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Abstract: In this letter, a wireless transmitter using the new architecture
of programmable metasurface is presented. The proposed transmitter
does not require any filter, nor wideband mixer or wideband power am-
plifier, thereby making it a promising hardware architecture for cost-
effective wireless communications systems in the future. Using experi-
mental results, we demonstrate that a programmable metasurface-based
8 phase shift keying (8PSK) transmitter with 8x32 phase adjustable unit
cells can achieve 6.144 Mbps data rate over the air at 4.25 GHz with a
comparable bit error rate (BER) performance as the conventional ap-
proach without channel coding, but with less hardware complexity.

Introduction: The fifth-generation (5G) wireless communication will
soon be delivering the needed ultra-high data rates, for which massive
multiple-input multiple-out (MIMO) antennas and millimeter-wave
(mm-wave) are the two key technologies. However, the need for large
numbers of high-performance RF chains means that there is an increase
in the hardware complexity, leading to high cost and power consump-
tion [1]. Although solutions such as analog beamforming [2] and hybrid
beamforming [3] have been developed in the literature, to reduce the
number of RF chains, they do not fundamentally eliminate the hardware
constraints. It is therefore of great significance to develop a more flexi-
ble hardware architecture for future wireless communications.

On the other hand, recent advances in programmable metasurfaces
have attracted much attention due to their superior capability in control-
ling the amplitude or phase of electromagnetic waves in real time [4].
Manipulation of reflected or transmitted electromagnetic waves can be
achieved by electrically changing the reflection or transmission coeffi-
cient distributions on the metasurfaces [5], effectively realising modula-
tion of electromagnetic waves, which has appeal in applications of wire-
less communications. However, using metasurface in wireless commu-
nication is still in its infancy. A recent study can be found in [6] where a
metasurface-based binary frequency shift keying (BFSK) transmitter
was presented, in which the two signal frequencies representing ‘0’ and
‘1’ respectively were synthesised directly via a programmable metasur-
face. However, only a low data rate of 78.125 kbps was reported.

In this letter, we take advantage of a programmable metasurface that
achieves 360-degree phase response coverage of reflected electromag-
netic wave to develop a novel metasurface-based 8PSK transmitter. The
experimental results validate its feasibility by observing the demodulat-
ed constellation diagrams and measuring the bit error rate (BER) per-
formance with an extraordinary 6.144 Mbps data rate over the air.

Design: As shown in Fig. 1, the unit cell of metasurface can be regarded
as a resonant tank with the load impedance Z; and the characteristic
impedance of the air Zj. Also, I' in the figure represents the reflection
coefficient, which describes how much of the incident electromagnetic
wave is reflected by an impedance discontinuity in the transmission
medium, and equals to the ratio of the complex amplitude of the reflect-
ed wave to that of the incident wave.
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Fig. 1 The resonant tank model of the metasurface unit cell.

In particular, the reflection coefficient of the unit cell of the metasur-
face can be written as
Zy—Zy
Tz +Zy
where Zj is a constant with the value of 377 Q. The desired Z; can be
achieved by carefully designing the physical structure of the unit cell,

thus realising the desired phase or amplitude response of the reflected
electromagnetic wave. Note that conventionally, the reflection coeffi-
cient of the metasurface is fixed once the metasurface is designed and
fabricated. Nevertheless, recent advances in programmable metasurface
allow some tunable components in their unit cells such as varactor di-
odes, which make it possible to dynamically change Z in real time and
manipulate the phase or amplitude of the reflected electromagnetic
wave in a controllable and programmable manner.

The programmable metasurface utilised in our transmitter has been
elaborately designed to have a full 360-degree phase response and its
reflectivity is about 85% at the working frequency of 4.25 GHz. That is
to say, it can regulate the phase of an electromagnetic wave flexibly and
efficiently. Fig. 2 depicts a fabricated sample of our programmable
metasurface with a zoomed-in view of the unit cell. There are 8x32 unit
cells on the entire surface and in each unit cell five planar patterned
metallic patches are printed on the top surface of the F4B substrate with
a dielectric constant of 2.65 and a loss tangent of 0.001, with two varac-
tor diodes and two little capacitors loaded between them. The size of
unit cell is 12x12x5 mm?, which is approximately 0.17x0.17x0.07 A* at
4.25 GHz. This well-designed structure greatly improves the unit cell in
[6], which consists of only two metallic patches and one varactor diode
so that only one resonant pole can be obtained and a 360-degree phase
regulation of the reflected wave is not achievable. By contrast, the two
varactor diodes in the new design can form two resonant poles, allowing
a theoretical 720-degree phase shift and ensuring a practical 360-degree
full phase manipulation. Also, the capacitance of the unit cell is domi-
nated by the varactor diode, which indicates that the phase response of
the metasurface can be tuned by the bias voltages of varactor diodes.
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Fig. 2 A fabricated sample of the programmable metasurface with a
zoomed-in view of the unit cell that was used in the experiment.

The relationship between the bias voltage of the varactor diode and
the phase of the reflected electromagnetic wave of each unit cell is
shown in Fig. 3. The bias voltage has an approximate linear relationship
with the phase of the reflected wave and can achieve 360-degree phase
modulation coverage. For example, eight bias voltages corresponding to
the eight red points shown in Fig. 3 can be applied to achieve 8PSK
modulation. Each red point corresponds to a specific bias voltage and a

desired phase state of the reflected wave for 8PSK modulation.
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Fig. 3 The relationship between the bias voltage and the phase of the
reflected electromagnetic wave.



Fig. 4a shows the hardware architecture of the proposed transmitter
based on the mentioned programmable metasurface. Unlike the conven-
tional transmitter, in which a local oscillator provides the carrier signal
to the mixer over a transmission line [7], the metasurface-based trans-
mitter obtains the carrier signal from a feed antenna through the air. The
air-fed carrier signal makes the same carrier signal naturally realised
between each transmitting unit cell of the metasurface. The digital-to-
analog converters (DAC) converts the digital baseband sequences into
analog voltage signals to control each unit cell of the metasurface, thus
achieving phase modulation of the incident single tone carrier signal
and generating the reflected RF signal with modulated information.

Fig. 4b illustrates the actual hardware realisation of the proposed
metasurface-based transmitter, which is composed of the programmable
metasurface, the feed antenna, the universal software radio peripheral
(USRP, a commercial software-defined radio (SDR) transceiver) as RF
signal source, the field programmable gate array (FPGA) as baseband
module and the DAC module. The FPGA generates the corresponding
8PSK baseband digital sequence. The DAC converts the baseband se-
quence into the varying bias voltage signal and provides it to the
metasurface. The USRP produces a 4.25 GHz single tone carrier signal,
which is fed to the metasurface through the feed antenna.
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Fig. 4 The proposed programmable metasurface based transmitter.
a Hardware architecture
b Hardware realisation

Testbed setup: The above metasurface-based transmitter comprises 256
unit cells. Since each unit cell can be controlled independently by a
separate DAC in principle, 256 channels of data can be radiated simul-
taneously. That is to say, the proposed transmitter can generate complex
RF signals [4], which as a result enables complex signal processing
methods such as beamforming and space-time modulation for MIMO
antenna technologies. In addition, Fig. 5 shows a photo of the testbed of
the proposed programmable metasurface-based transmitter. In this letter,
we aim to investigate the feasibility of using this new architecture for
realising 8PSK wireless communication. In this case, all the unit cells
on the programmable metasurface are controlled by the same bias volt-
age, which contains the phase modulation information of only one data
stream. Additionally, because the air-fed carrier signal can be regarded
as a plane wave approximately, the reflected electromagnetic waves of
each unit cell are the same and uniformly radiated to all directions
ahead, respectively. The radiation of unit cells will superimpose with
each other in the space, thus forming a single beam [4], [5].

In the test, the metasurface-based transmitter constantly sends an
8PSK RF signal, in which each frame contains one sync subframe, one
pilot subframe and nine data subframes. The receiver USRP performs
baseband signal processing and recovers the transmitted data bits. This
testbed has two operation modes: metasurface-based mode and conven-
tional mode. In the metasurface-based mode, 8PSK modulation is im-

plemented by the metasurface as described above. In the conventional
mode, the USRP transmitter provides the 8PSK modulated RF signal
directly instead of a carrier signal, while the control voltage of the
metasurface remains fixed, i.e., the metasurface only acts as a reflector.
Therefore, we can compare the performance between the programmable
metasurface-based transmitter and the conventional one.
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Fig. 5 Our testbed of the proposed programmable metasurface-based
transmitter for 8PSK wireless communication.

Measurement results: A series of measurements are conducted indoors
with a distance of three meters from the transmitter to the receiver in the
above testbed. Fig. 6 reveals the relationship between the BER and the
transmission rate when using the metasurface-based or the conventional
transmitter with -22 dBm transmit power. The BER performances of
both approaches decrease as the transmission rate becomes higher, but it
gets worse faster at high transmission rates for the metasurface-based
transmitter due to the capacitance-induced charge and discharge effects
in the unit cells. With a 6.144 Mbps transmission rate, the BER with the
metasurface-based transmitter is 3x10-3, which will result in reasonable
performance using forward error correction (FEC) in practice.
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Fig. 6 BER versus transmission rate.

The signal-to-noise ratio (SNR) and the corresponding BER at the re-
ceiver are measured and they are plotted against each other in Fig. 7. As
can be observed, the BER versus SNR curve for the metasurface-based
transmitter almost coincides that of the conventional SDR-based trans-
mitter. Such result is expected because they use the same wireless frame
structure, same transmission rate, same baseband demodulation algo-
rithm and go through the same wireless communication channel in the
comparative experiment. This is why the same SNR value corresponds
to the same BER performance here, regardless of whether it is the con-
ventional or metasurface-based transmitter that is used.

To compare the performance difference between the two schemes
further, it is necessary to consider the relationship between the trans-
mission power and the BER, which will reveal how well the transmitter
converts the transmission power into the effective band energy.
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Fig. 7 BER versus SNR.

On the basis of the aforementioned discussion, the BER performance
with different transmission power is measured, as shown in Fig. 8 and
we compare the BER performance between the programmable metasur-
face-based transmitter and the conventional transmitter. As we can see,
with 6 dB increase of the transmission power, the same BER perfor-
mance can be obtained as the conventional one. Given the advantages of
low hardware cost and simple structure, such result is encouraging for
the proposed metasurface-based transmitter, rendering it an attractive
new hardware architecture for future wireless communications.
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Fig. 8 BER versus transmission power.

The measured constellation diagrams under different transmission
power for the proposed metasurface-based transmitter with 6.144 Mbps
transmission rate are illustrated in Fig. 9. As we can see, if the transmis-
sion power increases, the demodulated constellation points will become
more concentrated, which indicates better BER performance.

Fig. 9 Constellation diagrams under different transmission power.
a -40 dBm, b -30 dBm, ¢ -20 dBm

Finally, Table 1 compares the hardware requirements of the metasur-
face-based and conventional transmitters with 256 channels. Apparently,
each channel of the conventional transmitter contains one power ampli-
fier (PA), two mixers and at least two filters [7]. However, the metasur-
face-based transmitter only requires one narrow band PA to control the
power of the air-fed single-tone carrier signal without the need for mix-
ers and filters, no matter how many channels it has. This is a huge ad-

vantage of the proposed architecture compared to the conventional one.
Therefore, although the performance of the metasurface-based transmit-
ter is slightly inferior to the conventional one as shown in Figs. 6 and 8,
it is still an attractive cost-effective transmitter architecture, especially
for future communication systems with a massive number of RF chains.

Table 1: The number of RF components contained in the metasurface-
based transmitter and conventional transmitter with 256 channels.

Metasurface-based Conventional
Name transmitter with transmitter with
256 channels 256 channels
Number of PAs 1 256
Number of mixers 0 512
Number of filters 0 512

Conclusion: A transmitter totally based on the programmable metasur-
face has been demonstrated. Real-time transmission over the air with
6.144 Mbps data rate under 8PSK modulation was achieved. This new
architecture eliminates the need for mixers, filters and wideband power
amplifiers, while providing comparable BER performance as the con-
ventional architecture, thus leading to a cost-effective hardware archi-
tecture with great potential for future wireless communications.

Acknowledgments: This work was supported in part by the National
Science Foundation (NSFC) for Distinguished Young Scholars of China
with Grant 61625106 and the National Natural Science Foundation of
China under Grant 61531011.

Wankai Tang, Jun Yan Dai, Mingzheng Chen, Xiang Li, Qiang Cheng,
Shi Jin and Tie Jun Cui (School of Information Science and Engineer-
ing, Southeast University, People’s Republic of China)

E-mail: jinshi@seu.edu.cn, qiangcheng@seu.edu.cn, tjcui@seu.edu.cn

Kai-Kit Wong (Department of Electronic and Electrical Engineering,
University College London, United Kingdom)
E-mail: kai-kit.wong@ucl.ac.uk

References

1 Shafi, M., Molisch, A. F., Smith, P. J., et al.: ‘5G: A tutorial overview
of standards, trails, challenges, deployment and practice’, IEEE J. Sel.
Areas Commun., 2017, pp. 1201-1221

2 Venkateswaran, V., and van der Veen, A. J.: ‘Analog beamforming in
MIMO communications with phase shift networks and online channel
estimation’, /EEE Trans. Signal Process., 2010, pp. 4131-4143

3 Alkhateeb, A., Ayach, O. E., Leus, R., and Heath, R. W.: ‘Channel
estimation and hybrid precoding for millimeter wave cellular systems’,
IEEE J. Sel. Topics Signal Process., 2014, pp. 831-846

4 Zhang, L., Chen, X. Q., et al.: ‘Space-time-coding digital metasurfac-
es’, Nat. Commun., 2018, doi: 10.1038/541467-018-06802-0

5 Cui, T. J., Liu, S., and Zhang, L.: ‘Information metamaterials and
metasurfaces’, J. Mater. Chem. C., 2017, pp. 3644-3668

6 Zhao, J., Yang, X., Dai, J. Y., et al.: ‘Programmable time-domain
digital coding metasurface for nonlinear harmonic manipulation and
new wireless communication systems’, National Science Review., 2018,
doi: 10.1093/nsr/nwy135

7 Razavi, B.: ‘A 900 MHz/1.8 GHz CMOS transmitter for dual-band
applications’, IEEE J. Solid-State Circuits., 1999, pp. 573-579



