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We present the concept, theoretical model, and experimental implementation of a full-duplex
nonreciprocal-beam-steering transmissive phase-gradient metasurface. Such a metasurface is realized by
exploiting the unique properties of the frequency-phase transition in time-modulated twin unit cells. The
metasurface may be placed on top of a source antenna to transform the radiation pattern of the source
antenna, and introduce different radiation patterns for the transmit and receive states. In contrast to the
recently proposed applications of time modulation, here the incident and transmitted waves share the
same frequency. The metasurface is endowed with directive, diverse, and asymmetric transmission and
reception radiation beams, and tunable beam shapes. Furthermore, these beams can be steered by simply
changing the modulation phase. The proposed twin unit cells inherently suppress undesired time harmon-
ics, leading to a high conversion efficiency, which is of paramount importance for practical applications

such as point-to-point full-duplex communications.
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I. INTRODUCTION

The ever increasing progress in wireless telecommu-
nication systems demands a class of compact structures,
called metasurfaces, for wave engineering and controlling
the electromagnetic wave radiation [1-5]. Even though
conventional reciprocal and static metasurfaces are capa-
ble of providing quite useful operations, nonreciprocity
and time modulation can bring metasurfaces to a different
level, introducing peculiar and unique wave-engineering
functionalities not seen in conventional metamaterials
and metasurfaces [2,6-8]. Conventional metamaterials
and metasurfaces are resonator-based passive linear time-
invariant structures that are limited by Lorentz reciprocity
theorem [9]. Hence, they are lossy and cannot introduce a
range of useful functionalities such as nonreciprocal wave
transmission, unidirectional or bidirectional wave amplifi-
cation, and frequency generation. To overcome this issue,
a surge of study on dynamic and nonreciprocal metama-
terial and metasurface technologies has been commenced
[10-13].

Nonreciprocity based on time modulation represents a
powerful tool for advanced wave engineering and extraor-
dinary control over electromagnetic waves [7,13-21].
Recently, there has been a deep investigation on wave
propagation and scattering in time-periodic [8,22-25] and
space-time-periodic [17,19,26-31] media. Time modula-
tion represents a thrilling topic thanks to the complexity
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and rich physics of the problem, as well as the diverse
and exciting practical applications of time modulation.
Time modulation has been recently used for the realiza-
tion of isolators and nonreciprocal platforms [26,32—39],
circulators [40,41], metasurfaces [1,3,7,42—44], frequency
converters [5,45], mixer duplexer antennas [46], antennas
[6,47—53], unidirectional beam splitters [20], nonrecipro-
cal filters [54,55], and impedance matching structures [56].
Other recently reported outstanding and unique proper-
ties and applications of space-time-periodic media include
anomalous topological edge states in space-time photonic
crystal [28], Fresnel drag [57], signal-coding metagratings
[58], and antenna mixer amplifiers [59].

Previously reported time-modulated metasurfaces suf-
fer from an undesired frequency alteration in the spectrum
of the incident wave. Such a frequency change is usually
undesired as the frequency of the up- or down-converted
wave is very close to the incident wave and cannot be rep-
resented as an effective mixing functionality. In addition,
the converted wave is usually accompanied by an infinite
number of higher-order time harmonics, which leads to a
crowded frequency spectrum, poor conversion efficiency,
and may result in intermodulation interference. Another
important point is that most of the previously reported
time-modulated metasurfaces are reflective structures [1,
3,6,42,43], which may not be as practical as transmissive
metasurfaces.

This study presents the concept, theoretical model, and
experimental implications of full-duplex nonreciprocal-
beam-steering transmissive phase-gradient metasurfaces.
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Such metasurfaces are realized by exploiting the unique
properties of the asymmetric frequency-phase electro-
magnetic transitions in time-modulated particles. It is
shown that when the refractive index of structures is
time modulated, the incident wave experiences interband
electromagnetic transitions between electromagnetic states
due to temporal and spatial frequency shifts [13,38,60,
61], in analogy to electronic transitions in semiconduc-
tors.

Such metasurfaces may be placed on top of a source
antenna, transforming their radiation pattern and provid-
ing different radiation patterns for the transmit and receive
states. Such metasurfaces are composed of an array of
twin time-modulated unit cells, each of which functioning
four major operations, i.e., wave reception, nonrecipro-
cal phase shift for nonreciprocal beam steering, filtering
out of unwanted temporal harmonics, and wave radia-
tion.

The contribution of this work is as follows. We pro-
pose a metasurface that can be used for multifunctionality
purposes, i.e., different radiation patterns (e.g., different
half-power beamwidths and different angle of radiation,
as well as, different signal amplifications) for transmis-
sion and reception, nonreciprocal beam steering and beam
shaping. Such a metasurface provides highly directive and
tunable beams for point-to-point full-duplex telecommu-
nications. In addition, from the physical point of view,
this study presents a time-modulated antenna metasurface
platform, where the incident and transmitted waves share
the same temporal frequency, different than other previ-
ously reported time-modulated radiating metasurfaces. We
propose the concept of twin time-modulated unit cells,
and take advantage of the physical phenomena that occur
in such structures. Specifically, the nonreciprocal phase
shift in a round-trip electromagnetic transition in periodic
time-modulated media with zero frequency alteration, the
transmissive reception and reradiation of the electromag-
netic waves, as well as the filtering of undesired temporal
harmonics. The proposed twin time-modulated unit cells
inherently prohibits the excitation of undesired time har-
monics, leading to a high conversion efficiency, which is
of paramount importance for practical applications such
as, for instance, point-to-point full-duplex telecommunica-
tions.

Firstly, we present the concept of the full-duplex
nonreciprocal-beam-steering transmissive metasurface.
Subsequently, we present the theoretical, physical, and
practical implications of nonreciprocal phase shift in twin
time-modulated unit cells. We next propose the imple-
mentation scenario for the practical realization of a full-
Duplex nonreciprocal-beam-steering transmissive meta-
surface induced by phase-gradient time-modulated twin
unit cells. Subsequently, we present full-wave simulation,
as well as experimental results for symmetric and asym-
metric radiation beams at different angles of radiation.

II. CONCEPT OF NONRECIPROCAL RADIATION
BEAM

Figure 1 illustrates the functionality of the nonrecipro-
cal radiation beam from a gradient metasurface for effi-
cient full-duplex point-to-point telecommunications. In the
transmission state (TX), the wave is launched from the
source antenna traveling along the +z direction, passes
through the metasurface from region 1 to region 2 and radi-
ates at an angle 6, tx. In contrast, in the receive state (RX),
the metasurface presents the maximum transmission from
region 2 to region 1 for the incoming wave at angle 6, rx.
Therefore, for a given radiation angle 6, the metasurface
is nonreciprocal, and may be represented by asymmetric
and nonreciprocal radiation beams, as

Frx(0) # Frx(0), (D

where FTx(Q) = EQ’Tx/Eg,Tx(l’naX) and FRx(Q) = EQ,RX
/Eijx(maX).

To realize the full-duplex nonreciprocal-beam-steering
radome in Fig. 1, we consider a transmissive metasur-
face formed by an array of unit cells. Figure 2 depicts

oqreciprocal radiation

__________________

diation beam,

FIG. 1. Full-duplex nonreciprocal radiation beam yielding
highly directive reception and transmission radiation beams for
efficient full-duplex point-to-point telecommunications.
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the structure of the metasurface sandwiched between two
semi-infinite regions, i.e., region 1 and region 2. Quali-
tative radiation beams for the transmission and reception
states at the two sides of the metasurface are sketched to
show the operation principle of the structure. In the trans-
mission state, a plane wave with frequency w; impinges on
the metasurface from the bottom left side with an angle
of incidence 6, rx. The outgoing wave at 6, rx acquires a
discrete phase profile ¢ (x),

¢ (md) = ¢y, (2)

where m is the modulation phase at the mth unit cell and d
is the spacing between each of the two adjacent unit cells.
However, in the transmission state, considering the scheme
in Fig. 2, a plane wave with frequency w; impinges on the
metasurface from the top right side with an angle of inci-
dence 6, rx. In contrast to the transmission state, and due
to the conservation of momentum, the outgoing wave at
01 rx acquires a discrete phase profile ¢ (x), where

—¢(md) = —Pp. 3)

Assuming a constant gradient phase shift along the
metasurface, the generalized Snell law of refraction yields

0¢Tx
dax

= ky sin(0r,1x) — ki sin(6 tx), “4)

Received wave

Transmitted wave

FIG. 2. Schematic representation of the gradient metasurface
formed by nonreciprocal phase-shift unit cells.

for the transmission state, and

W~ o sin0 — ks, ()
for the reception state. Here, k; and k, are the wave
numbers in region 1 and region 2, respectively. Con-
sidering a constant phase gradient d¢/dx, the outgoing
wave acquires anomalous refraction with respect to the
incident wave, whereas a spatially variant gradient, i.e.,
d¢/0ox, leads to arbitrary radiation beams, which enables
beam-forming and advanced beam-steering purposes.

III. THEORETICAL IMPLICATIONS

A. Theory of nonreciprocal phase shift based on time
modulation

Figure 3 sketches the wave propagation and transmis-
sion in a periodic time-modulated medium, characterized
with a periodic time-dependent permittivity, as

€(t) = €4y + 8c cos(Qt + ¢1), (6)

where €,, is the average permittivity of the background
medium, &, is the modulation amplitude, Q2 denotes the
modulation frequency, and ¢; represents the modulation
phase. The right plot in Fig. 3 shows a qualitative disper-
sion diagram of such a time-modulated periodic medium
and electromagnetic transitions between two supported
resonant frequencies, w; and w; + 2.

The electric field inside the medium is defined based on
the superposition of two supported space-time harmonic
fields, i.e.,

Ey(x,z,1) = ay(z)e” *700 4 gp(z)e ez (@i (7)

We consider 2 « w;. The corresponding wave equation
reads ¢?9%E/0z? = 9*[eeq(t)E]/0¢*. Inserting the electric

FIG. 3. A time-modulated unit cell with permittivity in Eq. (6).
The dispersion diagram demonstrates the general concept of non-
reciprocal phase shift based on frequency-phase electromagnetic
transitions in a time-modulated unit cell supporting two resonant
frequencies, w; and w; + €2, and phase shift ¢, .
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field in Eq. (7) into the wave equation results in
92 . ,
(_2) {aA (Z)efl[kAzfmil) + ag (Z)efl(kAzf(a)[+Q)[] }
0z
1
2o

)

5 .
([Eav+ Eel(ﬂf‘W)l) + Ee (QH‘¢1):|

x {aA (Z)e—i(kAz—wil‘) + aB(Z)e—i[kAz—((ui—l—Q)t] }>, (8)

and applying the space and time derivatives, while using
a slowly varying envelope approximation, multiply both
sides with ¢'®47=®i which gives

[kiaA(Z) 2iky 8“AZ( )] [kzag(z) — 24(ky) 222 )]

1 8 .
= —{| o€ + (w; + Q> =@
c? 2
20 —i(Qt+¢))
+ (w; — Q) € aa(z)

S .
+ |:w[2€av + (w; + 29)2§€l(m+¢1)

5 _.
+ wfze—l<9'+¢l>]a (z)e'ﬂf} 9)
and next, applying fozﬂ/ “ dt to both sides gives
day () lk 5 ity
! 10
T ap(z), (10a)

where kg = (w; + Q)/c*. Following the same procedure,
we next multiply both sides with e ¥, and applying
2”/ ®dt in both sides of the resultant, and applying

In /9 dt to both sides of Eq. (9) yields

zk8

dap (2 K3 o4, ).

dz 4k A

(10b)

Equations (10a) and (10b) represent the coupled-wave
equation of the periodic time-modulated medium in Fig. 3.

1. Application of boundary conditions

(i) Considering incidence of a wave with frequency
w; (up-conversion corresponding to the left arrow in
the dispersion diagram in the right side of Fig. 3), i.e.,
Ein = Eg(z = 0) = Ege', gives ay(z) = Eqcos (8kiz/4),
and ag(z) = iE, sin (8kz/4) 1. Considering the coher-
ence length of L. =27k /§, ay(z=L.) =0 and ap(z =
L.) = iEye’1, and

Eoutupc = iEOe*i[kBZ*(wi+Q)t]ei¢l .

an

(i1) Considering incidence of a wave with frequency
w; + 2 (down-conversion corresponding to the right

arrow in the dispersion diagram in the right side of
Fig. 3), i.e., Ejy = Eg(z = 0) = Epe’ @t gives ay(z) =
iEy sin (8koz/4) e, and ap(z) = Ey cos (8kyz/4). Con-
sidering the coherency length of L. =2mky/5, ap(z =
L) =0and ay(z = L.) = iEge” 1, and

Eout,down-c = iEoe_l(kAZ_wit)e_l¢] .

(12)
Equation (11) shows that in the up-conversion electro-
magnetic transition, i.e., transition from frequency w; to
w; + 2, the transmitted up-converted wave acquires the
modulation phase shift of ¢;. In contrast, Eq. (12) shows
that in the down-conversion electromagnetic transition,
i.e., the transition from frequency w; + 2 to w;, the wave
acquires a negative phase shift, i.e., —¢;. This shows that
the time-modulated medium, with the permittivity in Eq.
(6), introduces a nonreciprocal phase shift.

B. Frequency-invariant nonreciprocal radiating phase
shifter

In the previous section, we show that a nonrecipro-
cal phase shift may be achieved by taking advantage
of electromagnetic transitions in a time-modulated unit
cell. However, such a nonreciprocal phase shift is accom-
panied with a frequency transition, which may not be
always desired. Here, we propose a structure that provides
a nonreciprocal phase shift without frequency alteration.
Figures 4(a) and 4(b) demonstrate the operation principle
of the frequency-invariant nonreciprocal radiating phase
shifter formed by twin time-modulated unit cells. Figure
4(a) shows a qualitative dispersion diagram of the structure
for forward (green arrows) and backward (blue arrows)
wave incidences, showing the general concept of the non-
reciprocal phase shifting based on electromagnetic transi-
tions in a time-modulated unit cell supporting two resonant
frequencies, w; and w; + 2.

In the up-conversion, i.e., the electromagnetic transition
from w; to w; + €2, a phase shift of ¢ is achieved, whereas
in the down-conversion, that is, the electromagnetic tran-
sition from w; + 2 to w;, a phase shift of —¢ is introduced
by the time modulation.

The structure of the twin time-modulated unit cells is
formed by four resonators, with electric permitivitties

€1(f) = €1 + &1 cos(Q2t + ¢1), (13a)
€1(f) = €] + &) cos(Q + ¢1 + 1), (13b)
€(f) = €3 + 8> cos(Q2t + ¢,), (13¢)
€ (1) = €, + &8, cos(QU + ¢ + 7). (13d)

In Fig. 4(b), R, and R, represent the radiation resistances
of the first and second unit cells, and K and K’ denote
the coupling between the arms of the first and second unit
cells, whereas K, is the coupling between the two unit
cells.
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FIG. 4. Nonreciprocal phase-shifted radiation based on electromagnetic transitions in time-modulated media. (a) Dispersion diagram
demonstrating nonreciprocal phase shift based on electromagnetic transitions in two time-modulated unit cells supporting two resonant
frequencies, w; and w; + €2, and two phase shifts ¢; and ¢,. (b) Twin time-modulated radiating unit cells introducing nonreciprocal

phase shift for the radiated waves.

In the forward incidence (left to right), the first time-
modulated unit cell, characterized with permitivitties € (¢)
and €[ (#), provides a frequency-phase transition from (w;,
0) to (w; + 2, ¢1). Then, the second time-modulated unit
cell, characterized with permitivitties €,(7) and € (#), intro-
duces a frequency-phase transition from (w; + €2, ¢;) to
(wi, ¢1 — ¢7). In contrast, in the backward incidence (right
to left), the second time-modulated unit cell, characterized
with permitivitties €,(f) and €/ (¢), provides frequency-
phase transition from (w;, 0) to (w; + 2, ¢,), and then,
the first time-modulated unit cell, characterized with per-
mitivitties €; (f) and €] (¢), provides frequency-phase transi-
tion (w; + 2, ¢) to (w;, P2 — ¢1). As aresult, no frequency
alteration occurs for both forward and backward transmit-
ted waves, whereas a nonreciprocal phase shift is achieved,
i.e., the backward transmitted wave acquires the phase
shift of ¢, — ¢; which is opposite to that of the forward
transmitted wave phase ¢; — ¢;.

IV. RESULTS

A. Suppression of unwanted time harmonics

Figure 5 demonstrates the structure of the twin time-
modulated unit cells, and the wave scattering and interfer-
ence inside it, for forward and backward incidences. Since
the time-modulated unit cells are periodically modulated
in time, the voltage at the two arms of the twin structure
may be decomposed to Bloch-Floquet temporal harmonics,
such that

oo
V(t) — e—ia)ot Z Vne_in(9t+¢l),

(14a)
n=—00
represents the voltage at the upper arm, and
o0
V(t) — g~ ioot Z Vne—in(Qt+¢1+ﬂ) (14b)

n=—0oo

represents the voltage at the lower arm of the twin unit
cells. Here, w_; = w; and wg = w; + Q.

It may be seen from Eq. (14) and Fig. 5 that all odd-
time harmonics at the two arms of the twin structure
are 180° out of phase, whereas even-time harmonics are
all in phase. Hence, we apply an interconnector between
the two arms of the twin structure with the length of
A_1 = Ag. Considering the 0 and 180° phase shift, respec-
tively, between the even and odd harmonics, the middle
interconnector represents an open circuit for even-time
harmonics and a short circuit for odd harmonics. Thereby,
as shown in the top figure (forward incidence) of Fig. 5,

.................................

Resonator2
Resonator 1

E“6 ) 4

...................................

yLm, o

Resonator| V,“, @, {‘*‘Vo%s [2)

Elé(*aﬁ@),w

FIG. 5. Forward and backward wave incidences and to the
twin time-modulated unit cells.
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constructive interference occurs at all even-time harmon-
ics, 1.€., Wy even = wo + 12 with n being even, and destruc-
tive interference occurs at all odd-time harmonics, i.e.,
Wnodd = wo + 12 with n being odd. This includes suppres-
sion of the dominant odd time harmonic w; = wy — Q2 (n =
—1), as well as constructive interference at wy (n = 0).

Figure 6(a) shows the structure of a double-fed patch
radiator that is suited for efficient radiation with odd exci-
tation. In this figure, the electric field propagation and radi-
ation in a double-fed microstrip patch radiator is sketched,
where the left sketch shows efficient radiation of the wave
at w; = w_ because of odd excitation (V4° and V'4™). The
right sketch in Fig. 6(a) demonstrates the transmission-
state operation (no radiation) of the structure at wq is
ensured due to its even excitation (V5 and V5?).

We suppress all undesired even- and odd-time har-
monics, especially n = —2, which represents the lower
side-band time harmonic of the incident wave. Given the
flexibility of the proposed resonance structure in Fig. 5,
which is formed by two radiating patch radiators, the
proposed twin unit cell inherently operates as a narrow
bandpass filter and significantly suppresses all time har-
monics that lie outside its passband. Hence, as shown in
Fig. 6(b), we design the patch radiators such that w; = w_,
and wy = w; + 2 lie inside the passband of the structure,
whereas w_p; = wy — 22 = w; — Q lies outside the pass-
band (i.e., inside the stopband) of the structure. It should
be noted that the modulation frequency €2 is an arbitrary
parameter and can be adjusted to guarantee that only the
desired time harmonics, here w; and wqy lie inside the
passband of the structure. Thus, all undesired even- and
odd-time harmonics are suppressed and safe operation of
the structure at w; and wy is guaranteed.

Therefore, only two time harmonics w; and wgy will pass
through the first patch element, and the signal at the upper
and lower arms of the twin structure reads

V() = V_ye o= RIto0 4 poemient - (15a)

V(t) — V_le*i([wO*Q]”ﬂPl‘l’”) + Voefiwit. (15b)
Then, due to the suppression of (short circuit) of the
—1 time harmonic (w;) by the middle interconnector, the
second patch radiator will be fed only at wy = w; + Q.
Figures 7(a) and 7(b) elaborate on the suppression of
w; = w—_1 by the middle interconnector. Figure 7(a) shows
the even-mode operation of the twin unit cells at frequency
wy, where the two interconnecting horizontal vias are
excited in phase, and therefore a virtual open circuit occurs
at the middle of the A long interconnector. This makes the
middle interconnector inactive. At the bottom of Fig. 7(a),
full-wave simulation results for the power flow for even-
mode operation of the twin unit cells at frequency w, are
given. It may be seen from this figure that strong power

(a)
Radiationat w_; = @,
Radiating E field
Fringing Copper patch
E field

Fringing
E field

Noradiation

b —()
()O o

suppressed

S parameters (dB)

—50 Freq. (GHz)

FIG. 6. Electromagnetic wave propagation and radiation in a
a double-fed microstrip patch element. (a) Schematic represen-
tation of the electric field distribution. (b) Qualitative scatter-
ing parameters showing the suppression of w_; = wy — 2w =
w; — .

flows from the left unit cell to the right unit cell through the
interconnecting via (at frequency wy), where no significant
power flows through the middle interconnector due to the
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(a) Resonator1

FIG. 7.

(b) Resonator | yeon o Zy=0(S.C)

Ve, NS

Reflected signal from a S.C. is 180 degree
out of phase with the incident signal and
therefore cancels the incident signal

VA Cniass V.A/m?
- 2K10° L o 38><105n
E S
T i |
1 o
ol A 0

/

(—(-éé(-é{-{-{-f{-!l'fﬁ’:

1T

IEEY)

Schematic representations and full-wave simulation results of the power flow inside the structure for even- and odd-mode

operations of the structure at w( and w;, respectively. (a) Even-mode operation at w,, where the signals at the two horizontal intercon-
necting vias will reach the second (right) unit cell and no significant power flows through the middle interconnector. (b) Odd-mode
operation at w;, where weak power flow exists inside the structure and the signals at the two horizontal interconnecting vias will not
reach the second (right) unit cell, rather it flows through the middle interconnector.

even excitation of the twin unit cells (0° phase difference
between the upper and lower interconnecting vias).

Figure 7(b) shows the odd-mode operation of the twin
unit cells at frequency w;, where the two interconnecting
horizontal vias are excited 180° out of phase, and there-
fore a virtual short circuit occurs at the middle of the A
long interconnector. This will also make a virtual short
circuit at the center of two horizontal arms, hence lead-
ing to a total reflection of the incident signals with 180°
phase difference with the incident signals. As a result, the
incident and reflected signals at the two horizontal inter-
connecting vias will cancel each other out, and therefore
no signal at w; would exist at the two horizontal arms of the
twin unit cells. At the bottom of Fig. 7(b), full-wave sim-
ulation results for the power flow for odd-mode operation
of the twin unit cells at frequency w; is given. This figure
shows that the power flow inside the twin unit cells at fre-
quency w; is weak in comparison to the power flow of the
even-mode operation, and the power mainly flows through
the middle vertical interconnector and does not reach the
second (right) unit cell. This is due to the odd excitation
of the twin unit cells at the incident frequency w;, where

180° phase difference exists between the upper and lower
horizontal interconnecting vias.

B. Implementation scenario

Figure 8(a) shows different elements of the twin time-
modulated unit cells, providing three major operations, that
is, reception of the incoming wave from one side, appli-
cation of a nonreciprocal phase shift to the wave, and
reradiation of the processed phase-shifted wave to the other
side of the structure. The unit cell in Fig. 8(a) is formed
by twin time-modulated resonators, composed of varactors
and lumped elements. Figure 8(b) describes the circuit ele-
ments of the twin time-modulated unit cells including the
circuit model for the two patch radiators, two 180° phase
shifters, two phase shifters with phases ¢; and ¢,, respec-
tively, the four varactor diodes D,,;, four choke inductors
Lenk, and eight decoupling capacitances Cep. Two induc-
tances Lcn and four capacitances Ccp are employed at each
side of the twin unit cells to efficiently prevent the leak-
age of the incident wave to the modulation path, as well
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FIG. 8. Unit cell fomed by twin time-modulated resonators.
(a) Schematic of the structure. (b) Description of the circuit ele-
ments of the twin unit cell including the circuit model for two
patch radiators, two 180° phase shifters, two phase shifters with
phases ¢; and ¢,, respectively, four varactor diodes, four choke
inductors, and eight decoupling capacitances.

as decouple the two modulation signals (with 180° phase
difference) at the upper and lower side of the unit cell.

Figure 9 depicts a schematic of the complete
phase-gradient metasurface comprising 4 x 4 twin time-
modulated unit cells, shown in Fig. 8(a). The modulation
signal is fed to the metasurface via a SMA connector. The
metasurface includes eight gradient phase shifters (¢; to
¢g), i.e., four phase shifters in each side, providing the
required modulation phase shifts for nonreciprocal beam
steering. In addition, eight 180° phase shifters (¢,) are
utilized for achieving the 7 phase-shifted version of each
gradient phase-shifted modulation signal.

Dielectric
layer

Conductor layer
(ground plane)

Gradient phase shifters

o Dielectric
Modulation input

layer

FIG. 9. Architecture of the implemented metasurface com-
posed of 4 x 4 unit cells.

C. Experimental demonstration

We next experimentally demonstrate the full-duplex
nonreciprocal-beam-steering time-modulated transmissive
metasurface. Figure 10(a) shows the top view, which
includes gradient phase shifters ¢;, ¢3, ¢s, and ¢7, and
Fig. 10(b) shows the bottom view, which includes gradi-
ent phase shifters ¢, ¢a, ¢, and ¢g. A dc signal is applied
to the varactors to achieve the desired average capacitance
(average permittivity). A bias tee is used to separate the dc
bias and the modulation signal. We employ a total number
of 64 SMV1247-079LF varactors (Dy,) from Skyworks
Solutions Inc., 64 inductors of L¢n = 20 nH, and 128
decoupling capacitances of C., = 5 pF. The metasurface
is fabricated as a three-layer circuit, i.e., three conductor
layers and two dielectric layers, made of Rogers RO3210
with 50 mils height (d = 100 mils). The incident wave and
modulation parameters are set as w; = 5.28 GHz, Q2 = 50
MHz, and wy = w; + 2 = 5.33 GHz.

Figure 11(a) depicts a schematic of the measurement
setup consisting of two signal generators, a spectrum ana-
lyzer and a dc power supply. A photo of the measurement
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Gradient
phase shifters

Modulation
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FIG. 10. Experimental full-duplex
nonreciprocal-beam-steering ~ transmissive  phase-gradient
metasurface. (a),(b) Top and bottom views of the fabricated
prototype, respectively.

demonstration  of

setup is shown in Fig. 11(b). Figure 11(c) plots the scat-
tering parameters of the fabricated nonreciprocal radiation
beam metasurface. This figure highlights three different
frequencies, w; — 2, w;, and w; + Q. As described in the
previous section, two time harmonics w; and w; + Q2 lie
inside the passband of the structure, whereas w; — 2 lies in
the stopband of the structure and is being suppressed. The
scattering parameters are measured using an £8361C Agi-
lent vector network analyzer. For the sake of comparison,
we first measure the radiation beam of the unmodulated
metasurface, i.e., 2 = 0. Figure 11(d) plots the radiation
pattern of the un-modulated metasurface, which is recip-
rocal, that is, provides identical radiation beams for both
transmission and reception states.

Figures 12(a) and 12(b) plot the full-wave simulation
results for the nonreciprocal angle-symmetric transmission

-
(a) .
Agilent E8257D X
signal generator

=
t

HP 8563E
Spectrum analyzer

\_Rohde & Schwarz|
SMV 03

Signal generator

Bias tee
DC block

DC power
supply

(b)

S parameters (dB)
o
o

|
@
o

—40
45

Freq. (GHz)

(d) Reciprocal TX/RX radiation
beam for modulation off
00
=30

Metasurface

FIG. 11. Experimental demonstration of nonreciprocal radia-
tion beam metasurface. (a) Schematic of the measurement setup
consisting of two signal generators, a spectrum analyzer and a dc
power supply. (b) Photo of the measurement setup in an anechoic
chamber. (c) Experimental results for the scattering parameters
of the unmodulated metasurface measured using a vector net-
work analyzer. (d) Simulation results for the reciprocal radiation
pattern of the unmodulated metasurface.
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and reception radiation patterns of the nonreciprocal radia-
tion beam metasurface for 6, rx = 0 and 6; px = 0°, 61x =
—0Orx = 36°. Figures 12(c) and 12(d) plot the full-wave
simulation results for the nonreciprocal angle-symmetric
transmission and reception radiation patterns of the non-
reciprocal radiation beam metasurface for 6; tx = 0 and
O1rx = 0°, Orx = —Orx = 52°. The relation between the
angles of reception and transmission and the required non-
reciprocal gradient phase shifter for each time-modulated
unit cell is governed by Egs. (2)(5).

Figure 13 plots the full-wave simulation and exper-
imental results for the nonreciprocal angle-asymmetric
transmission and reception radiation patterns of the non-
reciprocal radiation beam metasurface for 0) rx = 01 rx =
9°, B, rx = 45°, and O, rx = —27°. In this particular case,
the experimental isolation between the transmission and

RX beam TX beam

Metasurface

TX beam

Metasurface

reception radiation patterns at specified transmission radia-
tion angle (6, tx = 45°) is about 15.8 dB, and the isolation
at specified reception radiation angle (,rx = —27°) is
about 10.4 dB. To achieve higher isolation levels, one may
change the modulation parameters or use a more direc-
tive metasurface by increasing the number of twin unit
cells. Figure 13(c) plots the full-wave simulation results
demonstrating the full-duplex angle-symmetric or asym-
metric beam-steering functionality of the time-modulated
gradient transmissive metasurface. In this figure, four dif-
ferent gradient profiles are considered, that is, A, B, C,
and D.

Figures 14(b) and 14(a) plot the experimental results for
the spectra of the transmitted and received waves at dif-
ferent angles, respectively, with the nonreciprocal beam
presented in the bottom of Fig. 13(b), i.e., frx2 = 45°,

(b)
$=+150"  $=450"  $=-50" ¢=-150"
#=0 #=0 % =0 #=0

0 Modulation
off

@ =+225"
$,=0

# =+75

¢4:0

¢5:_75°
¢ =0

#,=-225"

#=0

-15 0 (dB)

FIG. 12. Full-wave simulation results for angle-symmetric transmission and reception radiation patterns of the nonreciprocal-beam
metasurfcae. (a),(b) Simulation results for the normalized radiation beam at the two sides of the metasurface for reception and trans-
mission for Orx = —6Orx = 36°. (¢),(d) Simulation results for the normalized radiation beam at the two sides of the metasurface for

reception and transmission for Oy = —frx = 52°.
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(b)
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Full-wave simulation and experimental results. (a) Angle-asymmetric transmission and reception radiation patterns of

the nonreciprocal-beam metasurface. Simulation results show the normalized radiation beam at the two sides of the metasurface for
(left) reception and (right) transmission, corresponding to frx > = 45°, Grx2 = —27°, Orx,1 = Orx,1 = 9°. (b) Results for the TX and
RX normalized radiation beams in comparison with reciprocal normalized radiation beam for modulation off. (Top) Simulation, and
(bottom) experimental results. (c) Full-duplex angle-symmetric or asymmetric beam steering.

Orx2 = —27°, 6rx,1 = Orx,1 = 9°. These figures show that
the unwanted time harmonics are significantly suppressed.

V. DISCUSSION

(a) The main concept of this paper is the realization
of a transmissive metasurface, which is capable of non-
reciprocal beam generation. Such a metasurface gives
the opportunity to realize full-duplex transmission where
simultaneous transmission and reception of waves are
performed but at different angles. This is quite distinct
from other proposed nonreciprocal (isolator) metasurfaces
[1,2,42,44,62]. Such a functionality, i.e., a nonreciprocal
beam, is very practical and different than other recently

proposed “nonreciprocal” (isolator) metasurfaces in which
the structure allows the transmission of the wave only in
one direction, whereas the wave coming from the opposite
direction is totally reflected or absorbed.

(b) Furthermore, most of the recently proposed nonre-
ciprocal metasurfaces operate only in the reflective state
[1,42,44,62], and therefore are less practical. In our paper,
we propose a mechanism to achieve nonreciprocal beam
operation in the transmission state, so that the structure can
be used as a radome for antennas.

(c) We stress that all previously proposed nonre-
ciprocal time-modulated metasurfaces suffer from an
unwanted frequency change in the spectrum of the inci-
dent wave, so that the transmitted wave acquires a different
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FIG. 14. Experimental results for the spectra of the transmitted and received waves, associated with the nonreciprocal beam in the
bottom of Fig. 13(b), i.e., frx 2 = 45°, Orx2 = —27°, O1x,1 = Orx.1 = 9°. (a) Transmitted wave. (b) Received wave.

frequency than the incident wave. However, in our pro-
posed nonreciprocal-beam metasurface, the incident and
transmitted waves share the same frequency. Hence, the
proposed metasurface is more practical.

(d) In terms of the physics, we show that one can lever-
age the unique properties of frequency-phase transitions in
time-modulated unit cells to realize a radiating nonrecipro-
cal phase shifter, whereas all the unwanted time harmonics
are suppressed in an elegant manner.

It should be noted that there is no inherent limit
to the bandwidth enhancement of the proposed structure.
The frequency bandwidth of the proposed unit cells can be
easily enhanced up to 100%, simply by using engineering
approaches for the bandwidth enhancement of patch ele-
ments [63,64]. We stress that in the proposed twin-unit-cell
topology, the suppression of unwanted harmonics is not
related to the narrowband operation of the structure. One
may use broadband patch elements and at the same time
increase the modulation frequency so that the entire archi-
tecture operates in the same way, that is, only two desired
time harmonics fall inside the passband of the structure and
all other undesired harmonics fall inside the stopband. In
other words, our proposed architecture is very flexible and
can be used for different scenarios.

(e) To achieve a strong isolation between the transmis-
sion and reception beams in practice, a fairly high-power
modulation signal is required (e.g., modulation power
stronger than 10 dBm). However, part of the modulation
power couples to the incident wave and results in a very
low insertion loss, or a transmission gain depending on the
modulation parameters [27]. The overall insertion loss of
the metasurface depends on the microstrip patch radiators,
resistance of the varactors, and modulation parameters.

(f) Varactor diodes can provide gain without introduc-
ing significant noise. However, there exist several potential
sources of noise, i.e., thermal noise of the series resistance

of varactor, shot noise of the forward current, shot noise
of the reverse current, ionization noise, and reverse-
breakdown noise [65]. The noise analysis and noise figure
calculation in varactor-based circuits is presented in Ref.
[65]. It has been shown experimentally that varactor-based
amplifiers and circuits introduce much lower noise in com-
parison to other techniques [66—68]. In the lab experiment,
we achieve a noise figure of lower than 2.15 dB for both
receive and transmit states. The noise figure is determined
by subtracting the signal-to-noise ratios of the incident and
transmitted signals.

(g) Recently, nonreciprocal [1,3,17,38,42,69] and asym-
metric [4,70—75] wave transmission, reflection, diffraction,
and absorption have attracted a surge of scientific inter-
est. However, there exist substantial difference between the
nonreciprocity and asymmetry in electromagnetic struc-
tures as follows [58]. Asymmetric structures are linear and
time invariant, as they are restricted to the Lorentz reci-
procity theorem and cannot be used as wave isolators or
for nonreciprocal-beam operation. In general, all time-
invariant linear systems, represented by symmetric electric
permittivity tensors and symmetric magnetic permeability
tensors, are governed by the Lorentz reciprocity theorem.
Thus, they are reciprocal as their scattering matrices are
symmetric even if the electric permittivity tensor or the
magnetic permeability tensor are complex.A comprehen-
sive explanation of the difference between the excitation
and response for distinguishing between the symmetry and
reciprocity of electromagnetic structures is presented in
Ref. [58]. As shown in Ref. [58], the main difference in
the reciprocity and symmetry experiments is in the back-
ward excitation. For a symmetry experiment, the backward
excitation (input) wave should be the spatial inversion of
the forward excitation (input) wave. Then, the output of
the backward problem should be exactly the spatial inver-
sion of the output of the forward problem. Otherwise,
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the system is asymmetric. By contrast, for the reciprocity
experiment, the backward excitation (input) wave should
be the spatial inversion of the time-reversed forward prob-
lem, i.e., the applied excitation wave (input) of the back-
ward problem must be the spatial inversion of the output
of the forward problem. Then, the output of the back-
ward problem should be exactly the spatial inversion of
the input of the forward problem. Otherwise, the system is
nonreciprocal.

VI. CONCLUSION

We present a theoretical and experimental strategy for
the realization of full-duplex nonreciprocal-beam-steering
transmissive metasurfaces. Such a strategy takes advan-
tage of the unique and peculiar properties of asymmetric
frequency-phase transitions in twin time-modulated unit
cells. The proposed twin-unit-cell architecture leverages
the extraordinary operation of periodic double-fed time-
modulated patch antennas, and their associated peculiar
frequency-phase transitions. The metasurfaces are com-
posed of an array of twin time-modulated unit cells, each
of which is fed by a specified modulation phase, such that
a phase-gradient modulation is applied to the twin unit
cells. As a result of such a gradient modulation phase, a
nonreciprocal-phase-gradient metasurface is realized and
therefore, the incoming (received) and outgoing (transmit-
ted) waves are radiated at different radiation angles. We
show that the proposed twin time-modulated unit cells
inherently prohibit the excitation of undesired time har-
monics. This results in a high conversion efficiency, i.e.,
less than 1-dB insertion loss, which is of paramount impor-
tance for practical applications such as, for instance, point-
to-point full-duplex communications. It should be noted
that the low insertion loss of the metasurface is supported
by the injection of the energy from the time modula-
tion to the incident wave. The proposed metasurface is
expected to find applications in point-to-point full-duplex
wireless communication systems that require highly direc-
tive radiation beams, offering the possibility of different
half-power beamwidths, for the transmission and reception
states. This includes satellite communications and cellular
communication systems.
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