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Manipulations of multi-frequency waves and
signals via multi-partition asynchronous
space-time-coding digital metasurface

Si Ran Wang 1,2,3,5, Jun Yan Dai 1,2,3,5, Qun Yan Zhou1,2,3, Jun Chen Ke1,2,3,
Qiang Cheng 1,2,3 & Tie Jun Cui 1,2,3,4

Manipulations of multiple carrier frequencies are especially important in a
variety of fields like radar detection and wireless communications. In con-
ventional radio-frequency architecture, the multi-frequency control is imple-
mented by microwave circuits, which are hard to integrate with antenna
apertures, thus bringing the problems of expensive system and high power
consumption. Previous studies demonstrate the possibility to jointly control
the multiple harmonics using space-time-coding digital metasurface, but suf-
fer from the drawback of inherent harmonic entanglement. To overcome the
difficulties, we propose a multi-partition asynchronous space-time-coding
digital metasurface (ASTCM) to generate andmanipulatemultiple frequencies
with more flexibility. We further establish an ASTCM-based transmitter to
realize wireless communications with frequency-division multiplexing, where
the metasurface is responsible for carrier-wave generations and signal mod-
ulations. The direct multi-frequency controls with ASTCM provides a new
avenue to simplify the traditional wireless systems with reduced costs and low
power consumption.

The capability of independent manipulations of multi-frequency sig-
nals is of great importance to modern wireless systems, due to the
widespread use of multi-carrier technologies in a wide range of
application scenarios. For instance, the well-known orthogonal fre-
quency division multiplexing (OFDM) offers an efficient sub-carrier
broadband modulation technique in mobile communication
systems1–5, giving rise to enhanced data-throughput capacity by
increasing thenumber of non-interfering channels. In radar detections,
the frequency diverse array (FDA) that introduces tiny frequency
increments across the internal elements has shown remarkable cap-
ability to create angle-range-dependent transmitting beampatterns for
mitigating multipath interferences, which is especially favored to
suppress the range ambiguous clutter compared to the conventional
active phased array6–10.

So far, the efficient controls of multi-frequency signals have been
widely demonstrated at the circuit level in traditional electronic sys-
tems, where a plurality of carrier frequencies is produced from the
local oscillators (LOs), with the amplitude and phase of each frequency
component dynamically adjusted by using radio-frequency (RF)
amplifiers and phase shifters11. However, RF devices are usually char-
acterized by high loss, high integration complexity, and large cost at
high frequencies, and thus severely hinder their applications in
practice.

Recently, significant advances on wave-matter-information
interactions with space-time-coding digital metasurface (STCM)
have been triggered by its capabilities to manipulate the electro-
magnetic (EM) waves in both spatial and temporal domains12–31. The
customization of intrinsic reflection and/or transmission
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characteristics in each period for STCM offers the possibility of
generating multiple harmonics at the same time with high
nonlinear conversion efficiencies32–34. Moreover, the strategy for
joint amplitude and phase modulations of the nonlinear harmonics
has been presented to realize precise wavemanipulations at different
harmonic frequencies, thereby giving rise to multiple wireless
channels for information transmissions23,35–40. In general, the con-
tinuous reflection phase is discretized into finite phase states with
the phase step of 2π⁄2n, where n is the quantization bit number.
However, owing to the inherent harmonic entanglement41, the
amount of simultaneously regulated harmonics is largely determined
by the quantification bit number of the reflection phase. Since
the multi-frequency manipulations require to decompose the
temporal coding sequence into a series of intertwined sub-sequen-
ces, the regulation speed is greatly hampered by the coding
complexity.

Aiming at this limitation, an asynchronous space-time-coding
digitalmetasurface (ASTCM)42was further developed,where thewhole
aperture is divided into several sub-arrays with different modulation
frequencies under the same excitation. In this case, the independently
generated harmonic number is no longer constrained to the phase
quantification of the meta-atom, hereby enhancing the nonlinear
manipulation capability of the metasurface. The interferences of var-
ious harmonics are especially beneficial for applications like automatic
scanning antennas and dynamic radar cross sections, but the joint
manipulations of the multiple harmonics and the corresponding
beam-forming method remain a challenging task to achieve the full
potentials of ASTCM.

On this basis, here we propose a coding strategy for controlling
the multi-frequency signals with the aid of multi-partition ASTCM,
which allows independent reconfigurations of the EM-wave amplitude,
phase, and scattering pattern for all frequency components in a pre-
defined manner. A prototype of simplified-architecture frequency-
division multiplexing transmitter is designed and realized to imple-
ment wireless signal transmissions. Eight carrier frequencies are
employed in this system todemonstrate the capability of the proposed
wave manipulation method. We believe that more sub-carriers could
be achieved to expand the communication capacities further of the
wireless systems, bringing more potentials of the next-generation
wireless communications.

Results
Background theory
As sketched in Fig. 1, a multi-partition ASTCM is employed to generate
and manipulate the propagation features of multiple nonlinear har-
monics simultaneously in real-time. In order to better elucidate the
underlying physics, we start from a simple scenario where the meta-
surface is only composed of two partitions that are responsible for the
manipulationof dual frequencies respectively. From the inset panels of
Fig. 1, we can see that the sizes and shapes of partitions can be
reconfigured in real-time on the metasurface to meet the demands of
engineering the nonlinear harmonics and shaping the nonlinear
wavefronts.

Under the illumination of a monochromatic wave along normal
direction, the embedded diodes of the meta-atoms in different parti-
tions can be controlled by periodic voltage signals with distinct
modulation frequencies42, and therefore the reflection spectra are
featured by two nonlinear harmonics. For simplicity, we assume that
there are two partitions 1# and 2# on the metasurface. The incident
frequency is fc, and the desired reflecting frequencies are f1 and f2. In
addition, the desired harmonic fields from the partitions 1# and 2# can
be written as:

Em
1 =Ame

jφmej2πf 1t

En
2 =Ane

jφn ej2πf 2t

(
, ð1Þ

where the subscript and superscript of E represent the harmonic order
and partition order, respectively,(Am, φm) and (An, φn) are the corre-
sponding harmonic amplitudes and phases, and Δf 1 and Δf 2 are the
modulation frequencies of the two partitions. Different combinations
of (m, n, Δf 1, Δf 2) can be selected to achieve:

f 1 = f c +mΔf 1 ð2Þ

f 2 = f c +nΔf 2: ð3Þ

Aiming to synthesize the harmonic amplitudes and phases at f 1
and f 2, it is essential to customize the periodic temporal reflectivity
function of themetasurface, where two reflection phase states 0 andπ
are switched alternatively. The period of the reflectivity function is
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Fig. 1 | Schematic of wave manipulations at multiple frequencies based on the asynchronous space-time-coding digital metasurface. The partitions of the
metasurface with different colors are responsible for the wave manipulations at different carrier frequencies (f1, f2, f3, f4).
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T = 1=Δf , and the duration is τ for the phase 0 in each period. There-
fore, the duty ratio becomes M = τ � Δf . According to the theory of
Fourier Series33, the complex amplitude Ake

jφk of the kth-order har-
monic can be expressed as:

Ake
jφk =

1
T

Z T

0
Γ ðtÞe�j2πkΔf tdt, ð4Þ

in which Γ ðtÞ represents the time-varying reflectivity of the metasur-
face, and Ak and φk can be given by37:

Ak = 2 �M � sin kπM
kπM

�� ��,
φk = � π

2 1� �1ð Þ kj j�Mb ch i
:
k = ± 1, ± 2, . . .

8<
: , ð5Þ

Here, bc indicates the operation of rounding down. From Eq. (5), it
is evident that in this case both amplitude and phase of the kth-order
harmonic are closely related to the duty ratio M. Furthermore, from
Eqs. (1)–(4) we have:

Ame
jφm = 1

T1

R T1
0 Γ 1ðtÞe�j2πmΔf 1tdt

Ane
jφn = 1

T2

R T2
0 Γ2ðtÞe�j2πnΔf 2tdt

8<
: , ð6Þ

inwhichT 1 = 1=Δf 1 andT2 = 1=Δf 2 represent themodulation periods of
the partitions 1# and 2#, respectively; and Γ 1ðtÞ and Γ2ðtÞ refer to the
temporal reflectivity of the partitions 1# and 2#, respectively. To fur-
ther improve the ability of harmonic phase control, an extra timedelay
can be introduced into the original temporal reflectivity. Specifically,
when the time delays Δt1 and Δt2 are respectively applied to Γ 1ðtÞ and
Γ2 tð Þ, the amplitudes and phases of the two carriers can be rewritten
as34:

Ame
jðφm�2πmΔf 1Δt1Þ = 1

T 1

R T 1
0 Γ 1ðt � Δt1Þe�j2πmΔf 1tdt

Ane
jðφn�2πnΔf 2Δt2Þ = 1

T2

R T2
0 Γ2ðt � Δt2Þe�j2πnΔf 2tdt

8<
: : ð7Þ

From Eq. (7), it can be seen that the time delays only affect the
harmonic phases rather than the amplitudes, which enables the
separation of the two responses effectively. Therefore, we are able to
synthesize the desired two harmonics at f 1 and f 2 by selecting the
combinations of Γ 1ðtÞ and Γ2 tð Þ with proper combinations of the duty
ratios M1, M2, and the time delays Δt1, Δt2. More discussions on
selecting M1, M2, Δt1, and Δt2 can be found in Supplementary Infor-
mation Note 1.

By letting Γ 1 tð Þ= Γ2 tð Þ= Γ0ðtÞ, and T 1 =T2 =T in Eq. (6), and the
harmonic amplitudes and phases can be expressed as follows:

Ame
jφm = 1

T

R T
0Γ0ðtÞe�j2πmΔf tdt

Ane
jφn = 1

T

R T
0Γ0ðtÞe�j2πnΔf tdt

(
: ð8Þ

In Eq. (8), we give a traditional way for dual-frequency manipula-
tions using the wholemetasurface. Once the reflectivity function Γ0ðtÞ
is chosen for themth-order harmonicmanipulation, the amplitude and
phase of the nth order harmonicare also determined as well. In order to
independently control the two harmonics with arbitrary Am, An, φm

and φn, it poses great challenges to find proper reflectivity function
Γ0 tð Þ: In fact, it is hard to find or realize such time-varying reflectivity
functions according to the desired amplitude andphase combinations.
To circumvent this problem, the intertwined coding sub-sequences
were employed to generate and manipulate multiple harmonics41, but
it suffers from three additional major problems: complicated coding
algorithms, slow reconfiguration rate, and limited harmonic number.
In general, the independently controlled harmonic number is equal to
the quantized bitwidth of the reflectionphaseof themetasurface. This

implies that a large number of PIN diodes are demanded in the meta-
atoms to achieve more phase states to promote the number of har-
monics, resulting in significant increase of system cost and power
consumption. Such a strategy is hard to extend formultiple-frequency
manipulations since we need to find a very complex reflection phase
function Γ0. However, in Eq. (7), we can use different partitions with
independent modulation waveforms to circumvent this problem. As a
result, the number of independent frequency channels is greatly
improved, which is equal to the partition number within the
metasurface.

Figure 2 shows the dependence of the complex amplitudes at
two frequencies f 1 and f 2 on the time-varying reflection coefficients
Γ 1 tð Þ and Γ2 tð Þ of Partitions 1# and 2#. It is clear that by independently
designing the square reflection function as investigated in ref. 37, the
amplitudes and phases of the two frequency components can be
synthesized in an arbitrary manner without mutual coupling. As an
example, from Fig. 2a–c, the normalized complex amplitudes at f 1
and f 2 are (eiπ=4, e�iπ=4), (12 e

iπ=4
, eiπ=2) and (12 e

�iπ=4, 1
2 e

iπ=2), respec-
tively, and the corresponding reflection coefficients are demon-
strated by black and red lines in Fig. 2d–f. In the calculation, we
assume that the incident frequency is 4.25 GHz. The modulation
frequencies (Δf 1, Δf 2) of the partitions 1# and 2# are 100 kHz and
200kHz, respectively. In the meanwhile, the orders of harmonics in
partitions 1# and 2# are m = −1 and n = +1 in Eq. (7), so the corre-
sponding reflection frequencies from the two regions are
f 1 = 4.2499GHz and f 2 = 4.2502 GHz. It is worth noting that by
introducing the space-division multiplexing, we only need to change
the pulse delay and the duty ratio of the square reflection waveform
for dual frequency controls, as illustrated in Fig. 2d–f, without
developing the complicated coding schemes employed on the whole
metasurface.

The fine control of amplitude and phase greatly facilitates the
beam shaping applications at dual frequencies. Since the two parti-
tions are excited by the monochromatic wave under the normal inci-
dence, the far-field scattering patterns of the Partitions 1# and 2# for the
mth and nth order harmonics can be written as:

Fm
1 θ,φð Þ= P

p,q21#
Em
1 ðp,qÞe j2π f c +mΔf 1ð Þ½dx ðp,qÞ sin θ cosφ+dyðp,qÞ sinθ sinφ�

Fn
2 θ,φð Þ= P

p,q22#
En
2ðp,qÞe j2π f c +nΔf 2ð Þ½dx ðp,qÞ sinθ cosφ+dyðp,qÞ sinθ sinφ�

8>><
>>:

ð9Þ

where θ and φ represent the elevation and azimuth angles, p and q
denote the element numbers along the x and y directions, Em

1 ðp,qÞ is
the far-field scattering pattern of themeta-atom (p, q) in partition 1# at
themth harmonic, En

2ðp,qÞ is the far-field scattering pattern of themeta-
atom (p, q) in partition 2# at the nth harmonic, and dx and dy are
element periods along the x and y directions. Here Em

1 ðp,qÞ and En
2ðp,qÞ

can be adjusted by utilizing different time-varying reflection functions
of ASTCM from Fig. 2.

From the antenna theory, different space partitioning methods
and the corresponding phase distributions play an important role in
the scattering patterns at the two frequencies. To illustrate the
mechanism, the dark green and orange regions in Fig. 3 are modu-
lated by the frequencies of 100 kHz and 200 kHz, respectively, and
the metasurface is illuminated by a plane wave at 4.25 GHz. As a
result, the echo frequencies from the dark green and orange regions
are 4.2501 GHz and 4.2502 GHz, respectively. In order to control the
scattering beam angle, phase gradient should be introduced among
the dark green and orange columns according to the generalized
Snell’s law. In Fig. 3a, b, the phase distributions from Columns 1 to 16
are 0, π⁄2, π, 3π⁄2, 0, π⁄2, π, 3π⁄2, 3π⁄2, π, π⁄2, 0, 3π⁄2, π, π⁄2, and 0.
According to the formula of scattering far-field pattern, the main
lobes of the scattering patterns at f 1 and f 2 should point to −44°
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and +44°, respectively. To validate the calculations, the far-field
scattering patterns were measured in the microwave anechoic
chamber. Figure 3a and b display the results of dual partitions
operated alternatively, while Fig. 3c and d display the results of dual
partitions operated simultaneously. It can be seen that the inter-
ference does exist when the dual partitions are modulated simulta-
neously, which results in slight deviations of the original scattering
patterns at different bands. But the influence is limited. On the other
hand, when the dark green and orange columns are arranged alter-
natively, the scattering beams at the frequencies f 1 and f 2 are
directed to −21° and + 21°, respectively, which can be found in Sup-
plementary Fig. S2 in Supplementary Information.

We need to stress that this concept canbe further extended to the
case of multiple harmonic generation and manipulation. In fact, the
whole metasurface can be divided into more partitions for controlling
more harmonics. In theory, each meta-atom can be regarded as an
electrically small antenna that can generate dynamic amplitude and

phase responses required by harmonic modulation under the illumi-
nation of RF signals, and then radiates the energy back into free space.
In addition, the shapes of partitions can be elaborately designed to
meet the demand of wavefront shaping for various harmonic fre-
quencies. This is critical for communication applications since each
harmonic can serve as an individual carrier to send the information to
the user end at various locations. Figure4 gives the ideal simulations of
multi-frequency scattering patterns when all partitions are simulta-
neously modulated under the incident frequency of 4.25 GHz. As
shown in Fig. 4a, the metasurface is divided into four partitions with
the modulation frequencies of Δf1 = 100 kHz, Δf2 = 200 kHz,
Δf3 = 300 kHz, and Δf4 = 400 kHz. At first, the main lobes of the scat-
tering patterns of the four partitions are respectively designed to point
to −60°, −30°, 0°, and 50° by independently controlling the phase
gradients of the four partitions. Since different modulation fre-
quencies are applied to the four partitions, the scattering patterns can
be individually manipulated.

Fig. 2 | Phasordiagrams for the frequency components f1 (black arrow line) and
f2 (red arrow line) with normalized complex amplitudes. a Af 1

= eiπ=4,
Af 2

= e�iπ=4; b Af 1
= 1

2 e
iπ=4

, Af 2
= eiπ=2; c Af 1

= 1
2 e

�iπ=4, Af 2
= 1

2 e
iπ=2

. d–f The corre-
sponding time-varying reflection coefficients of Partitions 1# and 2# for the
manipulations of f 1 and f 2, respectively. The frequency of incident waves is

4.25GHz, and themodulation frequencies of the two regions are4f 1 = 100 kHz and
4f 2 = 200 kHz, respectively. The generated harmonic orders are −1st and +1st in
Partitions 1# and 2#, so that the corresponding frequencies are f 1 = 4.2499GHzand
f 2 = 4.2502GHz.
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To demonstrate the fact that the far-field beams generated by
different harmonics are independent of each other, in Fig. 4b, by
revising the phase gradient in the f 3 partition, we can change the
main-lobe angle from 0° to 17°. Moreover, by changing the phase
gradient of the f 1 partition, themain-lobe angle can be changed from
−60° to −44°, as shown in Fig. 4c. In fact, the metasurface can be
further divided into eight partitions by using the modulation fre-
quencies Δf1 = 100 kHz, Δf2 = 200 kHz, Δf3 = 300 kHz, Δf4 = 400kHz,
Δf5 = 500 kHz, Δf6 = 600 kHz, Δf7 = 700 kHz, and Δf8 = 800kHz. Initi-
ally, the main lobes of the scattering patterns of the eight partitions
are pointed at −60°, −50°, −30°, −10°, 0°, 20°, 40°, and 60°, which are
illustrated in Fig. 4d. Similarly, as shown in Fig. 4e, to independently
steer the main lobe of the f 5 partition from 0° to 7°, only the phase
gradient of the f 5 partition needs to be reset. As shown in Fig. 4f, to
independently steer the main lobe of the f 1 partition from −60° to
−65°, only the phase gradient of the f 1 partition needs to be revised.

Frequency-division multiplexing transmitter based on ASTCM
In order to demonstrate the strong capabilities of multiple frequency
manipulations, we have established a frequency-division multiplexing
(FDM)43,44 wireless transmitter with the aid of ASTCM. In this trans-
mitter, ASTCMplays core roles in two aspects: carrier-wave generation
and signal modulation. A number of carrier frequencies are produced
under the excitation of monochromatic wave during the wave-matter
interactions, and eachof them ismodulated byQuadrature Phase Shift
Keying (QPSK) signal. The designed ASTCM can be found in Fig. 5a,
which is composed of 8 × 16 meta-atoms, as shown in Fig. 5b. From
Fig. 5c, under different biasing voltages, the measured reflection
amplitudes are greater than −3 dB, indicating the presence of material

losses near the resonance frequency. Note that the measured reflec-
tion phase range is beyond 2π. The achieved full phase range is
especially important to realize a high conversion efficiency from the
fundamental frequency to the first order harmonic33. The reflectivity of
the meta-atoms in wide bandwidth can be found in Supplementary
Fig. S3 of Supplementary Information.

To confirm the ability of dual-harmonic generations with the
proposed scheme, a transmitting horn antenna is used to excite the
ASTCM sample, as shown in Fig. 5a. The ASTCM sample is controlled
by a commercial platform (PXIe-1082, NI Corp.). A pair of receiving
antennas are employed to receive the signals reflected from the
ASTCM at different carrier frequencies.

As shown in Fig. 6a, twomiddle columns (in red and black colors)
of the metasurface are modulated with the time-varying biasing sig-
nals, while the remaining white columns are unmodulated. The mod-
ulation signals are used to keep the reflection phases varying from0 to
2π continuously in the period of 5 us and 10 us for the red and black
column, respectively. Thus, the incident frequency can be shifted to
the first-order harmonic with high efficiency at 4.2502GHz at the
interfaceof the two columns34. The signals fromASTCMaremonitored
by a software defined radio reconfigurable device (USRP-2943R,
National Instruments Corp), and mixed with a local oscillator signal at
4.25 GHz. In consequence, we can obtain the measured baseband
spectra, as illustrated in Fig. 6b. It is obvious that there are two peaks at
100 kHz and 200 kHz, indicating that the two frequency signals are
successfully synthesized using ASTCM as expected. We also find a
large DC signal in the spectra, which is originated from the carrier
signal reflected from the unmodulated columns. Here we note that the
high-order harmonic magnitudes are close to that of the fundamental

Fig. 3 | Themeasured and calculated scattering patterns from f1 (dark green) and f2 (orange) partitions. a, b The left and right partitions aremodulated alternatively.
c, d The left and right partitions are modulated simultaneously.
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harmonic, owing to the spatial multipath and shading effects when the
two antennas and sample are closely deployed, leading to large fluc-
tuationof theharmonic energy. Somehigh-order harmonics emerge as
well due to the fact that the linearity of the phase curve of the meta-
atom is not perfect, resulting in the undesired harmonics in
experiments.

Similarly, when more columns aremodulated in the experiments,
we expect to getmore frequency signals during thewave reflections. In
Fig. 7a, there are 16 columns in ASTCM, and we divide it into eight
regions, which means that two adjacent columns share the same
modulation frequency. The modulation frequencies of the eight
regions from the left to right are 400 kHz, 500 kHz, 600 kHz, 700 kHz,
150 kHz, 350kHz, 550 kHz, and 850kHz, respectively. Due to the lim-
ited number of the analog-to-digital converter (ADC) channels, we can
only provide 4 biasing voltages simultaneously. For the purpose of
generating eight frequency signals, all columns are separated into two
groups and modulated alternatively. To increase the guard bands
among the multi-frequency signals, we convert the incident wave to
the −1st order harmonic in the left four partitions and the +1st order
harmonic in the right four partitions. The corresponding baseband
spectra are plotted in Fig. 6c, d. It is clear that the eight frequencies are
well produced by the proposed method. In addition, owing to the

bandwidth limitation of metasurface, the nonlinearity of controlling
module, and the sightly unequal distances from the receiving antenna
to different meta-columns, the reflected energies received at different
harmonics are not strictly equal.

Next, we exploit the eight frequencies generated by the ASTCMas
the carrier frequencies to transmit eight channels of QPSK signals. To
realize the directed phase modulations at the radio frequencies, all
columns should have four reflective phase states that correspond to
four baseband symbols. Here, we introduce four kinds of time delays
T0=8, 3T0=8, 5T0=8, 7T0=8
� �

to the temporal reflectivity, in which T0
represents the correspondingmodulation period. The timedelays lead
to the phase lags of 0°, 90°, 180°, and 270° from Eq. (6). In addition,
owing to the restriction of the carrier frequency interval, the symbol
rates of all channels are set to 50 kB/s. Due to the limitedADC channels
as stated above, the right half of the metasurface is firstly used for
transmitting four data streams, and then the left half is activated for
transmitting another four data streams, as shown in Fig. 7a. SinceUSRP
only supports two receiving channels, two horn antennas are
employed in Fig. 5a to record two data streams at the same time. A
time-division strategy is adopted to receive the eight data streams in
turn, and in each time slot the information is received at two selected
carrier frequencies. Eight pictures illustrated in Fig. 7b are modulated
at the synthesized frequencies, and the modulation signals are trans-
mitted from the metasurface to USRP. The measured signal-to-noise
ratios (SNRs) can be found in Note 4 of Supplementary Information. A
video on the multi-channel wireless communication is provided in
Supplementary Movie 1.

The constellation diagrams at the eight carrier frequencies are
measured, as illustrated in Fig. 8a–h (left panels). The four constella-
tion points can be well distinguished, which ensures low bit error rate
in the picture transmissions, as illustrated in the right panels of
Fig. 8a–h. We note that in Fig. 8a–h, the scatter sizes at some fre-
quencies are relatively large, as can be ascribed to the energy fluc-
tuation among multiple frequencies. This is related to the spatial
multipath and shading effects among the sample and antennas as
mentioned above. In these cases, however, the quality of transmitted
pictures is still very good, as shown in the right panels of Fig. 8d–h. To
further improve the performance of the ASTCM-based transmitter in
the future, an ADC with higher sampling rate and an ASTCM with
broader bandwidth need to be explored. It is worth noting that with
the increase of modulation frequency, it is also feasible to construct a
wireless receiver with the proposed ASTCM, as discussed in Supple-
mentary Information Note 5.

Usually the transmissiondirections of the eight channels are along
the specular reflection angles related to the normal direction when the
partitions have uniform space coding. However, they can be designed
independently with predefined deflection angles. Next we will prove
that ASTCM can transmit two distinct data streams simultaneously at
dual frequencies to different deflection angles by experiments. The
ASTCM is equally divided into left and right partitions by modulating
with two frequencies Δf1 = 200 kHz and Δf2 = 500 kHz. The operating
frequency is 4.25 GHz. By changing the phase gradients of space cod-
ing in each partition, the main lobe of the corresponding scattering
pattern can be directed to the desired angle. Here we design two sets
of scattering patterns, whosemain lobes are directed to around0° and
−44°, respectively.

The experimental scenario is illustrated in Fig. 9. Specifically, the
ASTCM is illuminated by a transmitting horn antenna at 4.25 GHz,
which is connected to a microwave signal generator (Keysight
E8267D). The ASTCM is modulated with a controlling platform (PXIe-
1082, NI Corp.) consisting of a high-speed I/O bus controller, an FPGA
module, a digital-analog conversion module, a DC power supply
module, and a timing module, which can provide high-quality biasing
signals on the embedded varactor diodes within the metasurface. In
the receiving end, two receiving antennas (Receivers A and B) are

Fig. 4 | Ideal simulation scattering patterns at multiple frequencies generated
by ASTCM when all partitions are modulated simultaneously. a–c The meta-
surface is divided into four partitions with the modulation frequencies
Δf1 = 100kHz, Δf2 = 200kHz, Δf3 = 300 kHz, and Δf4 = 400kHz. d–f The metasur-
face is divided into eight partitions with the modulation frequencies Δf1 = 100kHz,
Δf2 = 200 kHz, Δf3 = 300kHz, Δf4 = 400 kHz, Δf5 = 500 kHz, Δf6 = 600kHz,
Δf7 = 700kHz, and Δf8 = 800 kHz. The main lobes of the four-partition case and
eight-partition case are directed at different angles. a f 1 ∼ f 4: −60°, −30°, 0°, 50°;
b f 1 ∼ f 4: −60°, −30°, 17°, 50°; c f 1 ∼ f 4: −44°, −30°, 0°, 50°. d f 1 ∼ f 8: −60°, −50°,
−30°, −10°, 0°, 20°, 40°, 60°; e f 1 ∼ f 8: −60°, −50°, −30°, −10°, 7°, 20°, 40°, 60°;
f f 1 ∼ f 8: −65°, −50°, −30°, −10°, 0°, 20°, 40°, 60°.
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employed to record the echo waves from the metasurface with a
software-defined radio transceiver (NI USRP RIO 2943R). Receiver A is
located in the direction normal to the ASTCM, while Receiver B is
deviated −44° from the normal direction. The distance between
ASTCM and the receiving antennas is 3m.

We investigate three cases illustrated in Fig. 10a, d, and g, which
have different main-lobe angles at 4.2502GHz and 4.2505GHz. During
experiments, the twopartitions of ASTCMare enabled simultaneously.
InCase 1 shown in Fig. 10a, themain lobes of the scatteringpatterns are
directed to 0° at both 4.2502GHz and 4.2505GHz. Receivers A and B
are located at 0° and −44°, respectively. As illustrated in Fig. 10b, the
constellations from Receiver A at the two frequencies are distin-
guishable. In contrast, the quality of constellations at 4.2502GHz and
4.2505GHz in Receiver B greatly deteriorates owing to the deviation
angle. Only the RF energy from the sidelobe of scattering waves of the
metasurface canbeobtainedbyReceiver B, thereby the corresponding
recovered pictures are blurred, as depicted in Fig. 10c.

In Case 2 illustrated in Fig. 10d, the main-lobe angle is 0° at
4.2502GHz and is −44° at 4.2505GHz, while Receivers A and B are
located at 0° and −44°, respectively. Figure 10e shows that the con-
stellation fromReceiver A at 4.2502GHz has high quality, but it is poor
at 4.2505GHz in the presence of the deviation angle between Receiver
A and the scattering direction at 4.2505GHz. Similarly, Fig. 10f pre-
sents a poor constellation from Receiver B at 4.2502GHz and a good
constellation at 4.2505GHz. In Case 3 shown in Fig. 10g, the main lobe
angles are −44° at 4.2502GHz and 0° at 4.2505GHz, which is opposite
to Case 2. Receivers A and B are located at 0° and −44°, respectively.
Figure 10h demonstrates that the constellation from Receiver A at
4.2502GHz is blurred, but is distinguishable at 4.2505GHz, as

expected. On the contrary, Fig. 10i illustrates that the recovered pic-
ture and constellation from Receiver B are good at 4.2502GHz but
poor at 4.2505GHz.

Discussion
A strategy of multi-frequency generations and harmonic beam
manipulations is proposed by using amulti-partition ASTCM.Different
from the previous approaches that rely on the complicated coding
algorithms for synchronous STC digital metasurface, the proposed
multi-partition ASTCM can enhance the number of independently
controlled high-order harmonics and simplify the coding strategywith
high nonlinear conversion efficiency. To prove the nonlinear manip-
ulation capability of the proposed multi-partition ASTCM, experi-
ments are conducted where eight carrier frequencies are produced by
the ASTCM and are used to transmit eight data streams of different
pictures. The presented work paves a way for new architectures of
frequency-division multiplexing wireless communication systems.

Methods
Details on the asynchronous space-time-coding digital
metasurface
ASTCM used in this work operates at the central frequency of
4.25 GHz, and contains 8 × 16 meta-atoms. It is designed by the
commercial software, CST Microwave Studio 2016, and fabricated
with printed circuit board technology. Each meta-atom is a three-
layered structure, in which the top and bottom surfaces are made of
copper, the middle substrate is F4B (εr = 3.0, tanσ = 0.0015) with a
thickness of 5mm. In addition, four varactor diodes (SMV-2019,
Skyworks, Inc.) and four chip capacitors (0.1 pF) are soldered across

Fig. 5 | Details of the experiment configuration and element design. a Experimental configuration of the multi-frequency generations and multi-channel signal
transmissions. b Structure of the meta-atom. c Measured amplitude (red) and phase spectra (blue) of the metasurface as the external bias voltage changes.

Article https://doi.org/10.1038/s41467-023-41031-0

Nature Communications |         (2023) 14:5377 7



Fig. 6 | Frequency generation with part of the metasurface columns.
a Generation of dual frequencies (f1, f2) with two columns (red and black) in the
metasurface, while the remaining white columns are unmodulated. b Baseband
spectra for dual-frequency generation. The abbreviation “a. u.” is for “arbitrary

units”. c, d Baseband spectra for eight-frequency generations (f1~f8), where the left
and right eight columns in the metasurface are responsible for synthesizing the
four frequencies, respectively.

Fig. 7 | Pictures to be transmittedbydifferentmetasurface columnsmodulated
with different carrier frequencies. a Space division of the metasurface for eight-
frequency synthesizing, in which two neighboring columns with the same color

share the identical modulation frequency. b Eight pictures to be transmitted at the
carrier frequencies (f1~f8) of 4.2496GHz, 4.2495GHz, 4.2494GHz, 4.2493GHz,
4.25015GHz, 4.25035 GHz, 4.25055GHz, and 4.25085GHz.
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Fig. 9 | Experimental scenario of data transmissions at two frequencies toward
different deflection angles. The ASTCM is illuminated by a transmitting horn
antenna at 4.25 GHz, which is connected to a signal generator. The ASTCM is

modulated with a controlling platform. Two receiving antennas (Receivers A and
B) connected to a USRP are employed to record the echo waves from the
metasurface.

Fig. 8 | Constellation diagrams and corresponding recovered pictures at different carrier frequencies of the frequency-division multiplexing wireless commu-
nication system. a–h 4.2496GHz, 4.2495GHz, 4.2494GHz, 4.2493GHz, 4.25015 GHz, 4.25035GHz, 4.25055GHz, and 4.25085 GHz.
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the metallic slots on the top of the meta-atom for altering its
reflection phase with different biasing voltages. In the simulations,
the diode can be modeled as a capacitor-resistor series circuit as
suggested in refs. 33,34.

Experimental setup
The experimental configuration is illustrated in Fig. 5a for confirming
the ability of harmonic generations and manipulations with the pro-
posed scheme. A linearly polarized transmitting horn antenna is used

Fig. 10 | Measured constellations and recovered pictures at the frequencies of
4.2502GHz and 4.2505GHz in three cases. a Case 1: the main lobes of the scat-
tering patterns from f 1 and f 2 partitions are both directed to 0°.bCase 1: Results in
Receiver A. cCase 1: Results in Receiver B.dCase 2: themain lobes of the scattering

patterns from f 1 and f 2 partitions are directed at0° and−44°, respectively. eCase 2:
Results in Receiver A. f Case 2: Results in Receiver B. gCase 3: themain lobes of the
scattering patterns from f 1 and f 2 partitions are directed at −44° and 0°, respec-
tively. h Case 3: Results in Receiver A. i Case 3: Results in Receiver B.
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to excite the ASTCM sample. The ASTCM sample is controlled by a
commercial platform (PXIe-1082, NI Corp.) consisting of a high-speed
I/O bus controller, an FPGA module, a digital-analog conversion
module, a DC power supply module, and a timing module, which
enables us to provide high-quality biasing signals on the embedded
varactor diodes in the metasurface. A microwave signal generator
(Keysight E8267D) is connected to the antenna and provides a single
frequency signal at 4.25 GHz. Two receiving antennas are placed
behind the transmitting antenna to record echo waves from the
metasurface with a software-defined radio transceiver (NI USRP RIO
2943 R), and receive two data streams during the wireless commu-
nication experiments. The distance between the metasurface and
receiving antennas is 1.2m.

Data availability
The authors declare that all relevant data are available in the paper and
its Supplementary Information files, or from the corresponding author
on request.

Code availability
The custom computer codes used in this study are available from the
corresponding authors on request.
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