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ABSTRACT: This paper introduces a spatiotemporal encoding method based on metasurface that enables precise frequency control and
functional switching of radiation beams. The metasurface is configured with subarrays, and each subarray is designed to reflect a specific
frequency, thereby achieving unique multi-target signal diversity. By manipulating the spatiotemporal phase of subarray elements, the
metasurface can generate far-field radiation patterns with beam characteristics of consistent beam angle at different distances, or beam
characteristics of consistent distance with different beam angles. The radiation energy distribution at harmonic frequencies is verified to
remain symmetry under various 1 bit spatiotemporal encoding matrices, while the symmetry is verified to be broken by 2 bit spatiotem-
poral encoding matrices. An optimization method of genetic algorithm (GA) improved binary particle swarm optimization (BPSO) based
on 2-bit-coding is thus developed to optimize the spatiotemporal modulation of the metasurface subarray. The GA with the advantage of
crossover mutation operation is utilized to enhance population diversity and thus prevent the algorithm from falling into local optimality
with improved search efficiency in high-dimensional discrete space. The optimization method balances different performance parameters
and can achieve unique multi-target signal diversity, thereby improving the metasurface’s ability to dynamically control and manipulate
energy distribution. Using a 1-bit cross-switching mechanism with a duty cycle of 50%, the metasurface can suppress specific harmonic
frequencies on the line of sight to less than —60 dBi while keeping the sidelobes below —20 dBi. The technology can precisely control
the harmonic energy distribution while allowing beam at specific harmonic frequencies to be absorbed or reflected, which realize ad-
vanced breakthrough for effective selective stealth. Simulation results validate the proposed digital encoding optimization method, and
the mainlobe gain of the metasurface harmonics is obtained to be more than 20 dBi. This paper algorithmically improves the beam gain
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of the metasurface and explores the versatile applications of spatiotemporal metasurfaces.

1. INTRODUCTION

etasurface refers to artificial arranged subwavelength
Munits according to certain criteria [1,2]. Due to its
specific electromagnetic control with ultra-thin thickness, low
loss, and easy manufacturing, attention has been attracted
from the scientific and engineering communities. Due to its
feasibility, it provides great freedom to control the energy
intensity at harmonic frequencies with phase and polarization
manipulation. Great application potential has been shown in
the fields of stealth [3,4], low scattering cross section [5],
and high-performance antenna [6]. Metamaterial perfect
absorber can reduce radar cross section (RCS) by absorbing
incident electromagnetic waves [7]. A method to reduce the
radar cross section was proposed by using energy cancellation
between the metasurface and metal ground [8]. Specially,
metamaterial invisibility has attracted much attention with the
famous “invisibility cloak” bending electromagnetic waves
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directed at the target to bypass the target [9]. Deep learning
method was introduced into the design of metasurface stealth
to adaptively modulate the incident wave [10]. Stealth solution
was studied and demonstrated with target stealth effectively
achieved [11,12]. A three-dimensional metasurface stealth
cloak based on microwave frequency full polarization and
arbitrary shape was proposed with the radar scattering energy
measured at vertical and oblique incidence [13]. A method
combining singular transformation and transformation invari-
ant metamaterials was proposed to achieve stealth and target’s
RCS reduction [14]. Phase variation characteristics of the
electromagnetic bandgap structure was utilized to arrange the
structure in an alternating checkerboard pattern [15]. The
direction of the radar target scattering field was thus changed,
and RCS was reduced.

Since digital metasurface was proposed in 2014 [16], it has
been developed rapidly due to the flexible and efficient control
capabilities. Digital encoded metasurface was composed of a
limited number of metasurface units and can control electro-
magnetic waves in a discrete manner, which greatly promote
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beam manipulation performance. A bias network application
method was proposed for two-dimensional beam scanning lig-
uid crystal reflective phased array in 2019 [17]. First, in terms
of stealth, an airborne amphibious stealth cloak was proposed
that maintained efficient stealth capabilities through spatiotem-
poral dynamic control and random evolutionary learning algo-
rithms [18]. In addition, it can also be applied to communica-
tion radar systems. The wireless network communication sys-
tem architecture was proposed by adding a binary frequency
shift keying (BFSK) communication system [19]. A theoret-
ical framework was proposed for generating and controlling
frequency modulated continuous waves (FMCWs) based on
space-time coding (STC) metasurfaces, which can partially re-
place the radio frequency (RF) front end of traditional com-
munication and radar systems [20]. Multi-bit coding was uti-
lized to control the reflected beam of the metasurface [21] with
the measured beam scanning capability of the entire array sur-
face as +60° and the gain as 19.8dBi. A 10240-scale large-
scale metasurface composed of subarrays was presented with a
gain of 37.4 dBi and a beam scanning capability of £80° [22].
A 2-bit digital coded metasurface antenna based on the con-
volution operation of coded metasurface was proposed [23],
which had good beam deflection and multi-beam radiation per-
formance. A digital metasurface reflector array was proposed
to achieve +50° beam pitch scanning at 12.5 GHz, with good
beam scanning performance in the range of 11.75 to 13.25 GHz
and a maximum aperture efficiency of 17.9% [24]. An effec-
tive beam scanning (EBS) scheme was proposed to estimate the
departure angle (AoD) of the signal and improve positioning
accuracy [25]. A Physics-Informed Neural Network (PINN)
based method of combining neural networks with metasurfaces
was proposed [26] to obtain the required directional beam with
synthesized efficiency and accuracy. A deep learning-assisted
method was proposed to optimize the S parameters of the meta-
surface [27], and the experiment demonstrated the beam form-
ing at different angles through a certain arrangement.
Encoding the space-time coding matrix through multiple
channels [28], digital messages can thus be directly transmit-
ted to different users at different locations at the same time, re-
alizing spatial multiplexing and frequency multiplexing at the
same time. The concept of time division multiplexing metasur-
face (TDMM) was proposed to achieve simultaneous conver-
sion of polarization and frequency [29]. A new space-time cod-
ing metasurface (STCM) was proposed to independently and
accurately synthesize the phase and amplitude of various har-
monics [30], overcoming the problem of strong entanglement
of multiple harmonics. A space-division multiplexing wireless
communication system with amplitude-phase independent cod-
ing based on a reconfigurable metasurface was proposed [31].
By designing dual beams with different power intensity ratios,
dual channels that allow independent amplitude modulation are
established. Spatial multiplexing schemes were applied to in-
crease the number of operation wavelengths [30]. Ref. [32] pro-
posed a multiplexing technology based on time-space modula-
tion metasurface, which only requires one antenna to achieve
multi-signal transmission. A design strategy capable of us-
ing plane waves as the incident signal is introduced to perform
optical logic operations via a diffractive neural network, and
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three logic operations (NOT, OR, and AND) are experimen-
tally demonstrated [33].

This paper introduces a spatiotemporal encoding method
based on the digital states of different bit metasurfaces to
achieve beam steering. The method involves time-modulated
phase switching of metasurface units, which generates energy
scattering of harmonic frequencies through reflection, and the
frequency difference between these harmonics is inversely pro-
portional to the modulation period. Through time modulation,
the beam energy is distributed on the center frequency and har-
monic frequencies, achieving spectrum transfer. By control-
ling the phase switching, the metasurface can suppress or en-
hance the energy scattering at specific harmonic frequencies.
The proposed 1-bit switching is also inspired by checkerboard-
arranged metasurface [15], which alternates the phase by set-
ting the duty cycle to 50% of the period to form an absorber.
To optimize energy scattering at harmonics, the objective func-
tion is developed by combining genetic algorithm (GA) with a
primitive binary optimization method of binary particle swarm
optimization (BPSO). The improved optimization method en-
sures the gain difference of side-lobe to main-lobe to maintain
below 10 dB, while effectively increasing the main-lobe gain
to 20 dBi. The metasurface is arranged with alternating reflec-
tion frequencies in a linear array to facilitate multi-beam steer-
ing. The simulation results show that it is possible to gener-
ate multi-beam far-field radiation patterns with equal distances
and different angles, and beams with the same angle but dif-
ferent distances. Target detection at different distances at the
same angle can effectively improve the accuracy of target po-
sitioning, which is particularly important in target identifica-
tion. Target detection at different angles at the same distance
focuses on the directional identification and spatial distribu-
tion of the target. By scanning different angles, the direction
of the target can be accurately determined, thereby improving
the accuracy of target positioning, and it can effectively dis-
tinguish targets with different directions but the same distance.
This method is particularly important for large-scale detection,
because by changing the scanning angle, a wider area can be
covered. The method extends previous research by combining
time-modulated metasurface coding with advanced optimiza-
tion techniques to significantly improve beamforming and ob-
ject detection capabilities.

2. PRINCIPLE OF SPACE-TIME MATRIX DIGITAL
METASURFACE

The spatiotemporal encoding strategy can simultaneously con-
trol the spatial propagation of electromagnetic waves and the
energy distribution at harmonic frequencies. Assuming that a
digital metasurface consists of a two-dimensional array (M x N
elements), and each element is excited with a digital state. The
reflection coefficient of the element can be dynamically con-
trolled with discrete phase or amplitude states. For the 1-bit en-
coding case, the reflection phase or amplitude of each element
is periodically switched according to the digital spatiotemporal
encoding matrix on the right of Figure 1(a). The yellow rep-
resents “1” state, and the remaining states represent “0”. “1”
represents amplitude value as 1, and “0” represents amplitude
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FIGURE 1. Schematic diagram and energy analysis of space-time coded metasurface reflection. (a) Space-time matrix arrangement; (b) Amplitude

modulation; (c) Phase modulation.

value as 0 for amplitude modulation element, while “1” repre-
sents phase value as 180 deg, and “0” represents phase value
as 0 deg for phase modulation element. Consider a single tone
signal with frequency f. incident in the normal direction on the
metasurface. The time-domain far-field pattern of space-time
coded scattering is defined as [16]:

N N
FO0.6) =D Emn (6,0) T (1)
m=1n=1
- exp {—i2/\7TDsin9 {[(n —1)cosp + (m —1) singo]}} )

L
in which I'y,, () = > Apn exp(§@mn)U (1) is the time mod-
=1

ulation reflection coefficient of the (m, n)th array element, and
U(t) is:

0-{i G e

where E,,,, (0, ¢) is the scattering pattern of the electromag-
netic element of metasurface, which can be approximately ex-
pressed as cos. M. is incident frequency wavelength, and
D = )\./2 is the element spacing. 6 is the azimuth angle, ¢
the elevation angle, IV the element number in one column, and
the metasurface consists of N x N elements. To transform it

into the frequency domain, it needs to be Fourier transformed.
Firstly, Fourier transform is performed to obtain:
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The Fourier series coefficients of the periodic function can be
expressed as:
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Through Fourier transform, the far-field scattering pattern of
the space-time-coding digital metasurface at the kth harmonic
frequency fr, = feo + kfo(k = 0,£1,£2,...) is written as:

N N
Fr(0,9)= > Emn(6,9)
m=1n=1

- exp {—iiﬂD sinf {[(n —1)cosp + (m —1) Singp]}}

C
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where L is the time series length.

By introducing spatiotemporal modulation into the metasur-
face, it can be observed from formula (5) that the reflected
beam from the metasurface not only has one beam operating
at the center frequency, but also generates multiple beams op-
erating at harmonic frequencies. The frequency difference be-
tween two adjacent harmonic frequencies is determined by the
time modulation period. This concept is similar to frequency
division multiplexing (FDM), a technique in which different
signals are transmitted simultaneously on separate frequency
bands [29]. Here, the harmonic frequencies generated by the
metasurface correspond to different frequency bands, with each
harmonic representing a unique signal in a manner akin to how
FDM works in communication systems. Assume that the num-
ber of metasurfaces is M x N(M = N = 16), and the incident
frequency is f. = 11 GHz. When the space-time coding ma-
trix is arranged as shown in Figure 1(a), each column of the
metasurface shares the same state. Each column of metasur-
face is powered in the “1” state for AM or PM in turn within
one time period, while the time period is set as 7' (assuming
T = 16 here) time slices. Within the 16 time slices, 16 rows
of the metasurface are stimulated in sequence. Since time se-
quence is introduced in AM and PM, multi-beams pointing to
different directions are thus generated at different harmonic fre-
quencies (f,,m = 0,41, 42), as shown in Figures 1(b), (c).
The amplitude generated by PM has a higher gain than AM at
the center frequency fy, and the gain of each harmonic is also
higher than that of AM. Beams generated at different harmonic
frequencies point to different angles, which is closely related
to space division multiplexing (SDM) [30], a technique that
enables multiple signals to be transmitted simultaneously by
utilizing different spatial channels. In SDM, signals are sep-
arated in space, typically by using multiple antennas or direc-
tional beams, allowing them to be transmitted on the same fre-
quency band without interference. The ability of metasurface to
manipulate the direction and amplitude of each reflected beam
at different harmonic frequencies enables multi-beam control.
Beam generated at each harmonic frequency corresponds to a
beam pointing to a distinct direction, akin to how SDM works
by allocating different spatial paths for different signals.

Setting the incident angle 6 as 0° and substituting it into
Equation (5), the scattered energy of all harmonic compo-
nents exhibits significant attenuation. The spatial phase term
exp{—i2n/A.Dsinf{[(n — 1)cosp + (m — 1)sinp]}} in
Equation (5) degenerates to 1, rendering the array’s scattering
properties solely dependent on the temporal coding sequence.
In the implemented 1bit coding scheme, adjacent coding
elements manifest a 7 phase difference. Consequently, the
scattered field at § = 0° is reduced to:

N N
f(0)= Z A exp (jon) = Z Ap (*1)11 (6)
n=1 n=1

This mathematical Equation (6) explicitly demonstrates that
the destructive interference dominates when the spatial phase
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modulation becomes ineffective. The temporal coding-induced
phase cancellation mechanism predominates, culminating in
substantial reduction of the total scattered field intensity in the
broadside direction.

The above is an analysis of the space-time matrix when it is
1-bit coded, and the beam phase is:

L - .
o —jmk (20— 1
D = ZZZI ’Z” sinc (?) exp [Mk(Ll)] (7

Calculate the cumulative phase values to get:

L
rr . T —jmm(2l—1
P,, = z; ma gine (Z2) exp {73 L( )}
= ®)
rr . —m jrm (20—
o, = z; —megine (=32) exp {J i 1)}
The initial phase usually takes two values, exp(j7) = —1 and
exp(j - 0) = 1. So we can get:
i )

Since the cumulative phase values have a conjugate relation-
ship, when they are substituted into the energy calculation for-
mula Fy (6, p):

Fi1(0,¢) = Fra2 (=0, ¢) (10)

The symmetry of the beam direction is proved. The phases gen-
erated by the +mth harmonic and —mth harmonic are gradu-
ally symmetrical, so the harmonic beam pointing must be sym-
metrical, and the adjustability of the beam has certain limita-
tions.

Then, the increase in bit number is analyzed. So we ana-
lyze 2-bit coding to analyze the beam. In 2-bit encoding, “0”
represents ¢ = 0°; “1” represents ¢ = 90°; “2” represents
@ = 180°; “3” represents ¢ = 270°, and bring them into the
calculation of the reflection phase of the array element:

L, ¢=0°
, —J, ©=90°
Xp(IP) =13 1, o =180° (11
75 p = 270°

Due to the additional introduction of j and —j phases, the
calculation of the cumulative phase is ®,, # ®*, , breaks the
conjugation, so the 2-bit beam controllability is high.

Then, the influence of different bit time series on harmonic
distribution under PM modulation is systematically analyzed,
as shown in Figure 2. The results show that the energy at the
harmonic frequency breaks the inherent symmetry under PM
modulation relative to the center frequency.

Assuming that the metasurface consists of M X
N(M = N =8) elements, when the incident wave is ir-
radiated along the normal direction, assuming that the incident
frequency is f. = 10 GHz, and the unit spacing is half of the
wavelength at the incident frequency D = A./2, L = 2, the
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energy expression can be obtained as follows:

f(0,t) :nij:lexp {j (i: (n— 1)Dsin9>}

[ng (e—jQﬂ'm _ 1) + Fi (e—j27rm _ e—j27rm%>} (12)
where '] represents the reflected phase at the (n — 1)7 < ¢ <
nt,n = 1,2,3,---; I'2 represents the reflected phase at the
nt<t<(n+1)r,n=1,2,3,---; mis the harmonic order.

As shown in Figure 3(a), we use 1 bit phase modulation (PM)
and assume the duty cycle as 50%. The simulation results are
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shown in Figures 3(b) and (c), which show that for the case
of duty cycle T'/2 (50%), phase modulation exhibits selective
absorption of the scattering at center frequency. This phe-
nomenon can be attributed to the change in spatial frequency
distribution caused by the time coding element, where the 50%
duty cycle produces a unique phase interference pattern that
can selectively obtain only odd harmonics, proving its effec-
tiveness in absorbing scattering at even harmonics and center
frequency. These findings indicate that time coding with a spe-
cific duty cycle can be used for customized energy distribution
manipulation, especially for applications that require frequency
selective absorption.
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On this basis, we added an alternating switching method.
Next, we analyze the obtained graph (as shown in Figure 4(c))
when the excitation state of one column of array elements is
opposite to that of the other seven columns of array elements
(as shown in Figure 4(a)). The simulation shows that when the
excitation state of one column of array elements is opposite to
that of the other seven columns of array elements, only odd har-
monics can be selectively obtained (as shown in Figure 4(b)),
but the main lobe gain of odd harmonics will decrease, while
the gain of +1 harmonics is still the largest. As shown in Fig-
ure 5(a), as the number of reverse excitation columns increases,
the main lobe gain of +1 harmonic decreases accordingly, in-
dicating that the reflected energy moves to other frequencies.
Therefore, as shown in Figure 5(b), when half of the array ele-
ments adopt opposite phases, the simulation results are shown
in Figure 5(c). In the line of sight direction (§ = 0°), it can
be observed that there is almost no reflection of high-order har-
monic energy, achieving a stealth effect, but it is found that the
sidelobe gain is still large.

As shown in Figure 6(a), the specific excitation method is
conducted when half of the array elements are excited at the
oppositely switching excitation state, while elements are alter-
nately and oppositely excited. In the alternating arrangement,
the phase difference between adjacent units changes alternately
in space, forming a more complex spatial phase distribution,
this specific excitation method reduces the spatial coherence of
the scattered wave. The scattering energy diagram is simulated
as shown in Figure 6(b). The results show that the gain is still
close to 0 at the visual axis, and more energy is dispersed in dif-
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ferent directions, resulting in effectively suppressed side lobes.
Compared with Figure 6(c), the largest side lobes are reduced
by about more than 10dB. From the perspective of Fourier
transform, the alternating arrangement is equivalent to intro-
ducing a high-order frequency phase modulation in the spa-
tial frequency domain, which causes the scattered energy to be
more dispersed in space and the energy density to be lower, and
can thus effectively achieve stealth effect.

This method achieves electromagnetic stealth by alternately
exciting the metasurface at a duty cycle of 50%, and extremely
low scattering characteristics are obtained at both the center fre-
quency and high-order harmonics. This method reflects an im-
portant design principle of digital coded metasurfaces: by in-
creasing the discontinuity of spatial phase, more effective scat-
tering control can be achieved. It possesses important applica-
tion prospects in the fields of military stealth and wireless com-
munications, and provides a theoretical basis and design ideas
for the development of new electromagnetic stealth technology.

3. DIGITAL CODING METHOD BASED ON GENETIC
ALGORITHM TO IMPROVE BINARY OPTIMIZATION
ALGORITHM

The subsequent analysis uses PM modulation technology, this
section designs a BPSO-GA optimization algorithm to calcu-
late the space-time coding matrix to improve the gain of the
metasurface reflection beam. The specific algorithm flowchart
is shown in Figure 7.
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In a digital metasurface, units with discretized digital phase
states are distributed in the discrete space of the metasurface
aperture. A BPSO algorithm is proposed to optimize the digi-
tal coding metasurface [34]. This paper uses the optimization
algorithm to optimize the arrangement of the space-time cod-
ing matrix. The particles in the algorithm are represented by
binary codes, and each array metasurface unit represents a par-
ticle. The particle velocity represents the probability of the par-
ticle position changing and determines the search direction and
search distance of the particle to find the next position:

Vig = wviqg + crrandl () (pig — Tia)

+corand2 () (pga — %id) (13)

where w is the inertia weight; c;, co, w use adaptive weights
and adaptive learning factors to speed up the convergence of
the algorithm and improve the convergence accuracy of the al-
gorithm.

Through formula (14), the value of the speed is mapped to
the interval {0, 1,2, 3}, so that the speed is expressed as the
probability of the binary bit taking 00, 01, 10, 11. The mapping
method generally uses the sigmoid function:

1

§ (via) = 1+ exp (—viq)

(14

In the above formula, S(v;q) represents the probability that x4
takes 0, 1, 2, 3. The particle changes its position through for-
mula:

0, S(vig) <0.25
1, S(vig) <0.5
Tia = (i) (15)
2, S(vig) <0.75
3, otherwise
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In order to prevent S(v;q) from being too close to 1 or 0, pa-
rameter v,y is used as the maximum speed limit value to limit
the range of v;4, that is, v;q € [—Vmax, Umax)-

As a heuristic optimization algorithm, the core operations
of GA include crossover and mutation, which mainly provide
global random search and gene recombination. By combin-
ing the crossover and mutation operations of GA to enhance
population diversity, the BPSO algorithm is prevented from
falling into local optimality, and the search efficiency in high-
dimensional discrete space is improved.

The crossover operation simulates the gene recombination
process in biological inheritance. For two parent individuals
X, and X, the single-point crossover operation can be ex-
pressed as:

{ X1 = [11, %12, 1k, T1(kt 1) o T1n)] (16)

Xy = [222, %22, T2ks To(ht1), -0 T2n

After selecting the crossover point k, the resulting offspring
Y1 and Y5 can be expressed as:

{ Y1 = [#11, %12, T1k, Lokt 1) o T1n] (17

Y = [®22, %22, Tok, T1(kt 1) o T2n]

The mutation operation maintains population diversity by
randomly changing certain gene positions of individuals. For
the discrete value range [0, 1, 2, 3], assume that the population
before mutation is:

(18)

During the mutation operation, P, is the mutation probabil-
ity, usually 0.1, and the mutated probability changes the value

X = [a:l,xg,xi, ,.’En]
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algorithm optimization.
of a particle in the population:
. { rand {0, 1, 2,3},
' (i) = .
x (i),

X (i) represents the gene value at the ith position, and X' (i)
is the gene value after mutation. The population obtained after
mutation is:

if rand (0,1) < P,
otherwise

(19)

X' = |:131,I2,l';, ,xn} (20)

An important signal performance indicator is the side lobe
level (SLL). Low side lobe level helps reduce signal interfer-
ence and improve communication quality. SLL is the ratio of
the side lobe peak to the main lobe maximum, generally refer-
ring the first side lobe level next to the main lobe:

F (6) )

-Ftotal (0)
where F(0) is the side lobe energy, and Fio, () is the main
peak energy.

The STC matrix is optimized with the constraints of point-
ing to the specified azimuth angle and peak sidelobe ratio at a
specific harmonic frequency. First, the STC matrix is globally
searched using the BPSO algorithm, and its fitness function is
as follows:

Fitness = w; {(|95_1 — 0|+ 05" - 9:{1‘)2}

SLL = 201log ( 21

+1
max

+wy [ (|SLLi, — SLLa|)*| + ws (SLLF! +SLL;Y) (22)

where #F! is the actual beam main lobe pointing angle, 0;1
the ideal beam main lobe pointing angle, w; the angle weight,
SLLﬁalx the actual beam side lobe, SLL, the ideal beam side
lobe, ws the side lobe weight, and SLLf1 the side lobe uni-
formity limit, which is the standard deviation between the side
lobes of each beam.

Each updated particle swarm is brought into the STC matrix
to calculate its main lobe pointing and side lobe energy. The
main lobe pointing and side lobe energy of the matrix, along
with the expected mainlobe pointing and side lobe energy are
all substituted into the fitness function calculation formula. The
smaller the fitness function value is, the more it meets expecta-
tions.
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The BPSO algorithm is used to perform a global search on
the STC matrix, and then the GA is used for local search. When
the global search stage reaches a certain number of iterations,
or the quality of the solution found by the local search is high,
it can be switched to the local search stage for refinement op-
timization. Finally, the elite retention strategy is adopted to
directly substitute the matrix particles with the lowest fitness
function in the current randomly generated STC matrix into the
next generation, thereby improving the convergence speed and
solution quality of the BPSO algorithm.

We assume that the desired beam —1 order points to 30°,
and +1 order points to 0°, that is §; ' = 30° and 6! = 0°, as
shown in Figure 8. The results obtained by the optimized BPSO
algorithm are compared with those before the BPSO algorithm
is optimized. It is found that although the beam pattern before
optimization can obtain a higher main lobe, the side lobe is also
relatively high, and the distinction from the main lobe beam is
not obvious. In addition, the side lobe of the +1 harmonic is
slightly higher than the main lobe of the —1 harmonic. The
results of the BPSO-GA optimization algorithm are shown in
Figure 8(b). While the main lobe gain is enhanced, the overall
side lobe is reduced. The difference between the main lobe and
side lobe is about 10 dB, and there is a clear distinction. The op-
timized +1 and —1 orders may be more concentratedly pointed
to 0° and 30°.

Assuming an M x N(M = N = 8) array with a modula-
tion time period of T = 8, each column shares a state. “00”
represents ¢ = 0°; “01” represents ¢ = 90°; “10” represents
¢ = 180°; and “11” represents ¢ = 270°. The incident fre-
quency is f. = 10GHz. According to the BPSO-GA algo-
rithm, the target sample matrix is generated, and the maximum
number of iterations is set as 200. Figures 9(a) and 9(g) show
the fitness curve change diagram. It can be seen from the fit-
ness curve diagram that it converges after about 50 iterations.
Set the +1st harmonic main lobe pointing to 0° and the —1st
harmonic main lobe pointing to 20°. The sample matrix ob-
tained by the algorithm is shown in Figure 9(b), and the gener-
ated beam pattern is shown in Figure 9(c). The main lobe gain
can reach more than 20 dBi. Figures 9(d) and 8(e) represent the
2D far-field scattering diagrams of the —1st harmonic and +1st
harmonic, respectively. Figure 9(f) represents its 3D far-field
directional scattering diagram. When the +1st harmonic and
—1st harmonic are both set pointing to the same angle of —10°,
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FIGURE 9. BPSO-local optimization algorithm optimized space-time matrix.

the BPSO-GA optimized STC matrix is obtained as shown in
Figure 9(h), and the generated beam pattern is shown in Fig-
ure 9(i). The gain can reach 25 dBi for both harmonics, which
are about 10 dB different from the side lobe. The above analysis
shows that the proposed BPSO-GA optimization algorithm can
achieve good suppression of the side lobes while maintaining
high gain of the main lobe. Figures 9(j), (k) present the 2D far-
field scattering diagrams of the —1st harmonic and +1st har-
monic, respectively, and Figure 9(1) represents its 3D far-field
directional scattering diagram.

As shown in Figure 11, assuming that the radar transmission
frequency is f, there are usually multiple targets to be detected
at the same distance D;. In this case, a single beam cannot
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detect them at the same time. If there are multiple beams at the
same distance D; but with different pointing angles of 6; and
0,, multiple target detection at the same distance and different
angles can be achieved. Similarly, when the detection targets
are at different distances D, and Dj; but at the same angle, the
radar needs to be able to detect at the same angle and different
distances.

According to the above space time coding metasurface
reflection characteristic, a multi-frequency signal is gen-
erated and used as the emitting source. Assume that the
far-field target is located at a distance of r¢ from the reference
sub-metasurface, and the spacing between two adjacent sub-
metasurfaces is d. As show in Figure 10, the distance between
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the nth sub-metasurface and point target is:
r=rog—(n—1)dsinf (23)

The frequency reflected by the nth sub-metasurface is f,,. Each
sub-metasurface has a certain phase and amplitude difference
due to time modulation. The signal arriving at the far-field point
target is:

- k
sn (t) = exp (j2m fnt) E —sinc <W_>
=1 L L

24
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Then, the expression of the signal emitted by N sub-
metasurface reaching the far field is:

N .
_ Z Tiexp {j27rfn (t— r—(n —col)dsmﬂ)}

n=1""

Lot Tk —jmk (20 — 1)

Z Tnsinc (f) exp [f] (25)
=1

Assume that the sub-metasurface is arrayed with
M x N(M = N =38) eclements, and a total of 8 sub-
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metasurfaces constitutes the whole metasurface. For the first
metasurface shown on Figure 12, each sub-metasurface reflects
a single frequency; for the second metasurface on the right side
of Figure 13, each sub-metasurface reflects dual frequencies.

As shown in Figure 12 and Figure 13, when the incident fre-
quency is f. = 10 GHz and R = 10000 m, the far-field energy
of the metasurface under this distribution is calculated, and the
angular scattering diagram of the far field R = 10000 m is ob-
served. For the first metasurface shown on Figure 12, the 1st,
3rd, 5th, and 7th sub-metasurfaces reflect the —1st frequency,
while the 2nd, 4th, 6th, and 8th sub-metasurfaces reflect the 1st
harmonic frequency. The beam pattern of the reflected wave-
form at designated angle is optimized by BPSO. It is found that
3 beams are generated, as shown in Figure 12(a). The three
peaks point to —37°, 0°, and 37°. Figure 12(b) shows the re-
lationship between angle and distance. Figure 12(c) shows the
relationship between gain and distance.

For the second metasurface shown on Figure 13, the sub-
metasurface reflects the dual frequencies of the —1st frequency
and the 1st harmonic. The angle of the reflected waveform is
controlled to be consistent through the BPSO. As shown in Fig-
ure 13(a), it is found that 3 beams are generated. The three
peaks also point to —37°, 0°, and 37°. Figure 13(b) shows the
relationship between angle and distance. Figure 13(c) shows
the relationship between beam gain and distance. However,
compared with Figure 12(c), the beam in Figure 13(c) is more
concentrated in the distance dimension, that is, the accuracy in
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the distance dimension is better, and the detection of different
distances at the same angle can be achieved.

4. EXPERIMENT

We fabricated a metasurface array composed of 8 x 8 elements
for experiment. Its total size is 112 mm x 112 mm, printed on
an F4B substrate (relative permittivity ,, = 2.63, tangent loss
tand = 0.001), and the substrate thickness is 1.5mm. The
actual image of the fabricated sample is shown in the right
of Figure 14. The thickness of the printed copper coating
is 0.035mm. The unit uses two pin diodes (MADP-000907-
14020x from MACOM) to obtain a 90° phase difference when
the two diodes switch between the 2 bit of “ON-OFF (00)”,
“ON-ON (01)”, “OFF-OFF (10)”, and “OFF-ON (11)” states.

FIGURE 14. Experimental test setup.
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Since the metasurface needs to be coded and controlled, we
use FPGA (ALINX Black Gold FPGA Development Board
Xilinx Zynq Development Board 7020) for coding input and
control. The experimental equipment uses a signal generator
(Keysight E8267D) connected to the horn antenna to irradiate
the metasurface with a monochromatic wave with a frequency
of 11 GHz and uses another horn antenna as a receiving antenna,
connected to a spectrum analyzer (Keysight N5230C) for re-
ceiving spectrum inspection. The specific experimental setup
is shown in Figure 14. Activate the coding control system us-
ing a 50% duty cycle to switch the coding state, and the coding
state is “00-10”.

The experimental results are shown in Figure 15. It can be
clearly seen from the spectrum that when there is no coding to
control the regular reflection, the spectrum only contains the
frequency of the incident wave. When the coding is switched
at a duty cycle of 50%, the gain at the incident frequency is
reduced, and the harmonics are also suppressed.

5. CONCLUSION

This paper presents a novel metasurface design based on space-
time coding matrices, demonstrating significant advancements
in beamforming and harmonic frequency control. One of the
key insights gained from this work is the ability of the metasur-
face to absorb energy in the line of sight while simultaneously
reducing side lobes when operating with a 50% duty cycle. This
capability not only enhances the overall performance of the sys-
tem but also enables more efficient electromagnetic wave con-
trol, crucial for applications in radar and communication sys-
tems. The integration of the Binary Particle Swarm Optimiza-
tion (BPSO) algorithm with genetic principles for time mod-
ulation allows the metasurface to selectively absorb or reflect
specific harmonic frequencies. This flexibility enables precise
multi-beam control, facilitating the generation of far-field radi-
ation patterns with beams that can be directed at different dis-
tances and angles. Specifically, we demonstrated that metasur-
faces arranged in linear arrays can produce beams at equal dis-
tances but different angles, making them suitable for detecting
targets at multiple ranges.
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Furthermore, the study reveals the potential of dividing the
metasurface into columns, where different regions reflect fre-
quencies in both linear and nonlinear patterns. This configu-
ration enables the creation of beams that focus on the same
distance, leading to far-field multi-point focusing. The find-
ings offer valuable insights into how space-time modulation of
metasurfaces can be used to control both spatial and frequency
domains in a highly dynamic manner.

The significance of this work lies not only in the development
of a flexible and high-performance metasurface design but also
in its practical implications for real-world systems. The ability
to precisely manipulate harmonic frequencies and beam direc-
tionality is essential for the next generation of radar, wireless
communication, and adaptive antenna systems. From a theo-
retical standpoint, this research contributes to the broader un-
derstanding of time-modulated metasurfaces and their poten-
tial for advanced electromagnetic wave control. Practically, it
opens up new avenues for improving target detection, commu-
nication efficiency, and system scalability in complex environ-
ments, marking a significant step forward in the field of elec-
tromagnetic wave manipulation.
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