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ABSTRACT Originally introduced in the early 2010’s, the idea of smart environments through
reconfigurable intelligent surfaces (RIS) controlling the reflections of the electromagnetic waves has
attracted much attention in recent years in preparation for the future 6G. Since reconfigurable intelligent
surfaces are not based on increasing the number of sources, they could indeed pave the way to greener and
potentially limitless wireless communications. In this paper, we design, model and demonstrate experimen-
tally a millimeter wave reconfigurable intelligent surface based on an electronically tunable metasurface
with binary phase modulation. We first study numerically the unit cell of the metasurface, based on a PIN
diode, and obtain a good phase shift and return loss for both polarizations, over a wide frequency range
around 28.5 GHz. We then fabricate and characterize the unit cell and verify its properties, before fabri-
cating the whole 10 cm×10 cm reconfigurable intelligent surface. We propose an analytical description
of the use that can be done of the binary phase RIS, both in the near field (reflectarray configuration)
and in the far field (access point extender). We finally verify experimentally that the designed RIS works
as expected, performing laboratory experiments of millimeter wave beamforming both in the near field
and far field configuration. Our experimental results demonstrate the high efficiency of our binary phase
RIS to control millimeter waves in any kind of scenario and this at the sole cost of the energy dissipated
by the PIN diodes used in our design.

INDEX TERMS 6G, binary tunable metasurface, mmWave, reflect array, RIS, smart environment.

I. INTRODUCTION

WITH 5G being currently under deployment, wireless
communication engineers are very close to have har-

nessed and improved the whole chain of wireless systems.
Indeed, during the past generations, modulation and coding
techniques have been largely optimized to maximize the data
rates, MIMO ideas have been introduced to multiply capac-
ities, and multiple bands have been aggregated to maximize
communication bandwidths [1]–[4]. With 5G, even more
bricks are being introduced, with both millimeter wave
(mmWave) frequencies offering ultrawide bandwidths and
Massive MIMO antennas bringing in spatial multiplexing,
to offer very high data rates to the end users [5]–[9]. It is to
be noted that these new performances almost always come

at the price of increased hardware complexities and higher
energy consumption.
Looking at it from this perspective, the horizon may seem

somehow technologically cluttered. Yet there is a missing
part of paramount importance that has been kept aside: the
channel itself. This is why the idea of smart environments,
that can adapt themselves for superior wireless communica-
tions in real time, has attracted much attention in the context
of 6G. Being able to modify the channel at will, with energy-
sober technologies, could indeed pave the way to greener and
potentially limitless wireless communications.
The concept of smart environments was first introduced

in [10], [11], where the authors proposed to optimize
the usage of various access points inside a building, by
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controlling the electromagnetic reflectiveness of its walls,
in order to distribute the signal in an optimal way in the
building according to the needs. A bit later, the idea of using
electronically reconfigurable surfaces for improved wireless
communications was proposed in [12], [13], where the fields
on the surface were locally controlled in order to focus
on a given antenna. Some follow up works were published
over the years, such as [14]–[16], but the topic remained
of rather little interest to the community, until a series of
papers were published in late 2018 and 2019 [16]–[20].
From there, the idea of smart environments using elec-
tronically reconfigurable surfaces, coined Reconfigurable
Intelligent Surfaces (RIS) emerged as a credible major
evolution for 6G and has attracted an enormous and grow-
ing interest in the wireless communications community.
Associated to RIS there are numerous research topics rang-
ing from energy efficient wireless communication [21] to
channel modeling [22], [23], RIS based signal modulation
and encoding [24], MIMO channel estimation and beam-
forming [25]–[27], telecommunication performance evalua-
tion [28], mathematical model and optimization method for
wavefront shaping with RIS [29]–[31] and even stochastic
analysis approach [32]. Yet of the numerous works proposed,
a very large part is concerned with theoretical and math-
ematical approaches, and very few deal with experimental
demonstrations of RIS. This lack of practical demonstrations
is even worse in the context of millimeter waves, where RIS
first use case may well be found for instance as passive
access point extenders.
In this paper we propose an implementation of a low com-

plexity RIS at mmWave and show its potential for wireless
communications. To do so, we demonstrate an electronically
tunable binary phase metasurface, able to control the reflec-
tions of electromagnetic waves in the 30GHz range, at a half
wavelength pitch and with a π -phase shift on two polariza-
tions independently. We first start by explaining the design
of the unit cell, which is based on a patch reflector capac-
itively coupled to a parasitic resonator controlled by a PIN
diode, as proposed in [33]. In contrast to other reconfigurable
metasurfaces, which are often built from a patch with a PIN
diode connected to the RF ground [34]–[36], in our design
we control the reflection phase by means of a capacitively-
coupled to a patch parasitic resonator loaded with a PIN
diode. Although this approach is more challenging at mm-
Waves, it provides us more degrees of freedom for optimizing
the design to significantly increase the instantaneous band-
width and to reduce power dissipation in active elements. We
study the properties and performance of the unit cell using
commercially available FEM software. Then, we fabricate
the metasurface unit cell, characterize its properties using
standard laboratory equipment, and verify that we can obtain
a π -phase shift when changing the state of the PIN diode
(forward or biased polarized). We show dissipation levels of
the unit cell below 2dB, for both polarizations of the unit
cell. We finally provide a description of the final assembled
RIS, that contains 20 × 20 unit cells on a 10 cm × 10 cm

surface, with a total of 800 PIN diodes controlled by an
FPGA board. In the next part of the manuscript, we derive
an analytical model of binary phase RIS. This model is then
used to investigate two physical scenarios of a wave imping-
ing the RIS namely (i) a spherical wave and (ii) a plane
wave. These scenarios correspond to the two practical uses
of the binary phase RIS in the near field (reflectarray con-
figuration) and in the far field (access point extender). This
analytical investigation underlines the peculiarities of binary
phase shifting metasurfaces when dealing either with spher-
ical or planes waves, and explain their mechanism. Finally,
in the last part of the paper, we propose to experimentally
explore both physical situations. In a first experiment, we
use the RIS, that we have designed, in a near field config-
uration, corresponding to a typical reflectarray antenna. In
this context, we demonstrate experimentally that the RIS can
be used to beamform mmWaves very efficiently, achieving
directivity close to 30dBi, and reaching angles as high as
60◦ as predicted by the analytical model. The last experiment
leverages the RIS in a far field configuration and provides
an experimental proof of wireless transmission of mmWaves
in a scenario where two horn antennas connected to a VNA
don’t have any line of sight. We demonstrate how the RIS
can be used to create such a line of sight, hence providing
a 25dB gain over the received energy.

II. BINARY RECONFIGURABLE INTELLIGENT SURFACE
A. UNIT CELL DESIGN
The single unit cell (or pixel) of the designed metasur-
face (1) is represented by a conducting square patch (made
of copper) placed on a low loss grounded dielectric substrate
Meteorwave 8000 (ε = 3.3 @ 10 GHz, tan(δ) = 0.0016 @
10 GHz) [37]. At the resonance frequency of the patch the
incident wave strongly interacts with the unit cell leading to
enhanced power dissipation and significant phase advance of
the reflected wave. The unit cell is designed to provide the
patch resonance f0 to be approximately around 27.5 GHz.
In order to provide the proper operation of the binary

reflect array, two conditions should be fulfilled: the ampli-
tude of the reflected wave should be maximum and the
reflection phase should be able to switch in 2 states with a
π -phase difference. There are many ways to change the phase
of the reflected wave and most of them are based on chang-
ing the electrical length of the resonator. The simplest way
to do it is to shunt the patch resonator onto the ground using
an active element, i.e., PIN diode. Nevertheless this leads
first to a strong dissipation growth due to increased current
through the PIN diode. Moreover this system becomes quite
sensitive to the fabrication intolerances of the diodes. Due to
this reason here we use a different method to control reflec-
tion phase. In order to provide a π -phase shift, the design
of the pixel is complemented with a parasitic resonator (PH
and PV on Fig. 1a for both corresponding horizontal and
vertical polarizations of the E-vector of incident wave). The
resonance frequency of the parasitic resonator lies close to
the resonance of the patch. That leads to appearance of
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FIGURE 1. a) Unit cell of the designed reflect array. M - main patch, PH and PV are
horizontal and vertical parasitic resonators, respectively. When studied
experimentally the pixel is placed inside the WR-34 hollow waveguide. b) Simulated
reflection from the metasurface unit cell. Solid line represents OFF-state and doted
line represents ON-state of the pixel. Vertical dashed lines show the operating
frequency range of the pixel.

strong coupling between two resonators and corresponding
anti-crossing behavior when coupled resonances repulse and
the mutual resonance shifting occurs. While changing the
electrical length of the parasitic resonator we change its res-
onance frequency and can tune the mutual coupling between
resonant modes of the parasitic resonator and the patch. This
in turn allows to change the resonance frequency of the patch
and the phase of the reflected wave at a given frequency.
This method was first suggested and verified in [33]. In order
to provide control of the electrical length of the parasitic res-
onator, it is split into two parts connected with a PIN diode
(MACOM-000907). To make the unit cell more compact
the parasitic resonator is partially placed inside the prelimi-
nary carved patch resonator. The diode state is switched via
applied voltage or current, controlled through the biasing
network. The network is isolated from the RF-part of the
unit cell through the lumped inductive elements (chokes).
To increase the structure symmetry, one of the chokes of
the parasitic resonator which is closest to patch is placed in
the middle of the resonator and is connected to the patch.
The patch is then connected with the other pole of the con-
trol network through the common patch choke, which is

placed on the right side of the patch (see Fig. 1a). Electrical
connection to the biasing network between top and bottom
layers is provided through the vias. All the control elec-
tronics is placed on the back side of the multilayer PCB.
When we apply a 5V biasing voltage, the state of the PIN
diode is changed from isolating (we call it OFF-state) to
conducting (ON-state). The electrical length of the para-
sitic resonator changes correspondingly providing shifting of
its own resonance frequency and consequently of the reso-
nance frequency of the main patch. Fig. 1b) shows simulated
reflection coefficient from the infinite periodic structure com-
posed of the described pixels. The simulation was performed
with the time domain solver of the CST Studio Suite soft-
ware. The unit-cell is simulated in the rectangular waveguide
(WR-34) as illustrated by Fig. 1a). A single-mode rectan-
gular waveguide port is set two wavelength (at 28.5 GHz)
away from the top of the unit cell. However, the simulation
is performed in a wide frequency range and at the low-
est frequency the distance to the port is approximately one
wavelength. The port is de-embedded having the reference
plane at the top of the unit cell in order to subtract the
propagation phase. In the OFF-state the resonance of the
patch (27.5 GHz, in Fig. 1b)) lies to the left of the reso-
nance of the parasitic resonator (30 GHz at Fig. 1b)). In
the ON-state the electrical length of the parasitic resonator
increases and the parasitic resonance is shifted to the lower
frequency (22.5 GHz). The coupled patch resonance is corre-
spondingly pushed to the higher frequency (29.5 GHz). The
operating frequency range of the unit cells is defined from
the acceptable level of the reflection coefficient amplitude
and difference of the reflection coefficient phases between
ON- and OFF-states. To operate, a RIS is required to modify
the phase of the reflected wave in comparison to the inci-
dent wave and not to dissipate all the incident power. The
maximum phase difference possible is 180 degrees, but any
value close to it is enough. For the designed pixel shown in
Fig. 1a), the operating frequency range lies in the frequency
band from 27.5 GHZ to 29.5 GHz. In this range, marked
with the two vertical dashed lines in Fig. 1b), independently
of the pixel’s state, the phase difference is always larger
than 160 degrees. Meanwhile, the reflection amplitude level
never goes under the −5 dB level, meaning that more than
20% of power is reflected. Although these characteristics
are not perfect and can be further improved, we demon-
strate in what follows that they are acceptable for the target
applications.

B. UNIT CELL MEASUREMENTS
To experimentally verify the properties of the designed pixel
a set of pixels with slightly variable dimensions of res-
onators was fabricated. The WR-34 rectangular waveguide
was used to characterize reflection properties of the single
pixel. The pixel size was adjusted to fit the waveguide aper-
ture (W×L = 0.34×0.17 inches). In order to avoid leakage
of the field through the pixel substrate and provide isolation
of the field inside the waveguide, a periodic via structure was
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formed at the edge of the pixel acting as an artificial elec-
tric wall. The bias network vias are connected with the pins
on the back side of the pixel for the power supply connec-
tion. In order to place electronics on the back side of pixel
there is a FR-4 substrate placed under the radiofrequency
grounding layer (RF-ground). That is, single pixels consists
of 2 layers of substrate separated by the ground layer. The
pixel is tightly attached to the flange of the WR-34 waveg-
uide in order to provide proper electrical connection with
the waveguide. The waveguide (which is also the waveg-
uide to coaxial adapter) is connected to a Rohde & Schwarz
ZVA-40 vector network analyzer. In order to provide reflec-
tion state control, the electrical pins of the diodes, placed
on the back side of the pixel, were connected to the con-
stant voltage power source. The OFF-state of the diode was
provided by the 0-voltage applied to the anode of the diode.
The ON-state was provided by the −5V voltage applied to
the cathode of the diode. The measured reflection proper-
ties of the single pixel inside a rectangular waveguide is
shown on Fig. 2. We see that we can indeed control the
phase difference of the reflection coefficient by changing
the position of the main patch resonance coupled with the
resonance of parasitic resonator. In the 2 GHz frequency
range between 27.5 GHz and 29.5 GHz the phase differ-
ence between ON and OFF sates is between 144◦ and 180◦.
The reflection amplitude in this range doesn’t drop below
−6 dB and average value in the frequency range bet wen
2 states is equal to −3 dB reaching −1 dB for some of
the frequencies. It is worth noting that during the operation
of the RIS, the average number of pixels in ON and OFF
state are approximately equal. The difference between the
simulated and the experimental results can be explained by
the following reasons. First there is the way we simulate the
properties of the lumped components (PIN diodes, chokes).
The equivalent RLC-model is used to describe the diodes
and chokes properties and the parameters of the model may
differ from the properties of real components. Secondly, in
the simulation model, we don’t consider the effect of the
FR4 layer placed behind the RF-ground.

C. RECONFIGURABLE INTELLIGENT SURFACE
FABRICATION
After the validation of the properties of 30 different pixels
inside the waveguide the geometry which provides lower dis-
sipation and better phase shift is selected. The selected pixel
is used for fabricating the metasurface acting as a reconfig-
urable intelligent surface (RIS). We fabricate a 10 × 10 cm2

RIS – approximately 10 × 10λ (λ is a wavelengths at
30 GHz) – made up of 400 unit cells periodically placed
every λ/2 = 0.5 cm on a rectangular lattice of 20 × 20
pixel as shown by Fig. 3a). Each unit cells having to control
independently both components of the reflected EM field,
an overall of 400 diodes to control vertical polarization and
400 diodes to control horizontal polarization are used. More
technically speaking, our RIS consists in a 6 layer PCB.
The first layer is made from a low loss substrate, namely the

FIGURE 2. a) Pixel fabricated for the waveguide characterization. The big copper
area around is intended to form electrical contact with the waveguide flange.
b) Magnified photo of the fabricated pixel. The vias around provide isolation of the
field inside waveguide. M , PH and PV are main patch, horizontal and vertical parasitic
resonator respectively. Dots and triangles tag respectively chokes and pin diodes.
c) The setup of the experiment. d) Measured reflection from the single pixel inside the
rectangular WR-34 waveguide. Solid line represents OFF-state and doted line
represents ON-state of the pixel. Vertical dashed lines correspond to frequency where
actual π-phase shift occurred showing the operating frequency range of the pixel.

METEORWAVE 8000 from AGC, and supports the 400 unit
cells (see front view in Fig. 3a)). The 5 remaining layers are
made from FR4 substrate. The last layer shown in Fig. 3b),
notably supports the electronic components that allow us to
control the states of the diodes of the pixels on the first
layer. This control is operated by a 10 × 10 matrix of shift
registers, each of them managing the states of 8 PIN diodes
associated to the horizontal and vertical polarization states of
4 pixels. In order to provide control of each pixel of the RIS,
a FPGA control board has been designed and programmed
(see Fig. 3c)). This control board has 4 ports to connect
4 independent RIS. The control board is connected to the
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FIGURE 3. a) Front and b) back side of the fabricated 10 × 10 cm2 RIS. c) RIS
control board with different interfaces.

desktop through LAN or USB interface and is controlled
with a Python or MATLAB code. The developed software
allows to independently change the state of each diode on
the RIS providing the required reflection properties across
the whole RIS. PIN diodes are thus connected to the control
board through the network of shift registers. We should point
out that the assembly composed by the metasurface and the
FPGA control board shown in Fig. 3 is a very low power
consuming RIS. Indeed, it consumes in average no more
than 8 Watts, with a potential peak power of 16 Watts if all
diodes are in ON-state. This power consumption can even be
more reduced by tuning of the bias voltage applied to diode.
In practice, in more recent version of our RIS, we have been
able to reduce this power consumption by a factor of two.
A last interesting propriety of our RIS is its switching state
rate. While remotely controlling from a desktop, the latter
lies in a kHz range. If the pattern of the PIN diode states
is stored locally on the board, update rate reaches nearly
100 kHz. Current maximum speed is function of the shift
register chain organization. In the following, we will know
see how to use this RIS for beamforming applications.

III. ANALYTICAL MODEL OF BINARY PHASE RIS
In this section we derive an analytical model of binary phase
RIS. This model is then used to investigate different physical
scenarios of a wave impinging the RIS, underlining the pecu-
liarities of binary phase shifting metasurfaces and explaining
their mechanism. The reflection of the electromagnetic wave
impinging the RIS can be controlled at will by judiciously
switching PIN diodes. As it was shown in the previous sec-
tion, states of PIN diodes determine the phase of the local
reflection coefficient along the RIS. The distribution of the
phase φnm, where n and m number pixels in the array, is

FIGURE 4. Schematics of the mutual positions of the RIS, receiving (Rx) and
transmitting (Tx) horn antennas in the spherical coordinates system.

established according to the following equation [38]:

φnm = φr(xn, ym) − φi(xn, ym), (1)

where φi(xn, ym) and φr(xn, ym) are the phase distributions
created by the incident and (desired) reflected waves at the
position xn, ym of the nmth pixel. The incident wave is
created by the transmitting (Tx) antenna illuminating the
RIS. Since PIN diodes allow one to switch a pixel between
two phase-states (0 and π ) for each polarization, the phase
φnm is set to 0 when −π/2 ≤ φr(xn, ym)−φi(xn, ym) ≤ π/2
and to π otherwise. The radiation pattern E(θ, ϕ) created by
the RIS set to a given configuration can be approximated
as the radiation pattern created by the array of patch-like
antennas and reads [39]

Er(θ, ϕ) = cos(θ)

N∑

n,m=1

	nmEi(xn, ym) cos(θnm)

× exp
(−jk sin(θ)

[
xn cos(ϕ) + ym sin(ϕ)

])
, (2)

where cos(θ) represents the radiation pattern of each individ-
ual antenna in the array, 	nm is the local reflection coefficient
from the nmth pixel, Ei(xn, ym) is the electric field of the
incident wave at the nmth pixel, θnm is the θ -angle at which
nmth pixel sees the Tx antenna, see Fig. 4.
In what follows we focus on two practically important

examples when: (i) Near-field configuration, i.e., the Tx
antenna is placed at a distance to the RIS comparable to its
size Dm and (ii) Far-field configuration, i.e., the Tx antenna
is far away from the RIS such that the incident wave can
be considered as a plane wave. The receiving (Rx) horn
antenna is always assumed to be far away from the RIS,
i.e., DRx � Dm.

A. TX ANTENNA IS CLOSE TO RIS: NEAR-FIELD
CONFIGURATION
The first scenario resembles a classical reflectarray
antenna configuration. The incident wave radiated by
the Tx (horn) antenna is modeled as a spherical wave
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FIGURE 5. (a) Illustration of a spherical wave impinging the RIS and a plane wave being reflected. (b)–(d) Results of the analytical model for the far-field radiation pattern
created by the RIS for different configurations defined by steering directions: θRx = 30◦, 45◦ and 60◦ are shown (ϕRx is 0◦). The Tx antenna is at DTx = 145 mm, θTx = 45◦ and
ϕTx = 270◦ . (e) Illustration of a plane wave impinging the RIS and a plane wave being reflected. (f)–(h) Results of the analytical model for far-field radiation patterns created by
the RIS for different configurations defined by steering directions: θRx = 30◦, 45◦ and 60◦ are shown (ϕRx is 0◦).

exp(−jk√x2 + y2 + z2)/
√
x2 + y2 + z2, although more elab-

orated models can be used to take into account such
parameters of the antenna as its directivity. The reflected
wave is set to be a plane wave exp(−jkrn), which propagates
towards the Rx antenna in the direction θRx, ϕRx defined
by the vector n. Under this configuration Eq. (1) takes the
following form:

φnm = −k sin(θRx)
[
xn cos(ϕRx) + ym sin(ϕRx)

]

+ k
√

(xn − xTx)2 + (yn − yTx)2 + z2Tx, (3)

where zTx = DTx cos(θTx), xTx = DTx sin(θTx) cos(ϕTx),
yTx = DTx sin(θTx) sin(ϕTx).
Fig. 5 (a)–(d) demonstrates different numerical examples

of beam-forming with 10λ × 10λ large RIS. The configura-
tion of the RIS is set according to Eq. (3) and the resulting
radiation pattern is calculated with Eq. (2). The colorbars in
panels of Fig. 5b)–d) indicate the directivity in each partic-
ular example and help to understand how well the incident
wave is steered by RIS in the direction of a receiving antenna.
The directivity is maximum in Fig. 5b) corresponding to
θRx = 30◦ steering angle and reaching 27.9 dBi value. When
increasing the steering angle to θRx = 60◦, the directivity
drops to 25.2 dBi. These values can be compared to the max-
imum possible directivity of approximately 30.5 dBi, which
is created by the uniform aperture of the same area as the RIS
(A = 100λ2) at θRx = 0◦ and calculated as 4πA/λ2 [40]. The
directivity of the RIS decreases from the maximum value
due to the following factors: (i) the steering angle decreases
the physical aperture of RIS, (ii) only two phase-states are
available for a binary RIS, which increases the level of unde-
sired secondary lobes, (iii) the incident spherical wave does

not illuminate the RIS uniformly. Out of these three factors,
only the last one is responsible for the reduced directivity in
the near-field configuration. Indeed, the aperture size sets a
fundamental limit on the directivity and only by increasing
the RIS area this limit can be increased. Even though the
considered RIS is binary, the level of secondary lobes, in
the near-field configuration, remains low even for such large
steering angles as 60◦. However, the near field configuration
also implies that a RIS cannot be effectively illuminated and
this decreases the aperture efficiency and thus the effective
size of the physical aperture.

B. TX ANTENNA IS FAR FROM RIS: FAR-FIELD
CONFIGURATION
In the second case, the Tx antenna is assumed to be further
away from the RIS such that DTx � Dm, when the impinging
wave can be well approximated as a plane wave. The phase
profile along the RIS is thus calculated by means of the
following formula

φnm = −k sin(θRx)
[
xn cos(ϕRx) + ym sin(ϕRx)

]

+ k sin(θTx)
[
xn cos(ϕTx) + ym sin(ϕTx)

]
. (4)

It leads to a periodic phase profile which cannot be well-
approximated by only two phase states. The binary RIS put in
a periodic configuration does not allow one to control the far-
field radiation pattern completely and a very strong undesired
lobe appears in the addition to the main lobe. This effect is
well demonstrated by Figs. 5e)–h) where a normally incident
plane wave is split in two symmetrical beams according
to periods of set configurations. It is curious to note that
although the strong secondary lobe reduces the directivity,
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FIGURE 6. a) Photograph of the experimental reflectarray setup with our 10 cm by
10 cm RIS. b) Experimental setup for measuring the far field radiation pattern of a).

the values calculated in the three examples are very close
to those in the corresponding near-field configurations (see
Figs. 5b)–d)). It can be explained by the fact that the plane-
wave illumination creates the maximum aperture efficiency
of 1, that cannot be achieved with a Tx antenna close to a
RIS. To conclude this section, the analytical model allows
one to find out in advance a configuration of RIS for a
given functionality and estimate its efficiency in terms of the
directivity. More elaborate algorithm can be implemented on
the basis of Eq. (2) to control with RIS multiple or shaped
beams [39]. An analytical configuration can also be a starting
point for an experimental optimization procedure with an
implemented feedback mechanism as the one proposed in
the following experimental section.

IV. EXPERIMENTAL RESULTS
In this section we investigate experimentally the two possi-
ble physical situations mentioned in the above section and
corresponding to RIS placed respectively in the near field
(Fig. 5a)) or in the far field (Fig. 5e)) of the Tx antenna.

A. REFLECTARRAY SETUP: RIS IN NEAR-FIELD
CONFIGURATION
To study the first situation, a horn antenna is placed 145 mm
away from our mmWave RIS and tilted 45◦ in odrer to
reduce shading by the feed horn. The overall set-up is
mounted on a mmWave transparent plastic holder as shown
in Fig. 6a). In order to measure the radiation pattern of the
thus-obtained reflectarray set-up, the latter is fixed on an

FIGURE 7. a) Experimentally measured frequency response of the reflectarray setup
of Fig. 6 in the steering directions θRx = 0◦ (continuous curves), θRx = 30◦ (dashed
curves), θRx = 45◦ (dashed-dotted curves) and thetaRx = 60◦ (dotted curve) (ϕRx is
0◦) for the initial RIS configuration (top figure) and for the optimized configurations
(bottom figure). b) Experimentally measured normalized far-field radiation patterns for
the same steering angles and for the optimized configurations.

Elevation-Azimuth rotation stage and installed in an anechoic
chamber in front of a fixed horn Tx antenna 1 as depicted
in Fig. 6b). Then, for different relative angular position
(ϕ0, θ0) between the reflectarray setup and the fixed RX horn
antenna 1, starting from an initial configuration of the RIS
corresponding with all pixel in on state, we optimize the con-
figuration of the latter in order to increase the amplitude of
the scattering parameter measured by the VNA at 27.5 GHz
between the Rx horn antenna 2 on the reflectarray setup and
the Tx antenna. The optimization scheme we use is a straight-
forward iterative one comprising measuring the transmission
amplitude |S12| for each pixel for its four possible combina-
tions of PIN diodes states and selecting the state of the pixel
where |S12| is maximized. This operation is repeated for all
pixels. This optimization scheme is inspired from one com-
monly used in adaptive optics [41] and has been successfully
implemented during the last decade in numerous wavefront
shaping applications in complex media dealing equally with
optical [42], [43], electromagnetic waves [12], [16] and even
acoustic waves [44]. Then, after optimization, we measure
the far field radiation pattern of the optimized configura-
tion. In Fig. 7a), the top and bottom figure respectively
correspond to the frequency responses for the initial con-
figuration and the optimized one for four different azimuth
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angles ϕ0 = 0◦, 30◦, 45◦ and 60◦ and a constant elevation
angle θ0 = 0◦. For each angles, the optimized transmissions
are at the optimized frequency about 30 dB above the ini-
tial ones. Fig. 7b) shows four radiation patterns associated
with optimized configuration for elevation angle θ0 = 0◦ and
azimuth angles ϕ0 = 0◦ (continuous line), ϕ0 = 30◦ (dashed
line), ϕ0 = 45◦ (dashed-dotted line) and ϕ0 = 60◦ (dotted
line). This figure is in good agreement with the numerical
model shown above and demonstrates experimentally the
ability of our millimeter-wave RIS to steer a beam even
at 60◦. At that point, we would like to draw the reader’s
attention to the fact that, regardless of the steering angle, the
RIS configuration obtained through the optimization process
is very similar to the one we would predict with the numer-
ical model describes in the previous section. However the
optimized configuration generally leads to a field which is
about 2.5dB higher in absolute value in the direction of the
main beam. This is due to the fact that optimization process
is able to deal with imperfections in the manufacturing of the
RIS (not all pixels are perfectly equivalent), and probably
also with a slight misalignment in the experimental setup.
We can also note that the first sidelobe levels are about
−13 dB as expected for rectangular aperture. And finally,
due to the decrease in the effective size of the geometric
aperture as the optimization angles increase, the beamwidth
and gain naturally increases and decreases respectively for
higher optimization angles. Furthermore, with the setup of
Fig. 6, we have checked that the beam can been steered in
a range of 120◦ with a precision of 0.2◦.

B. RIS IN ACCESS-POINT EXTENDER CONFIGURATION
The second physical situation we are experimentally address-
ing is the RIS placed in the far-field of both Rx and Tx
antenna as illustrated in Fig. 5e). In order to play with the
RIS in a far field configuration, we propose the wireless
communication scenario at mmWave depicted in Fig. 8a).
The latter consists in a wireless transmission of mmWaves
between two horn antennas connected to a VNA while we
avoid any line of sight between the receiver and the trans-
mitter by placing each antenna at both extremity of a right
angle barrier (emulating for example the intersection between
two corridors). Each arm of the barrier is 1 m long. The
overall setup is installed outside the anechoic chamber to
be closer to an actual wireless communication scenario.
Strictly speaking, we are not in the far-field of the RIS
in antenna terms (by the factor of 2), but the Tx and Rx
antenna do not have a line of sight and are one order of
magnitude further away from the RIS in comparison to the
previous experiment. However, we can still consider the
RIS to be in the far-field zone of a Rx or a Tx antenna
if the field radiated by either of these antennas can be well-
approximated by a plane wave at the position of the RIS.
As we use in our experiments simple horn antennas (having
around 17 dBi gain), the far-field zone for these antennas is
around 15 cm.

FIGURE 8. (a) Experimental setup emulating a wireless transmission of mmWaves
between two horn antennas connected to a VNA. Line of sight between the receiver
and the transmitter is suppress by a right angle barrier. A tilted reflector face the
corner of the barrier. In scenario I, the reflector is a metallic plate which is replace by a
RIS in scenario II. b) Comparison of transmission parameter measured in scenario I
(light green dotted curve) and after optimization of the RIS configuration in scenario II
(dark green continuous curve).

To demonstrate the advantage of using a RIS in this kind of
problem, we measure the transmission between the antennas
in two different situations. In the situation I, a tilted metallic
plate is facing the corner of the barrier. The light green dotted
curve in Fig. 8b) corresponds to the obtained transmission
coefficient in a frequency range of 2 GHz around 27.5 GHz.
In this situation the transmission between the antennas is
very low. In the situation II, the metallic plate is replaced
by a RIS which is also tilted. The relative position between
the horn antennas 1 and 2 and the RIS not being evalu-
ated, we use the same iterative optimization scheme describe
above to find an optimized configuration that increase the
mean value of the transmission coefficient 〈|S12(f )|〉f ‘ in
a frequency window of 250 MHz around 27.5 GHz. The
frequency response associated to the optimized configuration
is plotted in Fig. 8b (dark green continuous curve). Around
the optimized frequency windows, we measure a 25 dB gain
over the received energy. We show also that the energy
gain is valid well beyond the 250 MHz frequency window
where we did the optimization. This is consistent with the
bandwidth of the metasurface. Thus, we have proposed an
experimental proof of wireless transmission of mmWaves
where a normally absent line of sight is restored thanks to
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TABLE 1. RIS specifications table.

our RIS acting as a highly efficient and low-power con-
sumption access point extender. It is worth noting that here
a 25 dB gain is obtained merely on cost of the power dissi-
pated by the PIN diodes, namely 8 Watts in average for the
whole metasurface (reduced to 4 Watts in our last version
of metasurface).
As a remark, in this experiment we used a metal plate as

a reference, but RIS in a random configuration can also be
used as a benchmark. However, the result will depend on
the particular random configuration and an averaging over a
large ensemble of configurations has to be performed.

V. CONCLUSION
In this paper, we introduced a design of the binary RIS
operating in a transmitting spectrum of the Ka-band, key
performance parameters can be found in Table 1. The design
of the single pixel of the RIS provides low level of reflection
wave dissipation, near-π value of the phase difference and
wide instantaneous bandwidth. We showed that the RIS can
be used in two different configurations: as a general reflec-
tion array illuminated by a closely positioned horn antenna
and as highly efficient and low power consumption access
point extender. In the last case, the RIS provides an ampli-
fication of the signal between transmitter and receiver in a
scenario where originally there is no line of sight between
them. In the future work we plan to demonstrate the function-
ality of the developed RIS as a part of communication system
using Software-Defined-Radio, especially regarding robust-
ness of the link with respect to the power noise potentially
introduced by the RIS.
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