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Nonreciprocal radiation refers to electromagnetic wave radiation in which a structure pro-7

vides different response under the change of the direction of the incident field. Modern8

wireless telecommunication systems demand versatile apparatuses which are capable of full-9

duplex nonreciprocal wave processing and amplification, especially in the reflective state.10

Here, we propose full-duplex reflective beamsteering metasurfaces for magnetless nonrecip-11

rocal wave amplification. To realize such a unique, extraordinary and versatile functional-12

ity, we propose a completely new architecture in which a chain of series cascaded radiat-13

ing patches are integrated with nonreciprocal phase shifters, providing an efficient mech-14

anism for wave reception, signal amplification, nonmagnetic nonreciprocal phase shifting15

and steerable wave reflection. Having accomplished all these functionalities in the reflec-16

tive state, the metasurface represents a conspicuous apparatus for efficient, controllable and17

programmable wave engineering for wireless telecommunications. Such an ultrathin reflec-18

tive metasurface can provide directive and diverse radiation beams, and steerable beams by19

simply changing the bias of the gradient active nonmagnetic nonreciprocal phase shifters.20
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The proposed structure provides large wave amplification and is immune to undesired time21

harmonics, yielding a highly efficient full-duplex reflective beamsteering apparatus.22

1 Introduction23

Over the past decade, the advent and development of metasurfaces has led to significant advances24

to wave processing in modern telecommunication and optical systems1–14. However, conventional25

static metasurfaces are restricted by the Lorentz reciprocity theorem which significantly limits their26

applications as versatile wave shapers and wave processors in modern wireless communication sys-27

tems. Ferrite-based magnetic materials have been used for nonreciprocity implementation but they28

are cumbersome, costly, are not compatible with printed circuit board technology, and are not suit-29

able for high frequency applications and future generation telecommunication systems. It is an30

object of this study to overcome some of the above-noted disadvantages. Lately, there has been a31

substantial scientific attraction to magnetless active metasurfaces for nonreciprocal wave process-32

ing8,12,14–17. Magnet-free nonreciprocal metasurfaces provide huge degrees of freedom for arbitrary33

alteration of the wavevector and temporal frequency of electromagnetic waves8,12,14–23,23–25. They34

may be classified into two main categories, that is, space-time metasurfaces12,17,19,21,21,23,25–29 and35

transistor-loaded metasurfaces8,15,30–32,32–34. Among these nonreciprocity approaches, transistor-36

based nonreciprocity is of high interest thanks to its immense capability for efficient nonreciprocal37

electromagnetic-wave amplification while breaking the time reversal symmetry.38

Active metasurfaces provide huge degrees of freedom for arbitrary and unidirectional alter-39

ation of the wavevector and amplitude of electromagnetic waves8,12,16,19,19–24,35. They represent40
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a class of compact dynamic wave processors for extraordinary transmission of electromagnetic41

waves. Reflective active metasurfaces represent a class of metasurfaces for simple and advanced42

wave tailoring19,21,23,27,30,31,33,36. They can be installed on a wall or inside a device like a cell phone43

or a laptop to provide a diverse range of wave engineering.44

This paper proposes a low-profile reflective metasurfaces for nonreciprocal wave engineer-45

ing and electromagnetic wave radiation control. The proposed reflective metasurface is capable46

of providing full-duplex unidirectional wave amplification and beam-steering. We introduce an47

original metasurface architecture in which a chain of series cascaded radiating patches are inte-48

grated with nonreciprocal phase shifters, providing an efficient mechanism for wave reception,49

unilateral signal amplification, nonmagnetic nonreciprocal phase shifting and steerable wave re-50

flection. Such a unique, extraordinary and useful functionality has not been reported previously51

and is expected to find various applications in modern telecommunication systems. We provide the52

theory, simulation and experimental results of full-duplex nonreciprocal-beam-steering and wave53

amplification of these reflective metasurfaces. Such metasurfaces may be placed on a wall, thereby54

amplifying, transforming and directing the radiation pattern of a source antenna or a received wave55

non-reciprocally, while providing different radiation beams for the reception and reflection states.56

Such metasurfaces are composed of chains of transistor-based nonreciprocal phase shifters inter-57

connected to antenna elements.58

The proposed apparatus may be placed on a wall or in front of an antenna to amplify a59

wave, and/or steer a beam to a desired direction, i.e., transform the radiation pattern and introduce60
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different radiation patterns for waves incident from its left and right sides. The metasurface is61

endowed with directive, diverse and asymmetric reflection and reception radiation beams, and62

tunable beam shapes. Furthermore, these beams can be steered by changing the DC bias of the63

novel nonreciprocal phase shifters. Moreover, there is no undesired harmonics, yielding a high64

conversion efficiency with significant wave amplification which is of paramount importance for65

practical applications such as point to point full-duplex communications.66

2 Operation Principle67

Figure 1 shows the realization of the proposed reflective transistor-based metasurface. The meta-68

surface is formed by a set of phase-gradient cascaded radiator-amplifier-phaser supercells. The69

metasurface comprises a dielectric layer sandwiched between two conductor layers. The bottom70

conductor layer acts as the ground plane of the patch antenna elements and also includes the di-71

rect current (DC) signal patch of the unilateral circuits. The top conductor layer includes patch72

antenna elements, transistors, and phase shifters. The dielectric layer separates the two conductor73

layers from each other. Each supercell is formed by a patch antenna element, a phase shifter and a74

unilateral circuit. When an electromagnetic wave is received at the surface of the metasurface, the75

metasurface reflects a wave having an identical frequency to the frequency of the received wave76

but towards a desired direction in space.77

The metasurface system comprises a dielectric layer interposed between two conductor lay-78

ers. Each of the conductor layers is formed by a plurality of supercells embedded therein. Each79
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supercell in the plurality of supercells comprises a microstrip patch radiator in electrical connection80

with a phase shifter and a unilateral transistor-based amplifier. The transistor radio frequency (RF)81

circuit includes two decoupling capacitors, and the DC biasing circuit of the transistor includes a82

choke inductor, two bypass capacitors and one biasing resistor. A DC signal biases the transistors83

to create a gradient non-reciprocal phase shift profile.84

Figure 2 sketches the high-level architecture of the proposed reflective beamsteering meta-

surface. The metasurface thickness is subwavelength. In the forward problem, denoted by “F”,

the incoming wave from the right side impinges on the metasurface under the angle of incidence

θi which is inside the reception beam of the metasurface. The reception beam of the metasurface

is governed by the gradient phase shifters in each supercell. Hence, the wave is received by the

metasurface, acquires a power gain and is reflected at the desired angle of reflection θF
r , instead

of the reflection angle θr = −θi corresponding to the specular angle for reflection in conventional

surfaces. In contrast, in the backward problem, denoted by “B”, the incoming wave from the left

side impinges on the metasurface under the angle of incidence −θi which is outside the reception

beam of the metasurface. Therefore, the wave is not received by the metasurface and is reflected at

the reflection angle θB
r without reflection gain. Therefore, at a given frequency and for symmetric

wave incidences, where θB
i = −θF

i , the reflective metasurface introduces different, nonreciprocal

and asymmetric radiation patterns for the forward and backward incidences, i.e.,

θF
r 6= −θB

r , (1)

and

EF 6= EB, |E(θF
r )| > |E(θB

r )|, (2)
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Figure 3 describes the beamsteering mechanism, including wave incidence and reflection

from the cascaded supercells of the metasurface in Figs. 1 and 2. Each chain is constituted by

N interconnected supercells, each of which is formed by a radiating patch element characterized

by the length L and phase shift φp, a unilateral transistor-based amplifier characterized by the

transmission function TU and the phase shift φU, and a gradient phase shifter characterized by the

transmission function Tφn
and phase shift φn, where 1 < n < N . The incoming wave from the

right side impinges on the metasurface under the angle of incidence θi which is inside the reception

beam of the metasurface, governed by the gradient phase shifters in each supercell. The incident

wave is received by the radiating patch elements upon different phases corresponding to the angle

of incidence θi. Then, the received signal at the feeding ports of the patch elements may be written

in terms of voltages as

Vi,n =
N∑

n=1

V0i,ne
iβ(N−n)d sin(θi), (3)

where β is the wavenumber of the incident wave, and d denotes the distance between two adjacent

elements. The reflected electric field is expressed as

E(θr) =
N∑

n=1

Vo,ne
iβnd sin(θr), (4)

where Vo,n = Vi,n.TU.Tφn
. Hence, the reflected electric field reads

E(θr) =
N∑

n=1

V0i,n.TU.Tφn
eiβd[(N−n) sin(θi)+n sin(θr)], (5)

which demonstrates the effect of the incident angle θi, unilateral transistor-based amplifier transfer85

function TU and the gradient phase shifters transfer function Tφn
on the reflected field magnitude86

and the angle of reflection θr. We shall stress that, here V0i,n is different for forward and backward87
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wave incidences as the metasurface provides an asymmetric reception beam which is realized by88

uni-directional gradient phase shifters.89

Figure 4 depicts a schematic of a chain of the interconnected supercells. Each supercell is90

composed of a patch antenna element, and a nonreciprocal phase shifter. The nonreciprocal phase91

shifters can be either one-way or two-way. A one-way nonreciprocal phase shifter is constituted of92

a unilateral device, e.g. a transistor-based amplifier, incorporated with a fixed phase shifter. The93

patch antenna elements are double-fed microstrip patch antennas to allow the flow of the reflection94

of power in the desired direction inside the metasurface. However, the first and last patch antenna95

elements are single-fed patches. The chain of the interconnected patches and nonreciprocal phase96

shifters behave differently with the incident waves from the right side and the left side.97

For further development of the proposed metasurface and for achieving a more versatile98

structure, one may use a two-way nonreciprocal phase shifter and amplifier as illustrated in Fig. 5.99

Such a nonreciprocal phase shifter is formed by two power dividers, two unilateral transistor-100

based amplifiers, two fixed phase shifters, and four decoupling capacitors. The top and bottom101

phase shifters provide different phase shifts. The top and bottom amplifiers may provide equal am-102

plification and isolation, in the forward and backward directions, respectively. The signal entering103

the structure from the left side goes through the upper arm, experiences amplification by the top104

amplifier and then passes through the top phase shifter. However, the signal entering the structure105

from the right side goes through the lower arm, experiences amplification by the bottom amplifier106

and then passes through the bottom phase shifter.107
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3 Experimental set-up108

Figure 6 illustrates the detailed architecture of the fabricated reflective beamsteering metasurface.109

The top layer includes a set of chains of patches interconnected through one-way transistor-based110

gradient nonreciprocal phase shifters. The bottom conductor layer includes two metallic sheets,111

one acting as the RF grounding of the patch antennas, and the other one provides the DC bias of112

the transistors. The DC bias of the transistors is supplied to the bottom-right side of the top layer,113

transferred to the bottom layer through a via hole, and then supplied to each transistor through a114

via hole.115

Figure 7(a) shows a photo of the fabricated reflective metasurface. The metasurface is formed116

by 30 patch antenna elements, i.e., 20 double-fed and 10 single-fed patch antenna elements, and 25117

nonreciprocal phase shifters. Each nonreciprocal phase shifter includes a reciprocal transmission-118

line based phase shifter, a GAli-2+ transistor-based amplifier, two decoupling capacitors, an induc-119

tor and a bypass capacitor. A total number of 25 Gali-2+ unilateral transistor-based amplifiers, 25120

choke inductors of 15 nH, 25 bypass capacitors of 100 pF and 50 decoupling capacitances of 3 pF121

are used. The metasurface is fabricated as a two-layer circuit, i.e., two conductor layers and one122

dielectric layer, made of Rogers RO4350 with 30 mils height.123

The metasurface comprises a dielectric layer sandwiched between two conductor layers,124

formed by an array chain of supercells. Supercells are comprised of patch antenna elements and125

non-reciprocal tunable phase shifters. When an electromagnetic wave at a given frequency im-126

pinges on the metasurface, the metasurface amplifies the wave instantly and reflects the wave to a127
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desired direction, having an identical frequency to the frequency of the incident wave. The feeding128

line supporting the DC bias of the unilateral amplifiers is embedded inside the bottom conductor129

ground-plane layer. The specifications of the supercells may be varied via a DC signal to con-130

trol the properties of the reflected wave, including the angle of reflection and the amplitude of the131

reflected wave. Each supercell comprises one reciprocal phase shifter, one unilateral transistor-132

based amplifier, one choke inductance, two decoupling capacitances, and one bypass capacitor.133

The choke inductance prevents leakage of the incident electromagnetic wave to the DC biasing134

path, and the decoupling capacitances prevent leakage of the DC bias to the RF path of the next135

supercell.136

Figures 7(b) and 7(c) show a schematic diagram illustrating the experimental demonstration137

of the nonreciprocal radiation beam reflective metasurface. The measurement set-up consists of138

the fabricated reflective metasurface, an absorber for holding the metasurface, a vector network139

analyzer, a DC power supply and two horn antennas.140

4 Nonreciprocal beamsteering141

Figure 8 illustrates full-duplex operation in the proposed reflective nonreciprocal-beam metasur-142

face. Here, the incoming wave from the right side impinges on the metasurface and reflects to the143

left side and is received by the main RX and TX port at the left side of the metasurface upon the144

angle of reception θRX. However, the transmitting wave from the main RX and TX port impinges145

on the metasurfaces and reflects under the reflection angle θTX 6= θRX while experiencing a much146
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lower gain. As a result, the metasurface functions as a full-duplex nonreciprocal-beam apparatus,147

where simultaneous reflection and reception at different angles is achieved.148

Figures 9(a) to 9(h) plot the full-wave simulation results illustrating the nonreciprocal re-149

flective beamsteering mechanism of the proposed metasurface. Here, the reflection gain of the150

metasurface for forward wave incidence is set to 1 for the sake of presentation so that both incident151

and reflected waves can be seen. As we see in these figures, the metasurface introduces different152

angles of reflection for each angle of incidence.153

Figure 10(a) plots the experimental results demonstrating the nonreciprocal full-duplex beam154

steering functionality for wave incidence from the angle of incidence of +80 degrees. For the for-155

ward problem, where the incident wave impinges on the metasurface from the right side, i.e., upon156

the angle of incidence of +80 degrees, the wave is being amplified, about 16.5 dB by the meta-157

surface instantly and is reflected to the desired angle of reflection of -5 degrees. However, for158

the backward problem, where the incident wave impinges on the metasurface from the left side,159

i.e., upon the angles of incidence of -5 and -80 degrees, the wave is not amplified significantly.160

The nonreciprocal-beam full-duplex operation in Fig. 10(a) is as follows. The main port for the161

reception and reflection is placed at -5 degrees. As a result, a reflection gain of +7.8 dB from -5162

to +32 is achieved. However, a reception gain of 16.2 dB is achieved from +80 to -5. Hence,163

the metasurface is capable of simultaneous reception and reflection but at different reception and164

reflection angles, i.e. with a reflection angle of +32 degrees and a reception angle of +80 degrees.165

Figure 10(b) plots the experimental results demonstrating the frequency response of the nonrecip-166
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rocal full-duplex beam steering functionality for wave incidence from the angle of incidence of 80167

degrees. The isolation between the wave reflection at different angles shows that a proper wave168

amplification and isolation is achieved at the frequency of 5.81 GHz.169

Figure 10(c) plots the experimental results demonstrating the nonreciprocal full-duplex beam170

steering functionality for wave incidence from the angle of incidence of +70 degrees. For the171

forward problem, where the incident wave impinges on the metasurface from the right side, i.e.,172

upon the angle of incidence of +70 degrees, the wave is being amplified about 19 dB by the173

metasurface and is reflected to the desired angle of reflection of -20 degrees. However, for the174

backward problem, where the incident wave impinges on the metasurface from the left side, i.e.,175

upon the angles of incidence of -20 and -70 degrees, the wave is amplified less than 13 dB and under176

angles of reflection corresponding to the opposite of angles of incidence. The nonreciprocal-beam177

full-duplex operation in Fig. 10(c) is as follows. The main port for the reception and reflection is178

placed at -20 degrees. As a result, a reflection gain of +12 dB from -20 to +20 degrees is achieved.179

However, a reception gain of 18.5 dB is achieved from +70 to -20 degrees. Hence, the metasurface180

is capable of simultaneous reflection and reception but at different reception and reflection angles,181

i.e. with a reflection angle of +20 degrees and a reception angle of +70 degrees. Figure 10(d) plots182

the experimental results demonstrating the frequency response of the nonreciprocal full-duplex183

beam steering functionality for wave incidence from the angle of incidence of 70 degrees. The184

isolation between the wave reflection at different angles shows that a proper wave amplification185

and isolation is achieved at the frequency of 5.81 GHz.186
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Figure 10(e) plots the experimental results demonstrating the nonreciprocal full-duplex beam187

steering functionality for wave incidence from the angle of incidence of 60 degrees. For the for-188

ward problem, where the incident wave impinges on the metasurface from the right side, i.e., upon189

the angle of incidence of +60 degrees, the wave is being amplified more than 21.2 dB by the meta-190

surface instantly and is reflected to the desired angle of reflection of -28.5 degrees. However, for191

the backward problem, where the incident wave impinges on the metasurface from the left side,192

i.e., upon the angle of incidence of –28.5 and -60 degrees, the wave is not amplified significantly.193

Nonreciprocal operation of the metasurface is not only relevant to different wave amplification194

for forward and backward wave incidences, but also to angular beamsteering. The nonreciprocal195

beamsteering operation of the metasurfaces is as follows. For the forward problem, corresponding196

to the angle of incidence of +60 degrees, the ordinary reflection reads -60 degrees, but the wave is197

steered toward -28.5 degree according to the phase gradient profile of the metasurface. However,198

for the backward wave incidence, corresponding to the angle of incidence of -28.5 degree, the wave199

is reflected under the ordinary angle of reflection, i.e., +28 degrees. This is due to the fact that the200

nonreciprocal phase gradient profile of the metasurface mainly affects the forward waves coming201

from the right side. Figure 10(f) plots the experimental results demonstrating the frequency re-202

sponse of the nonreciprocal full-duplex beam steering functionality for wave incidence from the203

angle of incidence of 60 degrees. The isolation between the wave reflection at different angles204

shows that a proper wave amplification and isolation is achieved at the frequency of 5.81 GHz.205

Figure 10(g) plots the experimental results demonstrating the nonreciprocal full-duplex beam206

steering functionality for wave incidence from the angle of incidence of 50 degrees. For the for-207
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ward problem, where the incident wave impinges on the metasurface from the right side, i.e., upon208

the angle of incidence of +50 degrees, the wave is being amplified, more than 21.7 dB, by the meta-209

surface instantly and is reflected to the desired angle of reflection of -20 degrees. However, for the210

backward problem, where the incident wave impinges on the metasurface from the left side, i.e.,211

upon the angle of incidence of -20 and -50 degrees, the waves are reflected approximately under or-212

dinary angles of reflection and with much less power amplification. The nonreciprocal full-duplex213

operation in Fig. 10(g) is as follows. The main port for the reception and reflection is placed at -20214

degrees. As a result, a reflection gain of +12 dB from -20 to +24 degrees is achieved. However,215

a reception gain of 21.6 dB is achieved from +50 to -20 degrees. Hence, the metasurface is ca-216

pable of simultaneous reception and reflection but at different reflection and reception angles, i.e.217

with a reflection angle of +24 degree and a reception angle of +50 degrees. Figure 10(h) plots the218

experimental results demonstrating the frequency response of the nonreciprocal full-duplex beam219

steering functionality for wave incidence from the angle of incidence of 50 degrees. The isolation220

between the wave reflection at different angles shows that more than 21.7 dB wave amplification221

and isolation is achieved at the frequency of 5.81 GHz.222

Next, we show the strong nonreciprocal amplification regime of the metasurface, where223

θi < 45◦. Here, more than 21 dB reflection gain for forward wave incidence is achieved while224

the backward reflection gain is less than 3dB. The metasurface is designed to present full ampli-225

fication for θi = 40◦ corresponding to the normal reflection, i.e., θr = 0◦. Figure 11(a) plots the226

experimental results demonstrating the nonreciprocal full-duplex wave amplification functionality227

for wave incidence from the angle of incidence of 40 degrees. For the forward problem, where the228
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incident wave impinges on the metasurface from the right side, i.e., upon the angle of incidence229

of +40 degrees, the wave is being amplified, about 21.6 dB, by the metasurface instantly and is230

reflected to the desired angle of reflection of zero degree. However, for the backward problem,231

where the incident wave impinges on the metasurface from the left side, i.e., under the angle of232

incidence of -40 degrees, the wave is not amplified significantly.233

Figure 11(b) plots the experimental results demonstrating the nonreciprocal full-duplex beam234

steering functionality for wave incidence from the angle of incidence of 45 degrees. For the for-235

ward problem, where the incident wave impinges on the metasurface from the right side, i.e., upon236

the angle of incidence of +45 degree, the wave is being amplified, more than 25 dB, by the meta-237

surface instantly and is reflected to the desired angle of reflection of -18 degrees. However, for238

the backward problem, where the incident wave impinges on the metasurface from the left side,239

i.e., under the angle of incidence of -45 degree, the wave is not amplified significantly and is not240

beam-steered.241

Table 1 lists a summary of the full-duplex nonreciprocal beamsteering reflective metasurface242

performance.243

5 Programmable and Controllable Beamsteering244

Figure 12(a) plots the experimental results demonstrating the beam steering functionality through245

changing the phase shift of the nonreciprocal phase shifters for wave incidence from the angle of246

incidence of +30 degrees at the frequency 5.8 GHz. For the forward problem, where the incident247
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wave impinges on the metasurface from the right side, i.e., upon the angle of incidence of +60248

degrees, the wave is being amplified more than 10 dB by the metasurface instantly and is reflected249

to different desired angles of reflection for the DC bias of 3.7V and 3.84V.250

Figure 12(b) plots the experimental results demonstrating the beam steering functionality251

through changing the phase shift of the nonreciprocal phase shifters, by the DC bias, for wave252

incidence from the angle of incidence of +60 degrees at 5.8 GHz. For the forward problem, where253

the incident wave impinges on the metasurface from the right side, i.e., upon the angle of incidence254

of +60 degrees, the wave is being amplified more than 10 dB, by the metasurface instantly and is255

reflected to different desired angles of reflection for the DC bias of 3.6V, 3.84V and 4V.256

6 Near-Field Operation257

Figure 13(a) shows a schematic representation of the near-field experimental set-up of the nonre-258

ciprocal radiation beam reflective metasurface. In this experiment, the two source horn antennas259

are placed inside the near-field zone of the metasurface and very close to the metasurface.260

Figure 13(b) plots the experimental results demonstrating the near-field performance of the261

metasurface for wave incidence from the angle of incidence of +40 degrees. This figure shows262

that the metasurface provides very close results for both far-field and near-field experiments. This263

shows great performance of the metasurface in the near-field. Such a unique near-field perfor-264

mance, i.e, near-field wave amplification, nonreciprocity, and beam-steering, is expected to find265

numerous applications in 6G indoor wireless communications.266
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7 Discussion267

The main concept of this paper is the realization of a reflective metasurface which is capable of non-268

reciprocal beam generation. Such a metasurface realizes full-duplex nonreciprocal-beamsteering269

and amplification in the reflective state where simultaneous reception and reflection of waves are270

accomplished but at different reflection angles, lacking any undesired frequency change and with271

distinct reception and reflection gains. This is totally different than other proposed nonrecipro-272

cal metasurfaces16,21,27,34,37,38 in which the metasurface changes the spectrum of the incident wave273

and introduces an undesired frequency alteration. The recently proposed nonreciprocal reflective274

time-modulated metasurfaces16,21,27,34,38 suffer from an unwanted frequency change in the spec-275

trum of the incident wave, so that the reflected wave acquires a different frequency than the incident276

wave. Such a frequency change is very impractical as the frequency conversion ratio is very small277

so that one cannot achieve a practical frequency conversion functionality. However, in our pro-278

posed nonreciprocal-beam metasurface, the incident and reflected waves share the same frequency.279

Hence, the proposed metasurface is more practical. Furthermore, some of the recently proposed280

nonreciprocal metasurfaces are transmissive structures8,12, which are not suitable for practical ap-281

plications. In contrast, the proposed reflective metasurface in this study is very practical as it can282

be mounted on a wall and provide a desired beamsteering and amplification.283

We have introduced a new architecture for reflective wave engineering comprising chains284

of patch antenna elements with embedded non-reciprocal amplifying phase shifters. This archi-285

tecture is unique even in the case of traditional reciprocal reflect-arrays39,40. For the proposed286
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non-reciprocal reflective surface, there is no inherent limit to the bandwidth as the frequency band-287

width of the proposed unit cells can be easily enhanced through engineering approaches for the288

bandwidth enhancement of patch resonators41,42.289

In terms of applications, such metasurfaces can be elegantly mounted on a wall or on a290

smart device in a seamless way. These surfaces are capable of massive MIMO beam-forming,291

as no excessive RF feed lines and matching circuits are required, the metasurface functional-292

ity and operation can be fully controlled and programmed through biasing of unilateral devices293

and phase shifters, as well as tunable patch radiators. Highly directive and reflective full-duplex294

nonreciprocal-beam operation is a very promising feature of the proposed metasurface to be used295

for a low-cost high capability and programmable wireless beam-forming. The metasurfaces can296

become the core of an intelligent connectivity solution for signal enhancement in WiFi , cellu-297

lar, satellite receivers and IoT sensors. It provides fast scanning between users while providing298

full-duplex multiple access and signal coding.299

8 Conclusion300

We have proposed a reflective metasurface that provides the opportunity to realize full-duplex re-301

flection beamsteering accompanied by wave amplification. A mechanism is proposed to achieve302

nonreciprocal beam operation in the reflection state, such that the structure can be used as a radome303

for antennas or can be installed on a wall. The incident and reflected waves share the same fre-304

quency. The nonreciprocal phase and magnitude transitions in supercells are used to realize a radi-305
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ating nonreciprocal phase shifter, where the structure is immune to undesired frequency harmonics.306

The frequency bandwidth of the proposed supercells may be enhanced by using engineering ap-307

proaches for the bandwidth enhancement of microstrip patch elements and nonreciprocal phase308

shifters. Given the strong capability of the proposed metasurface in both near-field and far-field309

wave amplification, nonreciprocity, and beam-steering, the structure is expected to find numerous310

applications in 6G and massive MIMO indoor wireless communications.311

312 1. Yu, N. et al. Light propagation with phase discontinuities: Generalized laws of reflection and313

refraction. Science 334, 333–337 (2011).314

2. Wakatsuchi, H., Kim, S., Rushton, J. J. & Sievenpiper, D. F. Waveform-dependent absorbing315

metasurfaces. Phys. Rev. Lett. 111, 245501 (2013).316

3. Ni, X., Kildishev, A. V. & Shalaev, V. M. Metasurface holograms for visible light. Nat.317

Commun. 4, 1–6 (2013).318

4. Lin, D., Fan, P., Hasman, E. & Brongersma, M. L. Dielectric gradient metasurface optical319

elements. science 345, 298–302 (2014).320

5. Memarian, M. & Eleftheriades, G. V. Dirac leaky-wave antennas for continuous beam scan-321

ning from photonic crystals. Nature communications 6, 1–9 (2015).322

6. Zheng, G. et al. Metasurface holograms reaching 80% efficiency. Nature nanotechnology 10,323

308–312 (2015).324

7. Epstein, A., Wong, J. P. & Eleftheriades, G. V. Cavity-excited huygens’ metasurface anten-325

18



nas for near-unity aperture illumination efficiency from arbitrarily large apertures. Nature326

communications 7, 1–10 (2016).327

8. Taravati, S., Khan, B. A., Gupta, S., Achouri, K. & Caloz, C. Nonreciprocal nongyrotropic328

magnetless metasurface. IEEE Trans. Antennas Propagat. 65, 3589–3597 (2017).329

9. Li, G., Zhang, S. & Zentgraf, T. Nonlinear photonic metasurfaces. Nature Reviews Materials330

2, 17010 (2017).331

10. Asadchy, V. S., Dı́az-Rubio, A. & Tretyakov, S. A. Bianisotropic metasurfaces: physics and332

applications. Nanophotonics 7, 1069–1094 (2018).333

11. Wang, X. et al. Extreme asymmetry in metasurfaces via evanescent fields engineering:334

Angular-asymmetric absorption. Phys. Rev. Lett. 121, 256802 (2018).335

12. Taravati, S. & Eleftheriades, G. V. Full-duplex nonreciprocal beam steering by time-modulated336

phase-gradient metasurfaces. Phys. Rev. Appl. 14, 014027 (2020).337

13. Wang, Z. et al. Three-dimensional microwave holography based on broadband huygens’ meta-338

surface. Phys. Rev. Appl. 13, 014033 (2020).339

14. Taravati, S. & Eleftheriades, G. V. Four-dimensional wave transformations by space-time340

metasurfaces. arXiv:2011.08423 [physics.app-ph] (2020).341

15. Wang, Z. et al. Gyrotropic response in the absence of a bias field. Proc. Natl. Acad. Sci. U.S.A.342

109, 13194–13197 (2012).343

19
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Figure 1: Schematic of the reflective beamsteering metasurface constituted of cascaded radiator-

amplifier-phaser chains for simultaneous reflection and reception at different angles of reception

and reflection.
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(a)
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Figure 7: Experimental demonstration. (a) A photo of the fabricated metasurface. (b) and (c)

Measurement set-up. 30
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Figure 9: Full-wave simulation results for nonreciprocal reflective beamsteering for (a)-(d) forward

wave incidence, and (e)-(h) backward wave incidence for nonreciprocity examination. (a) θi = 80◦.

(b) θi = 70◦. (c) θi = 60◦. (d) θi = 50◦. (e) θi = −5◦. (f) θi = −20◦. (g) θi = −28.5◦. (h)

θi = −20◦.
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Figure 10: Experimental results for the angular and frequency responses, for wave incidence upon

different angles of incidence. (a) and (b) θi = 80◦. (c) and (d) θi = 70◦. (e) and (f) θi = 60◦. (g)

and (h) θi = 50◦.
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Figure 11: Experimental results for nonreciprocal wave amplification. (a) θi = 40◦. (b) θi = 45◦.
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Figure 12: Experimental results for the programmable and controllable beamsteering mechanism

via adjustment of the DC bias of the transistors, for wave incidence upon the angle of incidence

(a) θi = 30◦. (b) θi = 60◦.
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Figure 13: Experimental results for near-field efficiency of the reflective metasurface. (a) A photo

of the near-field experimental set-up. (b) Near-field beam versus far-field beam of the metasurface

for wave incidence upon the angle of incidence θi = 40◦.

Table 1: Full-duplex nonreciprocal reflective beamsteering at 5.81 GHz.

1 2 3 4 5 6 7

Forward incidence angle +40◦ +45◦ +50◦ +60◦ +70◦ +80◦

Forward reflection angle 0◦ −18◦ −20◦ −28.5◦ −20◦ −5◦

Backward incidence angle −40◦ −45◦ −50◦ −60◦ −70◦ −80◦

Backward reflection angle 0◦ +66◦ +42◦ +26◦ +80◦ +74.5◦

Isolation level > 19dB > 22dB > 15dB > 21dB > 6dB > 10dB

Forward amplification level > 21.5dB > 25dB > 21.5dB > 21dB > 19dB > 16dB
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