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Fig. 1. (From [23]) Left: ultrasonic TR focusing is used to focus
wave spatiotemporally onto five different foci from an array of

23 antennas. Right top: result obtained in the presence of a multiply
scattering medium. As the scattering medium acts as a focusing lens
of great angular aperture, each individual focal spot is much thinner,
and five independent beams are created allowing spatial
multiplexing with independent and closely spaced focal spots. Right
down: result obtained in free space. The beam is m:: :;‘hﬂf'gf{f_,l _-;37?.1/!5

there is no more spatial multiplexing possible in this }i:onfiguration.
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Fig. 2. (From [27]) Left: spatial multiplexing on 15 receivers.
Instead of using the classical TR approach to create 15 different
beams, iterative TR converges to a regularized inverse filter,
allowing spatial focusing with much lower sidelobes than TR, at the
price of lower efficiency. The figure shows the maximum level of the
interference noise on the other users when a pulse is focused on one
user (number 9). The iterative method (IT) reduces the interference
by nearly 13 dB compared to standard TR. (From [28]) Right: in an
ultrasonic chaotic cavity, a single source at A emits the
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half-wavelength wide measured focal spot around B
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Fig. 3. (From [35]) Left: first experimental demonstration of
electromagnetic TR in a microwave cavity, showing the achieved
temporal compression. (From [37]) Right: if the receiving antenna is
placed in a medium made out of subwavelength spaced resonant
scatterers, focal spots much thinner than half-wavelnanlll % jr.vbg'y‘rr-;p
be obtained. )
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Fig. 4. (From [40]) Left: wavefront shaping: using arrays of pixels
that control the phase of the light that they reflect, so-called SLMs;
it is possible to concentrate light on a wavelength-sized focus after
propagation through a thick layer of paint. (From [33]) Right: similar
to TR through complex scattering media, wavefront shaping through
a layer of strongly scattering material can increase * '3e a:@ﬁz}‘ﬂ:{:‘g/ gf a
lens, resulting in a much thinner focal spot.
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Fig. 5. (From [45]) Left: using the knowledge of the transmission
matrix between 60 000 points on an SLM and a CCD;

Popoff et al. [45] showed that they could focus light on multiple
points through multiple scattering media, similar to
massive-MIMO-Mu. (From [46]) Right: knowledge of such a matrix
even allows to transmit an image with high fidelity th{;gygh;a,.yery
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scattering medium.
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Fig. 6. Right: photograph from French newspaper “Le Monde” in
2014, showing the first RIS developed at the Institut Langevin for
operation at 2.45 GHz to exemplify an article titled “A smart wall
that dresses electromagnetic waves.” (From [18]) Right: in a typical
office, the electronically tunable metasurface used as a RIS allowed
on average a tenfold improvement of the energy re- °Iﬁ%§{l‘£g Ia/ﬂ i
isotropic antenna.
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Fig. 7. (From [47]) Left: using tunable metasurfaces or RIS as the walls of a cavity, one can desig FJ .-_rerwa"at;- rable
cavities with d d eig des, for antenna applications, for instance. (From [48]) Right: RIS can alsv bé‘ ngd ongs&ﬂe Mlhd
systems to shape the c i 1 ch I and, therefore, enhance the Shannon capacity.

B A R e R B RIS FE N AR R EE, HI AT DL oh H B A 3% 75 R AR AR =X
) HE B RT R AR, T R RI N H
ABE: RISWATLLE MIMO &4 —&fiiH, PLEEEGFEE, MMt

HH

K

¥
o

6/13



., _
melnﬁ;E IGFE(E SH AW « LLIEE. http://www.lynchpin.com.cn 2022.07

. ABEREE RIS: —MIBEREW S
A.  {EAICERE R =R ROB TR

w=<d N L) U : g=d
o< o I &<
et : el
= H (w) o=
Im Im
)‘) ) \/\’ Re Re
Random sources at r Phased aligned sources at r

Fig. 8. Left: when a set of n monochromatic sources sends waves
in synchrony through a complex medium, the wave field at a given
location can be seen as a sum of random phasors, and the resulting
signal picked at this location if a random walk on the complex plane
of extension n in energy. Right: using phase conjugation, the
knowledge of the transmission matrix between each source and the
target point allows synchronizing all the phasors coming from the
various sources, resulting in energy at the focal point proportional
to n2. ) IR E Bigorie
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Fig. 9. Left: very illustrative way of thinking about RIS is to
consider waves propagating in an ellipse: if the emitter A and the
receiver B or both placed at the foci of the ellipse, then any wave
coming from A reaches B in synchrony, and vice versa, resulting in
maximum energy transmission. Right: idea of using RIS in an
environment is to make sure that most waves that come from A and
propagate in the medium reach B, thanks to smart control of the

waves’ reflections by the RIS. & R R EarE
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Fig. 10. Left: similar to a lens, an RIS with a continuous phase control profile can focus waves at a distance with a resolution imposed by
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its typical size and the focal distance, giving a compression gain in energy. Right: difference between the - Jlou , -uam_o-' nkaso RiT.and
a binary discretized one is that, while the binary one also converges to a focal spot (of slightly lower energy), .. amo gwe:—h’nf t(/ua/ukg: ‘sund
sidelobes that are due to a diverging wave, the effect of which becomes negligible compared to the main lobe as the RIS size increases.
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Fig. 11. Left: typical control pattern imposed to an RIS in order to realize beamforming to a couple of far-field located points (white diode

reverse and black diode forward). Fresnel zones are clearly visible. Right: control pattern imposed to an F © ~ftqroptanizati=ni; a conzalex
scattering medium. This pattern is much more random, and Fresnel zones have been replaced by a low corre..tlorrlengt:ri'aﬂdtrm pattm‘n
This translates to identical energy deposited at the focus but lower sidelobes due to the binary nature of the RIS.

ZE B RN RIS (SR P B, DASEELN JLANZE Y s R BO% (B i
B AN R R IR D) o VR R XIS BT O .

A AR BT, U )E RS E N RIS o XA TEIEENL, FE
TR X CAAARAR A B B BE LR 2T B . X S RE AR R TR T A I BE R, H i
T RIS B = oo tEl, 55 MRk

9/13



‘ —
me'nﬁgE IGFE(E SH AW « LLIEE. http://www.lynchpin.com.cn 2022.07

E. SHHAZAZEHEANERR

Fig. 12. Holographic point of view. The two waves originating
from antenna A and antenna B interfere on the RIS plane where the
coordinates of each pixel is P The measured mtenc'ty]nattern is,.

5 BB B
therefore, the one given by formula (9). )
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Fig. 13. Left: conventional tunable metasurfaces, or RIS, are
matrices of multiple identical pixels that contain electronic tuning
components, such as p-i-n diode or varactors. These RISs are
connected to a central board that is used to both power and control
independently each tuning element. Here, an example at the
frequency of RFID. Right: energy autonomous and wirelessly
controlled RIS unit cell has been developed in the context of RFID.
The horizontal polarization is used to harvest energy from the RFID
waves using an RFID powered and controlled chip from EM
microelectronic. The latter uses RFID commands to forward or
reverse bias a p-i-n diode used to modify the phase response of the
vertical polarization. This unit cell, which can shape electromagnetic
waves of vertical polarization, is, hence, wirelessly cnnt]rolled and

@R

powered with a use range larger than 10 m.
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Fig. 14. (From [65]) Left: 20 cm * 20 cm, 40*40 dual-polarized unit
cell RIS containing 3200 p-i-n diodes is used as a passive mmWave
access point extender at 28 GHz. (From [65]) Right: IQ diagram of
the signal received, for Rx and Tx antennas in nonline-of-sight
configuration and at 10 m when an RIS placed between them is not
optimized (blue dots very close to origin) and when it is optimized
(red dots). The use of the RIS brings a gain larger than 25 dB and
allows perfect decoding of the information, while it is comgletely

~ HEIE B R i

lost without it.
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Fig. 15. (From [66]) Left: experimental setup used in optics to focus green light deep inside strongly scattering media using red light
scattered by a fluorescent probe. (From [67]) Right: equivalent experiment in the context of wave field control using tunable metasurfaces
RIS is used in a cavity to focus 2.45-GHz waves onto an energy harvesting circuit using a rectifier. The opt .. 'vt[u‘l 54 ‘L Rz :r: WEERT
using the second harmonic generated in the cavity by the rectifier (blue curve), while the voltage harvested 1s ménitored and cfemonstrated

actual focusing of 2.45-GHz waves using the generated harmonic spurious (red curve).

B oA RS B, A 9O IR ET U I 2056 78 55 U ot BT Ak TR AR

ot
AW AR RS SO AR I AT B A I R R AT SRR SR RIS BT

MRS, K 2. 45-GHZ B 3R AR 2IAE F B i 4% O B B R AR L% b o RIS U0tk 2 M 1 3%

TS AE i b = AR ) s e CRE o b 2D SBR[ INF 56 R 77 28 A s R il (40t 420

W2 IR R 2. 45-GHz ) SEbn K 4E

(B%)

s 0o,
O 0
. Q LI LA
.:\~";‘\. “oze
¥ =i ¥
. e mimRE L
s '{: ..... NP
i@
Ol 2 i
n LAY Y
—H— |:t

HE[RY S

ImAEEEBORE  InIEE R BRI (AA5)

13/13



