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Abstract: Programmable metasurface has become a promi-
nent tool in various areas including control, communica-
tion, computing, and so on, due to its unique capability
in the electromagnetic (EM) manipulation. However, it is
lack of the intelligence in the sense that it usually requires
the manual intervention, and thus makes it hard to behav-
ior as the human process. To endow the programmable
metasurface with the intelligence, we here proposed the
concept of the language-controllable programmable meta-
surface for autonomous EM manipulations by exploring
the notable capability of large language models (LLMs)
in attaining the human-like intelligence. We have estab-
lished a proof-of-principle system of language-controllable
programmable metasurface, where, for illustration, the
programmable metasurface is designed to have 32 X 24
binary electronically controllable meta-atoms and work at
around 5.5 GHz. In addition, we have constructed a visual-
semantic map to facilitate the language-controllable EM
manipulation in three-dimensional (3D) physical environ-
ments. We have experimentally demonstrated that our
language-controllable programmable metasurface is capa-
ble of decomposing autonomously an ambiguous task of
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EM manipulation into a sequence of executable ones and
implementing them individually in real-world indoor set-
tings. We expect that the presented strategy could hold
promising potential in pushing programmable metasur-
faces towards human-level autonomous agents, which are
capable of accomplishing the smart EM-involved multi-
modality manipulations through self-directed planning and
actions.

Keywords: programmable metasurface; large language
models; EM manipulation

1 Introduction

Programmable metasurface, an ultrathin engineered struc-
ture, has been well recognized as a prominent agent for
the flexible electromagnetic (EM) manipulation [1-4], and
has found its valuable applications in various areas, such
as, control [5, 6], communication [7-9], computing [10],
and so on [11-13]. Compared with its ancestors, i.e., ear-
lier versions of metamaterials and metasurfaces [14, 15],
the programmable metasurface exhibits a technology trend
towards a self-organizing EM agent through the embedded
active components [16], sensors [17] and algorithms [18].
Thereby, the programmable metasurface holds the promis-
ing capabilities in configuring and optimizing its configu-
ration and operational parameters according to environ-
ment settings and user’s demands. However, it is lack of
the intelligence in the sense that the control operations are
realized from the manual inputs and trained with limited
dataset in a relatively isolated environment, and the per-
formance is largely dependent on predefined operational
condition and corresponding configurations. In addition,
the programmable metasurface is usually developed for
solving dedicated simple problems, and is inefficient in deal-
ing with emerging complex EM-related manipulation tasks.
For instance, the so-called smart metasurface equipped with
sensors may undertake some self-adaptive functions but the
functions must be programmed and loaded in advance [19],
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which cannot directly represent the will of the operator in
real time.

Recently, large language models (LLMs), for instance,
generative pre-trained transformer (GPT) [20], bidirectional
encoder representation from transformer (BERT) [21], large
language model Meta AI (LLaMA) [22], Falcon LLM [23],
to name a few, have achieved notable successes, demon-
strating the remarkable potential in attaining the human-
level intelligence [24]. These models are trained over the
web-scale dataset through so-called self-learning strategy
[25], and are enabled with the zero-shot inference, gen-
erative, conversation, common sense understanding, and
prediction capabilities. Thereby, they are revolutionarily
shaping the technologies to make them attain the human-
level inference and decision-making capabilities [26—28].
For instance, HuggingGPT can interact with users, under-
stand their goals and accomplish complex multimodality
tasks by exploring the conversation capability of LLMs with
external models on HuggingFace [29]. LMA3, an LLM-based
self-driven agent developed by Colas et al., is capable of
autonomously setting goals for itself, and gradually improv-
ing its capability by exploring the surrounding environment
[30]. SayCan, developed by Ahn et al., focus on investigating
a wide range of manipulation and navigation skills utiliz-
ing a mobile manipulator robot [31]. Of course, we here
anticipate that the LLM can enable the programmable meta-
surface to understand and interact with the cross-modality
environment, evolving towards a human-like autonomous
EM agent. Furthermore, we expect that LLMs can enable
programmable metasurfaces to enjoy the predictability fea-
ture, and hence, realize improved and proactive capabilities
of dynamic EM manipulations in changing environments,
such as, localization, beamforming, power allocation, cloak-
ing, as well as, spectrum management, even for the unseen
scenarios.

In this article, we have proposed the concept of the
language-controllable programmable metasurface, which
has the capability of accomplishing self-directed EM manip-
ulation tasks like the human process. For this reason, we
would like to refer to it as programmable metasurface agent.
We have established a proof-of-principle, and demonstrated
experimentally its capability of human-level EM manipula-
tion in four aspects. First, it is capable of decomposing a
relatively complex EM manipulation task into a sequence
of simpler ones by employing the self-planning capability of
LLMs, and implementing them individually. Second, it can
explore the unknown environment, and continually refine
the execution code of EM manipulation based on environ-
ment feedback through trial and error. Third, the actions
are taken to communicate with the other agents or real
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humans for sharing information or collaboration. Then, we
can envision that the presented programmable metasurface
agent will become an incubator to form more future smart
devices and systems.

2 System configuration
and operational principle

In this section, we will elaborate on the configuration
and operation of the proposed language-controllable pro-
grammable metasurface. In a nutshell, one key motivation
behind our strategy is to equip LLMs with crucial human-
level decision-making capability to make the programmable
metasurface behave like humans and complete various EM
manipulation tasks effectively. For illustration purpose, the
programmable metasurface agent is designed to serve as
an artificial intelligent (AI) assistant in smart human-robot
home scenarios who is mainly responsible for understand-
ing the user’s language requests and accomplishing the
intended EM manipulation tasks, as illustrated in Figure 1a.
For example, when the metasurface robot receives the
user’s request, e.g., “send this file to the computer”, it can
automatically understand that task and decomposes it into
a series of simple subtasks and implement them in a step-
by-step way, as detailed below.

2.1 System configuration

Here, we discuss the system configuration of the pro-
posed programmable metasurface agent in detail. As
shown in Figurelb and c, the whole system is com-
posed of an LLM module as its central controller, a large-
aperture programmable metasurface as the EM manipu-
lation module in physical environment, and a host com-
puter for the data postprocessing. In addition, a micro
control unit (MCU) has been integrated into the pro-
grammable metasurface, which is responsible for convert-
ing the control coding sequence from the host computer
to programmable metasurface, and a low-cost commer-
cial software-defined radio device (Ettus USRP X310) has
also been introduced for receiving feedback radio signals
through connected antennas from surrounding environ-
ment. Here, both the USRP and metasurface communi-
cate with the host computer via the Ethernet under the
transmission control protocol (TCP). In our implementa-
tions, the programmable metasurface agent is designed
to operate at around 5.5 GHz band, which could be read-
ily scalable to other frequency bands. The programmable
metasurface is composed of 32 X 24 binary electronically
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Figure 1: System configuration of the proposed programmable metasurface agent. (a, c) Conceptual illustration of programmable metasurface agent
in indoor physical environment, where users are allowed to interact with the programmable metasurface agent through natural language voice or
text. The programmable metasurface robot is capable of understanding the user’s intention, autonomous task planning and decomposition, and
action (i.e., EM manipulations here) in 3D physical environment. (b) Photograph of experimental system configuration which consists of a program-
mable metasurface, MCU, host computer, USRP, and antennas. (d) Photograph of programmable metasurface with size of 780 mm X 560 mm, where
some details of meta-atom have been provided as well. (e) The EM performance of the electronically-controllable meta-atoms numerically and
experimentally (f) workflow of developed programmable metasurface agent. Here, a 3D visual-semantic map has been provided as well.

controllable meta-atoms with size of 0.780 m X 0.585m,
as shown in Figure 1d, where the meta-atom’s details are
also reported. Note that the meta-atom has binary states, in
the sense that the reflection phase response changes by 180°
near 5.5 GHz, while the amplitude remains almost constant

when the soldiered PIN diode is switched from OFF (ON)
to ON (OFF). Here, the state of the PIN diode is controlled
by an FPGA-based 50 MHz clock MCU. We have conducted
numerical and experimental tests to examine the basic EM
performance of the designed one-bit meta-atom, and the
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corresponding results have been presented in Figure le.
Here, we have performed full-wave simulations using a
commercial full-wave EM simulator (CST Microwave Tran-
sient Simulation Package 2017), and performed the exper-
imental test directly in our lab environment. As shown in
Figure 1e, we can readily observe that the reflected phase
of the meta-atoms undergoes a 180° phase difference when
the PIN diode is switched from ON (OFF) to OFF (ON) in the
selected frequency range. Then, with massive above meta-
atoms and suitable control coding sequences, we expect
that the programmable metasurface agent is capable of
autonomously solving a range of complex EM manipulation
tasks. More details about the programmable metasurface
can be found in Supplementary Note 1.

2.2 Workflow of language-controllable
programmable metasurface

As mentioned previously, the programmable metasurface
agent relies on two critical factors: (i) the powerful EM
manipulation capability of programmable metasurface in
physical environment, and (ii) the strong capabilities of
inference, zero-sample learning, task decomposition, and
code generation of LLMs in virtual digital world. Then,
the integration of programmable metasurface with LLMs
enables to achieve the autonomous EM manipulation and
accomplish the complex tasks requested by the user. As
mentioned above, a 3D visual-semantic map has been
established to facilitate the EM manipulation in real-world
physical environments using the language-controllable pro-
grammable metasurface. As shown in Figure 1f, in the
3D visual-semantic map, the whole environment has been
semantically segmented and their semantics are marked
in different colors, where the objects in the environment
are all modeled as cubic, and each object was assigned a
location with respect to the global coordinate system. For
the efficiency consideration, the 3D visual-semantic map
has been created in advance as the prompt for the LLM to
search for the locations of intended subjects in the physical
environment.

Now, we will elaborate on the four-step workflow of
programmable metasurface agent, as shown in Figure 1f.
First, a user can interact with the programmable metasur-
face in voice or text format through the LLMs installed in
the host computer. For instance, when the LLM receives the
user’s request, for instance, “please illuminate the box_2”, it
will decompose the original ambiguous task into a sequence
of simple but implementable subtasks, and then generate
the implementable Python codes for subtasks. Second, the
LLM will calculate the exact location of “box_2” in context
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of the created 3D visual-semantic map. Third, the host com-
puter runs the Python code to generate the control coding
sequence of metasurface such that the resultant radiation
beam can be focused towards box_2. Finally, the host com-
puter will respond to the user with a voice or text message
that says, i.e., “Beam focus has been successfully completed.”
It is worthy of mentioning that if the subject does not exist
in the 3D visual-semantic map, the programmable meta-
surface agent can autonomously explore the unseen envi-
ronment and continuously improve the execution Python
code for the smart EM manipulation through the trial-and-
error approach, as demonstrated in Section 3.3. To summa-
rize, we can conclude that one can interact with the pro-
grammable metasurface agent in a free manner, enabling
the autonomous EM manipulation in real-world settings.

3 Experimental results

In this section, we will experimentally demonstrate the
autonomous EM manipulation capabilities of the developed
programmable metasurface agent in four aspects. First,
we will look into the language-controllable beam-focusing
capability of the programmable metasurface agent. After-
wards, we will demonstrate the self-planning capability
of the programmable metasurface agent in accomplishing
complex EM manipulation tasks, and the active exploration
ability in dealing with the unknown environment. Finally,
we consider a relatively realistic scenario, i.e., wireless
information sharing, to demonstrate the promising poten-
tial of programmable metasurface agent for the wireless
chatting with other agents or human.

3.1 Results of the language-controllable
beam focusing

As the first set of fundamental examinations, we would
like to provide some insights into the language-controllable
EM beam manipulation of programmable metasurface
agent, and corresponding experimental results have been
reported in Figure 2. In our experiments, we have placed
three boxes for the beam focusing targets in our lab environ-
ment (see Figure 2a), and ask the programmable metasur-
face agent to accomplish both single-target and multi-target
beam focusing tasks when it receives language request, i.e.,
‘please focus the beam towards Box-1’. Figure 2b reports the
calculated control coding pattern [32] of the metasurface
for single-target beam focusing in the left, and the corre-
sponding 2D distribution of signal intensity in the right.
Here, the 2D distribution has been achieved via the so-called
plane scanning technique, where the scanning area with
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Figure 2: Experimental results of language-controllable beam focusing. (a) Experimental setup, (b) single-target focus scenario, (c) dual-target focus

scenario, (d) triple-target focus scenario.

size of 1.45m X 1.05m is set as a plane parallel to the
metasurface, and has the distance of 1.53 m away from
the programmable metasurface. Further, we have consid-
ered the scenario for the dual target- and triple-target
beam focusing tasks, and reported corresponding results
in Figure 2c and d, respectively. Then, it can be readily
observed that the programmable meatsurface agent is capa-
ble of allocating the wireless energy towards the intended
targets in a language-controllable interaction manner.

3.2 Results of self-planning complex EM
manipulation

In this section, we would like to examine the self-planning
capability of programmable metasurface agent for rela-
tively complex EM manipulation tasks. To this end, we
have explored so-called zero-sample learning strategy of
LLMs, conducted a set of tests with the GPT-3.5-turbo LLM
model released by OpenAl, and loaded the pre-established
3D visual-semantic map of environment into LLM in form of
prompt to enable LLM to get acquittance with the surround-
ing environment. See examples about the prompt project
in Supplementary Note 2. Figure 3a reports a relatively sim-
ple case where a user asks the programmable metasurface
agent to focus radiation beam towards a chair through the
text input, and the agent will generate the corresponding

Python codes and execute them step by step. In particular,
the agent will decompose the original ambiguous request
into two implementable subtasks: (i) searching for the loca-
tion of the chair in the visual semantic map, (ii) focusing the
radiation heam towards the intended chair. When the host
computer completes the code generation, it will generate
the control coding sequences of programmable metasurface
for the intended beam manipulation, and the MCU will
control the programmable metasurface to manipulate the
radiation beam. We have conducted another set of more
complex EM manipulation task, and reported the results
in Figure 3b, where our major concern is to examine the
generalizability of comprehension and ambiguous language
instructions. To this end, the user does not explicitly specify
the object on which the beam needs to be directed, but
rather requests that it be focused towards each box in turn.
We have selected 8 sets of user command tasks to test the
developed programmable metasurface agent, and repeated
each set of tasks 100 times and recorded the success rate of
task decomposition and code generation in Figure 3c. It can
be observed that the programmable metasurface agent is
capable of understanding the user’s request and completing
the task successfully. Note that the success rate of task com-
pletion decreases gradually, but it still can meet the demand,
as the complexity of the task increases. We can see from
above results that the programmable metasurface agent has
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Figure 3: Experimental results of autonomous task decomposition. (a) When a user sends a request in a linguistic way, the agent can decompose the
task based on LLM and then generate the execution code corresponding to each step, which is executed one by one. For instance, when user
command is “focus the beam on the chair”, and the system decomposes the task into two steps: the first step is to search for the location of the “chair”
from the semantic map, and the second step is to focus the beam on that location. (b) Another more complex task with the same steps as (a).

(c) The success rates for 8 different EM manipulations tasks with different complexities in performing the task decomposition (TD) and code

generation (CG) over 100 repetitions for each task.

the self-planning capability in the sense of decomposing a
relatively ambiguous EM manipulation task into a sequence
of executable tasks.

3.3 Results of exploring the unknown
environment

Note that we have implicitly assumed that the surround-
ing physical environment, i.e., wireless channel, has been
known for the programmable metasurface agent above, and
the control coding pattern of progammable metasurface
can be explicitly obtained in advance once the intended
user is localized. However, in most of practical applica-
tions, the surrounding environment is usually hard to be

estimated in advance for progammable metasurface agent,
especially when the location of the target user is inaccessi-
ble, for example, if there are obstacles between the target
and metasurface. To resolve this issue, we here would like
to utilize the reinforcement learning-based online search
algorithm in Ref. [33] to automatically adjust the control cod-
ing pattern through the active interaction with the unknown
environment. As we show in Figure 4a and b, the pro-
grammable metasurface agent takes a so-called trial-and-
error approach to adjust its coding pattern according to
the feedback from the surrounding environment. In par-
ticular, the programmable metasurface agent runs a three-
layer artificial neural network to make decision to adjust
its control coding pattern, and correspondingly changes the
EM field distribution of the unknown environment and the
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Figure 4: Experimental results of programmable metasurface agent in exploring unknown environments. (a) Task decomposition, (b) system
diagram, (c) the location of the receiver in our experiment, (d) the power of Bob’s received signal as a function of learning epochs, (e) the optimized

control coding patterns of programmable metasurface.

signal intensity received by the user. After that, the user will
measure its received signal strength, and feedback the mea-
surement result to the agent to generate reward function
for parament updating of the artificial neural network. The
detailed learning process could be summarized as follows:
an epoch consists of 384 steps, in every step the neural net-
work outputs the probability distribution of state reversal
for each unit according to the current coding state to guide
the programmable metasurface to switch its coding pattern,
then records the decision trace and feedbacked rewards for
policy updates. At the end of each epoch, the agent will
update its policy @ with policy gradient method as we show
in Eq. (1). Here, we use a and s to denote actions and states.
The learning rate «a is set to 0.001, the discounted factor y is
set to 0.99, and the single-step reward function is generated

from the received signal power of the user according to
Eq. (2).

384 384

O <0+ O‘Z Z yreward,Vlogpe (als)) @)
s

reward; = (power; — power; ;)
X abs(power; — power; ;) ()]

We have conducted a set of experiments to verify our
system’s capacity of exploring the unknown environment.
The signal intensity as a function of learning epochs has
been plotted in Figure 4d, and corresponding optimized
coding patterns have been shown in Figure 4e. In our exper-
iments, we respectively place the user in different unknown
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locations to verify the effectiveness and stability of our
reinforcement learning-based online search algorithm, and
successfully improve the power gain in a factor of above
10 dB. From this set of experimental results, we can demon-
strate that the developed programmable metasurface agent
is capable of autonomously exploring the unknown envi-
ronment and online optimizing its control coding pattern to
improve the communication’s quality.

3.4 Results of wireless information sharing

Here, we will consider a more realistic application using the
programmable metasurface agent, i.e., wireless information
sharing, as shown in Figure 5a and b, where Alice wants
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to share an RBG picture of logo of Peking university (see
Figure 5c) to Bob in our lab environment. To that end, Alice
uploads the picture to the host computer along with a text
request “Please share this picture with Bob”. When receiv-
ing this request, the programmable metasurface agent will
decompose the ambiguous request into three executable
subtasks, and sequentially dispatches these subtasks to the
3D visual-semantic map, metasurface and USRP, as detailed
in Figure 5a. After receiving the subtask from the LLM,
the agent will recognize and localize Bob and exports the
Bob’s location to the programmable metasurface through
the 3D visual-semantic map. Then, the agent adapts the
control coding pattern (see Figure 5d) in terms of Bob’s
location such that its radiation beam can be well focused

lab_bench
shelf

ground

I metasurface - i
cabinet L4
B door Picture sent by Alice
table
B chair mido
i :”""". """ T B trash_can
! Task decomposition: { Devices: B fire_axtinguisher d)
: » Sub-task 1 :Search the location of of - > \[;evu;e 1: et - f:rz*s computer
Bob's computer from the visual-semantic: i iSragsemantck : B hostc
. ] | map | 0st_computer
i p- : | 4 5 B box_1
i1 » Sub-task 2 : Focus the beam towards the | —— | > Dilse2g - box 2
{ 3 ] Metasurface 0%
o location of Bob's computer. ; "5 Device 3 : box_3
i > Sub-task 3 : Transfer the picture to Bob's§ — UeS\;c; .
computer. ; H .
........................................................................ Coding pattern
e . . . . .
) Signal @ Alice f>)( 1073 Real-part signal @ focused Bob gz 1073 Imaginary part signal @ focused Bob
1 s . 15 1
-1 -1.5 1
Points of time samples 1% 104 1x10% 1x10%
h) Decoded signal @ Bob |) Real-part signal @non-focused Bob ]) Imaginary part signal @ non-focused Bob
%x10~4 ) %1074
1 -
4 4
-1 -4
1x10% 1x10% 1x10%

Points of time samples

Figure 5: Experimental results of wireless information sharing with the programmable metasurface agent. (a) Operation procedure and task
decomposition, (b) 3D visual-semantic map, (c) the RGB picture transmitted from Alice to Bob, (d) the control coding pattern of programmable
metasurface, (e) A 10*-length signal sent from Alice, (f-g) the real and imaginary parts of the signal received by Bob when the beam is focused
towards Bob using programmable metasurface. (h) The decoded signal at Bob corresponding to that of (e), (i and j) the real and imaginary parts

of the signal received by Bob when the focusing beam is not available.
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toward Bob in a remarkably enhanced signal’s intensity.
Thereby, the picture to be shared can be transmitted from
Alice to Bob by the USRP with the wireless communication
link enhanced by the programmable metasurface. The first
10,000 sampling points of raw signal received by Bob has
been shown in Figure 5f and g. After some straightforward
signal process, the decoded signal at Bob is able to be suc-
cessfully recovered with a low bit error rate of 0.179 %,
as shown in Figure 5h, implying that the programmable
metasurface agent can successfully accomplish the infor-
mation sharing task. Moreover, in order to highlight the
importance of programmable metasurface in the wireless
information sharing task, we have reported the correspond-
ing first 10,000 sampling points of Bob’s received signal
when the programmable metasurface is not available for
the beam focusing in Figure 5i and j. We can see that the
SNR (signal-to-noise) of Bob’s received signal with the pro-
grammable metasurface is significantly higher than that
without the programmable metaurface, which means the
programmable metasurface can significantly improve the
wireless link with the target user and thus plays an impor-
tant role in the wireless information sharing. Now, we can
conclude from above primary experimental results that
the developed programmable metasurface agent, with the
reasoning and understanding ability of LLM and the beam
manipulation capacity of programmable metasurface, is
able to intelligently understand and decompose informa-
tion sharing tasks given in natural language forms and auto-
matically schedule its sub-devices to execute corresponding
subtasks.

4 Conclusions

We have presented the concept of language-controllable
programmable metasurface, i.e., programmable metasur-
face agent, by combining the power of LLMs in attaint-
ing human-level intelligence with the flexible EM manip-
ulation capability of programmable metasufaces. We have
established a proof-of-principle programmable metasurface
agent, and demonstrated experimentally the strength of
programmable metasurface agent in three aspects: (1) the
self-planning capability in performing complex EM manipu-
lation tasks; (2) exploring unknown environments and con-
tinuously improving the EM manipulation through trial and
error according to the feedback from surrounding environ-
ments; (3) sharing information and collaborating with other
agents or real people. We expect that the proposed strategy
could hold promising potential in advancing programmable
metasurfaces towards human-level autonomous agents.
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