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ABSTRACT We propose a technique for adaptive multichannel communication in the low-terahertz
frequency regime through simultaneous and independent multifrequency multibeam scanning via a single
time-modulated metasurface consisting of graphene micro-patch antennas whose Fermi energy levels are
modulated by radio-frequency biasing signals. For this purpose, we divide the metasurface aperture into
interleaved orthogonally modulated sub-array antennas with distinct modulation frequencies, rendering
a shared aperture in space-time. The higher-order frequency harmonics generated by the sub-arrays in
such a space-time shared-aperture metasurface are mutually orthogonal as they do not yield an observable
interference pattern. A distinct constant progressive modulation phase delay can be adopted in each
sub-array to independently scan its corresponding higher-order frequency harmonics via dispersionless
modulation-induced phase gradient with minimal sidelobe level and full angle-of-view over a wide
bandwidth. The number of sub-arrays and distinct channels can be scaled easily without suffering from
cross-talk due to orthogonality of the channels. The concept is established theoretically and verified through
numerical simulations. We characterize active beam-scanning performance of the space-time shared aperture
metasurface in terms of gain and half power beamwidth and their dependence to the array architecture.
We consider both one-dimensional and two-dimensional interleaving for scanning the beams along elevation
and azimuth angles. We also obtain the upper bounds for the number of independent channels attainable
without compromising angle-of-view as 8 and 64 for one-dimensional and two-dimensional interleaving,
respectively within the same physical aperture. Our results point toward high-capacity platforms with low
size, weight and power for next generations of terahertz communication systems.

INDEX TERMS Time-modulated metasurface, shared-aperture antennas, beam steering, terahertz

communication.

I. INTRODUCTION

The unprecedented growth of the data exchanged between
wireless devices and the rapid emergence of high quality
wireless services have raised the demand for the communi-
cation bandwidth and data transmission rates. This has moti-
vated the migration of wireless networks toward utilization
of carrier waves with higher frequencies beyond millimeter
wave band for data collection and transmission which can
offer larger bandwidth and higher speeds. Terahertz (THz)
band (ranging from 0.1 THz to 10 THz) which has been
untapped so far for communication purposes is envisioned
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as one of the enabling technologies for future generations
of wireless communication mobile networks (such as 6G)
to address the needs of high-speed and bandwidth-intensive
applications. THz communications are expected to enable
backhaul interconnection between existing networks as well
as providing broadband services to several wireless devices
in a distributed local network [1], [2]. The latter is of par-
ticular importance in wireless internet of things applica-
tions [3] where there is a need for new communication
paradigms capable of simultaneously addressing multiple
mobiles users in real-time with potentially independent ser-
vices. The recent migration from internet of things (IoT)
to internet of nano-things (IoNT) [4] also imposes certain
constraints in terms of size, weight and power (SWaP) on
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the communication systems, calling for development of smart
antennas with adaptive and tunable response capable of estab-
lishing multiple active data links through multibeam scanning
in a multiple-input, multiple-output (MIMO) network while
meeting the demands on the capacity and SWaP.

Several different techniques have been adopted previ-
ously for development of multibeam patterns across differ-
ent frequency spectra including utilization of phased array
antennas [5]-[7], graded metamaterials based on transfor-
mation optics [8]-[10], zero refractive index metamaterials
[11], [12], lenses [13]-[16], and metasurfaces [17]-[25].
Among these approaches, metasurfaces consisting of a planar
two-dimensional ensemble of subwavelength unit cells are
of particular interest for on-chip devices and applications
where the size and weight are highly constrained due to their
small form factor and fabrication feasibility. Metasurfaces
have enabled an precedent control over the wavefront of light
beams through imparting abrupt geometric or resonant phase
discontinuities to an incoming wave [26], [27]. In particular,
they can steer the reflected or transmitted light to an arbitrary
anomalous angle (as opposed to the specular angle) deter-
mined by the phase gradient through generalized Snell’s laws.
Therefore, they can function as reflect- and/or transmit-array
antennas and are promising candidates for free-space optical
communications. For increasing the capacity of metasurface
antennas toward multiple access communication, the opti-
cal response of their constituent elements can be encoded
in different channels across different dimensions such as
polarization [17], frequency [22], and incident angle [21].
Nevertheless, typically the response of a single unit cell is
highly correlated across these dimensions. In order to achieve
controllable and independent functionalities in each channel,
the shared-aperture concept has been borrowed from the field
of array antennas [28]-[31] and has been employed in the
realm of metasurfaces. Shared-aperture metasurfaces consist
of interleaved or stacked sub-arrays of distinct unit cells
each of which are designed to respond to a distinct incident
frequency, polarization, or angle [21], [22], [32]-[36]. They
can increase functionality of metasurfaces while reducing
size and weight by decreasing the number of metasurface
antenna units as well as bringing down the costs associated
with fabrication. A special attention should be paid into
eliminating the cross-talk between the distinct channels by
minimizing the coupling between their corresponding unit
cells in the design of a shared aperture metasurface to enable
simultaneous and independent operation. The constituent unit
cells of shared aperture metasurfaces so far have relied on res-
onant phase accumulation, geometric Pancharatnam-Berry
(PB) phase shift, or a hybrid of both phase tuning mechanisms
to realize the desired functionalities in separate channels.
Employing geometric PB phase shift in a shared aperture
metasurface with interleaved architecture allows for higher
scalability in the number of channels due to its dispersionless
property which guarantees the full phase coverage at each
channel simply by rotating the elements in the sub-array cor-
responding to that channel around their optical axis without
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being affected by the coupling to the unit cells correspond-
ing to other channels [32]-[34]. This is while the design of
shared aperture metasurfaces relying on resonant phase shifts
[36] and/or a stacked sub-array architecture [21], [22], [35]
becomes more cumbersome due to nontrivial coupling effects
leading to cross-talk which typically limits the number of
attainable distinct channels.

Despite the multiplexed functionality of shared aperture
metasurfaces and their great potential for enhanced capacity
in free-space optical communication systems, a grand chal-
lenge facing these platforms is that their response is set in
stone after they have been designed and cannot be changed
afterward. As such, they cannot be used for adaptive com-
munications by establishing active data links between mobile
users in a network. An immense effort has been made recently
to overcome this limitation of passive metasurfaces by
exploiting mechanical, thermal and electrical tuning mecha-
nisms such that the phase of scattered light from the metasur-
face can be controlled in real-time by control over external
stimuli (such as strain, temperature or voltage) rather than
the change in the geometry [37]-[40]. Among the proposed
tuning mechanisms, electro-optical tuning approaches rely-
ing on free-carrier effects in semiconductors [41]-[43] and
two-dimensional materials such as graphene [44]-[46] are of
particular interest due to high speed, low power consump-
tion, and robust continuous tunability of individual unit cells
via an electrical biasing network. Such geometrically-fixed
active metasurfaces enable electrical steering of the reflected
or transmitted light toward a desired direction by adjust-
ing the voltage-dependent phase of their constituent ele-
ments. Despite the expeditious growth in this area, these
quasi-static tunable metasurfaces have certain drawbacks
stemming from the limitations in the active materials and
the underlying physical mechanisms giving rise to the phase
tunability. In particular, most electro-optical metasurfaces
exploit spectral shift and transition of a resonant mode sup-
ported by their constituent unit cells between over-coupled
and under-coupled states to attain a wide phase modulation
in response to the change in the voltage and optical prop-
erties of the active material [42]. This approach severely
limits the dynamic phase modulation bandwidth which is
inversely proportional to the quality factor of the resonance.
Given that a high-Q resonant mode is required to yield an
enhanced light-matter interaction with the low-dimensional
active regions of the materials, dynamic phase modulation
can only be obtained in a narrow bandwidth. The dynamic
phase span is also limited by the tuning range and volume
of the active region and is typically less than 2z which lim-
its the angle-of-view (AoV) in beam-scanning performance.
Moreover, due to strong correlation between the phase and
amplitude in the resonant scattering regime, wide phase mod-
ulation comes at the cost of dramatic variations in amplitude
giving rise to considerable spurious scattering and sidelobe
levels (SLLs). In addition to these shortcomings, quasi-static
active metasurfaces cannot meet the high demands on the
capacity of the communication as their performance in a
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shared-aperture metasurface will be limited to a few distinct
channels due to reliance on resonant phase modulation which
limits the scalability of such platforms in terms of number of
independent channels in the account of nontrivial coupling
effects between the resonant unit cells [47].

More recently, time-modulated metasurfaces (TMMs)
have emerged as a new class of active metasurfaces in
which the external stimuli controlling the optical proper-
ties of the metasurface are varying periodically in time
[40], [48]-[50]. These metasurfaces have been shown to
enable a wide range of novel physical phenomena including
nonreciprocity [S1]-[59], wavefront engineering [60]-[64],
spatiotemporal light manipulation [65]-[67], signal amplifi-
cation [68], [69], extreme energy accumulation [70], wide-
band impedance matching [71], pulse shaping and reversal
[72]-[74], and camouflaging [75], [76]. A fundamental prop-
erty of such metasurfaces is the frequency mixing function-
ality which leads to generation of higher-order frequency
harmonics. It has been recently established that the wave-
front of higher-order frequency harmonics generated by a
TMM can be tuned via a dispersionless modulation-induced
phase shift which can be controlled linearly by the mod-
ulation phase delay and closely resembles the geometric
PB phase shift [60]. In particular, introducing a modulation
phase delay of « to the modulation waveform of a TMM,
the n-th frequency harmonic acquires a dispersionless phase
shift of no while maintaining a constant amplitude. This
phase modulation mechanism elevates time-modulated active
metasurfaces beyond their quasi-static counterparts as it can
increase the dynamic phase modulation bandwidth while pro-
viding access to full phase span 27 with a uniform amplitude
thus enabling full AoV and suppressing SLLs [60], [63].
Moreover, due to their frequency mixing property TMMs
are inherently suited for establishing several active data
links which can be simultaneously scanned via dispersion-
less modulation-induced phase shift thus enhancing the com-
munication capacity by providing multiple access through
frequency division and space division [63], [64]. Neverthe-
less, due to linear proportionality of the modulation-induced
phase shift to the frequency harmonic order, the active links
established at higher-order frequency harmonics cannot be
controlled independently. In this work, we aim at tackling
this challenge by bridging the concepts of shared aperture and
time-modulated metasurfaces.

We introduce the concept of space-time shared aperture
metasurfaces (STSAMs) to enable multifrequency multibeam
scanning with simultaneous and independent control toward
adaptive multichannel communication in the THz regime.
For this purpose, we consider a geometrically-fixed dynamic
metasurface consisting of graphene micro-patch antennas
which is divided into several interleaved sub-arrays as
shown in Figure 1. By applying engineered radio-frequency
(RF) biasing signals with distinct frequencies to the con-
stituent graphene unit cells of sub-array antennas, their
Fermi energy levels are modulated in time giving rise to
non-interfering mutually orthogonal higher-order frequency

VOLUME 8, 2020

harmonics. Employing a progressive modulation phase delay
in each sub-array allows for independent scanning of its
higher-order frequency component without being affected
by other sub-arrays due to the dispersionless property of
modulation-induced phase shift and orthogonality of the fre-
quency channels. As such, the proposed approach is quite
flexible for creating an arbitrarily large number of distinct
communication channels. We establish the concept theoret-
ically followed by numerical simulations to verify the pre-
dictions using the graphene-based STSAM. The real-time
beam scanning performance of the STSAM is characterized
in terms of gain and and half power beamwidth and their
dependence to the array architecture. We verify the simul-
taneous and independent beam scanning capability via both
one-dimensional (1D) and two-dimensional (2D) interleaved
STSAMs along elevation and azimuth angles. We also estab-
lish the upper bounds for the number of independent channels
attainable through 1D- and 2D interleaved STSAMs con-
sisting of sparse orthogonally modulated sub-arrays without
compromising the AoV of the channels. The study shows the
higher capacity of 2D-interleaved STSAMs compared to their
1D-interleaved counterparts for the same physical aperture
size.

Il. THEORETICAL FORMULATION

In this section, we will outline the theoretical formulation of
a STSAM performance in beam steering by applying phased
array antenna theory. As the starting point, we consider a
reflective planar periodic two-dimensional array lying in the
transverse x — y plane consisting of subwavelength unit cells
varying periodically in time, under the illumination of a
normally incident plane wave at the operating frequency of fj.
Under the assumption that the modulation frequency is much
smaller than the incident frequency (f,, < fo), the incident
and the steady-state reflected fields can be expressed as the
following in time-domain

Ei(t) = Epexp(iwgt)
Ew(1) = r(1) - Ei(2) (H

wherein Ey is the amplitude of the incident wave, wy = 27fy
is the optical angular frequency and () is the time-varying
reflection coefficient. When the constituent unit cells of the
periodic array are periodically varying in time with a mod-
ulation frequency of f,, the reflection coefficient can be
expanded in form of a discrete Fourier seriesas r(t) = ), ry-
exp(inwpyt), in which w,, = 2nf;,, is the modulation angular
frequency and r,’s are the Fourier series coefficients. This
indicates the frequency mixing property of a TMM which
yields a frequency spectrum of f;, = fy + nf;, in the scattered
fields with n € Z being an integer denoting the frequency
harmonic order. In the adiabatic regime of modulation where
fm/fo < 1, a one-to-one mapping can be made between
the steady-state time-domain reflection coefficient at each
instant of time to the quasi-static stationary reflection coef-
ficient according to the bias at that time instant which is
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FIGURE 1. (a) Schematic depiction of the space-time shared aperture metasurface and its constituent elements illuminated by a normally incident
TE-polarized wave. The STSAM consists of orthogonally modulated interleaved sub-arrays of graphene micro-patch antennas on top of a quartz
substrate backed by a gold mirror. Each color corresponds to a different sub-array antenna with a distinct modulation frequency. The array
architecture corresponds to a 2D-interleaved STSAM giving rise to 4 active communication channels whose corresponding main lobes can be
steered in real-time along both elevation and azimuth angles, simultaneously and independently. The geometrical parameters of the graphene
micro-patch antennas are set as wp = 10 um, hgjo, =30 um, hy, =1 um and A = 14 um for operation at the incident frequency of f, = 1.3 THz.
(b) A single super cell of the STSAM showing the biasing of each sub-array with an RF signal of different frequency while incorporating RF phase

shifters for control over the modulation phase delay.

determined by the modulation waveform [61]. As a result,
introducing a modulation phase delay of « (equivalent to a
temporal delay of f; = a/wy,) to the modulation waveform
yields ro () = Y, rnexp(in(wmt + «)) for the steady-state
reflection coefficient in the time-domain. As such, it can
be inferred that the n-th frequency harmonic generated by
the TMM acquires a phase shift of ne, while maintaining
a constant amplitude. Unlike the resonant phase shift, this
modulation-induced phase is dispersionless and independent
of the incident frequency [60]. Therefore, it is convenient to
rewrite the reflected field from a TMM modulated with a
modulation phase delay of o with respect to an arbitrary time
reference, as

E/(t)=Eo ) _ raexp (i (o + no)t +na)) — (2)
n

Now we consider a finite quasi-periodic array consisting
of unit cells modulated with progressive modulation phase
delays of Ac, and Acay, between the immediately neigh-
bor elements along X and y directions, respectively. Under
the assumption of local periodicity, the farfield reflected
field from such an array at a fixed radial distance of ry
can be expressed as a superposition of plane waves with
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spatially-variant local phase and amplitude at different fre-
quency harmonics in the following form

Er(ev (pv t)
=E Z ry exp (i(wo + nwm)t)
n

Y exp (ily (kn Ay sin(8) cos(@) + nAay))
Iy
x Y exp (ily (kn Ay sin(0) sin(p) + nAcy)) (3)

by

where 6 and ¢ are the elevation and azimuth angles, respec-
tively, k, = (wo + nwp,)/c is the wavenumber corresponding
to the n-th frequency harmonic, and A, and A, are the
spacing between adjacent unit cells along X and y directions,
respectively. It is straightforward to rewrite Eq. (3) in a more
compact form as

Er(67 (p7 t)
= Eo ) _ raexp (i(wo + noy)t)
n
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[ | sin (% (kn A sin(8) cos(¢) + nAax)>
oL
Nx sin (% (kn A $in(0) cos(g) + nAay)

§ _L sin (% (kn Ay sin(0) sin(p) + nAoey)) W
_Ny sin (% (kn Ay sin(0) sin(g) + nAay))

wherein Ny and N, are the numbers of consisting ele-
ments along X and y directions, respectively. It should be
remarked that the obtained expression for the farfield pattern
of such a planar time-modulated array antenna incorporat-
ing a progressive modulation phase delay is different from
conventional phased array antennas in that it yields a superpo-
sition of higher-order frequency harmonics whose directions
can be controlled by adjusting the progressive modulation
phase delays via RF phase shifters in the biasing network.
In other words, in contrary to the conventional quasi-static
metasurfaces, which exploit dispersive resonant phase shift
to steer the reflected wave toward the desired direction,
in the time-modulated platforms a modulation-induced phase
shift is utilized which is dispersionless. As a result of
dispersionless nature of modulation-induced phase shift,
the time-modulated metasurface can remain functional for
beam-steering across a wide range of incident frequencies
(unlike its quasi-static counterpart), albeit the beam-steering
efficiency changes with the change in frequency due to dis-
persive amplitude of generated higher-order frequency har-
monic. The angles of the main lobe at the n-th generated
frequency harmonic in elevation and azimuthal planes can
be obtained by solving the following set of equations cor-
responding to the maxima of the patterns at higher-order
frequency harmonics given in Eq. (4)

kn Ay sin(6y) cos(¢n)+nAc, =2mmw,m; =0, £1,+2, ---
kn Ay sin(8,) sin(@,)+nAoy =2mom, my =0, £1, £2, - -
(5

A similar result could be obtained from the generalized
Snell’s law based on conservation of momentum and observ-
ing the linear dependence of modulation-induced phase gra-
dient to the frequency harmonic order (n) and modulation
phase delay («). In this context, the reflection angles 6,, and
@, are referred to as anomalous reflection angles (as opposed
to specular reflection angle) while m; and my denote the
anomalous diffraction orders [60]. It is clear from Eq. (5)
that by judiciously tuning Ac, and Aay, the angle of main
lobes at higher-order frequency can be steered toward a
desired direction in real-time while covering the full AoV
(27 steradian (Sr) for areflectarray). Furthermore, the higher-
order frequency harmonics can be scanned simultaneously
making TMMs well-suited for multi-point communication
paradigms via frequency-division multicasting unlike the
optical links based on static and quasi-static metasurfaces
which support monochromatic point-to-point communication
schemes. Nevertheless, it can be inferred from Eq. (5) that
the angle of main lobes at higher-order frequency harmon-
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ics are correlated which is attributed to the linear depen-
dence of modulation-induced phase gradient to the fre-
quency harmonic order. This correlation hinders independent
active control over the links established at distinct frequency
harmonics which consequently limits the functionality of a
TMM antenna in a distributed network where the users should
be addressed simultaneously with potentially independent
services.

To overcome this issue, we will divide the TMM aperture
into interleaved sub-arrays each of which is modulated via the
modulation frequency of f;, , while incorporating progressive
modulation phase delays of Aoy , and Aay, ), along X and
directions, respectively (the subscript p denotes the index of
the sub-array antenna). In other words, instead of utilizing
a fixed modulation frequency of f;, and fixed progressive
modulation phase delays of Aa, and Acy, we will apply
orthogonal biasing signals with alternating modulation fre-
quencies and progressive modulation phase delays across the
metasurface aperture, rendering a shared aperture in space-
time. The division of metasurface aperture into orthogonally
modulated sub-arrays can be performed across one or two
spatial dimensions in the transverse plane giving rise to
1D- or 2D- interleaved configuration. The reflected field from
such a STSAM can be expressed as a superposition over the
frequency harmonics generated by different sub-arrays

Er(eﬂ g07 t)
=K Z Z Fn,p EXP (i(a)o + nwm,p)t)
P n

i 1 sin ( (knpAx,p sin(0) cos(p) + nAay p))

Nx sin kn pAx psin(@) cos(p) + nAay p)

)
( (K p Ay p $In(0) sin(p) + nAa,, ))

Nv sin (% knp Ay psin(@) sin(g) + nlay )

(6)

wherein A, , and A, , are the spacing between adjacent
unit cells of the p-th sub-array along X and y directions,
respectively. It is clear from Eq. (6) that a unique set of mod-
ulation frequency and progressive modulation phase delay
is assigned to each sub-array p leading to establishment of
distinct radiation patterns at distinct frequencies which can be
tuned independently by individual control over the progres-
sive modulation phase delays of each sub-array via RF phase
shifters. The angles of the main lobe at the n-th generated
frequency harmonic corresponding to the p-th sub-array in
elevation and azimuthal planes denoted by 6, , and ¢, p,
respectively can be found as

kn,pAx p Sin(Op p) cOS(@n p) + nAQy p = 2my
knp Ay psin(8y, p) sin(@y,p) +nlAay , = 2mom @)

This formulation illustrates the capability of STSAMs in
adaptive multichannel communication by establishing active
data links at distinct frequencies which can be scanned in
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space simultaneously and independently. It should be men-
tioned that while the higher-order frequency harmonics of a
specific order n # 0 generated by all sub-arrays are mutually
orthogonal as long as the applied modulation frequency to
the sub-arrays are different (i.e. for each two sub-arrays of
pand q, fo + nfmp # fo + Wfmg When finp F fing)
in order to ensure the mutual orthogonality of all frequency
mixing products generated by the sub-arrays, the modulation
frequency of each pair of sub-arrays should be non-integer
irrational divisor of each other (i.e. for each two sub-arrays of
pand q, fup/fmq € Q). This condition ensures that there is
no spectral overlap between the output frequency spectrum of
the sub-arrays except at the fundamental frequency harmonic
(n = 0), thus removing the cross-talk between the indepen-
dent communication channels by rendering the established
links at higher-order frequency harmonics orthogonal in the
sense that they do not yield an observable spatial interference
pattern and can be separated via spectral filtering.

Ill. DESIGN OF GRAPHENE-BASED DYNAMIC
METASURFACE

In order to demonstrate the applicability of STSAM con-
cept for adaptive multichannel THz communication and to
numerically verify the predictions of the formulation outlined
in the previous section, we will design and model a reflec-
tive STSAM by utilizing graphene patch micro-antennas
as its constituent unit cells. Graphene is one of the most
well-known 2D materials whose surface conductivity can be
tuned via field effect modulation of its Fermi energy level
under application of an external bias voltage in a paral-
lel capacitor configuration. A mono-layer graphene can be
viewed as a one-atom thick semiconductor which can interact
strongly with THz and mid-infrared light by supporting local-
ized plasmons generated as a result of collective oscillation of
free carriers [77], [78]. Due to its extreme thinness, electrical
tunability, large-scale fabrication feasibility, and plasmonic
response, graphene has been widely used for realization of
gate-tunable dynamic metasurfaces [44]-[46]. Furthermore,
the short response time of carriers in 2D materials enable
modulation speeds up to several tens of GHz [79], making
graphene an ideal candidate for realization of time-modulated
devices by employing RF biasing signals for its modulation
[58], [60].

The schematic of the proposed STSAM for dynamic opera-
tion in the low-THz frequency regime (around fy = 1.3 THz)
is shown in Fig. 1 which consists of a 2D array of graphene
patch micro-antennas mounted on top of a quartz (SiO;) sub-
strate backed by a gold mirror. The metasurface is illuminated
by a normally incident transverse electric (TE) polarized
plane wave (electric field is along x axis). Given that the fea-
ture sizes of a resonant metasurface in the low-THz regime is
in order of several microns, the proposed configuration can be
biased through a two-dimensional biasing grid in the plane of
metasurface addressing each individual patch independently.
Furthermore, vertical interconnect access (via) can be used
to bias graphene patches through a feeding network lying on
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the plane below the metasurface [80], [81]. Each graphene
patch antenna is considered to be modulated individually via
an RF biasing signal whose phase delay can be controlled
by incorporating RF phase shifters in the biasing network.
In order to minimize the required voltage amplitudes to attain
a certain level of Fermi energy level, ultrathin layers of a
gate dielectric (e.g. alumina) and doped polycrystalline sil-
icon can be be added between graphene patches and quartz
substrate which will have negligible impact on the optical
response while enhancing field effect modulation by applying
bias voltages between the doped silicon layer and graphene
patches [82], [83].

The permittivity of the quartz substrate is considered as
€si0, = 3.75 while the complex permittivity of gold is
modeled by its Drude dispersion model. The complex surface
conductivity of graphene can be accurately modeled based
on the Kubo formula [84] as a summation over the inter-
band and intraband transition contributions, i.e. og(w, Ef) =
Ointra(®, Ef) + Ointer(w, Ef) with w and Ef being incident
angular frequency and Fermi energy level of graphene,
respectively. In the frequency range of our interest here (i.e.,
0.1-2 THz), the interband contribution can be neglected and
thus the conductivity of the graphene can be written as [85]

2¢2 kT Ef
— 1 (®)
Th* w+it 2kgT

where e is the electron charge and kp is the Boltzmann
constant, and 7 = 300 K is the temperature. In this paper,
we have considered the relaxation time as T = 0.5 ps which
can be achieved via state of the art of fabrication technology
[86]-[89].

In order to achieve an optimal performance for the
STSAM, we seek to achieve a pure frequency mixing by
minimizing the undesired frequency mixing products and
maximizing the frequency conversion of time-modulated
metasurface to the first-order up-modulated frequency har-
monic. Since the frequency conversion performance is deter-
mined by the temporal evolution of the quasi-static phase
and amplitude [61], [66], we aim at maximizing the dynamic
phase span of the metasurface by varying the Fermi energy
level. Current research on graphene demonstrated that the
Fermi energy level varies in a limited range when it is tuned
with electrical biasing [45]. In particular, we limit ourselves
to the Fermi energy level (Ey) within the range of 0 - 0.5 eV
which has been shown to be attainable via gate biasing in
recent experimental demonstrations [45]. The geometrical
dimensions of the unit cell are set accordingly as w, = 10
um, hsio, = 30 um, hay = 1 pmand A = 14 um, following
a comprehensive parametric study. It should be mentioned
that as the exploited unit cells are consisting of a plasmonic
material, their periodicities and patch dimensions are much
smaller than that of the operative wavelength. In other words,
the plasmonic dimensions are forced to be smaller than other
consisting parts, such as the thickness of the substrate layer.
This will consequently lead the plasmonic-based unit cells
to have compact footprints. However, the proposed unit cell

og(w, Ef) =
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can be realized with the current state-of-the-art of fabrication
technology as its minimum feature size is larger than the
current minimum achievable precision via optical and e-beam
lithography [90]. In the following subsections, we numeri-
cally study the quasi-static and time-modulated performance
of the gate-tunable metasurface with a periodic configuration
to discuss its operating principle.

A. QUASI-STATIC PERFORMANCE
In order to characterize the quasi-static response of the meta-
surface (tunable response in the absence of temporal modula-
tion) by varying the Fermi energy level of graphene patches,
we utilize an in-house built solver based on rigorous coupled
wave analysis (RCWA) [91] capable of accurate modeling of
graphene gratings as zero-thickness two-dimensional spatial
patterns of surface conductivity [92]. The reflection ampli-
tude and phase of the metasurface are calculated as func-
tions of incident frequency for different Fermi energy levels
of graphene patches and the results are shown in Fig. 2(a)
and (b), respectively. The results indicate a resonant mode
supported by the metasurface which can be identified by the
dip in the reflection amplitude spectrum accompanied by a
steep spectral phase accumulation. In order to characterize
the resonance, the amplitudes of magnetic and electric fields
within one unit cell of the metasurface in the x — z plane
are plotted in Fig. 2(c) for the normally incident plane wave
polarized along x axis at the resonant frequency of f =
1.138 THz for Ef = 0.15 eV. As it can be seen, the elec-
tric field is strongly confined to the graphene patch while
exhibiting an extreme enhancement around the edges. This
nearfield profile is a manifestation of the localized surface
plasmon resonance (LSPR) excited in the graphene patches.
The strong localization of the field to graphene patches as
a result of excited LSPR allows for effective tuning of the
resonant response by varying graphene optical properties.
Moreover, given that LSPR is a result of intrinsic resonant
response of the individual unit cells rather than collective
response of the elements, it enables a local manipulation of
scattered fields by virtue of minimal long-range interactions.
As it can be observed from the results in Fig. 2(a) and (b),
the LSPR frequency blueshifts toward larger frequencies by
increasing the Fermi energy level. Furthermore, increasing
the Fermi energy level leads to the increment in the inter-
nal loss of the resonant scattering channel which yields a
transition of resonance from over-coupled to under-coupled
state at Fermi energy levels between 0.2 eV and 0.25 eV.
At the over-coupled state, the radiative loss is higher than the
internal loss and the resonance yields a wide spectral phase
accumulation with a span of almost 2. This is while at the
under-coupled state, the internal loss exceeds the radiative
loss suppressing the spectral phase accumulation to a span of
less than 7. The reader is referred to [42] for more discussion
on the interplay between the radiative and internal losses
on the state of resonance (over-coupled and under-coupled)
via coupled mode theory (CMT). The transition between
over-coupled and under-coupled states is accompanied by a
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FIGURE 2. (a) The amplitude and (b) phase of the reflection coefficient
from the metasurface calculated as functions of incident frequency for
different Fermi energy levels of graphene patch antennas (E¢). The
vertical dashed line marks the operating frequency of f, = 1.3 THz.

(c) The calculated nearfield distribution of magnetic and electric fields
within one unit cell of the metasurface in the x-z plane under normal
incidence of an x-polarized plane wave at the resonant frequency of

f = 1.138 THz for Ef = 0.15 eV. (d) The amplitude and (e) phase of the
reflection calculated as functions of Fermi energy level ranging from
0.0 eV to 0.5 eV at the operating frequency of fy = 1.3 THz. (f) The
optimized modulation waveform for the Fermi energy level to yield
serrodyne frequency translation to the first-order up-modulated
frequency harmonic. (g) The output frequency spectrum of the
time-modulated metasurface showing the normalized frequency
conversion efficiency vs the frequency harmonic orders, corresponding to
the optimized modulation waveform in (f).

flip in the phase spectrum (i.e. change in the sign of group
delay) which yields a wide phase swing at a single operating
frequency by varying the Fermi energy level. Nevertheless,
at the critical coupling state, the absorption is in its maxima
which consequently leads to low efficiency. This approach
has been previously used for dynamic phase modulation
of THz and infrared lights in tunable metasurfaces based
on graphene [44]-[46] and indium-tin-oxide [41]-[43]. We
choose the operating frequency as fy = 1.3 THz as denoted
by the dashed line in Fig. 2(a) and (b) to attain an optimal
trade-off between the reflection amplitude efficiency and
dynamic phase span. The reflection amplitude and phase at
this frequency are shown as functions of Fermi energy level
of graphene patch antennas in Fig. 2(d) and (e), respectively.
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A dynamic phase span of ~ 310° is achieved while the reflec-
tion amplitude varies between 0.2 and 1 across the phase
modulation range. It should be remarked that in principle such
dynamic phase modulation allows for steering of reflected
light toward a desired direction by adjusting the applied
bias voltage to the individual unit cells to imprint a linear
phase gradient across the metasurface. Nevertheless, due to
limited phase span (less than 27) and dramatic variations of
amplitude during phase modulation, such quasi-static tunable
metasurface has a limited AoV and gives rise to consider-
able SLLs and spurious scattering. Furthermore, the band-
width of dynamic phase modulation is limited due to lim-
ited bandwidth of resonant phase accumulation [41], [44].
These limitations and drawbacks can be alleviated by intro-
ducing time-modulation and exploiting the dispersionless
modulation-induced phase shift of higher-order frequency
harmonics which provides access to 2w phase span with
uniform amplitude at all incident frequencies, albeit with
different amplitude efficiencies [60], [63].

B. TIME-MODULATED PERFORMANCE

In order to calculate the output frequency spectrum of the
dynamic metasurface whose Fermi energy level is modulated
periodically in time with a given waveform, we construct
the steady-state reflected field in time-domain via one-to-one
mapping of the field at each instant of time to the quasi-static
fields corresponding to the applied Fermi energy level at that
time instant, and subsequently taking the Fourier transform
of the steady-state time-domain field to arrive at the output
frequency spectrum [61], [66]. This approach is valid in the
adiabatic regime of modulation where the modulation fre-
quency is much smaller than the excitation frequency (f;,, <
Jo). It is noteworthy that in this modulation regime, the mod-
ulation frequency does not lead to a noticeable change in the
frequency conversion performance and it merely determines
the spectral position of higher-order frequency harmonics
(fn = fo + nfm). The frequency conversion performance of
a TMM described by the spectral diversity and efficiency
of the generated frequency harmonics is determined by the
temporal evolution of the steady-state amplitude and phase
which can be controlled by engineering the modulation wave-
form at any given incident frequency. It should be mentioned
that in order to ideally realize an arbitrary output frequency
spectrum, an independent control over the quasi-static phase
and amplitude in time is required which is prohibitive in
tunable metasurfaces due to correlation of phase and ampli-
tude in the resonant scattering regime. While a phase-only
temporal modulation can be adopted to arrive at a non-ideal
output spectrum, utilizing an evolutionary algorithm for opti-
mizing the modulation waveform can yield a more optimal
response by taking into account the correlation and trade-offs
between phase and amplitude. For this purpose, we have
expressed the modulation waveform of the Fermi energy level
in form of a truncated Fourier series as Ef(1) = Efo +
Z:i Ay sin(nwpt) + By, cos(nwpyt), wherein Ef o, A, and
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B,, are the coefficients which are optimized by employing
genetic algorithm (GA) to obtain the desired spectral diversity
of frequency harmonics.

Here, we aim at maximizing the frequency conversion
efficiency through pure frequency mixing; that is to convert
the incident power at fundamental frequency to the first-order
up-modulated frequency harmonic while minimizing the con-
version to other frequency mixing products. For this purpose,
the objective of the optimization to be maximized is defined
as conversion efficiency to the first-order up-modulated fre-
quency harmonic which is given by the reflected power
residing at fo + f, over the total reflected power and can
be expressed as |ry1|%/ > |rn|? wherein |r,| denotes the
reflection coefficient corresponding to the n-th frequency
harmonic (fp + nf;,). The optimized Fermi energy modulation
waveform and its corresponding normalized output frequency
spectrum are shown in Fig. 2(f) and (g), respectively. The
normalized frequency spectrum is obtained by calculating
the frequency conversion efficiency to each harmonic order
given by [ral?/ > [r712. As it can be seen from the results,
the optimized waveform exhibits a sawtooth-like pattern with
broken time-reversal symmetry. This result well abides with
the phase modulation prescription for serrodyne frequency
translation which requires a sawtooth temporal phase profile
modulating the quasi-static phase linearly over 27 span at
each cycle of modulation [61], [66]. Moreover, it can be
clearly seen from the normalized output spectrum that most
of the reflected power is residing at the first up-modulated
frequency harmonic (n = 41) yielding a normalized fre-
quency conversion efficiency of |r,|?/ > Ir? = 74%.
It should be remarked that the non-unity conversion effi-
ciency is attributed to the limited quasi-static phase span and
nonuniform quasi-static amplitude across the phase modu-
lation range. In principle, a unity conversion efficiency can
be obtained given that a tunable metasurface provides 2x
phase with a uniform amplitude at the quasi-static operation.
It should also be noted that despite the relatively high normal-
ized frequency conversion efficiency, the overall frequency
conversion efficiency is limited to 34% as the total reflected
power is 46% of the incident power due to the dissipative
loss of the graphene. In other words, 64% of the incident
power is absorbed due to the dissipative loss of the graphene
micro-patches (Pjoss = 0.64Pjinc), while 34% of the remain-
ing part resides in the first harmonic (P4+; = 0.34Pj,¢) and the
rest of the reflected power contains other harmonics (P, =
0.12Pj;c). These metrics characterize the efficiency of the
antenna element. It is noteworthy to mention that with the
expeditious growth in material science and rapid emergence
of new 2-D materials with improved characteristics, higher
efficiencies may be attainable in near future through advent
of novel materials and/or design paradigms.

The frequency mixing property of TMMs as shown here
make them highly suited for communications in turbu-
lent conditions to avoid blockage of the communication
links through adaptive tuning of the communication channel
frequency.
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IV. 1D-INTERLEAVED STSAM

In this section, we consider a 1D-interleaved STSAM by
dividing the aperture of a finite metasurface consisting of
104 x 104 unit cells (= 6.331¢ x 6.33A¢ in size) along one
spatial dimension (y-axis) into two sub-arrays each of which
is modulated with an RF biasing signal with the optimized
waveform shown in Fig. 2(e) having a different modulation
frequency and incorporating different progressive modula-
tion phase delays, toward establishing active data links with
simultaneous and independent scanning capability. The meta-
surface is illuminated by a normally incident TE-polarized
Gaussian beam with a waist of rp = 3¢ at the operating
frequency of fo = 1.3 THz. The presented metasurface does
not induce cross-polarization as the incident wave impinges
normally on the metasurface and the exploited unit cells have
equal dimensions and periodicity along x and y directions
(i.e., Ay = Ay = A ), which manifests a symmetry in their
geometry.

It should be noted that a full-wave simulation of
such a large-area time-modulated metasurface with multi-
scale spatiotemporal characteristics is prohibitively expen-
sive. As such, we employ the adiabatic analysis approach
combined with field equivalence principle, based on the
assumption of local periodicity. For this purpose, the locally
scattered steady-state time-domain fields from the unit
cells constructed by one-to-one mapping of the amplitude
and phase at each time-instant to the quasi-static response
obtained from full-wave RCWA simulations given the mod-
ulation waveform, modulation frequency and modulation
phase delay are utilized for obtaining equivalent surface cur-
rents across the metasurface aperture at each instant of time
via field equivalence principle. Once the steady-state time-
domain surface currents are obtained, the scattered fields can
be calculated everywhere in space at each instant of time by
adopting proper dyadic Green’s functions [63], [64], [66],
[67]. The Fourier transform of the steady-state time-domain
scattered fields are subsequently taken to arrive at the farfield
reflection pattern at different frequency harmonics. In order
to calculate the gain of STSAM antenna, first the intensities
of the reflected fields generated by the sub-array antennas
are obtained at different frequency harmonics as functions of
elevation and azimuth angles. Then, the results are divided
by the mean reflection intensity of an ideal antenna with the
same aperture size which is excited with the same source.
The gain of STSAM antenna at the n-th frequency harmonic
generated by the p-th sub-array can be then expressed as
Gain,, (0, @) = U6.9fotnfmp) wherein U (8, ¢, fo + nfin,p) is
the farfield intensity oiy the reflected field from the STSAM
antenna at the frequency of fy + nfj,, and U is the mean
reflection intensity of an ideal antenna given by U = P;,/4n
with Pj, being the input power [93].

A. ORTHOGONALITY CONDITION AND

CROSS-TALK EFFECTS

In this subsection, we investigate the conditions for
the orthogonality of the channels established by distinct
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sub-arrays in a ID-interleaved STSAM and explore the
cross-talk effects between them induced by the undesired
frequency mixing products. As it was mentioned earlier in
the manuscript, the frequency harmonics of a specific order
n # 0 generated by interleaved sub-arrays of a STSAM are
mutually orthogonal as long as their modulation frequencies
are different. Nevertheless, in order to ensure the mutual
orthogonality of all frequency mixing products generated
by the sub-arrays, their output frequency spectra should not
overlap except at the fundamental frequency which requires
the modulation frequency of each pair of sub-arrays to be
non-integer divisor of each other. Satisfaction of this orthog-
onality condition is essential to avoid interference between
the pattern of sub-array p at the first up-modulated frequency
harmonic of fy + fi,,, which is the desired beam, and the
pattern of other sub-arrays at the undesired frequency mixing
products (fp + nfy, 4 forn # +1).

In order to corroborate this orthogonality condition,
we study the farfield patterns of a STSAM consisting of two
sub-arrays modulated with distinct modulation frequencies
of fi.1 and f;, 2, interleaved along the y-axis with a one-to-
one ratio in the number of unit cells (i.e. the STSAM array
architecture is fi,, 15 fin.2; fm.1; fm.2, - . .). The spacing between
the unit cells in the sub-arrays of this STSAM antenna will
be Ay1 = Ays =2A and Ay1 = Ay = A. It should be
remarked that as long as the modulation remains within the
adiabatic regime (i.e. fi;,1 < fo and fin.2 < fo), the frequency
conversion performance of the sub-arrays will be the same for
the same modulation waveform yielding maximal conversion
to the first-order up-modulated frequency harmonic, with the
only difference being in the spectral position of the generated
higher-order frequency harmonics.

First, we consider the case in which f,,1 = fo/256 and
Jm2 = 2f0/256, i.e. the modulation frequency of the Ist
sub-array is an integer divisor of that of the 2nd sub-array
(fm2 = 2fm.1)- The spatial distribution of modulation fre-
quency across such STSAM is depicted in Fig. 3(a). The pro-
gressive modulation phase delays of the unit cells are set as
Aoy = 0and Aay 1 = —koAy 1sin(15°) within sub-array
I, and Aayp = 0 and Aayr = koAy2sin(45°) within
sub-array 2, in order to steer the dominant beams generated
by the sub-arrays at their first-order up-modulated frequency
harmonics toward angles given by (6, ©),p, = 0, ¢)+1,1 =
(15°,90°) and (8, @)np = (0, @)41,2 = (45°, —=90°), respec-
tively by virtue of modulation-induced phase gradient accord-
ing to Eq. (7). The distribution of modulation phase delay
across the STSAM is shown in Fig. 3(b).

The farfield patterns of STSAM is calculated at the
frequency channels established by the sub-arrays at their
first-order up-modulated harmonic, namely channel 1 at f +
fm,1 and channel 2 at fy 4 f;, 2 and the results are shown at the
elevation plane (J¢| = 90°) in dB scale in Fig. 3(c). It should
be noted that the angles denoted by 6 < 0 correspond to
(6, —90°) while the angles marked by & > 0 correspond
to (0, +90°). As it can be observed the main lobes at the
channels established by the sub-arrays are steered toward the
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FIGURE 3. (a) The spatial distribution of modulation frequency across the
1-D interleaved STSAM in which the modulation frequency of the 1st
sub-array is an integer divisor of that of the 2nd sub-array.(b) The
modulation phase delay distribution across the 1D-interleaved sub-array
set to steer the reflected beams at the first-order frequency harmonics of
the sub-arrays toward elevation angles of 6. ; ; = 15° and 6 , = —45°
in the elevation plane. (c) The farfield pattern of the STSAM at the 1st and
2nd channels established by the 1st and 2nd sub-arrays, respectively

in dB scale in the elevation plane (|¢| = 90°). (d)-(f) show the same as
(a)-(c) for the 1D-interleaved STSAM in which the modulation frequencies
of the sub-arrays are non-integer divisor of one another.

desired directions, abiding well with the theoretical predic-
tions according to Eq. (7) and indicating the simultaneous and
independent operation of the channels. While TMMs enable
pattern synthesis with minimal spurious scattering due to sus-
taining the uniformity of amplitude during phase modulation
via modulation-induced phase shift at higher-order frequency
harmonics [63], a considerable sidelobe has appeared in the
2nd channel at fy + fi;2. This is due to the fact that the
modulation frequencies of the sub-arrays do not satisfy the
non-integer divisibility condition which leads to cross-talk
between the sub-arrays in the account of spectral overlap of
the second-order up-modulated frequency harmonic gener-
ated by the 1st sub-array with the first-order up-modulated
frequency harmonic established by the 2nd sub-array (i.e.
Jo + 2fm1 = fo + fm.2) giving rise to their spatial interfer-
ence. Given that the modulation waveforms are optimized
to minimize the undesired frequency mixing products (all
harmonic orders except n = +1), the reflected power at the
main lobe of the reflected beam at the second-order harmonic
of the 1st sub-array is much smaller than that at the main
lobe of the reflected beam at the first-order harmonic of the
2nd sub-array. Furthermore, due to linear proportionality of
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the modulation-induced phase gradient to the harmonic order,
the second-order frequency harmonic generated by sub-array
1 is steered toward the angles of (8, ¢)np, = (0, 9)42,1 ~
(30°, 90°). As such, this beam is manifested as a sidelobe at
6 ~ 30° for the main lobe in the 2nd channel.

For elimination of the cross-talk between the sub-arrays
and removing the generated sidelobe in the 2nd chan-
nel, the sub-arrays should be modulated orthogonally with
non-integer divisible frequencies. In order to illustrate this,
we consider the 1D-interleaved STSAM in which the mod-
ulation frequencies of the sub-arrays are changed to f,,1 =
1.5f0/256 and f,,» = 2.5f0/256 with the progressive mod-
ulation phase delays remaining the same. The spatial dis-
tribution of modulation frequency and phase delay across
the metasurface aperture in this case are demonstrated in
Fig. 3(d) and (e), respectively. The farfield patterns in the
Ist and 2nd channels corresponding to the first-order up-
modulated frequency harmonic generated by the st and
2nd sub-arrays, respectively are obtained by calculating the
STSAM antenna gain at fy + fi;,1 and fo + fi.2, and the
results are shown in Fig. 3(f). As it can be clearly observed,
the sidelobe at the 2nd channel is suppressed completely
and two directional beams with minimal SLL are obtained
at two orthogonal channels which can be steered simul-
taneously and independently. It should be mentioned that
although the chosen f;,,.1 and f;, > are non-integer divisor of
one another, the fifth-order frequency harmonic generated
by the 1st sub-array overlaps with the third-order frequency
harmonic generated by the 2nd sub-array due to the fact that
Sm.1/fm2 = 3/5 € Qis arational number. Nevertheless, since
our goal is to engineer the patterns at the dominant first-order
harmonics of the sub-arrays, such cross-talks do not have an
impact on the multibeam scanning of the STSAM antenna
and the non-integer divisibility is a sufficient condition to
cancel out the cross-talk at the channels established by the
sub-arrays. However, in order to avoid the spectral overlap
of all frequency mixing products, the more general condi-
tion is for the modulation frequencies of sub-arrays to be
a non-integer irrational divisor of one another (f,,1/fn2 €
Q). It should be noted that for an ideal lossless STSAM
with unitary frequency conversion efficiency having the same
aperture size, the peak gains corresponding to the main lobes
in the 1st and 2nd channel are obtained as G4+1,; = 18.9 dB
and Gy = 17.9 dB, while they reduce to G41,; = 7 dB
and G412 = 6 dB for the presented case of Fig. 3 due to
the non-unity frequency conversion efficiency and dissipative
loss of the metasurface. It should be noted that for obtaining
the corresponding gain of the proposed STSAMs, not only
the efficiency of the elements but also the directivity and
aperture efficiency were taken into account. In order to esti-
mate, the effective aperture size, the well-known formula of
Acft = A2D/47 can be used. As the corresponding directivity
of each sub-array is different from one another, each channel
has a distinct aperture efficiency and effective aperture size.
Moreover, changing the architecture of the sub-arrays also
results in different aperture efficiency as a result of change
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in the directivity and effective aperture size. It should also
be mentioned that the aperture efficiency becomes lower
as the deflection angle approaches to steeper values which
is attributed to the decrease of its corresponding directivity
due to increased impedance mismatch between the normally
incident wave and oblique reflected wave. Finally, beam effi-
ciency (BE), which indicates the amount of power in the main
lobe compared to side lobes, is another important parameter
that is expressed as [93]

. I U®, 0, fo + nfwp) sin@)d0dg
5T U@, . fo + nfp) sin(@)dOd

which 6, is the half-angle of the cone within which the
percentage of the total power is to be found. By exploiting
Eq. (9) for the proposed case of Fig. 3(f), the BE for first
and second sub-arrays will be obtained as BE; = 97.82%
and BE, = 98.46%, respectively.

BE, =

B. INDEPENDENT REAL-TIME BEAM-STEERING

In this subsection, we demonstrate the independent real-time
beam steering at orthogonal channels established by the
sub-arrays of STSAM antenna. According to Eq. (7), con-
trol over the progressive modulation phase delays in each
sub-array of a STSAM allows for robust real-time tuning of
the angle of the main lobes generated at its corresponding
higher-order frequency harmonics without being affected by
other sub-arrays. In order to rigorously verify this dynamic
performance, we consider the 1D-interleaved STSAM with
fn1 = 1.5f,/256 = 7.61 GHz and f,,» = 2.5f0/256 =
12.69 GHz. The progressive modulation phase delays cor-
responding to the 2nd sub-array are fixed as Awyp = 0
and Aay 2 = —koAy 2 sin(45°) yielding anomalous reflection
angles of (6, ¢)y+12 ~ (45°,90°) at fo + fiu,2, while the
progressive modulation phase delay corresponding to the 1st
sub-array is fixed as Awy,; = 0 along x-axis and is tuned
along y-axis which can be done via RF phase shifters in the
biasing network. Figure 4(a) and (b) show the gain of STSAM
antenna in dB scale for the Ist and 2nd channels established
by the 1st and 2nd sub-array at the frequencies of fo+f,,,1 and
Jo+fm.2, respectively, as functions of progressive modulation
phase delay of the 1st sub-array along y-axis (Acy, 1) and the
observation angle in the elevation plane (J¢| = 90°). It is
evident from the results that the angle of the main lobe in
the Ist channel established by the 1st sub-array at fy + fi.1
is steered from backward end-fire (¢ = —90°) to forward
end-fire (¢ = +90°) with minimal SLL by varying its cor-
responding progressive modulation phase delay along y-axis
(Aay,1) from —koAy 1 to +koAy 1 following the anomalous
reflection angle predicted by Eq. (7) (denoted by the dashed
line) and yielding an AoV of 180°. Such all-angle scanning
is afforded due to coverage of modulation-induced phase
shift over the full phase span of 27 which is prohibitively
challenging to attain in quasi-static tunable metasurfaces due
to their limited resonant phase span [41], [44], [45]. On the
other hand, the main lobe in the 2nd channel established by
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the 2nd sub-array at fy + f,2 remains fixed at § = 45°
and is not affected by the variations in Acy 1. Similarly,
tuning Aay, > enables real-time steering of the main lobe in the
elevation plane in the 2nd channel without affecting the main
lobe in the 1st channel. This clearly verifies the simultaneous
and independent control over the distinct communication
channels through multifrequency multibeam scanning with
full AoV and low SLL.

As it can be observed from Fig. 4(a), the gain of STSAM
antenna decreases as the beam is steered from broadside (6 =
0°) toward end-fire angles (|| = 90°) which is attributed
to the decrement in the effective size of the aperture and
increment in the impedance mismatch between the incident
and reflected waves. The half power beamwidth (HPBW) of
the reflected beam’s main lobe in the 1st and 2nd channels are
also calculated and shown in Fig. 4(c) and (d), respectively
as functions of Acy 1. While the HPBW of the main lobe in
the 2nd channel is fixed and remains unaffected as expected,
the HPBW of the main lobe in the Ist channel decreases
as the beam is steered from the broadside toward end-fire
angles yielding a decrement in directivity and gain. It should
be noted that the gain in both channels are equal when the
direction of their main lobes coincide at 8 = 45° as the one-
to-one ratio of the number of unit cells in the interleaved
sub-arrays yields the same aperture size in both channels.
Although, the gain of the STSAM antenna is limited by the
frequency conversion efficiency and dissipative losses, it can
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FIGURE 4. The gain of the 1-D interleaved STSAM antenna in dB scale for
the (a) 1st channel and (b) 2nd channel corresponding to the first-order
frequency harmonics generated by the 1st and 2nd sub-array, respectively
as functions of farfield observation angle in the elevation plane

(l¢l = 90°) and the progressive modulation phase delay along y-axis in
the 1st sub-array, when Aoy | = Aoy , =0 and

Aay 3 = —koAy 5 sin(45°). The half power beamwidth of the main lobe in
the (c) 1st channel and (d) 2nd channel corresponding to the first-order
frequency harmonics generated by the 1st and 2nd sub-array, respectively
as functions of the progressive modulation phase delay in the 1st
sub-array.
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FIGURE 5. (a) The distribution of modulation frequency across one super cell of the 1D-interleaved STSAM for different array architectures with
different ratios of the number of unit cells in the sub-arrays (). (b) The gain and (c) the half power beamwidth of the main lobe in the 1st channel
established at the first-order up-modulated frequency harmonic generated by the 1st sub-array as functions of the progressive modulation phase
delay along y-axis in the 1st sub-array. (d) and (e) show the same for the main lobe in the 2nd channel established at the first-order up-modulated
frequency harmonic generated by the 2nd sub-array. In the results, we have fixed Aay | = Ay 3 =0 and Aey 5 = koA 5 sin(45°).

be increased further by increasing the directivity (decreas-
ing the HPBW) through enlarging the metasurface aperture.
Here, the overall aperture size of the STSAM is chosen
relatively small (= 6.331¢ x 6.33A¢) in order to accelerate the
computation and facilitate comprehensive parametric studies.

C. EFFECTS OF ARRAY ARCHITECTURE ON REFLECTION
CHARACTERISTICS

For the results presented in the previous subsections, the num-
ber of unit cells in the 1D-interleaved sub-arrays in the
STSAM antenna were considered to have a one-to-one ratio
yielding the same aperture size for both sub-arrays. Modify-
ing the array architecture such that the number of unit cells
in the Ist sub-array has a «-to-one ratio with respect to that
in the 2nd sub-array allows for redistributing the reflected
power between the independent channels established by the
sub-arrays and adjusting their power ratio levels by tuning
the directivity of their corresponding main lobes due to the
change in their aperture size.

In such an array architecture, the 2nd sub-array becomes
sparser by increasing « and the spacing between its con-
stituent unit cells along y- axis scales by x + 1 as Ay =
(« + 1)A. It should be highlighted that as an array becomes
sparser and its periodicity increases, its corresponding AoV
for directional beam-steering may become limited due to
emergence of secondary main lobes (also referred to as
grating lobes) in the diffraction regime. The onset of the
diffraction regime at the n-th frequency harmonic for the p-th
sub-array under normal incidence can be characterized by the
condition 1 & sin(6, ) > Ao/Ay, according to the Floquet
theory, wherein 6, ), is the angle of the primary main lobe.
This condition implies that when the spacing between the
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adjacent unit cells in a sub-array exceeds Ao/2, i.e. Ay, >
Ao/2 or Ao/Ap < 2, the AoV becomes limited due to the
onset of diffraction regime appearing at the end-fire angle,
i.e. 1 +sin(90°) > Ag/A,. Obviously, the larger the spacing
between the unit cells become, the more limited AoV gets due
to the shift in the onset of diffraction regime toward smaller
scanning angles. Considering that the operating wavelength
is &~ 16.48 times the spacing between the adjacent unit cells
in the proposed metasurface (Ag ~ 16.48A), the maximum
periodicity of the sparse sub-array can be 8 A to ensure full
AoV in the beam-scanning.

Here, we study the effect of array architecture on the
reflection characteristics of the channels established by the
1D-interleaved sub-arrays. According to the above discus-
sion, we limit our study to the cases where x < 7 such that the
generated beams by both sub-arrays at their corresponding
first-order frequency harmonics can be scanned with full
AoV. Figure 5(a) depicts the modulation frequency distri-
bution across one super cell of the 1D-interleaved STSAM
for different values of « in which the modulation frequencies
assigned to the 1st and 2nd sub-arrays are f;,, | = 1.5fp/256 =
7.61 GHz and f,, » = 2.5fp/256 = 12.69 GHz, respectively.
Similar to the previous sub-section, we fix the progressive
modulation phase delays corresponding to the 2nd sub-array
as Aayp = 0and Aayp = koA, 2 sin(45°) yielding anoma-
lous reflection angles of (6, ¢)+1,2 & (45°,90°) at fo + fin.2,
while tuning the progressive modulation phase delay corre-
sponding to the 1st sub-array along y-axis (Acy 1) to steer
the beam at fy +-f,,,,1 from backward to forward end-fire in the
elevation plane when Aa, ; = 0. The gain and HPBW of the
main lobe in the 1st channel established by the 1st sub-array
at fo + fin,1 are calculated as functions of A, 1 for different
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values of « and the results are shown in Fig. 5(b) and (c),
respectively. Figure 5(d) and (e) show the same for the 2nd
channel established by the 1st sub-array at fo 4 f, 2. The gain
and HPBW of the main lobe in the 1st channel decrease and
increase, respectively as the beam is steered from broadside
toward endfire by increasing |Aay 1|, while those of the
main lobe in the 2nd channel are independent from Acy, 1 as
expected. On the other hand, increasing « leads to increment
in the gain and decrement in HPBW of the main lobe in the 1st
channel while showing the reverse trend in the 2nd channel.
This is due to the fact that increasing « increases (decreases)
the effective aperture size of the 1st (2nd) sub-array leading to
increment (decrement) in the directivity of its corresponding
main lobe and its share of the reflected power from STSAM.
We note that the change in the HPBW of the main lobe in
the 1st channel is significantly smaller compared to that of
the main lobe in the 2nd channel which can be understood by
observing that changing « has a higher impact on the spacing
between the unit cells of the 2nd sub-array (A> = (k + 1)A),
while the spacing between the constituent unit cells of the 1st
sub-array along y axis (A, 1) varies between A and 2A across
the STSAM for all values of the «.

The presented study in this subsection illustrates that the
share of distributed power in the independent channels estab-
lished by a STSAM antenna can be flexibly controlled by
adjusting the array architecture and modifying the ratio of
the number of unit cells in the sub-arrays, thus enabling
realization of any asymmetric power distribution across the
channels.

D. BEAM-STEERING IN TWO PLANES

The provided results for the STSAM performance so far have
been corresponding to one-dimensional beam steering along
the elevation angle (0) in the elevation plane (J¢| = 90°).
The 2D geometry of the constituent unit cells of the proposed
dynamic metasurfaces allows for two-dimensional beam
steering along both elevation and azimuth angles by employ-
ing a 2D biasing network which enables tuning of the mod-
ulation phase delay of the individual unit cells in each row
and column. In order to examine such capability, we consider
the STSAM consisting of 1D-interleaved sub-arrays with
modulation frequencies of f,,,,1 = 1.5fp/256 = 7.61 GHz
and fi,2 = 2.5//256 = 12.69 GHz along y-axis with a
one-to-one ratio for the number of unit cells. Figure 6(a)
demonstrates the distribution of modulation frequency across
the STSAM aperture. Unlike the previous considered cases
in the paper, the progressive modulation phase delays of the
sub-arrays are modified along both x and y axes this time to
steer the beams generated at their corresponding first-order
frequency harmonics toward arbitrary elevation and azimuth
angles. In particular, we set the progressive modulation phase
delays as Aoy = —koAy,15in(30)cos(110) and Awy; =
koAy, 1 sin(30) sin(110) along x and y axis, respectively in
the Ist sub-array, and as Acay 2 = —kgAy 2 sin(50°) cos(45°)
and Aayr = —koAy 2 sin(50°) sin(45°) along x and y axis,
respectively in the 2nd sub-array.
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FIGURE 6. (a) The spatial distribution of modulation frequency across the
1D-interleaved STSAM. (b) The spatial distribution of modulation phase
delay across the 1D-interleaved STSAM set in order to steer the beams at
the first-order frequency harmonics generated by the sub-arrays along
both azimuth and elevation angles toward (¢, ¢),, 1 ; = (30°, —110°) and
(0, 9)+1,2 = (50°, 45°). The 2D farfield pattern of the STSAM gain in

(c) the 1st channel and (d) the 2nd channel established at the first-order
frequency harmonics generated by the 1st and 2nd sub-array,
respectively. The radial direction denotes the elevation angle while the
polar angle marks the azimuth direction.

The resultant distribution of the modulation phase delay
across the STSAM aperture is shown in Fig. 6(b). According
to Eq. (7), this modulation phase delay distribution yields
anomalous reflection angles of (8, ¢)+1,1 = (30°, —110°)
and (0, ¢)+12 = (50°,45°) in the 1st and 2nd channels
corresponding to the first-order frequency harmonics of the
beams generated by the 1st and 2nd sub-arrays, respectively.
The 2D farfield patterns of the STSAM antenna gain in the 1st
and 2nd channels corresponding to the frequencies of fy+fin.1
and fy + fin2 are illustrated in Fig. 6(c) and (d), respectively
wherein the radial direction denotes the elevation angle (6)
and the polar angle marks the azimuth angle (¢). Directive
beams with BE; = 98.31% and BE; = 97.74% are generated
with minimal SLL in both channels whose main lobe angles
are in great agreement with the theoretical predictions based
on Eq. (7). The gain of the main lobe in the 2nd channel
is lower compared to that in the 1st channel despite the
equal size of the sub-arrays which is due to fact that the
generated beam in the 2nd channel is further from the broad-
side being in accordance with the results of study presented
in Fig. 4.

The 27 phase coverage of modulation-induced phase
gradient with uniform amplitude at higher-order frequency
harmonics and the non-interfering patterns generated in
the established channels by the orthogonally modulated
sub-arrays enable simultaneous and independent multifre-
quency multibeam scanning with minimal SLL and full AoV
which is 2 Sr for the STSAM reflectarray antenna.
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V. 2D-INTERLEAVED STSAM

Hitherto, we have only studied 1D-interleaved STSAMs
wherein the constituent sub-arrays modulated with distinct
frequencies are interleaved along one spatial dimension
(specifically along y-axis). The two-dimensional geome-
try of the unit cells in the proposed dynamic metasurface
not only allows for two-dimensional beam steering through
individual biasing of each unit cell but also enables 2D-
interleaving by alternatingly varying the modulation fre-
quency across the metasurface aperture along both transverse
spatial dimensions (x and y). Such 2D-interleaved STSAM
can dramatically increase the number of communication
channels compared with a 1D-interleaved STSAM that has
same physical area. In order to evaluate the beam scanning
performance of a 2D interleaved STSAM, we divide the aper-
ture of the finite metasurface consisting of 104 x 104 unit cells
(& 6.331p x 6.33X in size) into four sub-arrays interleaved
along both x and y axes with the same number of unit cells.
The spacing between the unit cells of each sub-array in such
array architecture is Ay1 = Ax2 = Ax3 = Ay 4 = 2A and
Ay1=Ay2=Ay3=Ay4=2A. The sub-arrays are mod-
ulated with distinct frequencies of f;,, 1 = 1.5f0/256 = 7.61
GHz, fin.2 = 2.5f0/256 = 12.69 GHz, f,,3 = 3.5f0/256 =
17.77 GHz, and f,, 4 = 5.5f0/256 = 27.93 GHz such that
each pair of modulation frequencies are non-integer divisor of
one another thus eliminating the cross-talk between the chan-
nels established at the first-order up-modulated frequency
harmonics generated by the sub-arrays. The distribution of
modulation frequency across the 2D-interleaved STSAM
aperture is depicted in Fig. 7(a). The progressive modulation
phase delays of the orthogonally modulated sub-arrays are
set in accordance with Eq. (7) to yield anomalous reflec-
tion angles of (8, ¢)+1,1 = (50°,22.5°), (0,¢9)+12 =
(30°,120°), (6, ¢)+1,3 = (40°,—60°), and (6, ¢)41,4 =
(20°, —160°), respectively. The resultant modulation phase
delay across the 2D-interleaved STSAM aperture is shown
in Fig. 7(b).

The 2D farfield patterns of the STSAM antenna gain in the
four channels established by the 2D-interleaved sub-arrays
are calculated and shown in Fig. 7(c)-(f), respectively. It can
be seen from the results that a directive beam with minimal
SLL and beam efficiency of BE| = 97.23%, BE, = 98.44%,
BE; = 97.69%, and BEy = 98.96% is generated in the
four orthogonal channels which point toward the predefined
anomalous reflection angles with high accuracy. The differ-
ence in the peak gains of the channels is attributed to the
different distance of their main lobe from the broadside angle
such that the further the main lobe angle is from the broadside
direction, the lower gain it exhibits due to the decrement
in the effective aperture size. It should also be noted that
the peak gains in the four channels are smaller compared
to those in the two channels established by a 1D-interleaved
sub-array whose patterns are shown in Fig. 6(c) and (d) which
is due to redirection of the incident power into more
channels.
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FIGURE 7. (a) The spatial distribution of modulation frequency across the
2D-interleaved STSAM. (b) The spatial distribution of modulation phase
delay across the 2D-interleaved STSAM set in order to steer the beams at
the first-order frequency harmonics generated by the sub-arrays along
both azimuth and elevation angles toward (6, ¢) 1,1 = (50°,22.5°),

(6, 0) 41,2 = (30°,120°), (8, ¢) 1,5 = (40°, —60°), and

(9, 9)+1,4 = (20°, —160°). The 2D farfield pattern of the STSAM gain in

(c) the 1st channel, (d) the 2nd channel, (e) the 3rd channel, and (f) the
4th channel established at the first-order frequency harmonics generated
by the 1st, 2nd, 3rd, and 4th sub-array, respectively.

It can be inferred from these results that the 2D-interleaved
STSAM yields simultaneous and independent multifre-
quency multibeam scanning with minimal SLL over full AoV,
similar to its 1D-interleaved counterpart while allowing for
integration of more channels within a metasurface platform
with a fixed footprint. All the discussions on the effect of
the array architecture on the reflection characteristics of the
1D-interleaved STSAMSs brought in the previous section are
also relevant for 2D-interleaved STSAMs in that the con-
trol over the ratio of the number of unit cells in different
sub-arrays enables asymmetric redistribution of the reflected
power across the orthogonal channels.

VI. SCALABILITY AND CAPACITY LIMIT

In principle, the number of integrated channels into 1D- and
2D-interleaved STSAMs can be chosen to be arbitrarily large
and is only limited by the physical size of the aperture.
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As long as the modulation frequencies of the sub-arrays com-
prising the STSAM are assigned such that the ones in each
pair are non-integer divisor of one another, the patterns of the
reflected fields at the first higher-order frequency harmonics
generated by the sub-arrays can be controlled simultaneously
and independently. Nevertheless, as the number of channels
integrated into a fixed aperture increases, the HPBW of
their corresponding main lobes increases due to decrement
in the aperture size of the sub-arrays. Furthermore, the peak
gain attainable for the main lobes corresponding to the fre-
quency channels established by the orthogonally modulated
sub-arrays decreases due to the decrement in the directivity
(increment in the HPBW) of the beams as well as sharing
the incident power between more number of channels. On the
other hand, as the number of interleaved sub-arrays increases,
each sub-array becomes sparser which can also limit its AoV
in directive beam scanning due to appearance of secondary
main lobes (grating lobes) at the onset of diffraction regime.
This latter limitation poses an upper limit on the number of
channels which can be integrated into an STSAM antenna
without compromising the AoV for simultaneous and inde-
pendent beam scanning in the established channels. Given
that Ao = 16.48A in the proposed metasurface design and
bearing in mind that the condition for attaining full AoV
at the first-order frequency harmonics generated by the p-th
sub-array is A, < Ag/2, the maximum number of channels
that can be integrated into the metasurface aperture without
limiting the AoV is 8 for the 1D-interleaved STSAM and
8 x 8 = 64 for the 2D-interleaved STSAM.

In the following, we evaluate the beam-scanning perfor-
mance of multichannel 1D-interleaved and 2D-interleaved
STSAMs yielding maximum capacity without compromising
AoV. For this purpose, the aperture of the finite metasurface
consisting of 104 x 104 unit cells (= 6.33A1¢ x 6.33X( in size)
is divided into N = 8 and N = 64 sub-arrays in the case
of 1D-interleaved and 2D-interleaved STSAM, respectively.
In each case, the modulation frequencies of the sub-arrays
are chosen carefully such that the modulation frequencies of
each pair of sub-arrays are non-integer divisor of each other
to avoid cross-talk between the channels established at the
first-order frequency harmonics. The distribution of modu-
lation frequency across the metasurface aperture is shown
in Fig. 8(a) and (b) for 1D-interleaved and 2D-interleaved
STSAM, respectively. The progressive modulation phase
delay of the sub-arrays is fixed as Aoy, = 0 along the
x-axis while it is set along y-axis in each sub-array to gen-
erate equally-spaced directional beams in the elevation plane
(J¢| = 90°) within the angular range of —60° < 6 < 60°. For
this purpose, the progressive modulation phase delay of p-th
sub-array along y-axis is set as Aay = —koAp, y sin(—60° +
120 (p — 1)) wherein 1 < p < N with N = 8 for the
1D-interleaved sub-array and N = 64 for the 2D interleaved
sub-array. It should be noted that the choice of —60° < 6 <
60° as the angular range for beam steering has been made
due to the fact that for the physical aperture size considered
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FIGURE 8. The spatial distribution of modulation frequency across

(a) the 1D-interleaved and (b) 2D-interleaved STSAMs. The spatial
distribution of modulation phase delay across (c) the 1D-interleaved and
(d) 2D-interleaved STSAMs in order to generate 8 and 64 independent
frequency channels,respectively at the first-order frequency harmonics of
the sub-arrays pointing toward equally-spaced elevation angles in the
range of —60° < 6 < 60° in the elevation plane (|¢| = 90°). The farfield
plots of the STSAM gain corresponding to (e) the 1D-interleaved and

(f) 2D-interleaved STSAMs at the first-order frequency harmonics
generated by the sub-arrays. The assigned color to each beam in (e) and
(f) represents the modulation frequency of its corresponding
sub-array.The assigned color to each beam represents the modulation
frequency of its corresponding sub-array. For instance, in (e) the blue
color beam corresponds to the modulation frequency of 5.33 GHz while
the red one indicates 7.12 GHz.

90

here (= 6.33)1 x 6.331), division into 8 sub-apertures along
each transverse spatial dimension yields very limited aperture
size for each sub-array making the beam steering toward
end-fire angles inefficient in the account of further decrement
in the effective aperture size as the beam steering angle grows
steeper. This limitation can be circumvented by enlarging the
metasurface aperture to increase the effective aperture size of
the sub-arrays for steeper anomalous reflection angles.

The farfield patterns of STSAM antenna gain in all the
established communication channels by the sub-arrays are
shown in the elevation plane in Fig. 8(e) and (f) for the 1D-
interleaved and 2D-interleaved STSAMs, respectively. It is
clear that a directive beam is generated in each channel point-
ing toward the predefined direction with no apparent sidelobe.
These results point toward the simultaneous and independent
beam steering of such high-capacity STSAMs across multiple
orthogonal frequency channels. The peak gains attained at
the main lobe of the generated beams are considerably lower
compared to the previous studied cases due to sharing of the
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incident power between more channels. The peaks gains in
the channels established by the 2D-interleaved STSAM are
lower compared to those of its 1D-interleaved counterpart for
the same reason.

As the final remark, it should be highlighted that all the
established communication links by the 1D-interleaved and
2D-interleaved STSAM antennas are nonreciprocal in the
account of broken time-reversal symmetry by the introduced
time-modulation [59]. In particular, in the communication
channel established by the p-th sub-array, a normally incident
wave at the frequency of fy will undergo up-conversion of
frequency (fo — fo+fm,p) while being anomalously reflected
toward a specific direction which is determined by the pro-
gressive modulation phase delay of the unit cells forming the
p-th sub-array. Now under time-reversal, the wave coming
back in this channel from the same direction at the frequency
of fo + fm,p will undergo up-conversion of frequency once
again (fo + fi,p — fo + 2fm,p) while being routed toward
a direction which can be different from the broadside direc-
tion. As such, space-time gradient sub-arrays can isolate the
forward and time-reversed light pathways in both space and
time. Although the spatial isolation of up- and down-links in
the nonreciprocal communication channels established by the
STSAM is negligibly small when f,,, , < fo [51], the tempo-
ral isolation through frequency conversion operations rejects
the interference between the signals in up- and down-links,
thus enabling full-duplex communication (i.e. simultaneous
transmission and reception) [94].

VII. CONCLUSION

In conclusion, we have introduced the concept of space-time
shared aperture metasurfaces (STSAM) consisting of orthog-
onally modulated sub-array antennas interleaved within
the same physical area. STSAMs are shown to enable
adaptive multichannel communication through simultane-
ous and independent multifrequency multibeam scanning.
Unlike quasi-static tunable metasurfaces relying on resonant
phase modulation, the STSAMs exploit the dispersionless
modulation-induced phase shift of higher-order frequency
harmonics by tuning the modulation phase delay which
not only enables attaining wide bandwidth, full angle-of-
view, and ultralow SLL in dynamic beam steering but also
allows for independent performance of interleaved sub-arrays
with minimal cross-talk by avoiding nontrivial resonant cou-
pling effects, thus dramatically enhancing the communication
capacity through integration of several distinct channels into
a single platform. We have theoretically realized STSAMs in
the low-THz frequency regime by utilizing graphene patch
micro-antennas as constituent unit cells whose surface con-
ductivity can be modulated individually by applying RF
biasing signals of different frequencies and phase delays via
employing a 2D biasing networks. The modulation wave-
form of the metasurface is optimized to yield pure frequency
mixing while minimizing the undesired frequency mixing
products. The orthogonality condition of the established fre-
quency channels by the sub-arrays is investigated and the
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condition for avoiding the cross-talk between them is iden-
tified. The simultaneous and independent real-time beam
steering performance of the STSAM with full angle-of-view
over the orthogonal frequency channels is demonstrated and
the effect of array architecture on redistribution of the power
between the channels is investigated. We have considered
both 1D-interleaved and 2D-interleaved STSAMs for multi-
beam scanning along elevation and azimuth angles and estab-
lished an upper bound on the capacity and number of orthog-
onal channels that can be obtained via 1D and 2D-interleaved
STSAMs without compromising the angle-of-view. We have
demonstrated that eight distinct channels can be obtained
in 1D interleaved STSAM while for the two-dimensional
scenario the number of independent channels can be further
increased to 64.

Although our studies have been limited to a single inci-
dent frequency, considering the dispersionless property of the
modulation-induced phase gradient, a similar performance
can be obtained for different incident frequencies albeit with
different efficiencies depending on the dispersive response
of the metasurface. As such, our results point toward an
approach for implementation of high-capacity multiple-input,
MIMO smart array antennas for future generations of high-
speed THz communication networks. The proposed concept
of shared aperture in space-time not only is a promising
approach toward enabling multichannel communication via
multifrequency multibeam scanning but also can be applied
for multiplexing any arbitrary beam-shaping functionalities.
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