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Reconfigurable intelligent surfaces operating at microwave frequencies
are of potential use in the development of the sixth generation of wireless
communications technology. Such surfaces could, in particular, be used
toreprogram the wireless propagation channels in controlled ways and
thus provide low-cost wireless capacity boosting, coverage extension and
enhanced energy efficiency. To reprogram the channel, each meta-atom of
thereconfigurable intelligent surface needs to receive an external control
signal, which is usually generated by a base station. However, this requires

complicated control cables, which restricts wide deployment. Here we
reportaself-controlled reconfigurable intelligent surface thatis inspired
by optical holography. Each meta-atom of the reconfigurable intelligent
surfaceisintegrated with a power detector that canrecord a hologram
created from simultaneous microwave illumination from the base station
and the user. We use classical Fourier transform to process the measured
hologram and retrieve the angular position of the user, which is required
for beamforming. As aresult, the approach can provide autonomous
reconfigurable intelligent surface beamforming without control cables.

Thessixth generation of wireless communication systems should have
high data rates and wide wireless coverage to support applications
such as augmented reality’, digital twins? and autonomous driving’.
The development of such technology typically focuses on transceiver
designs, but artificially reconfiguring the wireless channel to provide
favourable propagation conditions is another promising approach*™°.
Dueto progressin metamaterials and metasurfaces>**" ™, reconfigur-
able intelligent surfaces (RISs) have, in particular, been proposed to
directly manipulate the channel for enhanced wireless transmissions.

An RIS is a planar array typically composed of multiple low-cost
nearly passive tunable meta-atoms, which can tune the amplitude,
phase, frequency, polarization and other electromagnetic (EM) char-
acteristics of incident signals”'. By configuring these meta-atoms,
RISs can alter the wireless channel between the base station (BS) and
the user equipment (UE), thereby overcoming shadowing and deep
fading problems commonly encountered in complicated propagation
environments such as dense urban areas'®. RIS could, therefore, extend

the coverage”, save hardware cost' and reduce power dissipation” of
future sixth-generation wireless systems.

RIS control mechanismsinclude thermal®, optical'®, gyroscopic”
and visual®?® mechanisms. In real-world wireless systems, these physi-
cal control mechanisms need to adapt to the fast-varying propagation
environment'. Therefore, a system-level RIS control method needs to
supportreal-time adaptation. Such adaptation usually requires control
signals generated by a BS, whichare then transmitted through wireless
or wired control links to the RISs. For wireless control, complicated
radio-frequency (RF) receivers and extra baseband processors are
required at each RIS”?, and as the system scales, this has a negative
impact on the low-cost benefit of RISs. Thus, wired control is a more
common practice. However, wired control still requires at least one
additional control cable per deployed RIS, which limits remote instal-
lation and wide deployment. Self-adaptive metasurfaces with dual
sensing and beamforming capabilities do not need such BS-RIS control
links*. However, this self-adaptive method requires prior collected
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Fig.1| Overall schematic of holography-inspired SC-RIS. a, RISs are usually
deployed onurban building facets to dynamically overcome shadowing by
providing additional reflective links. Traditional RISs are wire-controlled by the
BS, thereby incurring a complicated control cable cost. b, Our SC-RIS is capable
of ‘cutting’ the control cable and acting as a self-controlled smart reflective

E
|

Coding sequence - 01010110-+

SC-RIS meta-atom EM hologram

beamformer. ¢, Workflow of the optical holography experiment. d, Inspired by
optical holography, the SC-RIS can measure the incident EM intensity (hologram)
viaan additional power detector array, and self-configure its phase shift for
beamforming according to the processed hologram. Credit: background
illustration ina © Mizhi.com.

channel data that depends on the specific propagation environment,
which complicates system-level deployment.

In this Article, we report a self-controlled RIS (SC-RIS) for
wireless localization based on holographic principles*. To compen-
sate for the absence of a control line, the control signal needs to be
self-generated by the RIS, which requires the RIS to self-determine the
user’s angular location, including the azimuth and elevation angles.
Each meta-atom in our SC-RIS is additionally equipped with a power
detector®. The power detectors record a hologram that contains the
entire EM wavefront information. On the basis of the holographic
recording principle”, the user angle can be determined without an
RF receiver. The user’s angular location can be computed by applying
atwo-dimensional (2D) fast Fourier transform (FFT) to the measured

hologram. With this user’s angle information, beamforming algorithms
executed by the RIS can steer the beams towards the user’s direction. We
show that the accuracy of the angular location estimation approaches
thetheoretical array resolution limit and that our SC-RIS enhances the
averagereceived power by 16.4 dBin a practical wireless communica-
tion system. Since no control signals and precollected dataare needed
duringangular estimation and RIS beamforming, the SC-RIS can coop-
erate with other communication devicesin afully autonomous manner.

Working principle

Figure 1shows aschematic of our holographic-principle-based SC-RIS
system, whichisindependent of the control by BS (Fig.1a,b). The SC-RIS
is capable of automatically enhancing the communication links without
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acontrol cable. To achieve this self-controllability, it is necessary to
sense the EM environment in an efficient and low-cost way. Inspired
by the optical holographic interference experiment shown in Fig. 1c,
we create an EM hologram at the SC-RIS by simultaneous microwave
illuminations from both BS and user. As shown in Fig. 1d, our SC-RIS
consists of anarray of dual-functional meta-atoms. Like the traditional
RIS, each meta-atom works as a space-fed tunable reflective phase
shifter. Additionally, the meta-atoms of SC-RIS are equipped with power
detectorstorecord the EM hologram. Since the hologram contains the
user’s location information, a holographic localization algorithm is
then executed to estimate the user angular location. Finally, with the
estimated user location, acoding sequenceis generated to control the
phase shifts of each meta-atom to fulfil collaborative beamforming to
anarbitrary user, achieving the SC-RIS’s closed-loop self-controllability.

To achieve a holographic measurement, the entire EM intensity
information on the whole SC-RIS is required. Thus, the holographic
sensing apparatus needs to be both widely spread across the surface
and closely integrated into each meta-atom. To satisfy these two tech-
nical needs, we adopt the hardware-structure multiplexing method
in the meta-unit design that successfully solves the problems by inte-
grating the sensing circuit into the meta-unit>? (Fig. 2). Through this
integration, the meta-unit constituting the SC-RIS is entitled with
sub-wavelength sensing capability, which senses the EM field on the
same scale as its EM manipulation capability. In Fig. 2a, we show a
simplified diagram of the designed meta-unit with principal illumina-
tion. Most of the energy that impinges on the meta-unit is reflected
with a 1-bit phase modulation empowered by the active resonant
structure controlled by two PIN diodes, whereas a small fraction of
energy (-10 dB) is coupled into the power detectors. Diode-control
and voltage-readout circuits are embedded inside each unit, whose
routings are carefully designed to avoid coupling between these two
parts of different functionalities (Fig. 2b). In the unit design, we opti-
mize the geometry of the metallic patches as well as the impedance
matching of the power detectors to minimize the adverse effect on
reflection efficiency. Full-wave simulation result demonstrates that
the introduced amplitude loss (S,;;) is less than 0.5 dB compared with
RIS units without sensing structures.

Figure 2¢,d depicts the frequency response of the unit’s reflective
parameter and detector voltage output. Around the central frequency,
a220-MHz bandwidth s realized for a180° phase difference between
the two states within a 20° range. The sensitivity of the meta-unit
reaches its maximum at the frequency of approximately 3.1 GHz
(Fig. 2d, inset), which depicts the voltage-frequency relationship
under a certain injection power level. The minor deviations between
the valid frequency bands may arise from detuning inside the match-
ing network. Nevertheless, the discrepancy only leads to a small drop
inthe detector output voltages, which are still able to be collected by
analogue-to-digital converters (ADCs). Meanwhile, from the curves
shown in Fig. 2d, it is evident that the power sensing performance is
alsolimited by the dynamicrange of the detectors, whereas alow-power
energy injection could not be identified. Inreal application scenarios,
microwave amplifiers or automatic gain controlmodules willbe added,
which canamplify the coupled energy and retain the relative intensity
magnitudes among different sensing nodes.

Toachieve self-controlled autonomy, the location information of
the userisrequired at SC-RIS. Thus, we designthe holographiclocaliza-
tion algorithm, whichis responsible for extracting the location infor-
mation of each user from the measured hologram. To create the
hologram containing the user location, we allow two coherent EM
sources (BS and UE) to simultaneously illuminate the SC-RIS (Fig. 3a).
Note that this method strictly follows the holographicimaging princi-
ple”. On one hand, the EM signal from BS plays the role of reference
wave, which is denoted as B. Since BS is usually installed at a known
locationinthe communicationenvironment, fisassumedtobeknown
to the microcontroller unit (MCU). On the other hand, the EM signal

fromthe user corresponds to the object wave in holographicimaging,
whichisdenoted as a. The hologramintensity I is, thus, created by the
EMinterference between a and B waves, whichis represented as

2
Imn = lamn +ﬁmn| ’ (€]

where indices m and n indicate the row and column of the
hologram, respectively.

To extract the user angles from the hologram, it is necessary to
study its structural characteristics. Assuming that the BSand UE arein
the far-field region of the SC-RIS, we analyse the spectral properties of
the hologram in the spatial frequency domain (k domain), which can
be efficiently computed by FFT. Figure 3b illustrates the three-peak
spectral characteristics of asimplified one-dimensional (1D) hologram.
Inthis spectral representation, the BS signal g (red) interferes with the
UE signal a (blue), creating a hologram with three peaks in k space
(pink). Two symmetric peaks originate from the differential frequencies
between the BS and UE signals, and the zero-frequency peak is deter-
mined by the total signal energy of the hologram (Supplementary
Note 1 provides the proof of the three-peak spectral structure). Since
the symmetric peaks are determined by the unknown UE location and
the known BS location, the detection of symmetric peaks will help
retrieve the UE location.

By exploiting the three-peak spectral structure of the EM holo-
gram, we design a holographic localization algorithm (Fig. 3c). The
algorithmrelies ona2D-FFT analysis on the hologram. Specifically, by
expanding equation (1), the two squared terms |o(,,m|2 + |/3m,,|2 corre-
spondtothezero-frequency part of the holographic spectrum, whereas
the cross-terms a};,,Bmn + @mnBi, €ncode the interference between
thetarget UE and the reference BS, contributing to the two differential
frequency peaks. By applying aspatial FFT, these interfering terms are
converted into the differential frequencies in k space, which is
expressed as

ikf’ = FFT[Imn]k{ = A4 (0,0) + (CA, (Az, 40+ C Ay (=4, _Ax)) >
()

where A, and A, are the spatial frequency differences of a and g in
the zand x directions, respectively. The zero-frequency terminequa-
tion (2) represents the average intensity A of the hologram, and the
second termrepresents the spatially varying structure of the hologram.
Thus, by performinga2D-FFT onthe hologram /,,,,, we canretrieve the
spatial frequency differences A, and A, from the spectral peaksin /.
Since the spatial frequencies are uniquely determined by the user’s
incident angles, we can finally compute the angular location (6, @ye)
ofthe unknown target from the observed hologram (the Methods pro-
vides the algorithm details). However, the spectral peaksin /i, appear
in pairs, indicating that there are two candidate solutions to the user
localization problem. Thisis caused by the indistinguishability between
the two interfering cross-terms a;,,Bun + @unBiys - This ambiguity is
known as the twin image problem in optical holography*. Fortunately,
the twin image can be removed by the regulated compressed
sensing-based algorithms® or by joint user localization from multiple
phase-shifted holograms with phase-shifted reference waves®” (Sup-
plementary Note 2). As a result, unless applied to the extremely
time-sensitive case in which multiple holographic measurements are
unacceptable, the twinimage problem will not substantially affect the
holographiclocalization algorithm.

The simulated accuracy of the 2D-FFT algorithm is provided in
Supplementary Note 3, which has been compared with high-complexity
super-resolution algorithms such as maximume-likelihood estimators.
Furthermore, the robustness of the algorithm against the BS-UE power
unbalanceis discussed in Supplementary Note 4. In addition, we note
here that nostrict synchronizationis required for the carrier frequency
fromtwo terminals. The frequency deviation would cause a temporal

Nature Electronics


http://www.nature.com/natureelectronics

Article

https://doi.org/10.1038/s41928-025-01482-3

a
Inject _15dB
-0.3dB
State-1
0°
State-2
180° Reflected
b
Cc
300 '\:\/ 0
\
> -10
° >
2 200 191° at 3.5 GHz 3
T
g 420 =
2 o
he} o]
9 100 130 @
2 30 \%
= State-1
— — = State-2 - -40
0
! -50
3.0 35 4.0

Frequency (GHz)

Fig. 2| Meta-unit with dual EM sensing-manipulation functionality.

a, Mechanism of the meta-unit. Similar to a traditional reflective meta-unit,
mostinjected EM energy is reflected through the unit that has a1-bit phase
modulation ability, marked by State-1 (PIN in the conduction state) and State-2
(PINin the cut-off state) in the figure. A fixed amount of injected energy is
coupledinto theintegrated detector inside the unit, passing through a matching
network mid-way forimpedance matching. b, Demonstration of the 32 x 32
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SC-RIS and the magnified picture of the unit model (2 cm x 2 cm). ¢, Measured
reflective parameters under two states. Around the centre frequency, a220-MHz
bandwidthis realized for a180° phase difference between the two states under a
20° deviation. d, Measured detector output voltages of the meta-unit under EM
wave illumination of different intensities and frequencies. The inset shows the
frequency versus voltage (f~V) for a certain power level, validating the resonant
position of the sensing circuit design.

periodical driftin the holographic patterns, which, in principle, would
not affect the localization result (Supplementary Note 5).

Userlocalization and wireless communication
performance

Figure 4 shows the experimental setup of holographic localization
andthe correspondingresults. First,a32 x 32-unit SC-RISis fabricated
withan overall size of 0.64 x 0.64 m?and placed in the xOz plane for EM
sensing and channel augment (Fig. 4a). Meanwhile, two terminals—UE
and BS—are characterized by two antennas that target the SC-RIS as
independent radiation sources. To be specific, the UE terminal repre-
sents the moving target that to be localized and the BS terminal rep-
resents the stationary reference point whose location is considered
priorinformation to the algorithm. The communication link between
the UE and BSis also established, where the UE terminal becomes a
receiver that collects the signal generated by the BS. In the built-up
system, an RF SP2T switchis connected to the UE antenna that guides

the energy direction from the signal generator (in the localization
mode) or into the spectrum analyser (in the communication mode).
Two modes alternate between each other temporally, constructing a
continuous detecting-targeting loop for moving terminals.

A three-level hierarchy for our system is plotted in Fig. 4b for
a plain demonstration. At the bottom layer, that is, the application
layer, algorithms of our non-coherent localization as well the coding
generation for SC-RIS areimplemented on the processor unit. A set of
peripheralsinside the processor manages the data flow from or towards
the peripheral modules, includingan ADC array, adiode driver circuit
and a graphical user interface display in the control layer (Methods).
In the experiments, we first use single-tone signals as excitations for
two terminals. Without loss of generality, the single-tone excitation
represents the simplest and most-efficient way for interference gen-
eration and could be easily analysed by the spectrum analyser quan-
titatively in simulated communication for channel estimation. In the
transmission layer, the antennas are positioned in a fashion that no
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Fig. 3| Holographiclocalization algorithm. a, Coordinate system for the
analysis of SC-RIS. The SC-RIS is placed in the xOz plane at the origin, where the
unknown location of the UE is described in spherical coordinates. b, Spectral
characteristics of the hologram, viewed along the x axis. In the spatial frequency
domain (kspace), the hologram contains three spectral peaks: the two symmetric
differential frequencies that arise from mutually interfering terms, and the

zero-frequency peak that comes from the self-interfering term. ¢, Schematic of
obtaining the user’s angular location (¢, 6) by the holographic localization
algorithm. The colour represents the digital value of the ADC readout. To exploit
the three-peak structure of the holographic spectrum, 2D-FFT is applied to the
hologram. The angular location of the user can be determined from the spectral
peaks that correspond to the two differential frequencies.

direct-line-of-sight path exists in an analogue of obstacle scenarios.
The SC-RIS acts as the spatial modulator for channel augment inside
the communication link.

To facilitate the result presentation, the middle variables inside
the algorithms are collected and demonstrated (Fig. 4) together with
the final localization results. Three samples are chosen, where the BS

and UE arelocated at three different locations. Asademonstration for
non-coherent holographic detection, our holographic localization
algorithmonly relies on theintensity information inside the monitoring
plane (Fig.4c). We could clearly observe the interference patterns, that
is, the hologram, that marks the periodical amplitude fluctuation
along the y axis. On the basis of the principle of the holographic
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Fig. 4 |Holographiclocalization experiment. a, Photograph of the system. Two
radiation terminals are characterized by two antennas, which represent a user
thatis to be localized (UE) and a fixed-position BS. Each terminal is connected

to asignal generator independently. In the localization experiment, single-tone
signals of the same frequency are excited from the antennas. The SC-RIS
monitors the interference field dynamically via the integrated sensing nodes and
updatesits coding for channel enhancement according to the in situ localization
result. GUI, graphical user interface. UE, user equipment; BS, base station.

b, System diagram for simultaneous localization and channel augment.

X Predict
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% Predict
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SGEN, signal generator; SPA, spectrum analyzer; DFT, discrete Fourier
transformation. ¢, Detector array outputs. Three samples are chosen for
demonstration. As ademonstration for non-coherent detection, our localization
algorithmonly relies on the intensity information inside the monitoring plane,
which substantially simplifies the system. d, k-domain spectra after 2D-FFT, where
the amplitude peaks that represent the interference can be clearly identified.

e, Predicted location of the user. The actual positionis given for reference. f, Far-field
patterns with focusing beams targeted at the UE position after channel augment.

g, Optimized coding patterns.

reconstruction algorithm, the peaks of the Fourier transform hologram
represent the relative angular position of the two radiation points
(Fig. 4d). The peaks in the spectrum exist in pairs, which matches the
two possible solutions caused by the twin image problem, which is
previously explained in the algorithm description. Finally, the pre-
dicted locations of the UE terminal are derived and demonstrated
in Fig. 4e. The actual positions are given for reference, where the

localization erroris around 4°for the three samples. The bended strips
are caused by the uneven amplitude illumination from the terminals
located inthe semi-near region. Despite the fact that the numeric model
isbuilt on far-field assumptions, the algorithm still retrieves the loca-
tion correctly based on the experiment results. The result proves the
robustness of our holographic localization method (Supplementary
Note 6).
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Fig. 5| System performance of SC-RIS. a, Distribution of the SC-RIS localization
results with users at different angular locations. b,c, Measured SC-RIS
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the estimated angles @e, O that are identical with the true values @ ye, O;rues
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respectively. The blue-shaded region represents the range of +3 standard
deviation. d, Measured localization performance compared with the simulation.
e, User’s received power gain after activating the SC-RIS. An average
improvement of 16.4 dB is observed when the SC-RIS is enabled.

The experimental results for channel augment are also provided
inFig. 4. The field converging capability is demonstrated through the
focusing patterns shown in Fig. 4f, where the transmission parameter
between the UE and BS terminals is improved by at most 20.1dB. In
Fig.4g, the near-field codings are adopted for their better EM energy
converging performance. Here we adopt the near-field coding mecha-
nism to achieve an optimal channel enhancement performance. The
expenses of this method include a higher calculation cost in coding
generation and a demand for distance information. However, such
defects could be overcome with anintroduction of high-performance
processors and parallel architecture for distance estimation algo-
rithms, which have been studied extensively°.

Following the procedures in Fig. 4b, the overall system can
realize non-coherent detection and automatic encoding through a
self-programming metasurface without any human intervention.
Supplementary Video 1 presents asolid demonstration of such autono-
mous procedures. It should be noted that our SC-RIS system may reach
the lower bound of RF detectors in a low-received-signal-strength
environment. However, with theintroduction of customized hardware
improvements and signalling protocols, we demonstrate that our sys-
tem could reachamaximum detection range of over 20 m under mod-
ernwirelesscommunicationstandards (Supplementary Notes 7and 8).

Before carrying out the real communication experiments, a compre-
hensive analysis is first presented concerning the system performance.
To quantify the user localization capability of our SC-RIS, we show
the estimation accuracy of the user’s angular location 8¢, @ g by run-
ning our holographiclocalization algorithm onthe MCU to process the
measured data in real time. In the testing scenario, the BS antenna is
placedat four different possible locations (6, @), of (0°, 0°), (-15°,0°),
(=15°,-30°) and (0°, —30°); although the UE antenna is placed at locati-
ons (6,), . of By € {0°,+15°},and @y € {0°, +15°, £30°, +45°, +60°},
except for the locations that coincide with the BS. For each allowable
BS-UE location configuration, the hologram is digitally measured by
SC-RIS, and the holographic localization algorithm (Algorithm 1) is
executed to obtain the estimated UE location (6, @), -
Thelocalization performanceis demonstrated in Fig. 5awhen the
user is fixed at gy € {15°,30°,45°,60°}. Data are gathered by varying
the location of the BS antenna and taking multiple observations for
each BS-UE configuration. From Fig. 5a, we observe that the holo-
graphic localization algorithm returns angle estimates with an error
of < 9°with high probability, coinciding with the simulated results in
Algorithm 1. Figure 5b illustrates the estimated user’s elevation angle
0.5 with respective to SC-RIS, compared with the ideal estimator
(dashedline). Similarly, the estimation results for the azimuth angle ¢
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are shown in Fig. 5c. Since the manufactured SC-RIS is a square array
with x and z symmetry, the estimated results shownin Fig. 5b,care also
symmetric relative to the central point (0°, 0°).

To statistically characterize the performance of holographic
localization, we further compute the error distribution of the angular
estimators. The standard deviation values are 2.61° for the elevation
angleand 5.24°for the azimuth angle, compared with the theoretical
resolution limit of 6.62° for a 32 x 32-element array on each dimen-
sion (Supplementary Note 9 provides the definitions of array resolu-
tion). Since the azimuth angle is estimated after the elevation angle
in the 2D-FFT algorithm (Methods), the azimuth deviation is larger
than the elevation deviation due to error accumulation. The total
average angular deviation of the estimator is 5.85°, which effectively
approaches the 6.62° array resolution limit. The small error of the
2D-FFT holographic localization algorithm is attributed to power
detector noise and indoor multipath effect. The cumulative distribu-
tions of the measured estimation errors are shownin Fig. 5d, together
with that of the simulated data obtained by performing 2D-FFT on
the noiseless theoretical interference pattern (dashed). By compar-
ing the red measured curve with the dashed simulated curve, we
conclude that our user localization algorithm shows comparable
performance against theideal simulated case, even though the meas-
urements are influenced by the detector noise and multipath effect
(Supplementary Note 10).

To further verify the autonomous beamforming capability of our
SC-RIS, we conduct fully automated experiments with the MCU-
executed holographic detection and beamforming pipeline. The meas-
ured results shownin Fig. 5e exhibit an average improvement of16.4 dB
inthe user-received power when the automatic encoding on SC-RIS is
activated. The received power is consistently improved across the
azimuth angles from —60° to 60°, showing a stable reflective gain of
the incident continuous microwave without data modulation. The
data trend of the measured gain effectively coincides with the theo-
retical predictions. Notice that the theoretical predictions are
compensated by taking into consideration the insertion losses of
the signal generators, antennas and circulators involved in the
field-test experiments.

To demonstrate the communication-enhancing functionality
of the SC-RIS, we test the autonomous beamforming function with
an orthogonal frequency-division multiplexing (OFDM) transceiver
implemented ontwo software-defined radio (SDR) platforms, simulat-
ing areal-world communication system. Here the SC-RIS is configured
to the autonomous beamforming mode, indicating that it canenhance
the BS-user communication link without the control cable. Figure 6a
shows the wireless communication experimental settings, inwhich data
transmissionis aided by the fabricated SC-RIS. The SC-RISis placed in
frontof the transmitter and receiver antennas to provide a controllable
reflective link. We test the data transmission functionality with two
24-bit true-colour logos of Tsinghua University and Southeast Uni-
versity. The data are 1.74 Mbit in total and are transmitted with a fixed
transmission power of -50 dBm, simulating amobile communication
scenario with a typical received power of ~-90 dBm. The key technical
parameters are summarized in Fig. 6b.

To show the autonomous link enhancement capability of the
SC-RIS, we transmit the same picture data with different configura-
tions of SC-RIS. In Fig. 6¢,d, we test the SC-RIS beamforming capabi-
lity by scanning its beamforming angle from -60° to 60°, where the
user is fixed at 30° and 45°, respectively. During the angle scanning
of SC-RIS, the received baseband signals are continuously recorded
and processed by the receiver SDR; the bit error rate (BER) of each
SC-RIS beamformer configuration is presented in Fig. 6¢c. The BER
exhibits a waterfall-like drop at the true UE angles, demonstrating
the link enhancement capability of the SC-RIS under correct user
angular estimation. The corresponding received RF power versus the
SC-RIS beamforming angle is presented in Fig. 6d, compared with the

received power when the SC-RIS is OFF. An average received power
boost of 12 dB is achieved by SC-RIS on correct angular estimation
oftheuser.

To quantify the communication performance improvement
brought by SC-RISs, we present detailed measurement results obtained
from the full OFDM signal processing pipeline, where the intermediate
results are shownin Fig. 6e-g. In Fig. 6e-g, the SC-RIS is tested in four
different modes, including autonomous beam alignment, misalign-
ment of 7°, misalignment of 31° and random configuration, from top
to bottom. The user is fixed at an angle of 45°. Figure 6e shows the
first 2,000 received data symbols (in coloured dots), compared with
theideal constellation positions (inred +). The received symbol noise
decreases substantially when the SC-RIS performs autonomous beam
alignment. Figure 6f shows the estimated channel frequency response
(CFR) as a function of the subcarrier frequency. The CFR estimation
accuracy improves when the SC-RISbeamis autonomously aligned to
theuser. Finally, the received data payload, thatis, theimage logos, are
demodulated and shown in Fig. 6g together with the signal-to-noise
ratio averaged over all the subcarriers. The quality of the received
image improves substantially when the SC-RIS beam is aligned. In
addition to picture and data transmissions, another video transmis-
sion experiment is conducted for long-term stability tests of the entire
system (Supplementary Video 2), where two universal software radio
peripheral (USRP) devices are used for higher data transmission rates.
The solid experiments on communication systems have demonstrated
the autonomous link-enhancing capability of our SC-RIS without
BS control.

Conclusions

Our SC-RIS is limited by the dynamic range of the integrated RF detec-
tors. This constrains the system’s maximum detection distance. We
expect that a40-dB RF amplifier could increase the detection range
from 2 m to 10 m without incurring a notable increase in the system’s
cost (Supplementary Note 8). The integrated amplifier could also be
rerouted toincrease the reflective gain of the RIS unit. Inaddition, the
RIS unit could allow alarger portion of the incident power to be detected
by the power detector. Currently, the coupler ratio is around -15 dB.
However, this approach may induce alarger reflection loss for the RIS
unit. We expect that an RF switch or an additional PIN diode could be
integrated to control a different power flow in the sensing mode and
relay mode, respectively.

The localization algorithm has a computational complexity of
6 (Nlog[N]), where Nis the number of RIS units in the system. We note
that the current algorithm has a high degree of parallelism and, thus,
could be executed more efficiently in a pipeline architecture. In Sup-
plementary Note 9, we demonstrate that the computation cost for a
larger-scale SC-RIS system could be optimized to 6(N, log[N,]), where
N, is the row or column number of the RIS panel.

We have demonstrated single-user localization by leveraging
BS-UE interference on the SC-RIS. In commercial communication
systems, dozens of users are usually served by a single BS simultane-
ously, and thus, dozens of localization problems need to be solved at
the same time (multiuser localization). Inspired by the orthogonal
frequency-division multiple access” technology that has been widely
appliedinwirelesscommunication systems, K users candirectly trans-
mit the EM signals towards the SC-RIS for simultaneous multiuser
localization, as long as these users transmit signals that are separate
inthe frequency domain.

Holographic principles enable applications such as interferomet-
ric microscopy?, interference lithography* and acoustic holography?*.
These applications derive their capabilities from three key points.
First, the holographic recordings contain complete information of
the wavefront, enabling efficient subsequentinformation processing
and intelligent decision-making in complicated environments. In the
specific case of information metasurfaces®®, since microwave signals
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Fig. 6 | Autonomous beamforming of SC-RIS in a wireless communication
system. a, Photograph of the SC-RIS-aided communication system. Tx,
transmitter; Rx, receiver; 5G-NR, fifth-generation new radio. b, Key parameters
of theimplemented OFDM communication system. Tx power means transmit
power. c,d, BER (c) and RF power (d) measured by the receiver, presented as
afunction of the SC-RIS beamforming angles. A substantial BER drop and
received RF power rise can be observed when the SC-RIS is ON and correctly

Subcarrier frequency (kHz)

aligns the beam towards the user. e, Constellation diagram of the received
information-carrying symbols. The symbol noise is reduced when the reflected
beamisaligned at the user with autonomous beamforming function activated.

f, Estimated CFR across the communication bandwidth. I, in-phase component;
Q, quadrature component. g, Recovered logos of Tsinghua University and
Southeast University. The resolution of the reconstructed picture improves when
the SC-RIS beam is aligned. SNR, signal-to-noise ratio.

experience fading, randomscattering and mutual coupling in complex
propagation environments, the wavefrontis distorted unpredictably,
thereby making the dynamic adaptation of microwave information
metasurfaces a key challenge. Our SC-RIS treats these imperfections
altogether as a distortion of the wavefront, which is holographically
recorded ina physical manner.

Second, non-coherentintensity detectors are usually easy to real-
ize, orinsome cases, itis the only choice (such as electron holography).
Although non-coherent detectors require a known global reference

wave, this requirement is easily metin the actual SC-RIS-based systems,
since coherent microwave illumination is common practice and is
typically realized by carrier synchronization. Third, high-performance
signal processing is already available in the microwave domain®. In
microwave neural networks, microwave signals can be transformed
and detected at the speed of light, thereby achieving a higher process-
ing speed of the hologram compared with traditional MCU imple-
mentations™. In this way, the SC-RIS may respond much quicker to
environmental changes.
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Our holographic localization is achieved mainly through the esti-
mation of the user’s angular location, with a measured angular resolu-
tion of 5.85° using a 32 x 32 power detector array without the aid of
prior channel measurements. Although approaching the theoretical
resolution limit, this measured resolution is still not high enough for
high-precision wireless applications. This problem could be mitigated
byaggregating the measured datain the time domain. Generally, withthe
number of snapshots being T, the estimator variance willbe reduced by a
factorof1/T. Another approachis applying compressive-phase-retrieval-
based* angular estimators with multipath resolving capability.

Methods

Numerical algorithm

The 2D-FFT is implemented by two consecutive 1D-FFTs, which are
applied consecutively to the two indices of the input hologram 1,,,.
The overall 2D-FFT-based holographic localization algorithmis sum-
marized in Algorithm 1. To overcome the signal aliasing caused by the
periodicity of the FFT algorithm, we introduce the regulate function
in the algorithm to ensure the physical constraint k} + k2 < k2 on
wavenumbers. After the regulation, the location of the user is
calculated as

Ox ) . 3)

Bue = —sin" 2= @ue = sin”*
uE = — 5 PuE = Py
2n 21 cos Oye

Algorithm 1. 2D-FFT holographic user localization
Inputs
The measured hologram /,,, € RN-*% = R32x32 power detector
spacing d, = 2cm, d, = 2 cm, operating wavelength A= 8.57 cm, BS
angular location (6gs, @gs).

Outputs

Estimated user’s location (ye, @ue)-

1: wyps < 21 (dy/A) cOS Bps Sin @gs

2: w,ps < —21(d,/A)sin Ops

3: Compute 1D-FFT onindex m: I, « FFT [I,,,],Vn €{0...N, — 1}
4:Compute ID-FFT onindex n: f;, < FFT [l ]

5:Find the spectral peak of thehologram: (j,,i,) < arg max |i,d,|2
6: A, < 2i,/N,, Ay < 21 /N, (*D)#(0,0)

7: a)SLE < regulate (w,ps + A;)

. @
8: Wy e

. 2
9: w;[)JE < regulate (w5 — A,)

< regulate (wyps + Ay)

10: (";2,1)15 < regulate (wyps — Ay)

11: Compute two candidate user’slocations (6ye, ¢ye ) by applying
equation (3).

Subroutine regulate(x)

R1:return x — 2 - round (x/21m)

SC-RIS hardware platform

In our SC-RIS, each unit is integrated with an RF detector (LMH2110,
Texas Instruments), which outputs a voltage proportional to the inci-
dentwave power. The 1,024-channel voltages are converted into digital
signals using an array of ADC (AD7616, ADI Corporation) and ana-
logue switches (MC74HC4051A, Onsemi). An MCU (STM32F405RGT6,
STMicroelectronics) communicates with the ADC array and executes
the localization algorithm demonstrated in Algorithm 1in a sequen-
tial way. Once the position of the user is retrieved, the MCU gener-
ates the optimized RIS coding based on the 1-bit phase compensation
method and transmits the coding patterns to the PIN diode drivers.
The above-mentioned procedures cost 6.2 ms altogether (Supple-
mentary Note 11 shows the timing waveforms). The overall system
currently draws a maximum power consumption of 60 W. However,
we anticipate that the power could be further reduced if the sensing

modules are powered down when the systemis notin the sensing mode
(Supplementary Note 12).

Communication experiment

In the image transmission experiment, we adopt two SDR devices
with RF transceivers (AD9361, Analog Devices) and baseband proces-
sors (XC7Z020-CLG484, Xilinx). Both SDR devices are controlled by
a personal computer running MATLAB vR2024b, in which the OFDM
modulation/demodulation takes place (Supplementary Note 13 shows
the detailed OFDM frame format). For the transmitter, the modula-
tion scheme is 16QAM (QAM, quadrature amplitude modulation),
with an average transmit power of -50 dBm. A Zadoff-Chu sequence
isattached before the OFDM data frames for symbol synchronization.
Atotalnumber of 1,647 subcarriers arein use, which contain 1,482 data
symbols and 165 demodulation reference signals (DMRS, also known
as pilot signals). At the receiver, the symbol-level synchronization is
first executed based on the Zadoff-Chu sequence, and then carrier
frequency offset is estimated and compensated. Finally, DMRS-based
channel estimation and data demodulation are executed to recover the
image payload.

Inthe video transmission experiment, to achieve higher datarates,
we adopt two USRP devices (USRP-2974, National Instruments) for data
transmission tests. The transmitter and receiver USRPs operate at the
carrier frequency f, = 3.5GHz with acommunication bandwidth of
30 MHz. During video transmission, the physical layer transmitter
adopts the standard Long-Term Evolution protocol with modulation
and encoding scheme (MCS)-17 (64QAM, R..qe ~ 0.43),and thereceiver
is always configured to the same MCS according to the transmitter.
Since the USRP provides auser datagram protocol socket to the applica-
tion layer, we use Python v3.9 to access these data sockets and transmit
the video data payload.

Data availability
The datathatsupport the findings of this study are available from the
corresponding authors upon reasonable request.

Code availability
The codethat supports the findings of this study are available from the
corresponding authors upon reasonable request.
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