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Abstract – In this paper, a wireless communication sys-
tem based on time-domain digital coding metasurface
with Quadrature Phase Shift Keying (QPSK) modula-
tion is proposed. The aperture-coupled resonant rings
on the metal patches of the metasurface elements cre-
ate an asymmetry along the x-axis, resulting in a phase
difference. The Field Programmable Gate Array (FPGA)
is used to change the conduction and cutoff states of
pin diodes, which can control the phase responses of
the metasurface elements, forming four coding states.
Within a certain period, the FPGA dynamically mod-
ulates the high and low levels, thus controlling the
reflection characteristics of the metasurface. When the
information is converted into a binary bitstream and writ-
ten into the FPGA, represented by high and low levels,
the baseband signal is modulated onto the carrier by the
metasurface. This system replaces the functionality of
mixers in traditional wireless communication systems,
further simplifying the architecture of wireless commu-
nication systems. The overall system is demonstrated by
an experiment with a picture transmitted and received in
real time, showing promise in future low-cost wireless
communication transmission systems.

Index Terms – Metasurfaces, time-domain digital cod-
ing, wireless communication.

I. INTRODUCTION
Wireless communication technology is becoming

increasingly important in today’s era, and people have
higher requirements for communication systems’ sta-
bility, transmission rate, and latency [1]. However, the

increasing number of protocols and standards has led
to a surge in costs and complexity in the hardware
implementation process. To meet these requirements,
more advanced technologies and equipment have been
applied to achieve efficient wireless communication,
such as large aperture antenna arrays [2], ultra-massive
Multiple-in Multiple-out (MIMO) [3], large intelligent
surfaces (LIS) [4], and terahertz (THz) band [5]. How-
ever, massive MIMO requires a very large number of
radio frequency (RF) chains, and the design and manu-
facturing of high-performance RF components working
in the high-frequency band are relatively complex. The
potential of LIS to significantly enhance system capac-
ity has been widely recognized. However, the large-scale
deployment of these technologies faces obstacles such
as high hardware costs, substantial energy consumption,
and heat dissipation issues due to the use of numer-
ous RF chains and operating frequency bands. More-
over, traditional transceiver architectures like homodyne
or heterodyne, which have been successful in mobile
communication systems, encounter challenges such as
high costs and limited flexibility in future wireless com-
munication systems. Therefore, the development of new
transceiver architectures that offer flexibility and effi-
ciency for future communication systems is of utmost
importance.

Reconfigurable metasurfaces have been envisioned
as a promising technology to address the challenges
faced in transceiver design. In the past decade, new
electromagnetic phenomena have been achieved by
manipulating electromagnetic waves based on reconfig-
urable metasurface, enabling functions such as surface

Submitted On: October 16, 2023
Accepted On: June 26, 2024

https://doi.org/10.13052/2024.ACES.J.390805
1054-4887 © ACES

https://doi.org/10.13052/2024.ACES.J.390805


701 ACES JOURNAL, Vol. 39, No. 08, August 2024

impedance, polarization conversion, frequency selective
surface, and orbital angular momentum [6–12]. More-
over, the utilization of embedded tunable devices like
PIN diodes and varactor diodes has been proposed in
the concept of time-domain digital coding metasurface
[13–14]. These devices offer the ability to dynamically
reconfigure metasurface functions in real time, present-
ing new opportunities for tailored manipulation of elec-
tromagnetic waves. By modulating the material inter-
face, a mapping relationship can be established between
the digital bits of baseband information and the phase,
amplitude, or spectral profile of the metasurface unit
cell. This capability holds great potential for creating
a novel signal transmission framework, where digital
signals can be directly encoded onto the carrier wave
incident on the metasurface. This approach simplifies
the system architecture of traditional transmitters. How-
ever, direct modulation of antennas, although achieving
similar functionality, is limited in real-time data trans-
mission due to its high complexity and low efficiency
[15–20].

In this paper, a wireless communication system
that utilizes a time-domain digital coding metasurface
is proposed. This system enables Quadrature Phase
Shift Keying (QPSK) modulation of baseband signals
by manipulating the phase response of the metasur-
face during reflection at the interface. By establish-
ing a mapping relationship between QPSK symbols
and reflection coefficients, the system achieves precise
control over the modulation process. This control is
conveniently achieved by changing the on/off state of
the PIN diode, which alters the time-varying reflec-
tion coefficients of the metamaterial surface. Experi-
mental results conducted at 5.5 GHz validate the sys-
tem’s accuracy and reliability in wireless information
transmission.

II. METASURFACE UNIT CELL THEORY
AND DESIGN

A. Theory analysis
A conceptual description of the time-domain digital

coding metasurface for wireless communication is pre-
sented in Fig. 1. When the metasurface is driven by the
monochromatic wave Ei (t), which is normally incident
from the left side toward the reflective metasurface at the
frequency f = fc, the reflective wave of the metasurface
can be represented as:

Er (t) = Γ(t) ·Ei (t) = Γ(t) · e j2π fct , (1)
where Er (t) and Γ(t) stand for the reflected waveform
and the transient reflection coefficient of the metasurface,
respectively. Assuming that the metasurface is vary-
ing in a scale much slower than the incident wave to
safely decouple the dispersion and time-varying effects

Fig. 1. Schematic diagram of wireless communication
system based on reconfigurable digital coding metasur-
face.

of the reflective coefficient. The frequency domain of the
reflective wave can be further obtained by performing
Fourier transforming:

Er ( f ) = Γ( f )∗ [δ ( f − fc)] = Γ( f − fc) , (2)
where ∗ denotes the convolution operation and d ( f ) is
the Dirac delta function. It can be seen that the reflection
spectrum is highly dependent on the spectral profile of
Γ( f ) from equation (2), indicating that the metasurface
plays a similar role to the frequency mixer up-converting
baseband signals to RF signals in the superheterodyne
transceivers.

The proposed transmitter focuses on the scheme to
realize the QPSK with the metasurface, using two PIN
diodes to control the metasurface unit cell, achieving
four encoding states. The binary data sequence of the
reflection coefficient Γm can be represented based on dif-
ferent on/off states, as shown in equation (3):

Γ0 = OFF/OFF ⇔′ 00′,
Γ1 = ON/OFF ⇔′ 01′,
Γ2 = OFF/ON ⇔′ 11′, (3)
Γ3 = ON/ON ⇔′ 10′.

By utilizing a time-domain 2-bit coding metasur-
face, it becomes feasible to encode each reflection coef-
ficient Γm based on 2-bit binary digits.

B. Unit cell design
A 2-bit reconfigurable metasurface unit for the

metasurface-based QPSK modulation is designed as
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(a)

(b)

Fig. 2. (a) Structure of 2-bit metasurface unit cell and
(b) top view of the metasurface unit cell with detailed
parameters.

shown in Fig. 2. An aperture-coupled resonant ring is
employed to create an asymmetry along the x-axis in
the metal patches. Two PIN diodes are placed at the two
sides of the patch. When the pin diodes patch switch to
their ON states, a phase deviation occurs. By control-
ling the ON-OFF states of the pin diodes, a 90◦ phase is
achieved in the metasurface unit response, creating four
coding states for controlling the reflection characteristics
of the reflective reconfigurable digital coding metasur-
face. These units will be used as “00”, “01”, “10”, and
“11” units for 2-bit encoding.

Figure 2 depicts the schematic diagram of the
designed metasurface unit. As shown in Fig. 2 (a), the
top layer of the unit consists of a square aperture reso-
nant ring and a feeding line designed for the PIN diodes
on both sides. The middle dielectric layer is made of
F4B material with a dielectric constant of 2.55 and a
loss tangent of 0.001. A metal via is placed in the cen-
ter of the metal copper patch. By changing the volt-
age applied to the PIN diode loaded on the metasur-

face unit, different resonant states are generated when
the x-polarized electromagnetic wave is incident on the
metasurface, resulting in a change in the phase of the
metasurface response. The pin diode chosen is MADP-
000907-14020P by MACOM. This model of pin diode
is also mentioned in [21]. The PIN diode of MADP-
000907-14020P model produced by MACOM is selected
for simulation and fabrication, which is conducive with
a forward bias voltage, equivalent to a series lumped ele-
ment with a resistance value of R = 7 Ω and an induc-
tance value ofL = 30 pH, and is shut off with a reversed
bias voltage, equivalent to a series lumped element with
a capacitance value of C= 28 fF and an inductance value
ofL = 30 pH, as shown in Fig. 2 (b). The detailed struc-
tural parameters of the metasurface unit cell are listed in
Table 1.

Table 1: Structure parameters of metasurface unit cell
Parameter Length (mm) Parameter Length (mm)

h 2.54 14 1.2
p 27 15 1.5

wl 15 16 2.7
ll 16 17 6

w2 4 18 3
l2 9 d 0.3
l3 0.6 e 0.38

Figure 3 plots the reflection coefficients of the meta-
surface unit cell for x-polarized incident wave. As shown
in Fig. 3 (a), by controlling the states of the two PIN
diodes as OFF/OFF, ON/OFF, OFF/ON, and ON/ON,
the resonant frequency of the unit cell increases from
5.4 GHz to 6.2 GHz while maintaining a reflection
amplitude of more than 3 dB under x-polarized inci-
dent wave. This achieves a phase range coverage of 270◦

at the operating frequency of 5.5 GHz, as shown in
Fig. 3 (b).

To further verify the effect of the PIN diode on the
unit cell, Fig. 4 shows the surface current distribution of
the unit cell in four different states of the PIN diodes at
5.5 GHz, which are labeled as states “00”, “01”, “10”,
and “11”, respectively. It can be seen that when the PIN
diodes are turned off, the current on the unit cell is very
weak, while when the PIN diodes are turned on, the
unit cell has a strong surface current, enabling the unit
cell to change its resonant frequency and achieve the
phase modulation. The proposed reconfigurable metasur-
face exhibits strong control over electromagnetic waves,
making it a promising platform for dynamically manipu-
lating the phase states.
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(a)

(b)

Fig. 3. Reflection coefficients of the metasurface unit cell
for x-polarized incident wave: (a) amplitude response
and (b) phase response.

Fig. 4. Surface current distribution of the metasurface
unit cell at different states.

III. EXPERIMENT OF WIRELESS
COMMUNICATION SYSTEM

In order to verify the QPSK signal generated by the
time-coding metasurface, a receiver using the Universal
Software Radio Peripheral (USRP) is designed, which
includes the following main modules, signal reception,
automatic gain control, signal extraction, carrier syn-
chronization, symbol synchronization, frame synchro-
nization, phase offset correction, and demodulation,
which are shown in Fig. 5.

Fig. 5. QPSK receiving system model.

A metasurface-based communication system that
can send and receive a picture is built. Figure 6 illus-
trates the entire wireless communication system, which

Fig. 6. Information transmission process diagram of the
wireless communication system based on time-domain
digital coding metasurface.
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includes the transmitter consisting of the transmitter
host, the transmitter-side USRP, and the time-domain
digital coding metasurface and the receiver consisting
of the receiver antenna, the receiver-side USRP, and the
receiver host. In the transmitter, a single-tone signal is
generated on the transmitter host. The picture informa-
tion is firstly converted into bit stream and then mapped
into QPSK modulation and finally used to control the
time-domain digital coding metasurface. By adjusting
the states of the PIN diodes through the modulating
signal, the time-domain digital coding metasurface can
modulate the carrier signal into a QPSK signal and scat-
ter it into free space. At the receiver end, the signal is
picked up by the receiving antenna and then processed
by the receiving USRP and displayed on the receiver’s
host. In the proposed system, the time modulation period
is chosen as 2.5 µs.

By extending the distance between the transmitter
and receiver from 0.5 m to 1 m and increasing the data
rate from 400 kbps to 800 kbps, the performance of the
communication system can be evaluated under differ-
ent conditions. The scatters plotted in Fig. 7 represent
the constellation diagram of the received QPSK signals.
As the data rate increases and the distance between the
transmitter and receiver decreases, the performance of
the communication improves gradually, and the scatter
points of the constellation diagram converge. Addition-
ally, the received and demodulated bitstream data at the
receiver are shown in Fig. 8. To validate the proposed

(a) (b)

(c) (d)

Fig. 7. Relationship between communication perfor-
mance, transmission rate, and transmission distance. (a)
Data rate: 400 kbps, distance: 0.5 m, (b) data rate: 400
kbps, distance: 1 m, (c) data rate: 800 kbps, distance: 0.5
m, and (d) data rate: 800 kbps, distance: 1 m.

Fig. 8. Demodulated bitstream obtained.

information encoding scheme, the real-time image trans-
mission experiments are conducted by using the time-
domain digital coding metasurface wireless communica-
tion system in an indoor scenario, as shown in Fig. 9.

Fig. 9. Photograph of the wireless communication sys-
tem based on time-domain digital coding metasurface.

The key parameters of the experiment based on
time-domain digital coding metasurface are presented in
Table 2. The transmitter is located on the left side of the
workstation and consists of a DC power supply, Field
Programmable Gate Array (FPGA), transmitter USRP,
feeding antenna, and time-domain digital coding meta-
surface. The receiver is located on the right side of the
workstation and consists of a receiving antenna, post-
processing computer, and receiver USRP. The distance
between the transmitter and receiver is 1 m. Experi-
mental results show that the system performs well and
may be further improved by enhancing the waveform of

Table 2: Selected key parameters of the designed wire-
less communication demo system based on a software-
defined radio (USRP N310 & B210)

Parameter Value
Working frequency 5.5 GHz
Modulation method QPSK
Transmission rate 800 kbps

Frame size 960,026 samples
Bit error rate 0.01
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bias voltages and optimizing the metasurface unit cell to
achieve better phase responses.

IV. CONCLUSION
In this paper, an experimental verification of a

QPSK wireless communication system based on time-
domain digital coding metasurface is presented. The
proposed system demonstrates the feasibility and effec-
tiveness of utilizing metasurfaces for wireless com-
munication using QPSK modulation. Compared with
traditional transmitters, the phase modulation of the
baseband signal is directly completed by the metasur-
face, which simplifies the system architecture and elim-
inates the need for microwave devices such as mixers.
The proposed metasurface-based wireless communica-
tion system is demonstrated by a real-time image trans-
mission experiment in an indoor environment, which
may find promising applications in future low-cost wire-
less communication systems.
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