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ABSTRACT In this work, several representative terahertz (THz) graphene holographic impedance surface
antenna are presented. Different to the conventional impedance surface antenna that manipulates the surface
impedance via varying the patch size in each unit cell, the surface impedance of the proposed antenna
in this paper is readily controlled by applying a tunable DC biasing to each graphene patch cell, the
physics behind which is that the conductivity of the graphene is a function of imposed voltage. Thus,
the graphene patches of the proposed antenna have same size as well as equal spacing, which makes
the modeling process more convenient and efficient. Furthermore, for the purpose of beam scanning, the
proposed THz graphene holographic antenna can be easily reached by varying the DC supply. Besides,
due to the excellent mechanical property of graphene, the proposed THz graphene holographic antenna
can be designed conformal to required platforms. To validate and verify the proposed above ideas, a
linear polarized with beam scanning capability, a circularized and a conformal THz graphene holographic
antenna are designed and simulated via full-wave commercial software HFSS, the simulation results are

in good agreements with the design theories.

INDEX TERMS Graphene, holographic antenna, reconfigurability, terahertz (THz).

I. INTRODUCTION

OLOGRAPHY technology is found by Denis Gabor in

optical microscopy in 1948 [1]. Optical holography is a
photography technique that uses the principle of interference
to record all the information of the object light. It is mainly
divided into two parts: hologram recording and object light
wave reconstruction. Holographic films are used to record the
interference field information of the reference wave and the
object light wave, then one can change the reference light
through the hologram to obtain the amplitude and phase
information of the object light, so the three-dimensional
image of the object can be restored. Holographic technol-
ogy is universal which can be extended to any frequency
band as long as there are monochromatic wave sources [2].
Visible light waves and microwaves are both electromag-
netic waves in nature and have many identical or similar
characteristics, this has led many experts and scholars to
expand the application of holographic technology to the

microwave frequency region. Inspired by optical principles,
Dooley [3] first applied holographic technology to the X-
band in 1965, and Kock [4] demonstrated the feasibility of
combining holographic principles with antenna technology.
Then, a large number of holographic antenna articles were
subsequently published [5]-[7].

Around the same time, with the development of artificial
electromagnetic material technology, Oliner and Hessel [8]
carried out in-depth research on the sinusoidal impedance
modulation of metal grating on dielectric substrate, and gave
arigorous derivation. If the modulation period is larger than a
certain value, the leaky wave will propagate along the direc-
tion away from the surface. According to this principle, a
series of leaky wave antennas based on sinusoidal modulated
impedance surface are proposed [9]-[11]. On the basis of
leaky wave antenna, two-dimensional modulation impedance
was realized by Fong er al. [12], [13], and they proposed
the concept of holographic impedance modulation surface
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FIGURE 1. The graphene patches on the grounded silicon dioxide dielectric and the
polysilicon DC gate pads below form the holographic surface, and it is fed by a
monopole in the middle of the surface.

antenna. Using a holographic technique, the interference sur-
face to scatter a known input wave into a desired output
wave was designed. The impedance surface consists of a
grounded dielectric layer covered with conductive patches.
The interference pattern between the current generated by
the source and the target field is calculated and designed
with metal patches.

Graphene, which is a planar single layer of carbon atoms
bonded in a hexagonal structure, has recently triggered exten-
sive attention of the research community due to its unique
mechanical, electronic and optical properties characteristics
and advantages [14]. Owing to its excellent ability of sup-
porting surface plasmon polariton (SPP) [15] waves [16],
and advantages of SPP supported by graphene over plasmon
supported by traditional metal materials, a large num-
ber of potential applications of graphene SPP [16]-[19]
at THz of even optical frequencies have been studied. A
particularly promising research field is terahertz and opti-
cal wireless communication based on graphene. Nanoscale
metallic structures have several drawbacks, including low
mobility of electrons and huge channel attenuation, while
relatively low loss [20], electronic tunability [21], and
strong light-matter interactions [22] are strong points of
graphene structures. The unique characteristics of graphene
have been used to propose miniaturized and reconfigurable
resonance antenna [23]-[25], leaky wave antenna [26]-[29]
and reflectarray antenna [30]—[32], which has better radia-
tion efficiency performance than metallic counterparts at THz
region, and all of them take full advantage of the reconfig-
urable characteristics of graphene conductivity [33], [34].
Graphene is regarded as an enabling technology for THz
transceivers and optoelectronic systems.

In this paper, several graphene holographic artificial
impedance surface antennas in THz region are proposed.
By leveraging its conductivity’s electric tunable feature,
the proposed THz graphene holographic impedance surface
antennas can be designed with equally sized and spaced
patch cells, and the expected impedance pattern can be
conveniently implemented by locally varying the DC biasing
for each patch. Also, to achieve beam scanning and polar-
ization conversion, instead of resorting to the traditional
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geometry revision methodology [12], it only needs to change
the DC biasing accordingly. As shown in Fig. 1, the proposed
antennas have a general structure which consists of 51x51
equally sized graphene patches. To locally manipulate the
conductivity of graphene, a 100nm thick polysilicon DC
gate pad is placed below each patch. In addition, its atomic-
thickness and outstanding mechanical property make it very
suitable for conformal antenna design.

The rest of this paper is organized as follows. In
Section III, different types of THz graphene holographic
antenna are designed and the related theories are given in
detail. Specifically, a linear-polarized holographic antenna
with beam scanning capability, a circularly-polarized antenna
and a cylindrical conformal antenna are presented. In
Section V, conclusions and summaries are given.

Il. GRAPHENE PATCH MODELING

A. GRAPHENE CONDUCTIVITY

The atomically-thick graphene can be modulated as an
impedance surface with frequency dependent complex con-
ductivity [41] which has both intraband and interband contri-
butions [35], i.e., og(®, pte, I', T) = 0’ +jo” = Ointra+ Ginter-
According to the Kubo’s formula [36], the conductivity can
be formulated as

s f‘” |:3fd(8) afd(—g):|
Og = ———— & — de
wh(w —j2I") Jo oe e

_Jg@=j20) [* fa(=e) = fa(e)
nh? 0 (0 —j20)% —4(e/h)?
where o is the angular frequency, . denotes the chemical
potential, I' = 1/(27) is the scattering rate, t is the relax-
ation time, T is the temperature, —q is the charge of an
electron, i = h/27w denotes the reduced Planck’s constant,
fa(e) = (ee—He)/ ksT 4 H~! corresponds to the Fermi-Dirac
distribution, and kg denotes the Boltzmann’s constant.
The first term in (1) is due to the intraband contribu-
tions, and the second term is contributed by the interband
conductivity. The intraband contribution is evaluated as

. jqsz T Me
7 h2(w — j2T) | kgT
while the interband contribution can be approximated as
_ I | [2lsel = (@ = 2D)h
drh | 2|pel + (0 — j20)R
for kpT < |itcl, hiw. In this work, only DC supply is applied
as the external source while it is free of static magnetic field,
thus the conductivity of graphene patch is isotropic [38].
The chemical potential w. of the isolated graphene patch

is determined by the DC biasing Vpc [39], the relationship
between them is given by

~ 7 CoxVDC
e A~ hvp .

where vp >~ 9.5 x 105m/s [40] means the Fermi velocity,
with Cox = €,£0/¢ indicating the gate capacitance, t = 10nm

e (1)

Ointra =

+ 21n<e_“”/kBT + 1)} )

3)

Ointer =

“4)
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FIGURE 2. Geometrical structure of the unit graphene patch cell, where the gray
patch is composed of graphene, and the substrate is silicon dioxide with permittivity
er and thickness d, and the thickness of the upper dielectric layer is t (a) Schematic of
the unit-cell structure. (b) Cross-section.
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is the distance between the biasing pad and graphene patch,
and &, = 4.0 is the permittivity of the upper silicon diox-
ide dielectric layer. Thus, the associated conductivity of the
graphene can be dynamically controlled via external DC
biasing.

In terms of (2) to (4), the desired conductivity can be
readily obtained by imposing a proper DC voltage supply.
This feature is fully used in this work to create a dynamically
controlled artificial impedance surface to radiate different
target waves which we will show further detailed next.

B. PATCH IMPEDANCE EXTRACTION

The holographic impedance modulation surface is com-
posed of a number of lattice cells of graphene patches, the
structure of the unit cell is shown in Fig. 2, and deposi-
tion processes and lithography techniques can be applied
to fabrication [26]. Different from the metallic artificial
impedance surface, the graphene patches can be arranged
in equal dimension for geometry modeling convenience, the
target surface impedance can be reached via varying the
DC biasing for each patch cell. For the holographic antenna
design, the design process mainly involves two aspects: i) the
extraction of surface impedance values; ii) the realization of
holographic impedance modulation.

Firstly, to realize the target surface impedance pattern
determined by the source wave and the target beam, the
relationship between the surface impedance and the chemi-
cal potential must be established. With this aim in mind, the
equivalent circuit model introduced by Patel and Grbic [11]
is resorted. It involves calculating the reflection coefficient
of the impedance surface, extracting the patch impedance of
the graphene layer, and finally calculating the equivalent sur-
face impedance value through the characteristics of the patch
impedance and the dielectric layer. The lattice unit can be
regarded as a circuit model composed of a graphene patch, a
dielectric substrate, and a perfect electrical conductor (PEC)
ground plane in parallel. Obviously, the transmission line
composed of the substrate are shorted at its ends by the
ground plane. According to the transmission line theory, the
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FIGURE 3. The modified transmission line model of TM spp.

equivalent parallel can be directly calculated as

1 _ 1 1
Zpach  Zin  jZitan(kid)
1 1

= T T o )
in ‘]\/—?r tan(koﬁd)

where the input impedance Z;, can be numerically evaluated

by applying a vertically incident wave source to illuminate

the graphene patch cell. Then, in terms of (5), the equivalent

surface impedance value Zpch represented by the patch layer

can be obtained.

Since the impedance surface supports the propagation of
TM SPP, the patch resistance Zpacn cannot be directly used
to represent the real impedance, thereby a modified trans-
mission line model [11] shown in Fig. 3 has to be referred.
In the modified model, the desired target value Zg, repre-
sents the input surface impedance, which is written as Zj, in
unmodified model. Based on the transverse resonance con-
dition, the relationship between the impedance Zgown viewed
from above the surface and the impedance Z, viewed from
below the surface can be obtained as

Zup (@) + Zdown(2) =0 (6)
Based on (6), this dispersion relation can be
reformulated as
R @
Zsurf Zpatch ‘]Zk(())—]zl tan(k;1d)

For simplicity but without loss of generality, it is sup-
posed that the ground is located at z = 0, it’s obvious that
Zaown(z = d¥) = Zgyr and Zyp(z = d*) = Z[M. Based
on the phase matching condition, the phase velocity of the
TM wave propagating along the surface should be the same
across the air-dielectric interface, namely,

K — 2 = kG — k2, (8)

Z

then k;; can be obtained as

Zsurtko 2
k= kz(er—1)+<L) )
z1 \/0 Z()
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FIGURE 4. Graphene patch surface impedance at 1 THz, the gap between of each
patch is g= 7 pm. The range of impedance values affects our choice of parameters X
and M.

By inserting (9) into (7), the surface impedance Zg,t can be
solved numerically.

To extract the surface impedance for different chemical
potential 1., the unit cell is simulated with driven-mode sim-
ulation in HFSS [42]. The complex conductivity of graphene
with thickness of 0.34 nm has been implemented in the
simulation using the infinitesimal thin conductive sheet over
which a “Impedance” boundary condition is satisfied. For all
simulation, the relaxation time of graphene is setto 7 = 1 ps
and temperature 7 = 300 K, the silicon dioxide is utilized
as the substrate with permittivity ¢, = 4.0 and thickness
d = 30 pm, and the thickness of the upper dielectric layer
is 10nm, the lattice constant a and the graphene patch size
are set to be 30 wm and 23 pm, respectively, while the
chemical potential varies between 0.4 eV and 1.3 eV. In
terms of equations above, the calculated surface impedance
changes from 33.61+465.24j to 4.224-366.98j, as shown in
Fig. 4. By numerical fitting, the analytical relation between
the surface impedance Zg,s and the chemical potential p.

is obtained in (10).
29.67 1.851  3.308
-———+—) 10
Me e W

On the basis of (10) and (4), the desired DC biasing can be
quickly obtained once the target impedance Zg,,s is available.

Zourt = j<343.5 +

lll. HOLOGRAPHIC PATTERNING
Similar to the optical holography, the surface impedance
pattern can be obtained by the interference between the

reference and the object wave, which can be expressed
as [12]

Y

where X is a chosen appropriate reactance mean, M is the

modulation depth, Wqp; represents the target wave, and \Ilr”;f

denotes the reference wave. In this work, a short monopole

Z(x,y) = j[X + MRe(Worj Uisy) |.
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FIGURE 5. The target impedance pattern Z, .+ when chemical potential varies from
0.4 eV to 1.3 eV, a phase difference equal to = exists on both sides of the y axis to
generate TM wave.

600  (pm)

antenna serves as the source antenna, and the generated wave
can be approximated as a cylindrical wave, namely,

Wpep = e /b7 (12)

with k; and r denoting the wave vector of the surface wave
and the radial distance between the point on the surface and
the monopole, respectively.

The target wave is a plane wave defined as

\pobj — ejkoxsin@-‘rjd)’ (13)
where 6 is the radiation direction of target wave. For the
convenience of calculation but without affecting the antenna
radiation characteristics, the initial phase ¢ is assumed to be
0, and the target radiation beam is propagating in parallel
to the X-Z plane.

Since the excited forward and the backward traveling
waves along the impedance surface are out of phase, a
null depth will be caused at target angle 6. In order to
eliminate this singularity point, a load phase modulation
technology [37] is deployed to regulate the traveling wave
phase. For example, to achieve a vertically polarized wave
without null depth, a phase factor equal to 7 is loaded on the
left half region (x < 0), the modulation formula is changed
from (11) to

](X —i—MRe(e_jkO“i“geik’r),

Z(x.y) = - x20
»Y) = ](X 4 MRe(ejﬂefjkoxsmee]’k,r)’

x<0 14

In Fig. 5, the target impedance pattern derived in terms
of (14) is shown. The corresponding DC biasing for
each patch cell can be numerically evaluated according
to (4) and (10).

Besides, by further making use of the load phase modula-
tion technology, the circularly polarized beam by merely
using scalar holographic impedance surface can also be
reached. Since the surface wave of TM mode has in-phase
co-polarization and cross-polarization radiation components,
a 90° phase shift is introduced to achieve circular polarization
characteristics. The rotation direction of circularly polarized
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3n/2 phase 0 phase m/2 phase 0 phase

7 phase n/2 phase 7 phase 3m/2 phase

(@) (b)

FIGURE 6. Four-phase circular modulation: (a) Four-phase left-hand circular
polarization. (b) Four-phase right-hand circular polarization.

(b)

FIGURE 7. Conformal artificial impedance surface: (a) Three-dimensional structure,
(b) Side view, the (x’,y’) is the point coordinate before conformal.

waves is determined by the way in which 90° phase shift is
introduced into the impedance surface, as shown in Fig. 6.

Finally, the atomic-thickness and excellent mechanical
property of graphene enable the impedance surface to be
easily conformal to non-flat surfaces. By coordinate trans-
formation, the target impedance Zg, pertinent to the curve
surface can be obtained analytically. For instance, in this
work, a holographic antenna structure conformal to a cylin-
der is presented. The structure of the conformal surface is
shown in Fig. 7, and the corresponding impedance Zgf is
reformulated as

Z(x',y) =j(X + M Re(exp(—j(kop sin(x'/p) sin 6
+ ko(p cos(x'/p) — p) cos 9))eik”) (15)
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where p is the radius of the cylinder, and the (x',y’) is the
point coordinate of the planar holographic impedance surface
before conformal.

IV. DESIGN EXAMPLE

For all examples, a monopole with length equal to 74 pwm is
employed as the excitation, the substrate is silicon dioxide
with permittivity &, = 4.0 and thickness d = 30 pm. All
graphene patches are square patches with length equal to
23 pm, and the neighboring patch cells are equally spaced
with pitch size equal to 7 pwm, and all antennas operates
around 1 THz. The simulation results are given by full-wave
commercial software HFSS 2021 [42].

A. A LINEARLY-POLARIZED THZ GRAPHENE
HOLOGRAPHIC ANTENNA WITH BEAM SCANNING
CAPABILITY

For the first example, a THz holographic antenna with lin-
ear polarization is designed. To maximize the modulation
capability, the mean reactance and the modulation depth are
chosen as X = 417 and M = 50, respectively, the resultant
surface impedance pattern is given as

jl417 4+ 50 cos(koxsin® — k)], x>0

Zsurt (1) = { j[417 — 50 cos(koxsin@ — k)], x <0 (16)

The beam direction 6 can be dynamically controlled by
varying the chemical potential p. of each graphene patch,
where the exact value of p. is further determined by the
DC biasing according to (4) and (10).

In this example, the target beam direction 6 of the holo-
graphic antenna is designed to point at —30°, 30°, 45°, and
60° in the X-Z plane, respectively. In Fig. 8, the simulated
radiation patterns and the required chemical potential of each
patch are presented. As can be seen, the practical beam direc-
tion is —30°, 30°, 44°, and 57°, respectively, a small shift
happening at 8 = 45° and 60° is observed, which can be
remedied by slightly modifying the impedance modulation
formula without cost. It is also noted that the pertinent gains
are 9.24 dB, 9.93 dB, 8.22 dB, and 6.78 dB, respectively,
and the corresponding 3 dB beamwidth is 13.89°, 11.25°,
15.46°, and 16.07°, respectively. The bias voltage controlled
chemical potential patterns applied to the graphene patches
are placed next to the corresponding radiation patterns, and
their differences can be easily observed. The practical direc-
tivity and the gain of the designed holographic antenna are
in good consistent with the expectation.

B. A CIRCULARLY-POLARIZED THZ GRAPHENE
HOLOGRAPHIC ANTENNA

As the second example, a THz graphene holographic antenna
with circular polarization property is studied. By modifying
the loading phase modulation in four quadrants, a /2 phase
is sequentially added to the four quadrants in a clockwise or
a counterclockwise direction, which will lead to a left-hand
or a right-hand circularly polarized (LHCP/RHCP) waves
accordingly.

VOLUME 3, 2022
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FIGURE 8. Radiation patterns and the corresponding required chemical potential
changed by the DC biasing of each graphene patch cell for the antenna with different
radiation angels, the simulation result of the main beam: (a) 9.24 dB at § = —30°.

(c) 9.93 dB at 6 = 30°. () 8.22 dB at § = 44°. (g) 6.78 dB at § = 57°.

For this example, the beam direction 6 of the designed
circularly-polarized antenna is set as 30°. Their radiation
patterns are shown in Fig. 9(a) and Fig. 9(b) respectively. It
can be seen from Fig. 9(a) that the antenna has an obvious
main beam in the direction of & = 30° in the X-Z plane, with
a maximum gain of 9.75 dB, which mainly radiates a LHCP
beam. And it can be seen from Fig. 9(b) that the antenna
has an obvious main beam in the direction of 8 = 30° in
the X-Z plane, and the maximum gain is 9.36 dB, which
mainly radiates RHCP beams. The curve of the axial ratio
of the antenna changing with the angle 6 is shown in the
Fig. 10, the 3 dB axial ratio beam angle of the LHCP antenna

VOLUME 3, 2022
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FIGURE 9. The antenna simulation radiation pattern on the X-Z plane: (a) Left-hand
circular polarization; (b) Right-hand circular polarization, the other polarization mode
is suppressed.
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FIGURE 10. The antenna’s axial ratio: (a) Left-hand circular polarization.
(b) Right-hand circular polarization.

ranges from 22.13° to 39.32°. The 3 dB axial ratio beam
angle of the right-hand circularly polarized antenna ranges
from 22.17° to 37.21°.

C. A CYLINDRICAL CONFORMAL THZ GRAPHENE
HOLOGRAPHIC ANTENNA

In the last example, a THz graphene holographic antenna
conformal to a cylindrical surface is benchmaked, as shown
in Fig. 11(a). The radius of the cylinder is p = 1530 pwm,
and the beam direction is tailored at & = 30°. On the
basis of (15), the desired impedance pattern for this confor-
mal antenna can be easily constructed, where the required
chemical potential for each graphene patch cell is shown in
Fig. 12.

In Fig. 11(b), the simulated far-field radiation pattern of
this conformal antenna in the ¢ = 0° plane is shown. It can
be seen that the maximum gain of the antenna is around
6.01 dB, the side lobe level is about —3.7 dB, and the front
to back ratio is about 14.86 dB. Also, the simulated main
beam direction agrees perfectly with the desired one.
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FIGURE 11. Conformal graphene impedance surface: (a) The structure of the
conformal antenna. (b) Radiation pattern of conformal surface, the main beam points
to 30° and the gain is 6.01dB.
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FIGURE 12. Required chemical potential changed by DC biasing of each graphene
patch cell for the conformal antenna.

In addition, to study the influence of dimension of the
cylinder on the performance of this antenna, the radiation
feature of the antenna placed over a cylinder with different
radius is simulated. It is found that the larger the radius
of the cylinder is, the better performance of the conformal
antenna is, such as the higher gain and the lower side lobe
level. Because the side of the cylinder with a larger radius
is closer to the plane.

V. CONCLUSION

In this work, by using the property of graphene that its
conductivity can be dynamically tuned by external DC bias-
ing, several representative terahertz holographic artificial
impedance surface antennas are designed and discussed. It is
shown that the graphene is very suitable for tunable antenna
design, as well as conformal antennas. Its reconfigurable fea-
ture makes it a good candidate in future terahertz wireless
applications based on graphene. Moreover, the overall high
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performance of this regular antenna patches array structure
is very promising for design and integration of terahertz
communication transceivers, sensors and other devices.
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