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Abstract 

This document describe the first RIS designs and prootypes developed in the framework of 
RISE-6G. Different Transmitting, Reflecting, Dual or Hybrid designs are presented based on 
different technologies (PiN diodes, MEMS, Varactors). The designs are being developed to 
cover different bands of interest in sub-6GHz, mmW and THz bands.  
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1 Introduction 
The general objective of RISE-6G WP3 is to model, design, and characterize the RIS compo-
nents as a part of the overall system for enhanced connectivity, localisation and sensing, as 
well as sustainability. The RIS prototypes developed in this WP will also be integrated in the 
final project demonstrations and PoCs.  

Here we tackle the main technology challenges related to the design and prototyping in a large 
frequency range from sub 6 GHz up to D-band of RIS based on different core technology from 
simple pin diode to more complex MEMS or varactor.   

The general objective of this deliverable is to report the methodology to: 

 Design, prototype and characterize the RISs and control logic for the PoC    

1.1 Definitions 

Reconfigurable intelligent surfaces (RISs) are surfaces composed of a discrete set of antenna 
elements following the generalised Snell’s law, and can be seen as reflective or transmissive 
electromagnetic surfaces as a function of the selected operation mode. Specifically, a reflec-
tive surface (R-RIS) operates as an electromagnetic mirror, where an incident electromagnetic 
wave is reflected towards the desired direction, typically anomalous in the sense that this direc-
tion is non-specular, with specific radiation and polarisation characteristics. On the other hand, 
a transmissive RIS (T-RIS) operates as a lens or a frequency selective surface, where the 
incident field is manipulated (by filtering, polarisation, beam splitting, etc.) and/or phase shifted, 
and re-radiated so as to control the refraction of plane impinging waves. Although RISs have 
great potential to implement advanced electromagnetic wave manipulations, only simple func-
tionalities, such as electronic beam-steering and multi-beam scattering, have been demon-
strated in the literature. Recently, some investigators have touched upon the possibility of de-
flecting the beam to achieve simultaneous reflective-transmission RIS (RT-RIS) [WDB18]. 

 
 

    

R-RIS T-RIS Reflectarray Transmitarray 

Figure 1-1 – RIS taxonomy  
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Several different antenna technologies (e.g., [GTB16], [SN17]) can be considered as RIS hard-
ware technologies, including reflectarrays [HPC14], transmitarrays (e.g., [DCD20], [DCS20], 
[RVC19]), as well as smart, programmable or software-defined metasurfaces (e.g., [BMM20], 
[YCY16], [TBM14], [ZΖΖ10], and [DGL20]). 

When the elements have both size and spacing lower than 1/10th of the communication oper-
ation wavelength, RISs are also defined as metasurfaces [GTB16]. Metasurfaces are artificial 
materials able to manipulate electromagnetic waves, in a way that cannot be performed in ho-
mogeneous materials. Simple functionalities enabled by metasurfaces include anomalous re-
flections or transmissions. Achieving perfect anomalous reflection and refraction is possible if 
metasurfaces are bianisotropic with weak spatial dispersion [AAT16]. Spatially dispersive 
metasurfaces are realized as artificial sheets, which are typically composed of metallic patches 
or dielectric engravings in planar or multi-layer configurations within subwavelength thickness. 
The interaction with electric and/or magnetic fields, is typically provided by resonant effects 
controlled by the geometry of the unit cells and their distribution, enabling antenna performance 
enhancement (beamshaping), flat lens, artificial magnetic conductors, cloaking, absorbers and 
scattering reduction. In particular, the introduction of programmable metasurfaces could realize 
intelligent environments---giving birth to the novel concept of Environment as a Service (EN-
VaaS)---where such metamaterials act as smart reflectors to enhance coverage and open new 
technical and business opportunities for beyond-5G (and 6G) networks. 

Compared to classical phased arrays, which require phase-shifters and power amplifiers, RISs 
are generally passive radiative architectures integrating switches, RF-MEMS, p-i-n diodes, va-
ractors, and/or liquid crystals, to control electronically the local surface phase-shift and/or im-
pedance characteristics. So according to the technology of the unit cell (UC) we can distinguish 
between active RIS, where the reflected signal is amplified by an active element in UC, and 
passive RIS, where the UC is realized with low loss reactive components that are used to im-
plement a prescribed phase shift, either continuous or quantized, resulting in low-energy device. 

 

  

(a) (b) 

Figure 1-2 – Typical RIS passive architecture: T-RIS/Transmitarray (a), R-RIS/Reflectarray (b) 

 

Finally, as for relays we can also distinguish different operating modes: Regenerative RIS that 
decode, regenerate and retransmit a copy of the original signal; Non-Regenerative RIS that 
act as analog repeaters by retransmitting the signal they receive (in some cases amplified 
through beamfoming techniques or active elements). A receiving RIS (RX-RIS) enables meas-
urement collection at its site, through a single or few Receive (RX) Radio-Frequency (RF) chains 
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attached to all or a subset of the its unit elements [AV20]. A hybrid surface (H-RIS) combines 
two of the above-mentioned modes, being able to reflect the impinging signal and simultane-
ously sense/measure a part of it [ASA21], [ZSA21]. 

In this context, RISE-6G investigates RIS over a wide span: suggested prototypes are mainly 
with UCs separation of half-wavelength. However, different studies include metasurfaces, e.g., 
dipole-based metasurfaces that are considered to address the theoretical performance evalua-
tion of RIS assisted wireless systems when the RIS is based on metasurface structures, i.e., 
including mutual coupling between subwavelength UCs. Prototypes of T-RIS, R-RIS and simul-
taneous RT-RIS are addressed theoretically and experimentally. From the technology point of 
view mainly passive RIS based on p-i-n diodes, RF-MEMS and varactors are addressed below 
40 GHz. Above these frequencies, active UCs are considered too. 

 

2 RIS design and prototyping  

2.1 Introduction 

As presented before in the SoTA, RISs are fabricated similarly to known antenna concepts, 
which need to be opportunely redesigned to take into account the multi-function, EE, scalability, 
and flexibility paradigms required in B5G and envisioned for future 6G networks. In SoTA, sev-
eral fixed-beam architectures based on reflectarrays, transmitarrays, or metasurfaces have 
been demonstrated up to sub-THz [GTB16], but in the case of electronically-tunable RISs, ex-
cluding the pioneer demonstrations of the RISE-6G’s partners CEA, GNW, and CHAL d the 
complex phased arrays based on monolithic microwave integrated circuits [SGV19], only few 
prototypes have been demonstrated up to the Ka-band (26-40 GHz).    

Recently it has been suggested to equip RISs with receiving antennas in order to extract infor-
mation about the wireless channel from the impinging signal at the RIS [AV21], [ TAA21]. This 
way, the overhead costly procedure of estimating the cascaded channel is avoided. In [LPP19], 
it is proposed to use the concept of Hypersurfaces with a control network that iterates over the 
active element states until the power sensed is maximized. The channel estimation is obtained 
by comparing the element states with a lookup table that contains the states to achieve full 
absorption for specific impinging waves. In [MBJ19] the smart meta-surface integrates addi-
tional sensors and controls the meta-surface with a sensing feedback system. The authors of 
[ASA21] introduce the concept of a Hybrid Reconfigurable Intelligent Surface (HRIS) that re-
flects and simultaneously senses a portion of the impinging waves. In [AAS21], a full-wave 
proof-of-concept and hardware design for an HRIS (a small portion of the incident wave is cou-
pled to an array of sensing waveguides and the rest is reflected) is presented and the sensing 
capability is demonstrated with an AoA estimation example. Finally, in [ZSA21], for a multi-user 
uplink system empowered with HRIS, the individual channels identification problem is solved, 
and the results show notably reduced overhead. 

In this chapter we present the main concepts and designs developed in the RISE-6G. The final 
prototyping will be fixed based on the demonstrator needs in WP7. 

2.2 Review of RISE-6G RIS unit cells and full RIS designs and characterization  

In this section we present our RIS development methodology and review the design progress 
of the various RIS developed by the RISE-6G partners. Some designs are at the stage of nu-
merical design and characterisation of the basic building block of RIS, namely unit cells, while 
others are full RIS that have already been fabricated and tested. These full RIS are either one-
off laboratory prototypes or ready-to-use product RIS, which means that for the latter their de-
sign is almost ready for industry and they can be manufactured quickly in a required number of 
samples with a plug and play interface. 
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The review of designs is organized according to the technology platform used to make RIS re-
configurable. We start with PIN diode-based RIS, then successively MEMS-based RIS, RF 
switches-based RIS, varactors-based RIS and finally integrated circuits-based RIS.  

2.2.1 Binary Reflective RIS based on PIN diode design in Ka band and sub-6GHZ.  

We describe in the following the procedure used to design the fisrt Greenerwave RIS working 
at mmW frequencies. This procedure is quite generic at Greenerwave but also for the other 
RISE-6G partners.  

A. Unit cell design  

The single unit cell (or pixel) of the designed metasurface (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) [V. L. L. P. M.]. 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 amplitude 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 changing 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 reflection phase. In order to provide a π-phase shift, the design of the pixel is comple-
mented 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 strong coupling 
between two resonators and corresponding anti-crossing behaviour when coupled resonances 
repulse and the mutual resonance shifting occurs. While changing the electrical length of the 
parasitic resonator we change its resonance frequency and can tune the mutual coupling be-
tween 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 [N. Kaina, M. Dupré, M. Fink, and G. Lerosey, 
“Hybridized resonances to design tunable binary phase metasurface unit cells,” Opt. Express, 
vol. 22, pp. 18881–18888, Aug 2014]. In order to provide control of the electrical length of the 
parasitic resonator, 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 preliminary 
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 the closest to the 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 control 
network through the common patch choke, which is placed on the right side of the patch (see 
Figure 2-1.a). Electrical connection to the biasing network between top and bottom layers is 
provided through the vias. All the control electronics 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 parasitic resonator 
changes correspondingly providing shifting of its own resonance frequency and consequently 
of the resonance frequency of the main patch. Figure 2-1..b) shows simulated reflection coeffi-
cient from the infinite periodic structure composed of the described pixels. The simulation was 
performed with the time domain solver of the CST Studio Suite software. The unit-cell is simu-
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lated in the rectangular waveguide (WR-34) as illustrated by Figure 2-1.a). A single-mode rec-
tangular 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 lowest 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 Figure 2-1.b)) lies to the left of the resonance of 
the parasitic resonator (30 GHz at Figure 2-1..b)). 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 correspondingly 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 incident 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 Figure 2-1. a), 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 Figure 2-1.b), 
independently of the pixel’s state, the phase difference is always larger than 160°. 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 they can be further im-
proved.   

 

 

Figure 2-1 a) Unit cell of the designed RIS. M - main patch, PH and PV are horizontal and vertical 
parasitic resonances respectively. When studied experimentally the pixel is placed inside the 

WR-34 hollow waveguide. b) Simulated reflection from the metasurface unit cell. Solid line repre-
sents OFF-state and doted line represents ON-state of the pixel. Vertical dashed lines show the 

operating frequency range of the pixel.  
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B. Unit cell measurements  

To experimentally verify the properties of the designed pixel a set of pixels with slightly variable 
dimensions of resonators was fabricated. The WR-34 rectangular waveguide was used to char-
acterize reflection properties of the single pixel. The pixel size was adjusted to fit the waveguide 
aperture (W×L= 0.34×0.17 inches). In order to avoid leakage of the field through the pixel sub-
strate and provide isolation of the field inside the waveguide, a periodic via structure was formed 
at the edge of the pixel acting as an artificial electric wall. The bias network vias are connected 
with the pins on the back side of the pixel for the power supply connection. 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 pixel consists of 2 layers of substrate separated by 
the ground layer. The pixel is tightly attached to the flange of the WR-34 waveguide in order to 
provide proper electrical connection with the waveguide. The waveguide (which is also the 
waveguide to coaxial adapter) is connected to a Rohde & Schwarz ZVA-40 vector network an-
alyzer . In order to provide reflection state control, the electrical pins of the diodes, placed on 
the back side of the pixel, were connected to the constant 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 prop-
erties of the single pixel inside a rectangular waveguide is shown on Figure 2-2. 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 difference between ON and OFF 
states 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 equiv-
alent 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.  
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Figure 2-2  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 fabri-
cated 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 re-
spectively 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  

 

C. Reconfigurable intelligent surface fabrication  

After the validation of the properties of 30 different pixels inside the waveguide the geometry 
which provides lower dissipation and better phase shift is selected. The selected pixel is used 
for fabricating the metasurface acting as a a reconfigurable intelligent surface (RIS). We fabri-
cate 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 Figure 2-3. a). Each unit cells having to control independently both components of 
the reflected EM field, an overall of 400 diodes to control vertical polarisation 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 METEORWAVE 8000 from 
AGC, and supports the 400 unit cells (see front view in Figure 2-3.a)). The 5 remaining layers 
are made from FR4 substrate. The last layer shown in Figure 2-3.b), notably supports the elec-
tronic 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 pro-
grammed (see Figure 2-3. c)). This control board has 4 ports to connect 4 independent RIS. 
The control board is connected to the desktop through LAN or USB interface and is controlled 
with a Python or MATLAB code. The developed software allows to independently change the 
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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 RIS and the FPGA control board shown in  
Figure 2-3is a very low power consuming RIS. Indeed, it consumes in average no more than 4 
Watts, with a potential peak power of 8 Watts if all diodes are in ON-state. This power consump-
tion 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.   

 

 

Figure 2-3 a) Front and b) back side of the fabricated 10 × 10 cm² RIS. c) RIS control board with 
different interfaces 

 

D. RIS properties improvement   

As the RIS losses are directly correlated to the pixel dissipation, it appeared necessary to de-
velop pixels with dissipations below 3 dB.  By going back to the experimental cratering of the 
pixel, it appears that the main source of dissipation comes from the high quality factor of the 
main patch. By playing on this quality factor, we have a lever to reduce the dissipation of the 
pixels. A new pixel has been therefore designed, based on a slightly different geometry but 
above all a thicker substrate in order to reduce the dissipation due to the resonance of the main 
patch. 

As the change in substrate thickness requires a slightly larger main resonator, the pixel no 
longer fits into a WR34 waveguide, so it was characterised in free space using a method based 
on mini-metasurfaces Figure 2-4. In contrast to the waveguide approach, in which the waves 
emitted in the waveguide remain confined by propagating via the propagative modes, the free 
space method is by definition performed in open space. We have chosen to use a bistatic char-
acterisation approach inspired by existing work [DRR00]. Using the same iterative approach as 
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for the first version, a pixel with an average dissipation of -2 dB was obtained (Figure 2-5). This 
pixel have been integrated into two new kind of RIS ( Figure 2-6). 

 

 

 

Figure 2-4 Example of a sample operating at 28 GHz fabricated for free space testing. 

 

  

 

 

Figure 2-5 Free space characterization of V2 pixel 
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 Figure 2-6 10 cm x 10 cm and 15 cm x 15 cm RIS with λ/2 spacing and 3 x λ/2 spacing (ie 400 x2 
polarization elements) 

E. RIS packaged for application 

When the design of RIS have been validated, we can begin to assemble them with respected 
to the applications need. For instance the RIS of  Figure 2-6 have been integrated in Green-
erwave mmW access point extenders Figure 2-7.  The total RIS size inside the access point 
extender is 200 mm x 200 mm. The RIS is controlled by MATLAB or Python software and is 
capable to operate in the Far-to-Far field and Near-to-Far field regime. The RIS by reflecting the 
electromagnetic signal is capable to perform single or several beams with controllable beam 
direction, frequency, polarization, and beamwidth. The beam switching rate reaches hundreds 
of milliseconds.  

Since the RIS is inherently passive structure, it has a very low power consumption (few Watts 
in the idle mode and 18 W average in operational mode). The current access point extender is 
based on RIS having a low RF dissipation level below 2.5 dB in reflection and new generation 
of RIS with a even lower dissipation (about 1.5 dB) is under development.  

The RIS and the mmW access point extender based on this RIS have an industry ready design 
and can be rapidly fabricated in a required number of samples.  
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Figure 2-7 Top figures: Bottom figures: Packaged RIS in mmW  access point extender. Green-
erwave’s access point extender view:  front and perspective 

 
 The specifications of the current mmW access point extender base on RIS are provided in 
Table 2-1 

Table 2-1: Greenerwave’s RIS specification 

 Supply Voltage 5VDC/200mA (USB), 12V/4.5-5A Barrel Jack 
5.5mm/2.5mm 

 Operating Temperature(ambient) 5 ~ 40 °C 

 Active RIS surface 200 mm * 200 mm 

 Outline case dimension 350 mm * 260 mm * 40 mm 

 Weight 1.6 kg 

 Type connectors micro USB & ethernet 

 Power Consumption ave. 20W, max 40W, min 2W 

   

 Freq. range of operation 27.0-31.0GHz 

  Instantaneous bandwidth 500 MHz 

 Polarization dual, H-pol and V-pol 

 Half power beam width 3-5 degree 

 Scan Range (Azimuth, Elevation) +/- 60 deg. 

 RF Power Handling max 50W 
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 Software OS Windows10 and Ubuntu(Linux) 

 Program language Python 3.8.x 

 
 
The Packaged RIS can be easily used and have been tested both in anechoic chamber and in 
more realistic environment with software define radio setup Figure 2-8. Together with up-, down-
converters and local oscillators, a SDR can be used in the following scenarios for different proof-
of-concept experimental demonstrations at mmW: 

- Non-line-of-sight (NLO) RIS-assisted communication (see a schematic below) 

- User equipment tracking with RIS 

- Point-to-point communication between two antennas: an electronically scanned array as 
Rx or Tx and a fixed antenna as Tx or Rx 

- Receiver or transmitter tracking with an electronically scanned array 

 

 

Figure 2-8 Left: A 3D illustration of the experimental setup used to demonstrate RIS-aided in-
door wireless communication in a NLOS situation. Right: A photography (top panel) and a sche-
matic (bottom panel) of the communication module represented by a down-converter 1, a local 

oscillator 2, an up-converter 3, a SDR 4, a PC 5. 

 

D. 3.6-GHz-band 5G reconfigurable intelligent surface (RIS) design 

Using the same approach that the one describe above, Greenerwave are also designing new 
RIS for sub-6GHz application. The designing part is finished and the experimental characteri-
zation is ongoing.  

  
The proposed RIS geometry is shown in Figure 2-9(a) with a 5x5 mini-metasurface configuration 
for comparison with experimental measurements. The reflection coefficient in the two different 
states is shown in Figure 2-9. b). As it can be seen, the reflector maintains a low dissipation 
(|S11| > - 2.4 dB) all over the 3.6 GHz band (3.4 - 3.8 GHz). In the desired 3.6 GHz frequency 
range the phase difference between ON and OFF states is between 163° and 206°.  
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Figure 2-9 : (a) Proposed metasurface geometry. (b) Simulated amplitude and phase of the re-
flection coefficient of the RIS pixel in the operating range of frequency. Blue line represents 

OFF-state and red line represents ON-state of the pixel. 

 

Ready to use sub-6GHz RIS will be available for test end of September 2022.  

 

2.2.2 Transmitive-Reflective unit cell RIS design in the Ka band based on PIN diode  

The exploded view of the proposed linearly-polarized unit-cell is shown in Figure 2-10. It is 
composed of six metal layers printed on three (four in the case where an additional layer will be 
used to implement the bias network of a large array) Isola Astra MT77 substrates (r = 3, tanδ 
= 0.0017) and bonded with two (or three) Astra MT77 pre-preg bonding films (r = 2.95, tanδ = 
0.0019). The bottom and upper metal layers are labelled M1 and M6, respectively. The radiating 
elements consist of center-fed O-slot rectangular patch antennas working in receive (Rx) and 
transmitting (Tx) modes, respectively. These two patch antennas (Figure 2-10 2(b),(g)) are con-
nected by a metalized via hole located at their center and are separated by a ground plane. Two 
p-i-n diodes MA4AGP907 are flip-chipped on each patch antenna to tune the transmission 
phase; they are controlled by two bias lines printed on the opposite side of each patch substrate 
(Figure 2-10 (c),(f)). The bias networks include microstrip radial stubs (M2) and capacitors (M5) 
to isolate the RF signals in transmission and receive sides, respectively. The DC connection to 
ground (M4) is realized with a short circuit stub (M3) (Figure 2-10(e)). 
The p-i-n diodes are modeled by lumped-elements equivalent circuits validated by specific 
measurements up to 40 GHz; this model, previously extracted from on-PCB measurements, 
consists of a series circuit (RON = 4.2 Ω, LON = 0.05 nH) and a shunt circuit (ROFF = 300 kΩ, COFF 
= 42 fF), in the forward (Ibias = 10 mA) and reverse (Vbias = 1.2 V) state, respectively (see Figure 
2-11). 
The two p-i-n diodes on each radiating element are biased in opposite states (one p-i-n diode 
is switched ON while the other one is in OFF state). Switching between these two states leads 
to opposite surface-current on the receiving metal layer, named Rx-01, and Rx-10 as shown in 
Figure 2-12(a) and Figure 2-12(b), respectively. Thus, a 0°/180° phase-shift is achieved on the 
Rx patch antenna. Two distributions of surface-current are also observed on the transmission 
metal layer labelled Tx-01 and Tx-10, as illustrated in Figure 2-12(c) and Figure 2-12 (d), re-
spectively. Moreover, an additional 90° phase-shift is obtained on the Tx patch antenna thanks 
to the delay line printed on the opposite side of its substrate. As a result, four phase states (0°, 
90°, 180° and 270°) are obtained in transmission by combining different states of the receive 
and transmission layers. The phase configurations are summarized in Table 2-2. 
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Phase-shift state  Tx phase state Rx phase state 

0° Tx-01 Rx-10 

90° Tx-10 Rx-10 

180° Tx-01 Rx-01 

270° Tx-10 Rx-01 

Table 2-2: Different combinations of receive and transmission layers corresponding to the four 
phase states. 

 

 
(a) 

   
(b) (c) (d) 

   
(e) (f) (g) 

Figure 2-10: Proposed 2-bit linearly-polarized unit-cell: (a) Schematic view, (b) transmitting 
layer, (c) biasing layer of the transmission side, (d) DC connection to the ground layer, (e) 

ground plane,  (f) biasing layer of the receive side, and (g) receiving layer. 
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Figure 2-11: Equivalent lumped-elements models of the p-i-n diode in the ON and OFF states. 

This 2-bit unit-cell has been simulated for its four phase states using the commercial software 
Ansys HFSS with periodic boundary conditions on the unit-cell lateral faces and Floquet port 
excitations on both sides of the element as depicted in Figure 2-12. This method reproduces 
the characteristics of an infinite array of identical unit-cells in the same states. The full-wave 
simulations have been performed under normal incidence. In the simulation, the diodes are 
considered as lumped elements, thus their states are equivalent to a parallel circuit of a ca-
pacitor and a resistor in the off-state (Figure 2-12) and to a series circuit of an inductor and 
resistor in the on-state (Figure 2-12. 

  
 

(a) (b) 

  
 

(c) (d) 

Figure 2-12: Surface currents distributions on the receiving and transmitting patch anten-
nas.(a) Rx-01, (b) Rx-10, (c) Tx-01, and (d) Tx-10. 
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Figure 2-13 Simulation and P-i-N diode states for T-R-UC in 2-bit transmitting mode 

The unit cell presents an insertion loss (𝑆ଶଵ) lower than 2 dB at 29 GHz for all the four different 
states (Figure 2-12 (b)). The 𝑆ଶଵ levels are acceptable over the frequency band as well as the 
reflection coefficient magnitudes (𝑆ଵଵ and 𝑆ଶଶ in Figure 2-12 (a) and (c) respectively). In Figure 
2-12 (d) the phase response of the four different states are plotted. These responses demon-
strated the capabilities of generating 2-bit phase quantization using the designed unit cell. 

  
(a) (b) 

 
 

(c) (d) 

Figure 2-14 S-parameters T-R-UC in 2-bit transmitting mode 
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The 2-bit unit cell is used in the synthesis of a transmitting RIS. Using an in-house Matlab tool, 
a 24x24 unit cells RIS is designed and studied. The tool generates the appropriate phase (cell 
state) distribution respecting a specific pointing angle condition. In Figure 2-12 the radiation 
patterns in the cut plane 𝜙 = 0° show the capability of the RIS to steer the beam between -60° 
and +60°. The gain of the beam in broadside is of 28 dBi. The 3D radiation patterns could also 
be reported for every steering angle (an example is shown in Figure 2-12 (a)). 

 
  

(a) (b) 
  
  

Figure 2-15 Matlab Simulation of a Transmitive 2-bit RIS of 24x24 unit cells. (a) 3D Radiation Pat-
tern and (b) Steering pattern in the cut plane 𝝓=0°. 

The synthesized RIS is afterwards prototype in Figure 2-12. The RIS will be characterized and 
the far field will be measured in an anechoic chamber. An in-house tool is already developed to 
generate the diodes commands in order to respect a specific phase distribution.  
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Figure 2-16 The prototype of the Transmitive 2-bit RIS of 24x24 unit cells.  

 
Based on the same topology reported in Figure 2-12, a transmitting/reflecting unit cell is ob-
tained. When both diodes of the Rx-patch are turned off thus the incident wave will be reflected 
by the Tx-patch directly without being transmitting to the other side of the unit cell Figure 2-12. 
The alternation of the diodes states (ON/OFF) in the Tx-patch will generate a 1-bit phase quan-
tization this time in reflection. The reflection coefficient magnitude (𝑆ଵଵ) reported in the Tx-patch 
side of the unit cell are below -1.5 dB over the frequency band (Figure 2-12). These levels of 
𝑆ଵଵ demonstrate the principle of using the same unit cell both in transmission and reflection. 

 

  

Figure 2-17 Simulation and P-i-N diode states for T-R-UC in 1-bit reflecting mode 

 
In conclusion, the same unit cell is used to synthesize a 2-bit transmitting RIS and a 1-bit re-
flecting RIS. This architecture could be a strong candidate in the RIS market having both ca-
pabilities of transmitting and reflecting the wave within the same surface.  
 

  
(a) (b) 

Figure 2-18 S-parameters T-R-UC in 1-bit reflecting mode 
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2.2.3 Reflective unit cell RIS design in the Ka band based on PIN diode  

The schematic of the proposed linearly-polarized unit-cell is shown in Figure 2-10. It is com-
posed of four metal layers printed on two Isola Astra MT77 substrates (r = 3, tanδ = 0.0017) 
and bonded with Astra MT77 pre-preg bonding film (r = 2.95, tanδ = 0.0019).The top layer is 
the radiating element. It consists of center-fed O-slot rectangular patch antenna working in re-
flecting (Rx) mode. The patch antenna is connected by a metalized via hole located at its center 
to the ground plane. Two p-i-n diodes MA4AGP907 are flip-chipped on the patch antenna to 
tune the reflection phase; a bias line printed on the opposite side of the substrate controls them. 
The patch is also connected to a delay line, printed as well on the opposite side of the substrate. 
The two p-i-n diodes are biased in opposite states (one p-i-n diode is switched ON while the 
other one is in OFF state). Due to the presence of the aforementioned delay line a 90° phase-
shift (Δ𝜙) of the current distributions is obtained. Since the patch is operating in the reflection 
mode thus the reflection coefficients phase shift is equal to 2𝑥Δ𝜙 (180°). The bias networks 
include microstrip radial stubs to isolate the RF signals. The DC connection to ground is realized 
with a short circuit stub. 
 

 

Figure 2-19 Schematic view of the Reflecting RIS unit cell 

The two generated states of the unit cells will be referred to as the following: State000 and 
State180. This 1-bit unit-cell has been simulated for its two-phase states using the commercial 
software Ansys HFSS with periodic boundary conditions on the unit-cell lateral faces and Flo-
quet port excitation as already explained in the previous section. The unit cell presents a 
phase difference of almost 180°± 20° (the red curve labeled “old” in Figure 2-10 (b)). The re-
flection coefficient magnitude is smaller than 2dB over the frequency band for both unit cell 
states (the red curve labeled “old” in Figure 2-10 (a). 
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(a) (b) 

Figure 2-20 S-parameters Reflecting UC 

 
The 1-bit unit cell is used in the synthesis of a reflecting RIS. In order to synthesize and simulate 
the reflecting RIS, an updated Matlab tool is developed in order to consider the reflection sce-
nario. Using the Matlab tool, a 20 x 20 unit cells RIS is designed and studied. In Figure 2-12 the 
radiation patterns in the cut plane 𝜙 = 0° show the capability of the RIS to steer the beam be-
tween -60° and +60°. The 3D radiation patterns could also be reported for every steering angle 
(an example is shown in Figure 2-12 (a)). 

 
(a) (b) 

 

Figure 2-21 Matlab Simulation of a Reflecting 1-bit RIS of 20x20unit cells. (a) 3D Radiation Pat-
tern and (b) Steering pattern in the cut plane 𝝓=0°. 

A full wave simulation of a reflecting 1-bit RIS using Ansys HFSS is made, for the sake of vali-
dation of the developed Matlab Tool. The size of the RIS is set to 8x8 unit cells (D = 8 x 5.1 mm 
= 40.8 mm) and the horn is positioned at a focal F (with F/D = 0.8). The validation could be done 
for larger RIS but this would be time consuming. The phase compensation is generated in order 
to steer the beam towards -10° direction. This is set to prevent the shadowing caused by the 
horn position (in the middle of the RIS). In  Figure 2-12, we can see a good agreement in the 
radiation pattern between the Matlab simulation (blue curve) and the HFSS simulation (black 
curve).The side lobe levels are higher and the maximum gain is slightly lower, in the case of 
HFSS since the physical size of the horn is big compared the RIS one; and thus the horn shad-
owing is taken more into consideration in the full wave simulation. 
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(a) (b) 

Figure 2-20 (a) Hybrid Matlab Simulation of relfecting RIS, (b) comparaison with full-wave simu-
lation in HFSS in the cut plane 𝝓=0°. 

In conclusion, the unit cell performances are encouraging and the Matlab tool is validated even 
for a small size RIS. In the meantime, a reflecting 1-bit RIS of 20x20 unit cells is designed and 
should be prototyped and measured (Figure 2-12 (b)). In order to fabricate the RIS, the com-
mand lines of the diodes are as well designed. The unit cell 3D schematic shown in Figure 2-12 
(a), present the complete design. A layer of Isola Astra MT77 substrate is bonded using Astra 
MT77 pre-preg bonding film on the bottom, thus the command lines will be printed on each side. 
The complete unit cell (Figure 2-12 (a)) is simulated using periodic boundary conditions and 
excited with a Floquet port on Ansys-HFSS. The unit cell performances in terms of reflection 
coefficient magnitudes and phase difference are presented in Figure 2-12 (a) and (b) respec-
tively. The RIS will be afterwards, characterized and measured in an anechoic chamber. 
 
 

 
 

(a) (b) 

Figure 2-23 (a) Unit cell updates: introduction of command lines layers, (b) 3D sketch of the pro-
totype of a Reflecting 1-bit RIS of 20x20 unit cells. 
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2.2.4 Sub-6GHz RIS based on MEMS technology :  numerical design 

The RIS design consists of an 8x8 array of dual-polarized patch elements. The full 8x8 array is 
partitioned into 4 segments with 4x4 patches sharing a control board, one such segment is 
shown in Figure 2-21. Partitioning allows for higher flexibility during production, and allows for 
experimenting with spacing between the elements. The array is designed to operate in the 3.6—
3.8 GHz band. 

 

Figure 2-21 – 4x4 segment of the reflective RIS array at 3.7 GHz.  

Detail of the patch scattering element used as a unit cell in the CST simulations is shown in 
Figure 2-22. To improve on efficiency, the patch is printed on the back side of a low-loss F4BM 
substrate (not shown in Figure 2-21 and Figure 2-22), so that there is an air gap between the 
patch and the ground plane. The ground plane is on the front side of a FR-4 substrate whereas 
the two RIS loads, one for each polarization, are placed on its back. 

 

Figure 2-22 – Detail of the array element unit cell; circles show the feeding points of the patch.  

The array has been modeled in CST Microwave Studio using the unit cell approach in two di-
rections and tetrahedral mesh F-solver. The unit cell is excited by an incident wave from the 
front while the reflection coefficient of the load is varied through four points on the outer rim of 
the Smith chart. Figure 2-23 shows the backscattering/reflection coefficient of the vertical polar-
ization (horizontal has similar properties) magnitude and phase.  
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Figure 2-23 – Reflection coefficient magnitude (left) and phase (right) of the boresight incident 
wave for various phase shifter settings. 

The insertion loss of the unit cell is within 2 dB in the desired frequency range 3.6—3.8 GHz for 
selected phase shifter settings, whereas the phase covers the entire 360° domain. 

 

Figure 2-24 – Cross-polarization coupling between boresight incident and reflected waves for 
various phase shifter settings.  

The RIS array should also operate independently for both polarizations, which can be seen in 
Figure 2-24 – the cross-polarization of the scattered wave in boresight is below -30 dB in the 
entire frequency band. 
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The loads for each polarization will consist of reflective phase shifters, each with two MEMS 
capacitors having 5-bit control range. The control board should be common for the 4x4 building 
block of the array, with daisy-chaining of all the blocks in the entire array. Preselected values of 
the capacitors will be stored in a non-volatile memory placed on board, allowing for fast switch-
ing via lookup tables. 

 

2.2.5 Sub-6GHz RIS design based on RF switches 

The high-level view of the proposed RIS design is shown in Figure 2-25. On the left-hand side 
the entire array is a square with sides of length 272.54 mm and composed of 10x10 unit cells. 
Each unit cell has dimensions 19.4 x 15.97 mm (right-hand side) and consists in a patch antenna 
and a feeder line.  

 

   

Figure 2-25: Proposed 10x10 RIS design (left-hand side) and associated unit cell (right-hand 
side) at 5.3 GHz. 

The inter-element spacing is fixed at half the operating wavelength. Such value is chosen to 
strike a trade-off between increasing the number of RIS elements in the same physical space 
and avoiding unwanted array non-idealities, such as mutual coupling or grating lobes, as de-
picted in Figure 2-26, for the case of a 10x10 RIS array at 27.96 GHz. 

 

  

 

 

 

 

 

Figure 2-26: Array response for a 10x10 RIS with different inter-element spacing. 
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Each unit cell is designed to operate at 5.3 GHz as shown in Figure 2-27. Here, we compare 
the full-wave simulation in CST with measurements operated with a VNA. The offset from the 
theoretical simulation to the experimental measurement is due to an error in the nominal per-
mittivity used in the simulations of the PCB substrate. 

 

 

Figure 2-27: S11 parameter of the proposed RIS unit cell. 

 

Figure 2-28: Schematic of each RIS unit cell. 

 
As shown in Figure 2-28, each patch antenna in the array is connected to an 8-port RF-switch, 
which is used to obtain the phase-shifting capability. Indeed, each output port feeds an open-
ended transmission line of a specific length, thereby adding a delay to the incoming signal and 
hence generating the desired phase-shift. 
All unit cells are connected to a central MCU, which is in charge of communicating the chosen 
configuration in terms of phase-shifting capability via ad-hoc communication buses embedded 
in the PCB. In particular, we use 3 FlipFlop D to select one out of the eight available transmission 
line outputs. Moreover, one of the aforementioned output ports of the RF switch is connected 
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to a 50  resistor, which is used for debugging purposes. The final printout is shown in Figure 
2-29 (left-hand side). 

Experimental validation of the proposed RIS design is currently undergoing. In particular, as 
depicted in the right-hand side of   Figure 2-29 we are exploiting an 8 x 5 m anechoic cham-
ber, where we place the TX, namely a USRP connected to a horn antenna, in the vicinity of 
the RIS and at a fixed angle. On the other side of the chamber, we place a receiver, i.e., a 
horn antenna connected to a USRP, on a rotating platform. The latter allows us to verify the 
received power not only for different RIS configurations, but also for different receiver loca-
tions. 
 

  

Figure 2-29: Anechoic chamber measurement setup. 

2.2.6 Varactor characterisation for integration in the numerical design of a reflectarray 
in Ka band 

After a first iteration in the design of the Ka band controllable unit cell to evaluate the RF perfor-
mance and the reflection phase excursion, a stage of characterization has been done to evalu-
ate experimentally the varactor diodes chosen from the manufacturer datasheet to reduce as 
much as possible the gap between simulated et measured RF performance of the controllable 
surface. This validation stage will allow to extract from the scattering matrix measurements an 
RLC equivalent circuit of the varactor diode to be used in the EM simulators. 

The varactor diodes have been tested on a coplanar line (Figure 2-30 (c)). A universal test 
fixture (Figure 2-30 (b)) has been used with DC blocks on each side to isolate RF signal to DC 
currents on the network analyser (Figure 2-30 (a)). A Coplanar Line TRL calibration has been 
done with 3 coupons (Reflect, Thru and Line @ 30 GHz) (Figure 2-30 (d)) before the S matrix 
measurements for several inverse voltages applied on the varactor diodes. 
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Figure 2-30 – varactor diodes test bed 

Scattering matrix measurements have been done between 22.0 GHz to 30.0 GHz with the in-
verse voltage varying between 0.0 V to 19.0 V with a step of 0.1 V from 0.0 to 7.0 V, a step of 
0.2 V from 7.2 V to 10.0 V and 0.5 V from 10.5 to 19.0 V. 

From these measurements, an extraction of the RLC values (Figure 2-31 (b)) of the varactors 
diodes equivalent circuit (Figure 2-31 (a)) has been done.  

  

Figure 2-31 – RLC equivalent circuit (a) – RLC equivalent impedance (b) 

The RLC values of the equivalent circuit correspond to: 

 Cv variable capacitance of the varactor diode, 

 Cp parasitic capacitance of the package, 

 Lp parasitic inductance of the package (bounding), 

 Rp parasitic resistance of the package (bounding). 

To start the extraction, the Lp and Cp values are static and has been fixed from the package 
type of the diode. Then Cv and Rp are extract from the Ztot formula (Figure 2-31 (b)). 

 

After the TRL calibration, discrepancies on Sij measurements (Figure 2-32) are observed above 
24.0 GHz that affect the RLC value extraction with for example negative values of Rp that are 
not consistent with passive component. 

 

Figure 2-32 – measured Sij on TRL kit coupons 

(a) 

(b

(c)

(d
) 

(a) (b) 
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A reduced frequency range (up to 24.0 GHz) has been used for the RLC values extraction, and 
a tuning of the parasitic components (Rp, Lp, Cp) has been done to obtain Cv curves depending 
on the inverse voltage identical for several frequencies (Figure 2-33). The measured S matrixes 
aren’t not completely symmetric, so extractions have been done from S11 (Figure 2-33 (a)), S22 
and an average after symmetrisation (Figure 2-33 (b)).   

 

   

Figure 2-33 – Cv curves from S11 (a) and averaging (b) @ 22.0, 23.0 and 24.0 GHz 

 

With Lp = 0.15 nH, CP = 0.015 pF and Rp = 7.5 , the curved presented for the 3 frequencies 
are in good agreement and the average gives identical excursion. The extraction of Cv gives a 
capacitance variation from 0.23 pF with 0.0 V applied on the diode to 0.03 pF for 19.0 V. These 
values agree with the datasheet (0.19 pF < Cvmax < 0.275 pF) and (0.025 pF < Cvmin < 0.038 
pF). 

 

Then a phase of comparison between simulations and experiments has been done. The copla-
nar line with the diode has been simulated with the extracted RLC values (Figure 2-34). And the 
measured and simulated S11 are compared (Figure 2-35). Completely different behaviour can 
be observed with a HFSS simulations but also with other commercial EM software’s. 

 

Figure 2-34 – Model of the simulated coplanar line with RLC circuit diode 

 

(a) (b) 



 

Document: H2020-ICT-52/RISE-6G/D3.2  

Date: 29/07/2022 Security: Public 

Status: Final Version: 1.0 

 

RISE-6G Public 37 
 

 

Figure 2-35 – comparison of simulated and measured S11 

 
Currently, the discrepancies on Smatrix measurements above 24.0 GHz and the gap between 
simulations and experiments on Smatrix comparisons are under investigation before to start the 
fine tuning of the unit cell to provide for manufacturing. 

2.2.7 Hybrid reflecting and sensing RIS design based on varactor. 

 

The proposed HRIS is reflective with integrated sensing capabilities, meaning that small por-
tions of the incident wave are coupled to an array of sensing waveguides. 
The elements of the proposed HRIS are mushroom structures as shown in Figure 2-36 each 
loaded with a varactor diode which acts as a reconfigurable capacitance that controls the reso-
nance frequency and consequently the effective impedance. An annular slot separates the via 
from the ground plane beneath the substrate, allowing for coupling of the incident wave to an-
other layer. This annular slot is taken advantage of to sense the incident wave. The diameter of 
the annular slot and the characteristic dimensions of the coupling waveguide control the amount 
of coupling and consequently the portion of the incident wave that is being sensed at the meta-
atom. The primary criterion in designing the proposed meta-atom is to ensure a small portion of 
the incident wave can be sensed while maintaining sufficient reflective power and a reconfigu-
rable reflective phase (to form desired reflection patterns). For guiding the sampled signal, Sub-
strate Integrated Waveguides (SIWs) are used because they do not couple to each other, spu-
rious radiation is avoided at the junction with the via, and by tweaking the distance from the via 
to the sides of the SIW and/or changing the cut-off frequency of the SIW, the coupling between 
the SIW and the meta-atom can be further tailored. 
The meta-atom has been simulated in Ansys HFSS in the setup shown in Figure 2-37a. The 
dielectric substrate has been assumed to be RO4003 with relative permittivity of 3.55 and a loss 
tangent of 0.0027. The varactor is modeled as a lumped element with a variable capacitor. The 
hardware dimensions are optimized for the operation to be at around 19 𝐺𝐻𝑧 are shown in Fig-
ure 1 and can be easily modified to facilitate other operating frequencies. The element size and 
the spacing between elements have been designed to be around a quarter of the wavelength 
balancing between better accuracy of the desired reflected beams and large inter-element cou-
pling and fabrication cost that comes with smaller inter-element spacing. 
The reflection from the meta-atom and the coupling to the SIW can be examined through the 
scattering parameters 𝑆ଵଵ and 𝑆ଶଵ respectively. In Figure 2-37 b and c, the simulated scattering 
parameters are presented, using the simulation setup of Figure 2a. The diameter of the via and 
the annular slot are respectively 0.5 𝑚𝑚 and 0.6 mm, the SIW dimensions are 8.7 𝑚𝑚 × 4 𝑚𝑚 ×
1.5 𝑚𝑚, and the distance between the via and the shorted edge of the SIW is 1.6 𝑚𝑚. The via 
is equidistant from the other two side walls of the SIW. In Figure 2-37 (b), it is evident that the 



 

Document: H2020-ICT-52/RISE-6G/D3.2  

Date: 29/07/2022 Security: Public 

Status: Final Version: 1.0 

 

RISE-6G Public 38 
 

coupled signal |𝑆ଶଵ| is below −15 𝑑𝐵 for the whole frequency range while the magnitude of the 
reflection coefficient  |𝑆ଵଵ| is above −2.5 𝑑𝐵 and is maintained such for a range of varactor ca-
pacitanes in Figure 2c. This result satisfies the primary meta-atom design criterion. In Figure 
2-37 (c), the phase of 𝑆ଵଵ in radians is depicted versus a range of varactor capacitances in pF.  

 

 

Figure 2-36 Hybrid RIS hardware design with integrated sensing capability. 

 

 

Figure 2-37 a) The simulation setup used for the hybrid meta-atom. b) Simulated reflection |𝑺𝟏𝟏| 
and coupling |𝑺𝟐𝟏|  as a function of operation frequency. c) Phase of 𝑺𝟏𝟏 as a function of the va-

ractor capacitance at several frequencies. 

In order to demonstrate that the sampled signal at the previously designed meta-atoms contains 
information about the impinging signal, a 1D array of 24 such meta-atoms (periodic along the Y 
axis) has been simulated, as shown in Figure 2-38. The intention is to show that the proposed 
structure can infer the direction of the incident beams and steer them in the XZ-plane. To esti-
mate the Angle of Arrival (AoA) of an impinging signal, a comparison between the differential 
phase (phase differences between adjacent elements) of an unknown incident beam with a set 
of pre-recorded measurements. In Figure 2-38, the phase differences for four incident angles 
are depicted for each measurement index (index I refers to the adjacent meta-atoms I and i+1). 
It is observed that the phase difference is not constant across the elements for the same incident 
angle, and this is caused by coupling between the elements and scattering of the waves in the 
substrate. Also, the phase differences change for different AoAs. In  Figure 2-38 c , the averaged 
over 10 realizations accuracy 𝜂 (defined in a binary fashion 𝜂 = 1 when the difference between 
the estimated and the actual AoA is less than 2.4° or else  𝜂 = 0) is presented as a function of 
the Signal to Noise Ratio(SNR) level, for four AoAs. It is observed that the AoA can be recov-
ered, verifying the proposed design and operation. 
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Figure 2-38 a) The setup for illuminating the RIS with a Gaussian beam. The red arrow indicates 
the normal incidence. PML refer to perfectly matched layer. b) Differential phase along the 1D 

metasurface array for four different incident angles captured inside SIWs. c) AoA estimation ac-
curacy (in percentage) as a function of the signal-to-noise ratio (SNR). The incident angles are 

the same in both plots. 

2.2.8 RIS Unit Cells design in the D-band 

A D-band integrated circuit (IC) is designed, fabricated using 130nm Infineon SiGe BiCMOS 
process. The IC represents a single elements in RIS UC. The diagram of the D-band IC design 
is shown in the figure below. 

 

Figure 2-39 D-Band IC design 

The fabricated IC measured as 730 µm x 3000 µm in size, and it comprises of antenna, amplifier 
and mixer modules all integrated on single chip. The antenna when used has 6 dBi directivity, 
and the amplifier in used has 20 dB small signal gain and bandwidth covers 120-169 GHz. The 
mixer takes input from one antenna and provided phase shift to this signal then output using the 
other antenna. The phase shift is applied by setup baseband IQ path voltage and such IQ path 
has modulation bandwidth over 20 GHz. 

The simulated antenna performance is also illustrated below which shown radiation pattern at 
150 GHz.  
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Figure 2-40 UC performance in D-Band 

When several such ICs are placed on a carrier board to form a RIS array, by adjusting baseband 
voltage of each element the reflection profile of D-band RIS can be controlled. 

3  Conclusions and perspective 
 

In the table here below we list the status of main RIS design, concept and prototypes. Part of 
them could fulfil the requirements for a demo but precise alignment with the PoC requirements, 
especially with respect to the bands, are expected for final RISE-6G design. The green color is 
used when the characterisation have been already done and orange one when the characteri-
sation is on-going. In the label product in the column prototype mean that the RIS design is 
almost ready for industry and it can be manufactured quickly in a required number of samples 
with a plug and play interface. 

 

Within WP3 context, RIS prototypes will be used to validate models proposed in D3.1 and  to 
perform experimental RIS Radio Environment Sounding (T3.3 ). 

 

With respect to other WP of the project, some of the RIS in Table 3-1 have already been used 
for the demo presented in D7.1 of WP7. For instance one of the demo in D7.1 leverage the 
Greenerwave RIS packaged as mmW access point extender (Figure 2-7) to demonstrate how 
RIS technology  allows one to restore a data transmission between two antennas in the NLOS 
situation and establish a solid mmW communication channel in a real complex indoor environ-
ment such as  an office (Figure 2-8). Indeed at mmW a signal from a base station experiences 
significant fading due to propagation loss and shadowing by buildings, landscape or indoor 
walls.  

In addition, in the coming months, the partners will also consider how to optimally integrate 
and use some of the designs presented in this deliverable in field trials of T7.2 and T7.3.  This 
work will merge all together the RIS prototypes and models from WP3 but also the methods 
from WP4-6 (D4.2, D4.3, D4.4, D5.2, D5.4, D6.2, D6.4) and the architectures from WP2 
(D2.5),    
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Table 3-1 RISE-6G prototypes and concepts 

  Key parameters  

Unit 
cells de-
sign and 
charac-
teriza-

tion  

RIS 
control 
board  

proto-
typ 

GW-1 
Reflective 

5.2 GHz 500 MHz 
double 

pol 
λ/2 

Pin di-
ode 

Num Exp 
28cmx23cm - 
76x2 elements 

Usb inter-
face- 

product 
binary 

Py-
hton+Matlab  

GW-2 
Reflective 

28 GHz >3 GHz 
double 

pol 
λ/2 

Pin di-
ode 

Num Exp 
10 cmx10cm 

FPGA 
based, Usb 
+ Ethernet 
interface- product 

binary 15 cm x 15 cm  
Py-

hton+Matlab  

GW-3 

Reflective 

28 GHz >3 GHz 
double 

pol 
λ/2 

Pin di-
ode 

Num Exp 

10 cmx10cm 

FPGA 
based, Usb 
+ Ethernet 
interface- 

product 
binary 15 cm x 15 cm 

Py-
hton+Matlab  

  20cm x20 cm   

GW-4 

Reflective 
 

binary 
28 GHz >3 GHz 

double 
pol 

λ/2 
Pin di-

ode 
Num Exp 

10 cmlx 10 cm 
15 cm x 15 cm 

FPGA 
based, Usb 
+ Ethernet 
interface- 

product 
 20cm x20 cm 

Py-
hton+Matlab 

     

GW-5 

Reflec-
tive/ 
 
 
binary 

 

3.6GHZ 
>500 
MHz 

double 
pol 

λ/2 
Pin di-

ode 
Num Exp 28cmx23cm 

Usb inter-
face- 
 
Py-
hton+Matlab  
 

product 

GW-6 

Reflec-
tive/or 
Trans-
mitive 

 
binary 

3.5 Ghz - 
single 

pol 
λ/2 

Pin di-
ode 

Num Exp - 
Py-

hton+Matlab  
proto 
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CEA-1 T-RIS 1-
bit 

X 1.8 GHz 
Single 

LP 
λ/2 

Pin di-
ode 

Num Exp 
30cmx30cm 

Usb inter-
face µcon-

troller Proto 

400 elements Matlab  

CEA-2 T-RIS 1-
bit 

Ka > 3 GHz 
Dual CP 
+ Dual 

LP 
λ/2 

Pin di-
ode 

Num Exp 
10cmx10cm 

Usb inter-
face µcon-

troller Proto 

400 elements Matlab  

CEA-3 T-RIS 1-
bit 

Ka 8 GHz 
Single 

LP 
λ/2 

Pin di-
ode 

Num Exp 
10cmx10cm 

Usb inter-
face µcon-

troller Proto 

400 elements Matlab  

CEA-4 T-RIS 2-
bit 

Ka > 3 GHz 
Single 

LP 
λ/2 

Pin di-
ode 

Num Exp 
7cmx7cm 

Usb inter-
face µcon-

troller Proto 

196 elements Matlab  

CEA-5 T-RIS 2-
bit 

Ka > 2 GHz 
Dual CP 
+ Dual 

LP 
λ/2 

Pin di-
ode 

Num Exp 
120cmx120cm 

Usb inter-
face µcon-

troller Proto 

576 elements Matlab  

CEA-6 
T-RIS 2-
bit R-RIS 

1_bit 
Ka > 3 GHz 

Single 
LP 

λ/2 
Pin di-

ode 
Num - 

120cmx120cm 
Usb inter-
face µcon-

troller 
Proto 

576 elements Matlab  
Change of 

control 
board  

AAu-1 Reflective 3.7 GHz 200 MHz 
double 

pol 

λ 
spac-
ing 

MEMS Num - - 

segments 
with 2x2 
patches 

sharing a 
control 
board 

proto 

ORA-
1 

Reflective 

25.8GHz 3.25 GHz 
single 

pol 
- 

Varac-
tor 

Num Exp   Under dev. proto (con-
tinous 
phase) 

ORA-2 

Reflec-
tive(con-

tinous 
phase) 

5,5 GHz 0,8 GHz 
single 

pol 
- 

Varac-
tor 

Num Exp   

RA ready. 
Logic con-
trol under 

test 

proto 

 

 

NEC Reflective 
3-bits 

5.3 GHz - Single 
pol 

λ/2 Patch 
anten-
nas 

Num Exp 27.2 x 27.2 
cm 

MCU Proto 
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