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ABSTRACT

Reflective Reconfigurable Intelligent Surfaces (RISs) are artifically engineered surfaces that can redirect an
incident wave towards any arbitrary direction. As a result, RISs are envisioned to play a significant role in 5G and
6G communications. However, for practical implementation, active RISs may consume significant power besides their
complex circuitry, especially when deployed on a large scale. To address this challenge, passive surfaces with nearly
continuous phase gradients are being explored as a more efficient alternative. These surfaces consist of periodically
arranged arrays of unit cells with linearly varying phase profiles, which can be implemented using two or more
unit cells per period. However, using fewer unit cells per period can result in specular reflection besides anomalous
reflection. This study demonstrates Phase Gradient Surface (PGS) designs having 18x18-unit cells of two-state to
five-state, which effectively redirect incoming waves towards an anomalous direction, with suppressed specular
reflection by upto 12.4 dB. They can also adaptively reconfigure the anomalous beam for smaller range of incident
angles. Comparative reflection patterns for two- to five-state PGSs are presented, demonstrating that the five-state
design achieves the greatest suppression of specular and other undesired reflections, even for incident angle of 20°.
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1. INTRODUCTION

Reflective Reconfigurable Intelligent Surfaces (RISs)
are widely recognised for their ability to redirect the incident
electromagnetic waves toward a non-specular direction
(anomalous direction). This phenomenon is achieved by using
carefully engineering the surface having multiple unit cells
with high reflectivity and a continuous phase distribution,
resulting in optimal power transfer towards the desired
anomalous direction. Such surfaces with a constant phase
gradient are called Phase Gradient Surfaces (PGSs). In PGSs,
the number of discrete phase states, which defines the phase
gradient, significantly influences the power reflected toward
unintended directions including specular direction.

Some researchers have indicated that PGSs can be realized
using metasurfaces also called Phase Gradient Metasurfaces
(PGMs). Due to their ease of installation and implementation
on any flat surfaces, reflective PGMs have been studied
extensively for many useful applications like 1-D'? and
2-D* beam forming, wavefront control*® etc. The direction
of anomalous reflection can be dynamically reconfigured by
adjusting the phase properties of the PGM states using active
components like PIN or varactor diodes. Thus, PGMs with
active elements are often employed to be used as RISs. For
instance, two-state programmable PGM equipped with a single
diode enables real-time control of various functionalities,
including polarization, scattering, focusing’, and dynamic
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scattering®. A dual-band beam-steering RIS® was reported that
demonstrated high specular reflection in the lower band, while
the higher band showed diminished specular reflections. The
beam reconfiguration was accomplished by modifying the
states with a single varactor diode. Similar functionality was
demonstrated in a two-layer structure incorporating multiple
diodes'®, where the higher frequency band showed specular
reflections at larger scan angles. Again, a novel RIS design
covering entire 5G mm-wave band using optimal coding using
1-bit PIN diode-based switching element to effectively provide
beam scanning capability up to 50°',

Therefore, metasurfaces with a higher phase gradient
(fewer states) are more prone to generating undesired specular
reflections, due to abrupt phase changes along their surface. To
minimize unwanted reflections, planar loaded antenna arrays
have recently been developed to enable precise anomalous
reflection in any desired direction by optimising the scattering
characteristics of passively loaded array antennas. For a finite-
sized fixed array, the deflection angles can be continuously
adjusted through appropriate tuning of each load!*!4.

Larger active arrays or antenna arrays with many unit
cells can encounter substantial energy losses associated with
powering control units and planar loadings. As a result, passive
RISs, especially those employing simple rectangular patches as
unit cells, have been explored to achieve anomalous reflection
in fixed directions, minimizing reliance on active components.
Certain anomalous reflectors with a higher number of states
have also exhibited specular reflections. For instance, a ten-state
anomalous reflector demonstrated higher levels of specular
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reflection compared to the anomalous beam". Similarly, an
eight-state coding metasurface reflector with a main beam at
75° was found to produce more specular reflection than the
ten-state, twelve-state, and sixteen-state configurations, which
had main beams reflected at 48°, 38°, and 28°, respectively'®.
Nevertheless, it is feasible to design anomalous reflectors with
fewer states while maintaining lower specular reflections. A
D-band anomalous reflector can redirect a normally incident
wave to angles of 30°, 60°, and 75° using ten, eight, and six
distinct states, respectively!’. These reflectors rely on many
states to minimize specular reflections and reflections in
undesired directions.

Here we show that with moderate increase in number of
states (upto five) in an anomalous reflector, specular reflection
as well as spurious higher order modes located at undesired
directions can be significantly reduced maintaining a single
strong beam towards desired direction. The proposed PGS
designs can also reconfigure the direction of anomalous
reflections with the change in incident angle, thus making it a
good candidate for RIS applications.

2. DESIGN OF PHASE GRADIENT SURFACE
The proposed multi-state PGSs consist of two to five states
in each period. Each unit cell, as shown in Fig. 1, consists of
a copper-backed FR4 substrate with a thickness of 1.63mm
and a size of 15 mm x 15 mm (0.6 A, x 0.6 A ), where A is
the operating wavelength. The top copper patch on the unit
cell has a variable central gap (g). This unit cell responds well
to y-polarized incidence due to its folded dipole-like feature
along y-direction. Here, each unit cell represents each state,
and different states are distinguished by different central gap
values ranging from Omm to Smm.

The proposed passive PGS is realized using array of
18 x 18-unit cells (10.8 &, x 10.8 X)), as shown in Fig. 2. The
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periodicity of each case is enlarged and shown below each case
of multi-state pass array. Rows of unit cells with the same color
represent the same state. The colors on the array are used for
illustrative purposes to indicate the different states.

3. WORKING PRINCIPLE

Ideally, PGS based RISs must employ linearly varying
phase shifts from 0° to 360° on the reflective surface, which is
essential to reflect an incoming incident wave along the desired
direction. The continuous phase shifts are often discretized into
two or more states to enable practical realization.

When a plane wave impinges on this surface, multiple
reflection modes are generated. The direction of propagation of
these modes can be represented as the tangential components
of their wavenumbers as'®:

kynsin6,., = k;sin6; +2Ln €))
where, k_ and 0, represent the wavenumber and diffraction
angle of the n' reﬂectlon mode (where n = 0, +1, £2, ...), k,
is the wavenumber of the incident wave, 0, is the angle of
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Figure 1. (a) The top view; and (b) Dimetric view of proposed
unit cell design. Parameters (in mm): a=15, w=11,
p=0.5, q=3.9, g= variable, s=1, h=1.63.
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Figure 2. Schematic of multi-state array.
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incidence as demonstrated in Fig. 3, and L is the length of one
period of the GM, also evident in Fig. 2.

In this work, we will represent 0, and 0_as positive when
they move away anticlockwise and clockwise respectively,
from the normal of the surface in the x-z plane. When both
the incident and the reflected waves travel through the same
medium, k=k .

6, =sin~t (sin 0; + nT}”O) ()

For normal incidence (0,=0°) and A =25 mm (operating
frequency = 12 GHz), the possible propagating modes for
multi-state PGSs are calculated in Table 1.

Table 1. Direction of propagating modes for normal incidence
on multi-state PGSs

0 2 state 3 state 4 state 5 state
mo (L=30mm) (L=45mm) (L=60mm) (L=75 mm)
0, 0° 0° 0° 0°
0.  +56.44° +33.75° +24.62° +19.47°
0., - - +56.44° +41.81°
6 - - - +90°

The direction of propagation of the dominant anomalous
reflection mode (here, 6 ) can be reconfigured by three ways
for our proposed PGSs, as predicted from Eqn. (2):

3.1 By Changing the Wavelength

A reduction in the operating wavelength (increase in
operating frequency) will lead to shift in the dominant mode
towards the normal. Nevertheless, the phase gradient on the
PGS must be fairly constant, which may require choosing
different values of central gap which will meet the phase
gradient criteria.

3.2 By Changing the Periodicity of the PGS

The periodicity of PGS plays the most important role in
not only reconfiguring the direction of dominant mode but
also eliminating the undesired higher order modes. As the
periodicity increases without any change in unit cell size,
higher order propagating modes like n=+2 and so on may exist,
apart from already present undesired modes. These modes add
to power transmission towards undesired direction.

3.3 By Changing the Incident Angle

The most feasible way to reconfigure the direction of
dominant mode propagation in a PGS is to change the incident
angle. As the incident angle increases, the dominant mode
(+1** mode) moves away from the normal towards the +x-axis,
it touches the +x-axis and then becomes evanescent. The other
undesired higher order modes also follow a similar pattern and
may become stronger than the desired mode when they are
closer to the normal while the desired mode is closer to the
horizon. Thus, in this scenario, it is desirable to operate the
proposed structures within incident angles closer to the normal
to avoid spurious undesired reflections.

4. SIMULATED RESULTS AND DISCUSSION
The unit cell simulation of the proposed PGS has been
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carried out in ANSYS HFSS software with Floquet port
excitation. Since the unit cell works for y-polarized incidence,
the reflection magnitudes and phases for each state of multi-
state PGS, achieved by choosing appropriate central gap values
are tabulated in Table 2. The simulated magnitude for each state
shows to be higher than -3dB, representing high reflectivity for
the operating frequency of 12GHz. The reflection phases show
corresponding phase gradients of 180°, 120°, 90° and 72° for
two-, three-, four- and five-state PGSs respectively.

The proposed PGSs have been simulated with FEBI
(Finite Element Boundary Integral) boundaries and plane
wave incidence normally (0=0°) on the multi-state patterned
surfaces. The scattered fields are plotted as normalized bistatic
RCS on x-z plane (¢=0°), as shown in Fig. 3 for multi-state
cases. The n=+1 modes were seen at +56°, +34°, +25° and
+20°, for two-state to five-state cases respectively. As predicted
from Table 1, the other undesired reflection modes are also
present with suppression.

The specular reflection (at 0 =0°) is seen to be the highest
for two-state case and gradually decreases with the increase in
the number of states. For the five-state case, the amplitude of
the specular reflection is 12.4dB lower than the amplitude of
the beam at +20°. With the progressive increase in the number
of states in a PGS, the phase gradient becomes smaller and
thus the phase profile becomes smoother along the direction
of applied gradient, which tends to represent a continuous
and linear phase profile. Abrupt phase changes along the PGS
gives rise to stronger undesired direction reflection, along with
specular reflections. Hence, with our proposed design, the

Table 1. Simulated reflection coefficients of unit cell for multi-
state cases

Reflection coefficient

g (mm) . -
Magnitude (dB) Phase (°)

2-states

0.28 -1.49 -104.19

1.5 -0.73 74.66
3-states

0.21 -1.17 -122.21

0.7 -1.9 -2.49

5 -0.13 117.12
4-states

0 -0.22 177.82

0.33 -1.7 -91.16

0.7 -1.98 -2.14

2.1 -0.43 93.16
S-states

0 -0.22 177.82

0.27 -0.75 -144.89

0.5 -2.15 -45.43

1 -1.33 41.77

34 -0.21 109.19

Table 3. Suppression in Specular Reflection for Distinct state
of PGS

Number of  Direction of maxima  Suppression in specular

states ©) reflection (dB)

2 +56.44 1.97

3 +33.75 7.11

4 +24.62 8.21

5 +19.47 12.4
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Figure 3. Simulated normalized bistatic RCS plots of multi-state PGS for y-polarized normal, 10° and 20° incidences. (Positive angle
towards +x axis for ¢=0° and towards +y axis for $=90°).
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Figure 4. (a) Measurement setup; (b) Enlarged view of setup on turn table; (c) Fabricated structure (five-state array); and

(d) Schematic representation of the measurement setup.

increase in number of states will show not only a reduction
in specular reflections, but also other undesired propagating
modes. The suppression of the specular reflection with respect
to the main propagating mode is tabulated in Table 3.

On the other hand, Fig. 3 also shows that the n=-1 mode,
for two-, three-, four- and five-state cases, is also present
with a suppression of 0 dB, 13.22 dB, 13.18 dB, and 22.45
dB respectively at their expected directions. Presence of other
higher order propagating modes like n=+2 is also weakly visible
at their respective directions. Thus, as the number of states
increases, the generation of spurious undesired propagating
modes is inevitable.

The scattering patterns for higher incident angles of 10°
and 20° are also plotted on Fig.3. It is evident that for each

multi-state case, except the two-state case, the dominant mode
moves away from the normal for increase in incident angle.
For the two-state case, the dominant mode is evanescent when
the incident angle is greater than 9.59°. Therefore, in Fig. 3, the
dominant mode is not visible for incident angles of 10° and 20°.
The other higher order modes also follow the same pattern,
but they tend to be stronger as they approach the normal. Even
for a higher incident angle of 20°, this phenomenon could be
reduced subsequently as the states are increased to five where
only n=-3 mode located at -41° is found to be strong. All the
other undesired modes are successfully pushed below 10dB
than the dominant mode. Interestingly, for three-state case we
do notice the undesired n=-2 mode located at -50° shoots up
above the desired mode, which can significantly hinder the
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PGS performance. Thus, it might be ideal to operate lower
state designs with lower incident angles to avoid the same.

5. MEASUREMENT SETUP AND RESULTS

The proposed multi-state PGSs are fabricated using
separate FR4 substrates of same size of 270 mm x 270 mm
x 1.63 mm each. Scattering pattern measurements of these
structures are conducted in an anechoic chamber. As shown in
Fig. 4(a), the measurement setup consists of two X-band horn
antennas, one serving as the transmitter and the other as the
receiver, and the fabricated PGS, mounted on the axis of a turn
table. The transmitting antenna is placed at Im distance from
the PGS, aligned normally to the PGS. The enlarged view of
the setup on the turn table is shown in Fig. 4(b). Port-1 and
port-2 of a vector network analyzer (VNA) are connected to
the transmitting horn and the receiving horn, respectively. A
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photograph of the fabricated five-state array is shown in Fig.
4(c).

To measure the reflected power, the receiving horn is
placed at approximately 4 meters away from the PGS. The
turn table, along with PGS and the transmitter horn mounted
on it, is rotated from -90° to +90°, to record the S, parameter
on the VNA. Due to the limitations of the turn table and space
constraints of the anechoic chamber, the horn antennas could
not be placed in the far-field region of the PGS, which is
approximately 11 meters. The schematic representation of the
entire measurement setup is illustrated in Fig. 4(d) for better
understanding.

To replicate the measurement setup, the simulation of each
multi-state array is carried out with an X-band horn as source
located at 1m from the PGS. The normalized gain patterns are
then compared with the measured patterns.

20° Incidence
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Figure 5. Measured Results for Normal incidence and 20° incidence on the proposed multi-state PGSs.
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For normal incidence, progressive suppression of the
specular reflection (0 =0°) are seen as we increase the number
of states for each passive PGS design. The anomalous reflection
is found to be strong for all cases at the expected directions.
Despite, the measured pattern showing a null for all cases
particularly at 6=0°, the overall beam is seen to have been
suppressed progressively. The null at 0° seems to be due to
horn blocking the received signal in that direction, however
more investigation needs to be carried out to avoid such dip in
response. The measured 3dB beamwidths are 9°, 12° ,6° and 7°
for two- to five-state arrays for normal incidence, respectively,
which are slightly wider than the simulated cases due to the
nulls getting filled.

For 20° incidence, the main anomalous beam is found
to exist along the directions as predicted by the simulations.
However, the undesired reflection beams seen in simulation are
supressed significantly in the measured results. For the three-
state case the amplitude of the n=-2 mode is higher than that of
the n=+1 mode, as predicted by the simualtion. The discrepancy
between the measured and the simulated results, in particular
for the negative higher order modes needs further investigation.

6. CONCLUSION

In this work we demonstrate periodic multi-state passive
phase gradient surface that provide anomalous reflection. The
unit cell design is simple, with distinct states represented by
variations in a single parameter. We demonstrate that increasing
the number of states in an anomalous reflector substantially
reduces specular reflection while preserving a strong beam in
the desired direction, achieving a maximum specular reflection
suppression of 12.4 dB for the five-state case. The anomalous
reflection direction can be reconfigured for each of the multi-
state designs by changing the angle of incidence.

Owing to their ease of fabrication and minimal design
complexity, the proposed surface designs are ideal for
connecting to stationary targets located in blind spots when the
PGS is positioned normal to the signal source. They are also
well-suited for scenarios requiring multi-target connectivity,
such as densely populated areas served by a single base
station or providing seamless and simultaneous connectivity to
multiple satellites using a cost-effective setup.
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