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Abstract 

Reconfigurable intelligent surfaces (RISs) commonly control either reflection or transmission, 

limiting wavefront manipulation to one half-space or one propagation function. Here we present 

a full-space multipolarization Janus RIS that supports bidirectional reflection and orthogonally 

polarized bidirectional transmission within a single aperture. Each meta-atom couples a y-

polarized receiving patch to an x-polarized transmitting patch through a microstrip delay line 

and incorporates two PIN diodes. The 00 and 11 diode states provide 1-bit phase control for 

forward y-polarized and backward x-polarized reflection, whereas the 01 and 10 states control 

bidirectional polarization-converting transmission. Delay-line phase precompensation supplies 

four reflection phases (0°, 90°, 180°, and 270°) and four transmission phases (0°, 45°, 90°, and 

135°), mitigating the additional beam produced by 1-bit quantization under plane-wave 

illumination. Measurements of a 12 × 12 prototype demonstrate beam steering to ±60°, peak 

gains of 18.31 dBi in reflection and 18.22 dBi in transmission, and measured aperture 
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efficiencies of 21.3% and 20.7%, respectively. A sparse-aperture configuration further 

produces four simultaneous beams with orthogonal polarizations in the two half-spaces. The 

proposed architecture therefore consolidates bidirectional reflection, transmission, polarization 

conversion, and multibeam operation in one reconfigurable platform. 

 

Introduction 

Sixth-generation wireless systems are expected to connect dense and heterogeneous devices 

while supporting substantially greater capacity, coverage, and functional integration1–3. 

Meeting these objectives solely through increasingly complex active radio hardware would 

raise cost and power consumption. Reconfigurable intelligent surfaces (RISs), which reshape 

the propagation environment through electronically programmable electromagnetic responses, 

offer a complementary route to improving wireless links4–8. 

An RIS comprises a two-dimensional array of subwavelength meta-atoms integrated with 

tunable components such as semiconductor switches9–11. By changing the states of these 

components, the surface reconfigures the amplitude, phase, polarization, or temporal response 

of an incident wave and thereby converts a passive channel into a controllable propagation 

environment12. This capability has enabled research on integrated sensing13,14, wireless power 

transfer15,16, and ambient backscattering17, in addition to coverage and capacity enhancement. 

Most reported RISs nevertheless implement a single dominant function. Representative systems 

create an auxiliary propagation path18–23 or steer a focused beam by imposing a spatial phase 

profile24–28, but generally manipulate either reflected29–34 or transmitted35–39 waves. The 

prevalent 1-bit phase resolution simplifies biasing and hardware integration, yet its quantization 

error can generate an unwanted symmetric beam under plane-wave illumination and reduce the 

power delivered to the target direction. Higher-bit designs alleviate this effect at the cost of 

greater circuit complexity, loss, and calibration burden. Additional control of polarization40, 

amplitude41, or the time domain42,43 expands functionality, but reflection-only implementations 

remain confined to one half-space. Integrated transmitting and reflecting RISs have therefore 

attracted growing interest44–46. Existing implementations typically obtain the two functions by 

switching them in time47,48 or partitioning the aperture spatially49. These approaches extend 

coverage to both half-spaces, but the reported 1-bit phase control retains the additional-beam 

problem under plane-wave excitation. Moreover, many designs optimize only the forward 

response and do not jointly control the polarization and phase of waves incident from opposite 

sides. 
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Phase precompensation provides a hardware-efficient way to suppress the unwanted beam 

without increasing the number of active phase states. For example, a 90° initial-phase offset 

between two reflection elements enables single-beam steering with 1-bit tuning50, although 

resonant implementations require multi-objective optimization and are difficult to generalize 

across several operating modes. Geometric phase offers broader phase coverage through 

element rotation51, but is naturally suited to circular rather than linear polarization. A common 

phase-precompensation mechanism that operates for linearly polarized bidirectional reflection 

and transmission has not yet been established. Here we address these limitations with a full-

space multipolarization Janus RIS. The receiver-ground-transmitter meta-atom uses two PIN 

diodes to select between 1-bit reflection and 1-bit polarization-converting transmission, while 

a microstrip delay line encodes the phase precompensation required for plane-wave operation. 

Because a reflected wave traverses the delay line twice and a transmitted wave once, the same 

set of line lengths produces four initial phases for reflection and four corresponding phases for 

transmission. A 12 × 12 prototype validates bidirectional reflection and transmission, wide-

angle beam steering, and a sparse-aperture mode that generates four simultaneous beams. This 

combination provides full-space wavefront and polarization control without adding active 

phase states to the meta-atom. 

 

Figure 1. Schematic of the full-space multipolarization Janus RIS. 



  

4 

 

Results 

Figure 1 summarizes the proposed Janus RIS. The meta-atom comprises a y-polarized receiving 

patch, a microstrip delay line, and an x-polarized transmitting patch connected by metallized 

vias. Two PIN diodes on the receiving patch define four bias states. States 00 and 11 produce a 

180° phase difference and realize 1-bit reflection control for illumination from either side, 

corresponding to forward y-polarized and backward x-polarized reflection. States 01 and 10 

instead realize 1-bit polarization-converting transmission. The delay line provides a static phase 

offset in addition to this switchable 1-bit phase. Varying its length yields backward-reflection 

offsets of 0°, 90°, 180°, and 270° and transmission offsets of 0°, 45°, 90°, and 135°. The factor-

of-two relation follows from the propagation path: a backward-reflected wave traverses the line 

twice, whereas a transmitted wave traverses it once. For plane-wave illumination, the encoded 

offsets approximate the phase distribution produced by a near-field horn and mitigate the 

additional beam associated with 1-bit quantization. We fabricated a 12 × 12 array to evaluate 

three operating configurations. In reflection mode, near-field forward excitation and 

approximately plane-wave backward excitation produce simultaneous y- and x-polarized beams. 

In transmission mode, horns on either side demonstrate bidirectional polarization-converting 

beam steering. Finally, a genetically optimized 50%-sparse allocation of reflection and 

transmission states generates four beams concurrently. The following sections establish the 

meta-atom response, phase-coding method, and measured array performance for each 

configuration. 

 

Figure 2. Geometry of the meta-atom. 
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Meta-atom design 

The meta-atom geometry is shown in Fig. 2. It contains three dielectric substrates and four 

metal layers. Substrates 1 and 3 are 3 mm thick, substrate 2 is 0.254 mm thick, and adjacent 

substrates are bonded with 0.1 mm Rogers 4450F adhesive films. All three substrates have a 

relative permittivity of 3.55 and a loss tangent of 0.005. From top to bottom, the metal layers 

form a y-polarized receiving patch, a ground plane, a meandered microstrip delay line, and an 

x-polarized transmitting patch. Two metallized blind vias connect the delay line to the patches 

while remaining isolated from the ground plane. The receiving patch incorporates two 

SMP1340 PIN diodes, and two 3.5 pF capacitors allow the diodes to be biased independently; 

the equivalent circuits are given in Supplementary Note 1. States 00 and 11 provide the two 

reflection phases for both forward y-polarized and backward x-polarized incidence, whereas 

states 01 and 10 provide the two transmission phases with orthogonal polarization conversion. 

The meandered line minimizes the footprint required for phase precompensation. Its length is 

varied through the parameter p while the blind-via positions remain fixed; Fig. 2 shows p from 

2 to 10 mm in 1 mm steps. For backward reflection, the wave couples from the transmitting 

patch into the delay line, reflects at the receiving patch, returns through the line, and reradiates 

from the transmitting patch. Forward reflection occurs directly at the receiving patch and 

therefore does not acquire this delay-line offset. A transmitted wave traverses the line only once, 

so its static phase shift is half the corresponding backward-reflection shift. Supplementary Note 

1 provides the complete dimensions and operating-state definitions. 

Figure 3a presents the reflection magnitude and phase distribution for forward y-polarized 

reflection mode with p=2 mm. The results demonstrate 1-bit phase modulation between PIN 

states 00 and 11 across 3.6-3.9 GHz. Both states maintain reflection magnitudes above -0.9 dB, 

indicating low loss. Magnitude and phase characteristics for forward y-polarized reflection with 

p varying from 2-10 mm are shown in Figures S2a-c (supporting information). Thus, forward 

y-polarized reflection maintains consistent initial phase regardless of delay line length. Figures 

3b-d display backward x-polarized reflection characteristics. Varying p from 2-10 mm shifts 

the resonant frequency of backward x-polarized reflection. Figure 3b shows reflection 

coefficients for state 00. Increasing p initially reduces the resonant frequency, followed by 

periodic frequency oscillations with further p increases. State 11 exhibits analogous behavior. 

Figure 3d presents backward x-polarized reflection phases. Distinct phase curves emerge for 

different p values in state 00. At 3.85 GHz, the phases corresponding to 2-10 mm are about -

247°, -289°, -333°, -378°, -421°, -459°, -493°, -521°, and -546°, respectively.  
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Figure 3. Simulated meta-atom performance. (a) S-parameters for forward y-polarized 

reflection. Backward x-polarized reflection magnitude in the (b) 00 and (c) 11 states, and (d) 

reflection phase in both states. Transmission-mode (e) reflection and (f) transmission 

coefficients in the 10 state, and (g) transmission phase in the 01 and 10 states. Polarization 

isolation in the (h) 00/11 and (i) 01/10 states. 

 

Using p = 2 mm as the 0° reference, the relative phases of 3-10 mm are -42°, -86°, -131°, -174°, 

-212°, -246°, -274° and -299°, respectively. State 11 shows comparable phase characteristics. 

We selected p=2/4/6/9 mm to achieve ~0°/90°/180°/270° reflection initial phases. All p values 

maintain 1-bit phase control between states 00 and 11. Figures 3e-g show reflection and 

transmission coefficients, and transmission phases in transmission mode. Because states 10 and 

01 have identical coefficients, only state 10 is shown in Figs. 3e and 3f. State 01 coefficients 

appear in Figures S3a-b (supporting information). The reflection coefficient for port 2 is given 
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in Figures S3c-d (supporting information). These results are consistent with the reflection 

coefficient at port 1. Transmission coefficients exceed -3 dB from 3.7-4 GHz. Reflection 

coefficients remain below -10 dB across 3.78-3.9 GHz. Figure 3g displays transmission phases 

for states 01 and 10 with p=2-10 mm. Taking 3.85 GHz as the observation point, it can be seen 

that the phases corresponding to state 10 when p is 2-10mm are -209°, -230°, -249°, -268°, -

286°, -303°, -319°, -335° and -350°, respectively. Using p = 2 mm as the 0° reference, the 

relative phases of 3-10 mm are -21°, -40°, -59°, -77°, -94°, -110°, -126° and -141°, respectively. 

State 01 exhibits similar behavior. p=2/4/6/9 mm were chosen to achieve ~0°/45°/90°/135° 

transmission phases. These p values match those for backward x-polarized reflection, ensuring 

phase design consistency between modes. All p values maintain 1-bit phase control between 

states 01 and 10 across the band. Figures 3h-i present cross-polarization characteristics. Figure 

3h shows the isolation between x-polarized and y-polarized in port 1 at 00 and 11 states. The 

corresponding isolation at port 2 is also shown. The cross-polarized response remains below -

20 dB from 3.6-4 GHz, confirming excellent polarization purity for both reflection modes. Fig. 

3i shows the isolation between x-polarized and y-polarized in port 1 for states 01 and 10. The 

corresponding isolation at port 2 is also shown. The cross-polarized response is likewise below 

-20 dB over 3.6-4 GHz. These results confirm high polarization isolation in transmission mode.  

 

Reconfigurable intelligent metasurface 

The far-field pattern of an M × N array is 

 

( ( , ) sin cos sin sin )

1 1

( , ) ( , )
N M

j m n kmd knd

mn

n m

E f e         − + +

= =

=
 (1) 

where θ and φ denote the elevation and azimuth angles, respectively; f(θ, φ) is the element 

factor; φ(m, n) is the phase of element (m, n); d is the element period; and k0 is the free-space 

wavenumber. For a beam directed toward (θ, φ), the required continuous phase compensation 

is 

 ( , ) sin cos sin sinm n kmd knd    = − −   (2) 

For an array with a prescribed initial phase φ0(m, n), the compensation required to direct the 

beam toward (θ, φ) becomes 

 0( , ) sin cos sin sin - ( , )m n kmd knd m n     = − −
 (3) 

A 1-bit meta-atom provides only two switchable phase states, 0° and 180°. The continuous 

phase φ(m, n) is therefore quantized as 
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
  

= 
 




 (4) 

In a reflectarray, a horn in the near field illuminates the aperture with a spherical rather than 

uniform phase front. The feed-induced phase φf(m, n) is 

 
2 2 2

0 0 0( ) ( ) ( )f k x x y y z z = − + − + −
 (5) 

where (x, y, z) is the position of an array element and (x0, y0, z0) = (0, 0, F) is the feed position. 

The focal-distance-to-aperture-size ratio is F/D, where D is the array dimension. Under near-

field horn illumination, the phase compensation for beam steering is therefore 

 
( , ) sin cos sin sin - ( , )fm n kmd knd m n     = − −

 (6) 

The resulting phase profile is implemented through 1-bit quantization. Under approximately 

plane-wave illumination, all M × N elements would otherwise have the same 0° initial phase, 

and binary quantization produces a symmetric additional beam. We instead encode a 

nonuniform initial phase with the microstrip delay lines. The target offsets are calculated from 

the path-length difference between a notional near-field horn and each array element using Eq. 

(5), but are physically implemented in the aperture for plane-wave illumination. The switchable 

phase state for each element is then selected using Eq. (3). 

The meta-atoms were assembled into a 12 × 12 array with a 33 mm period. Each receiving 

element uses three DC lines: one ground line and two lines that independently bias the PIN 

diodes. Three 33 nH inductors isolate the RF path from the bias network. Figure 4a shows the 

fabricated aperture, and Fig. 4b shows the anechoic-chamber measurement arrangement; 

additional fabrication drawings are provided in Supplementary Fig. S4. As summarized in Fig. 

4c, the RIS operates in reflection, transmission, and simultaneous transmission-reflection 

configurations. 
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Figure 4. Fabrication and reflection-mode performance. (a) Fabricated RIS. (b) Anechoic-

chamber measurement arrangement. (c) RIS operating configurations. (d) Initial-phase 

distribution for backward x-polarized reflection. Reflection-mode phase codes for steering to 

(e) 0° and (f) 30°. Bidirectional E-plane reflection for scans toward the (g) positive and (h) 

negative half-axes at 3.85 GHz. (i) Bidirectional H-plane reflection at 3.85 GHz. 
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Simultaneous forward y-polarized and backward x-polarized reflection 

In reflection mode, states 00 and 11 provide the 0° and 180° switchable phases for both forward 

y-polarized and backward x-polarized reflection (Fig. 4c). The two responses therefore operate 

simultaneously. To obtain a single dominant beam for backward reflection under plane-wave 

illumination, the microstrip lines implement the initial-phase distribution calculated with Eq. 

(5). We used F/D = 0.8 for this calculation and placed the horn for forward reflection at the 

same F/D. The encoded phase offsets for backward reflection consequently approximate the 

feed-induced offsets for forward reflection, allowing both beams to use the same binary code 

when steered to horizontally symmetric directions. The continuous and 2-bit-quantized initial-

phase distributions are shown in Supplementary Fig. S5a and Fig. 4d, respectively. The horn-

induced phase for forward reflection was quantized as 

 

0 0 90

90 90 180

180 180 270

270 270 360

f








 

 

 

 

  
  = 

 
  








 (7) 

With these offsets, a common code steers the forward and backward reflected beams to 

horizontally symmetric directions. Figures 4e and 4f show the codes for forward steering to (0°, 

0°) and (0°, 30°), which correspond to backward directions of (0°, 180°) and (0°, 165°), 

respectively. Codes for forward steering to (0°, 15°) and (0°, 45°) are provided in 

Supplementary Figs. S5b and S5c. The simulated E-plane patterns in Figs. 4g and 4h confirm 

bidirectional steering, with y polarization in the forward half-space and x polarization in the 

backward half-space; the H-plane results in Fig. 4i show the same behavior. Supplementary Fig. 

S6 gives the corresponding frequency-dependent results. Figures 5a and 5b compare measured 

E-plane patterns at 3.85 and 3.8 GHz with the simulations, and Figs. 5c and 5d provide the H-

plane measurements. The prototype maintains identifiable steered beams up to ±60°. 

Measurements at 3.9 GHz are reported in Supplementary Fig. S7. Overall, the measured and 

simulated patterns consistently demonstrate simultaneous forward y-polarized and backward x-

polarized reflection. 
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Figure 5. Reflection- and transmission-mode measurements. Measured bidirectional reflection 

in the E-plane at (a) 3.85 and (b) 3.8 GHz and in the H-plane at (c) 3.85 and (d) 3.8 GHz. (e) 

Initial-phase distribution for transmission. Transmission-mode phase codes for steering to (f) 

0° and (g) 30°. Bidirectional E-plane transmission toward the (h) positive and (i) negative half-

axes at 3.85 GHz. (j) Bidirectional H-plane transmission at 3.85 GHz. Measured bidirectional 

transmission in the (k) E-plane and (l) H-plane at 3.85 GHz. (m) Measured gain and aperture 

efficiency in reflection and transmission. 
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Bidirectional x- and y-polarized transmission 

Transmission mode uses states 01 and 10, which differ in phase by 180° (Fig. 4c). Forward 

transmission converts an incident x-polarized wave to a transmitted y-polarized wave, whereas 

backward transmission converts an incident y-polarized wave to a transmitted x-polarized wave. 

Because a transmitted wave traverses the microstrip line once, its initial phase is half the 

backward-reflection phase produced by the same line length (Fig. 5e). These static offsets may 

also provide a hardware-dependent physical key for communication applications. For the 

measurements, the near-field horn was again positioned at F/D = 0.8. The required phase for 

each transmission element is 

 0( , ) sin cos sin sin - ( , )- ( , )fm n kmd knd m n m n      = − −
 (8) 

The phase distribution is implemented with 1-bit quantization. Figures 5f and 5g show the codes 

for forward transmission toward (0°, 0°) and (0°, 30°); the corresponding backward beams point 

toward (0°, 180°) and (0°, 165°). Codes for forward steering to (0°, 15°) and (0°, 45°) are shown 

in Supplementary Figs. S8a and S8b. The simulated E-plane patterns in Figs. 5h and 5i 

demonstrate bidirectional transmission, and the H-plane patterns in Fig. 5j show comparable 

behavior. The forward and backward transmitted beams are horizontally symmetric and have y 

and x polarization, respectively. Supplementary Fig. S9 provides results at additional 

frequencies. Measured E- and H-plane patterns at 3.85 GHz (Figs. 5k and 5l) reproduce the 

simulated steering and remain well defined up to ±60°; measurements at 3.8 and 3.9 GHz are 

given in Supplementary Fig. S10. Figure 5m summarizes the gain and aperture efficiency. In 

reflection, the simulated peak gain is 19.76 dBi at 3.85 GHz and the measured peak is 18.31 

dBi at the same frequency; the 1-dB gain bandwidth is 3.76-3.98 GHz. The simulated peak 

aperture efficiency is 29.2% at 3.85 GHz, whereas the measured maximum is 21.3% at 3.8 GHz. 

In transmission, the simulated peak gain is 19.68 dBi at 3.9 GHz and the measured peak is 18.22 

dBi at 3.85 GHz; the 1-dB gain bandwidth is 3.7-4.05 GHz. The corresponding simulated and 

measured peak efficiencies are 27.9% at 3.9 GHz and 20.7% at 3.8 GHz. 
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Figure 6. Simultaneous transmission-reflection operation. Optimized array allocations for 

forward y-polarized reflection at 15° and transmission at (a) -15° and (c) -30°; (b) phase code 

for the -15° case. Simulated beams for reflection at (d) 15° and (e) 30°, with transmission at -

15°, -30°, and -45°. Measured beams for reflection at (f) 15° and (g) 30°, with transmission at 

-15°, -30°, and -45°. 

 

 

 



  

14 

 

Simultaneous forward and backward reflection and transmission 

The preceding reflection and transmission results use time-division switching. Concurrent 

operation instead requires a spatially interleaved aperture (Fig. 4c) in which half of the elements 

are assigned to each function. We optimized this 50%-sparse allocation with a genetic algorithm. 

First, a 12 × 12 binary matrix A was initialized with equal probabilities of 0 and 1, where 1 

denotes reflection and 0 denotes transmission; the corresponding excitation masks are A and 1 

- A. Second, target directions were assigned to the reflection and transmission beams, and Eqs. 

(1)-(4) were used to obtain the binary phase codes. Third, the two far-field patterns were 

calculated using their respective masks and codes. Finally, candidate layouts were evaluated 

with the sidelobe-based objective 

 TRA RA TAFitness Fitness Fitness= +
 (9) 

 
( )TRAObj Max Fitness=

 (10) 

 
( , ) _ ( , )TRAFitness W SLL fun   =   (11) 

Here SLL_fun(θ, φ) is the sidelobe level for a beam directed toward (θ, φ), and W(θ, φ) is the 

corresponding weight. The fitness is the weighted sum of SLL_fun over all prescribed 

directions. The optimization terminates when the target fitness or the maximum number of 

generations is reached. 

Figure 6a shows the optimized allocation for forward y-polarized reflection at 15° and 

forward y-polarized transmission at -15°, and Fig. 6b shows its four-state code. Codes 1 and 2 

correspond to reflection states 00 and 11, whereas codes 3 and 4 correspond to transmission 

states 01 and 10. The same aperture simultaneously produces backward x-polarized reflection 

at 165° and backward x-polarized transmission at 195°. Figure 6c gives the allocation for 

reflection at 15° and transmission at -30°; additional cases are provided in Supplementary Fig. 

S11. Simulations in Figs. 6d and 6e confirm four beams when the reflection direction is 15° or 

30° and the transmission direction is -15°, -30°, or -45°. For the representative 15°/-15° case, 

the forward and backward reflection gains are 12.65 dBi and 3.21 dBi, respectively, and the 

forward and backward transmission gains are 11.75 dBi and 11.85 dBi. The substantially lower 

backward-reflection gain reveals a pronounced imbalance among the four beams. 

Measurements in Figs. 6f and 6g reproduce the four-beam response for both reflection angles 

and all three transmission angles. The two y-polarized beams occupy the forward half-space 

and the two x-polarized beams occupy the backward half-space, demonstrating simultaneous 

full-space multipolarization control. 
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Discussion 

The proposed Janus RIS combines bidirectional reflection, polarization-converting 

bidirectional transmission, and simultaneous four-beam operation in a single 1-bit aperture. Its 

distinguishing feature is the microstrip-line phase precompensation: the same four line lengths 

provide 0°/90°/180°/270° offsets for backward reflection and 0°/45°/90°/135° offsets for 

transmission, while the PIN states retain simple binary control. Measurements of the 12 × 12 

prototype agree with the simulated steering trends in both principal planes and across 3.8-3.9 

GHz. The measured peak gains reach 18.31 dBi in reflection and 18.22 dBi in transmission, 

with 1-dB gain bandwidths of 3.76-3.98 GHz and 3.7-4.05 GHz, respectively. The simultaneous 

transmission-reflection configuration extends this functionality to four beams, but spatial 

partitioning reduces the available aperture for each function; the 3.21 dBi backward-reflection 

gain in the representative four-beam case illustrates this trade-off. The measured peak aperture 

efficiencies of 21.3% and 20.7% also leave scope for reducing diode, conductor, dielectric, and 

feed losses. In addition, the present validation uses a 12 × 12 aperture and asymmetric near-

field/approximately plane-wave excitation, rather than a complete communication link. Larger 

apertures, integrated feeding and control electronics, and link-level measurements will be 

required to establish scalability and system-level benefit. Within these limits, the results show 

that phase-precompensated binary meta-atoms can consolidate several full-space wave-control 

functions without increasing the number of active phase states. 

 

Methods 

Design and simulation. The meta-atom was modeled by full-wave electromagnetic simulation 

using the receiver-ground-transmitter architecture described above. Substrates 1 and 3 were 3 

mm thick, substrate 2 was 0.254 mm thick, and adjacent layers were bonded with 0.1 mm 

Rogers 4450F films. All substrates were assigned a relative permittivity of 3.55 and a loss 

tangent of 0.005. The receiving patch contained two SMP1340 PIN diodes and two 3.5 pF DC-

blocking capacitors; three 33 nH inductors isolated the RF path from the DC bias lines. The 

diode ON state was represented by a series resistance and inductance (Ron = 0.85 Ω and Ln = 

0.45 nH), and the OFF state by a series capacitance and inductance (Coff = 0.21 pF and Ln = 

0.45 nH), as detailed in Supplementary Note 1. Array phase codes were calculated with Eqs. 

(1)-(8), and the simultaneous transmission-reflection element allocation was optimized with the 

sidelobe objective in Eqs. (9)-(11). 
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Fabrication. A 12 × 12 RIS with a 33 mm element period was fabricated to validate the design. 

The receiving array, ground plane, microstrip-delay layer, and transmitting array were aligned 

and bonded as shown in Supplementary Fig. S4 and Fig. 4a. Each element was connected to 

one ground line and two independently controlled PIN-diode bias lines. 

 

Measurements. The prototype was characterized in a microwave anechoic chamber using the 

arrangement in Fig. 4b. Far-field patterns were recorded in the E- and H-planes at 3.8, 3.85, and 

3.9 GHz for forward y-polarized reflection, backward x-polarized reflection, and bidirectional 

transmission. The horns were positioned at F/D = 0.8 for the near-field measurements. 

Reflection and transmission patterns were measured for scan angles up to ±60°, and the sparse-

aperture configuration was evaluated for simultaneous four-beam operation. Gain and aperture 

efficiency were measured for the forward reflection and transmission configurations and 

compared with the simulations in Fig. 5m. 

Supplementary information 

Supplementary information accompanies this manuscript. 

 

Acknowledgements 

This work was supported by the National Natural Science Foundation of China under Grant 

62288101, National Science and Technology Major Project of the Ministry of Science and 

Technology of China under Grant 2026ZD1306300, National Key Research and Development 

Program of China under Grant 2023YFB3811503, and the Fundamental Research Funds for the 

Central Universities under Grant 20103224952 and YJSJ25008. 

 

Competing interests 

The authors declare no competing interests. 

 

Data availability 

The data supporting the findings of this study are available from the corresponding author upon 

reasonable request. 

 

 

 



  

17 

 

References 

1.  Chowdhury, M. Z., Shahjalal, Md., Ahmed, S. & Jang, Y. M. 6G Wireless Communication 

Systems: Applications, Requirements, Technologies, Challenges, and Research Directions. 

IEEE Open J. Commun. Soc. 1, 957–975 (2020). 

2.  Akyildiz, I. F., Kak, A. & Nie, S. 6G and Beyond: The Future of Wireless 

Communications Systems. IEEE Access 8, 133995–134030 (2020). 

3.  Wang, C.-X. et al. On the Road to 6G: Visions, Requirements, Key Technologies, and 

Testbeds. IEEE Commun. Surv. Tutorials 25, 905–974 (2023). 

4.  Wu, Q. & Zhang, R. Towards Smart and Reconfigurable Environment: Intelligent 

Reflecting Surface Aided Wireless Network. IEEE Commun. Mag. 58, 106–112 (2020). 

5.  Tang, W. et al. Wireless Communications With Reconfigurable Intelligent Surface: Path 

Loss Modeling and Experimental Measurement. IEEE Trans. Wireless Commun. 20, 421–

439 (2021). 

6.  Di Renzo, M., Danufane, F. H. & Tretyakov, S. Communication Models for 

Reconfigurable Intelligent Surfaces: From Surface Electromagnetics to Wireless 

Networks Optimization. Proc. IEEE 110, 1164–1209 (2022). 

7.  Ahmed, M. et al. Active Reconfigurable Intelligent Surfaces: Expanding the Frontiers of 

Wireless Communication-A Survey. IEEE Commun. Surv. Tutorials 1–1 (2024). 

8.  Mazloum, T. et al. Indoor Channel Characterization Using Transmitting and Reflecting 

RIS at mmWaves. IEEE Trans. Antennas Propagat. 73, 2026–2037 (2025). 

9.  Cui, T. J., Qi, M. Q., Wan, X., Zhao, J. & Cheng, Q. Coding metamaterials, digital 

metamaterials and programmable metamaterials. Light Sci Appl 3, e218–e218 (2014). 

10.  Ma, Q. et al. Information metasurfaces and intelligent metasurfaces. Photonics Insights 1, 

R01 (2022). 

11.  Cheng, Q. et al. Reconfigurable Intelligent Surfaces: Simplified-Architecture 

Transmitters—From Theory to Implementations. Proc. IEEE 110, 1266–1289 (2022). 

12.  Qian, C., Tian, L. & Chen, H. Progress on intelligent metasurfaces for signal relay, 

transmitter, and processor. Light Sci Appl 14, 93 (2025). 

13.  Xia, D. et al. MetaBreath: Multitarget Respiration Detection Based on Space-Time-

Coding Digital Metasurface. IEEE Trans. Microwave Theory Techn. 72, 1433–1443 

(2024). 

14.  Ma, X. et al. A Wideband 1-bit Reconfigurable Electromagnetic Surface for Monopulse 

Radar Applications. IEEE Trans. Antennas Propagat. 71, 5475–5480 (2023). 



  

18 

 

15.  Han, J. et al. Adaptively Smart Wireless Power Transfer Using 2-Bit Programmable 

Metasurface. IEEE Trans. Ind. Electron. 69, 8524–8534 (2022). 

16.  Xia, D. X. et al. Adaptive wireless-powered network based on CNN near-field positioning 

by a dual-band metasurface. Nat Commun 15, 10358 (2024). 

17.  Wang, S. R., Chen, M. Z., Ke, J. C., Cheng, Q. & Cui, T. J. Asynchronous Space‐Time‐

Coding Digital Metasurface. Adv Sci 9, 2200106 (2022). 

18.  Zhang, L. et al. A wireless communication scheme based on space- and frequency-

division multiplexing using digital metasurfaces. Nat Electron 4, 218–227 (2021). 

19.  Huang, C. X., Zhang, J., Cheng, Q. & Cui, T. J. Polarization Modulation for Wireless 

Communications Based on Metasurfaces. Adv Funct Materials 31, 2103379 (2021). 

20.  Zheng, Y. et al. Metasurface‐Assisted Wireless Communication with Physical Level 

Information Encryption. Adv Sci 9, 2204558 (2022). 

21.  Wang, S. R. et al. Manipulations of multi-frequency waves and signals via multi-partition 

asynchronous space-time-coding digital metasurface. Nat Commun 14, 5377 (2023). 

22.  Yao, H. et al. A Low-Profile Programmable Metasurface Antenna for Harmonic 

Modulation and Wireless Communication Applications. IEEE Trans. Antennas Propagat. 

73, 1406–1413 (2025). 

23.  Wang, Z. X. et al. A Dual‐Polarization Programmable Metasurface for Green and Secure 

Wireless Communication. Adv Sci 2403624 (2024). 

24.  Xue, H. et al. A Reconfigurable Metasurface Enhancing Signal Coverage for Wireless 

Communication Using Reduced Numbers of p-i-n Diodes. IEEE Trans. Microwave 

Theory Techn. 72, 1964–1978 (2024). 

25.  Han, J. Q. et al. Indoor Non‐Line‐of‐Sight Millimeter‐Wave Coverage Enhancements by 

Field‐Reorganizable Passive Digital Coding Metasurfaces. Advanced Photonics Research 

4, 2300188 (2023). 

26.  Liang, J. C. et al. A filtering reconfigurable intelligent surface for interference-free 

wireless communications. Nat Commun 15, 3838 (2024). 

27.  Wang, R., Yang, Y., Makki, B. & Shamim, A. A Wideband Reconfigurable Intelligent 

Surface for 5G Millimeter-Wave Applications. IEEE Trans. Antennas Propagat. 72, 

2399–2410 (2024). 

28.  Kossifos, K. M., Georgiou, J. & Antoniades, M. A. ASIC-Enabled Programmable 

Metasurfaces—Part 2: Performance and Synthesis. IEEE Trans. Antennas Propagat. 72, 

2800–2810 (2024). 



  

19 

 

29.  Wu, F. et al. A Circularly Polarized 1 Bit Electronically Reconfigurable Reflectarray 

Based on Electromagnetic Element Rotation. IEEE Trans. Antennas Propagat. 69, 5585–

5595 (2021). 

30.  Hao, Y., Deng, C., Cao, X., Yin, Y. & Sarabandi, K. A High Aperture Efficiency 1-bit 

Reconfigurable Reflectarray Antenna With Extremely Low Power Consumption. IEEE 

Trans. Antennas Propagat. 72, 1015–1020 (2024). 

31.  Liu, C., Yang, F., Xu, S. & Li, M. An E-Band Reconfigurable Reflectarray Antenna Using 

p-i-n Diodes for Millimeter-Wave Communications. IEEE Trans. Antennas Propagat. 71, 

6924–6929 (2023). 

32.  Yu, H. et al. Quad-Polarization Reconfigurable Reflectarray With Independent Beam-

Scanning and Polarization Switching Capabilities. IEEE Trans. Antennas Propagat. 71, 

7285–7298 (2023). 

33.  Yang, N. et al. A 2-Bit Programmable Reflectarray Antenna Based on a Polarization-

Insensitive Metasurface. IEEE Trans. Antennas Propagat. 72, 5539–5549 (2024). 

34.  Wang, H. L. et al. Multichannel highly secure wireless communication system with 

information camouflage capability. Sci. Adv. 10, eadk7557 (2024). 

35.  Clemente, A., Dussopt, L., Sauleau, R., Potier, P. & Pouliguen, P. Wideband 400-Element 

Electronically Reconfigurable Transmitarray in X Band. IEEE Trans. Antennas Propagat. 

61, 5017–5027 (2013). 

36.  Huang, C. et al. Using Reconfigurable Transmitarray to Achieve Beam-Steering and 

Polarization Manipulation Applications. IEEE Trans. Antennas Propagat. 63, 4801–4810 

(2015). 

37.  Di Palma, L. et al. Circularly-Polarized Reconfigurable Transmitarray in Ka-Band With 

Beam Scanning and Polarization Switching Capabilities. IEEE Trans. Antennas Propagat. 

65, 529–540 (2017). 

38.  Wang, Y., Xu, S., Yang, F. & Li, M. A Novel 1 Bit Wide-Angle Beam Scanning 

Reconfigurable Transmitarray Antenna Using an Equivalent Magnetic Dipole Element. 

IEEE Trans. Antennas Propagat. 68, 5691–5695 (2020). 

39.  Tian, J., Li, S., He, C. & Zhu, W. Wideband Transmissive Programmable Metasurface for 

Adaptive Millimeter‐Wave Beamforming. Laser & Photonics Reviews 19, 2401333 

(2025). 

40.  Mu, Y. et al. A Self‐Powered Reconfigurable Intelligent Metasurface. Adv Materials 

Technologies 9, 2301896 (2024). 



  

20 

 

41.  Mu, Y. et al. Time‐Space‐Coding Radiation‐Stealth Metasurface with Amplitude‐Phase 

Co‐Modulation. Adv Funct Materials 2407802 (2024). 

42.  Chen, X. Q. et al. Integrated sensing and communication based on space-time-coding 

metasurfaces. Nat Commun 16, 1836 (2025). 

43.  Wang, S. R. et al. Multi‐Domain Manipulations of Multi‐Frequency Waves Based on 

Asynchronous Space‐Time‐Coding Digital Metasurface. Laser & Photonics Reviews 

2500184 (2025). 

44.  Ni, W. et al. From Single to Multi-Functional RIS: Architecture, Key Technologies, 

Challenges, and Applications. IEEE Network 39, 38–46 (2025). 

45.  Yu, H. et al. Reconfigurable Bidirectional Beam-Steering Aperture With Transmitarray, 

Reflectarray, and Transmit-Reflect-Array Modes Switching. IEEE Trans. Antennas 

Propagat. 71, 581–595 (2023). 

46.  Mu, Y., Xia, D., Han, J., Liu, H. & Li, L. Low In-Band RCS Reconfigurable Metasurface 

With LP Feed for CP Transmission, LP Reflection, and Simultaneous Transmission-

Reflection Modes’ Switching. IEEE Trans. Antennas Propagat. 72, 7749–7762 (2024). 

47.  Liu, G., Liu, H., Han, J., Mu, Y. & Li, L. Reconfigurable metasurface with polarization-

independent manipulation for reflection and transmission wavefronts. J. Phys. D: Appl. 

Phys. 53, 045107 (2020). 

48.  Yin, T., Ren, J., Chen, Y., Xu, K. & Yin, Y. Highly Integrated Reconfigurable Shared-

Aperture EM Surface With Multifunctionality in Transmission, Reflection, and 

Absorption. IEEE Trans. Antennas Propagat. 72, 6789–6794 (2024). 

49.  Xiang, M., Xiao, Y., Deng, J., Xu, S. & Yang, F. Simultaneous Transmitting and 

Reflecting Reconfigurable Array (STAR-RA) With Independent Beams. IEEE Trans. 

Antennas Propagat. 71, 8338–8343 (2023). 

50.  Tian, J. et al. Realization and Analysis of Low-Loss Reconfigurable Quasi-Periodic 

Coding Metasurfaces for Low-Cost Single-Beam Scanning. IEEE Trans. Microwave 

Theory Techn. 72, 5071–5081 (2024). 

51.  Mu, Y., Xia, D., Han, J., Ma, X. & Li, L. 1-Bit Programmable Circularly Polarized Beam 

Scanning Array Based on PB Phase. in 2023 International Applied Computational 

Electromagnetics Society Symposium (ACES-China) 1–3 (IEEE, Hangzhou, China, 2023). 

 



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

SupportingInformation.docx

https://assets-eu.researchsquare.com/files/rs-10865143/v1/081779c777aa71ad18c4cfb5.docx

