplest case of the
superposition of a vortex-free component (¢/; = 0) and a vortex
mode of the first order (/5 = 1). In this case, we have seen that
the overall field still exhibits a phase singularity point, whose
position depends on the amplitude and phase of the vortex-free
component [16]. Specifically, by increasing the amplitude of
the vortex-free component, the distance from the center of
the singularity point can be increased, while by acting on the
relative excitation phase, the singularity point can be rotated
on the azimuthal direction. These two knobs, i.e., the relative
amplitude and phase of the two modes, can be, thus, exploited
for controlling the scattering pattern of the overall MTS.

To demonstrate the effectiveness of this new design strategy,
we have first analyzed the scattering pattern (2) for the specific
case of interest (i.e., /1 = 0 and /5 = 1), once the electrical
dimension of the external ring Ry = 1.5 A is fixed. In this case,
as shown in Fig. 2, the overall scattering pattern can be controlled
by acting on R; (i.e., the radius of the central region exhibiting
a constant phase shift). Indeed, by increasing the radius of the
inner part, we increase the vortex-free component of the overall
field and, thus, we move away the radiation null from the original
central position [16]. In this way, also the shape of the scattering
pattern can be tailored between the conical one, when the whole
MTS reflects a vortex mode of the first order (i.e., Ry = 0), and
the broadside one when the whole MTS reflects a vortex-free
component (i.e., Ry = R»). Indeed, between these two limiting
cases, we can tilt the reflected beam in the angular range 6 < 15°.
Moreover, Fig. 3 shows the three-dimensional (3D) scattering
patterns for different values of the phase shift § between the
two constituting regions, once fixed Ry = A¢. In this case, the
scattering pattern can be also rotated along its center, allowing
for a 2-D beam scanning [16].

jksin§)/fnleitnptitn-1)

| Fiot (0,0)] = /1 — (sinpsin 6)>

Zl(

Ll [0 (1n] + 2)

Ry (0,160] R) = R0 P (0,160, R
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Fig. 2. 3-D normalized scattering patterns for the two limiting cases: (a) Ry

= 0and (b) R1 = Ry = 1.5 Ag; (c) Normalized scattering pattern in the plane
¢ = 7/2 for different values of R (here £1 = 0, 2 = 1), with a zoom on the
main beam.

5=n/2

Fig. 3. 3-D normalized scattering patterns for different values of the phase
shift § between the two regions (here Ry = Ag, Ra = 1.54p, 1 = 0 and ¢ =
1).

Please note that, in order to tailor the shape or the tilting
angle of the reflected beam, here we just need to control the
surface area ratio between the inner and outer MTS regions.
Thus, compared to the standard design approach that is based
on finely tuning the phase response of all the MTS elements
by properly integrating tuning elements (e.g., varactor diodes),
here we just need to “switch-OFF” the helical phase response
of some of the MTS elements. Moreover, we remark here that,
for the sake of brevity, we focused our attention to a specific
configuration of composite vortices and a fixed dimension of
the overall MTS, which give rise to specific reconfiguration
capabilities (e.g., a main beam in the angular region | 0 | < 15°)
of possible interest for indoor environments. However, the actual
potentialities of this approach are not limited to this scenario,
and, by properly choosing the overall dimension of the RIS and
the order of the two modes, further manipulation capabilities
can be implemented [17], [18]. In particular, for achieving a
single beam with an increased maximum tilting angle, we need
to increase the order of the external vortex mode ¢, and chose
the order of the inner region such that #; = {5 - 1. In this way, the
overall beam exhibits a central phase singularity of order ¢;-1,
and a single (¢5-¢; = 1) external vortex, which can be moved to
control the maximum tilting angle of the overall beam, as shown
in Fig. 4.
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Fig. 4. 3-D normalized scattering patterns for different values of the higher
order mode: here /1 = ¢2-1,R1 =1, R2=15A.
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Fig. 5. (a) Perspective view of the proposed MTS element loaded with a PIN
diode, which was modeled by the corresponding equivalent circuits for the ON
and OFF states; (b) picture in transparency showing the biasing vias.

III. EXAMPLE OF A PRACTICAL IMPLEMENTATION

In the previous section, we have shown how the insights of
CV theory can be directly exploited for tailoring the scattering
pattern of RISs. For this purpose, we have considered ideal MTS
sheets able to perfectly impart the required phase profile to the
impinging field. However, for a practical realization, a realistic
MTS with a finite number of elements should be implemented.
Moreover, for a vortex mode of order ¢, the MTS structure can be
further simplified and divided into N equiangular sectors (being
|¢| < N/2), each one constituted by identical elements [29]. For
this task, several successful examples have been proposed in
the literature [21], [23], [29], [30]. In these cases, a reflective
unit-cell with a full phase coverage (360°) and a unitary reflec-
tion amplitude have been designed. In addition, in our case we
also need to switch-OFF the helical phase response for the inner
part of the MTS and, thus, a reconfigurable strategy should be
implemented. However, here, we do not need to continuously
change the phase response of the unit-cell, but we only need to
obtain an almost constant phase shift when the phase response
is switched-off.

A possible solution for this goal is reported in Fig. 5 and
consists of a squared metallic patch printed on a F4B dielectric
substrate with thickness of 0.508 mm and relative permittivity
e, = 2.25.This structure is spaced from a metallic sheet through
a 5 mm thick foam layer. Moreover, the metallic patch, whose
dimension w can be changed to achieve different phase shifts,
has been cut atits center and loaded with acommercial PIN diode
(MA4SP552 [31]). Finally, two metallic vias are embedded
within the structure for setting the polarization voltages to the
ON or OFF states of the diodes [32]. It is worth noticing that
the thin biasing lines are orthogonal to the MTS plane and,
thus, the effect on the unit-cell response is almost negligible.
In addition, bringing the control lines beyond the ground plane,
allow to isolate the MTS element from the control network that
could be realized on the back of the overall MTS.



BARBUTO et al.: COMPOSITE VORTEX MANIPULATION AS A DESIGN TOOL FOR REFLECTIVE INTELLIGENT SURFACES

1,0 VAR ———r o= T

09 - [’S 150

0,8- ‘
g _—— F100 ~
én,T_ --‘.h\ 750 ‘_3/
2 06 ~ [ @
£ 0,6 \‘-. ] ‘8
S 05 -
2 § =
E 0,4 - . E
T 031 — OFF state amplitude &
x 0,2 ON state amplitude +--100

— = OFF state phase
0,14 | ——ON state phase L -150
0,0

T T T T T T T . |
10 15 20 25 30 35 40 45 50
Patch dimension w (mm)

Fig. 6. Reflection amplitude and phase of the MTS element shown in Fig. 4
for different patch dimension w at 3 GHz.
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Fig.7. (a) Geometrical representation of the eight sectors in which the MTS is
divided for achieving the helical phase profile; (b) Eight-sector reflective MTS
implemented by using the unit-cell reported in Fig. 4 (for better clarity of the
image, the PIN diodes are shown for a sector only, but each element of the MTS
is actually loaded); (c) 3-D scattering patterns for the two limiting cases: (left)
all diodes are in their ON state, (right) all diodes are in their OFF state.

The unit-cell analysis has been performed by exploiting the
equivalent circuit model of the PIN diode working at ON and OFF
state [31] (shown in Fig. 5), and the corresponding results are
reported in Fig. 6. This figure shows the amplitude and phase
response of the unit-cell at 3 GHz and for different values of
the patch dimension w. As expected, when the diode is in the
ON state, i.e., the two elements of the patch are short-circuited,
the proposed element is able to cover any phase value with
a good reflection amplitude (greater than 0.9). On the con-
trary, when the diode is switched-OFF, the phase coverage is
extremely reduced, still reflecting with an almost unitary am-
plitude, confirming the very low losses introduces by the PIN
diodes.

This behavior can be thus exploited to design a realistic MTS,
whose response can be controlled according to the analysis
of the previous section. Indeed, as shown in Fig. 7, we have
implemented a circular reflective MTS with radius Ry = 1.5 Ag
and consisting of eight sectors [29], whose elements have been
chosen according to (1) and considering ¢; = 1 and an ON state
for all the diodes. In this case, when the diodes are actually on
their ON state, the impinging plane wave is transformed into
a reflected vortex mode with a scattering null at its center, as
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Fig.8. Normalized scattering patterns in the plane ¢ = 7/2 for different values

of Ry (here £1 =0, £2 = 1). In the inset: (Ieft) zoom on the main beam direction;
(right) the eight-sector reflective MTS where the PIN diodes falling in a region
of radius Ry are switched-OFF.

shown in Fig. 7(c). Instead, when all the diodes of the same
MTS are switched-OFF, the impinging plane wave is reflected
with an almost constant phase shift and, thus, a retro-reflective
scattering beam is achieved. In between these two limiting cases,
we can also switch-OFF simultaneously only a portion of the PIN
diodes contained in a central circular region of radius Ry and,
thus, control the response of the MTS as analytically predicted
in the previous section. Indeed, the scattering patterns reported
in Fig. 8 (for different radii of the inner region where the diodes
are switched-OFF) are coherent with the ones reported in Fig. 2,
confirming our expectations.

Please note that some discrepancies exist in the main beam
direction of the ideal and realistic cases that, however, could be
reduced by implementing a finer tuning of the reflective MTS.
In particular, in the realistic case, we are not able to switch-
OFF a perfect circular region but we are limited by the finite
dimensions of the unit-cell and their square shape. Finally, we
remark here that the overall RIS exhibits good performance in
terms of side-lobe level (lower than —7.5 dB) and polarization
purity (cross-pol component lower than —30 dB).

IV. CONCLUSION

In this letter, we have proposed a possible solution to simplify
the reconfigurability of reflective MTSs. In particular, by report-
ing both analytical and numerical results, we have shown that
the scattering response of a reflective MTS can be controlled by
exploiting the CV theory and, thus, reducing the number of con-
trol elements to only the relative amplitude and phase between
the superimposed vortex components. This approach, although
reducing the degrees of freedom compared to more consolidated
approaches, allows for a simpler design and realization strategy,
with a direct impact on the implementation of RISs in a smart
EM environment.
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