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Abstract. A new terahertz square-ring patch antenna is designed basing on a very
thin layer of graphene as a radiating patch. It is characterized by multiband operation
and can improve the radiation pattern due to its self-similar property or fractal
geometry. We analyze a graphene-based square-ring patch placed upon a silicon
substrate with the thickness 3.25 um. The structure has compact dimensions and
radiates at a single frequency, 3.62 THz. Our antenna can also consist of a
microstrip line to resonate at two (1.913 and 4.294 THz) or three (1.913, 3.167 and
4.260 THz) frequencies. This is achieved by varying the patch shape at the voltage
standing-wave ratio less or equal to two. Our calculations are performed using a full-
wave electromagnetic simulation based on a standard finite-difference time domain
method. Various parameters like the return loss, the voltage standing-wave ratio, the
gain and the efficiency are determined for the multiband operation regime.
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1. Introduction

Graphene represents a 2D arrangement of single layers of carbon atoms organized in a structure
like a honeycomb [1, 2]. Recently, a progress in terahertz-frequency technologies has stipulated
rapid evolution of applications associated with LAN or PANS networks. However, terahertz range
of communications is still somewhat problematic due to high path losses at high operating
frequencies. Consequently, miniaturization is a prerequisite for improving terahertz devices [3—
11]. Although planar microstrip antennas are well suited for this purpose, scaling down of metal
antennas to a micrometer range would result in severe attenuation, low gain and very low
efficiency due to low carrier mobility. These limits of metallic antennas can be eliminated due to
graphene as a radiating source. Indeed, graphene has a very high carrier mobility which is equal to
about 800010000 cm®V's™ and can even reach 200 000 cm”V's™" at the room temperature [5].
As a result, many researchers have been developing graphene-based terahertz antennas [3—11].
Multiband antennas are important for cognitive and multiservice radios, while integration of
a large number of bands into a single antenna proves to be essential for various applications. Gra-
phene-based single- or dual-band terahertz antennas have already been discussed in the literature

[4-6]. For instance, a silicon (the dielectric permittivity &, =11.9) substrate with the thickness
45 um makes the antenna resonate at two bands [4]. Single- and dual-band regimes are attained
using two different materials, e.g. Teflon (the dielectric permittivity &, =2.1) and silicon, com-

bined at a single substrate layer [5]. Moreover, the authors of Ref. [6] have introduced graphene
antenna arrays to provide multiband operation, although this approach results in a bulky structure.
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In the present study, a patch with fractal square-ring geometry and a thin (3.25 um) silicon
substrate are used to provide the antenna resonances at two or three frequency bands with good
enough performance characteristics. This new strategy improves the antennas and offers their
multiband behaviour via fractal geometry, thus yielding in miniaturization and wider bandwidth
due to a self-similarity and space-filling property of the underlying structure. Moreover, adding
more functionality under conditions of three frequency bands can potentially lead to novel
solutions in telecommunications. Summarizing our results, we have introduced a new class of
miniaturized terahertz-range patch antennas by employing square-ring fractal geometry and
designed a model of multiband graphene-based terahertz antenna with a good radiation pattern.
We apply finite-difference time domain approach to simulate and model our terahertz square-ring
patch antenna. Since all the frequency bands are well adapted, there is a demand: all the values of
the reflection coefficient in these bands at the input (S;;) should be lower than —10 dB.

2. Electronic model of graphene

Graphene can be modelled in two regimes, linear and nonlinear ones. A linear model of graphene
is described basing on a known Kubo formula [3—11]. The surface conductivity of graphene

consists of two parts originating from the carrier intraband transition (o ) and the interband

intra

transition (o . ) [2—4]. A graphene sheet is modelled as an infinitesimally thin metal, using a 2D

inter

tensor surface conductivity, ¢,,,,; = Cinira + O Due to Pauli’s blocking effect, the interband

int ra inter *
conductivity can be neglected at lower terahertz frequencies, and the total conductivity of
graphene is influenced by the intraband contribution only [2—4]. The surface conductivity of
graphene is calculated by the Kubo’s formula [3, 4]. In numerical simulations, graphene is usually

represented as a layer of material with the Drude-like intraband contribution [3, 4]
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where H is the Heaviside step function. Here the abbreviation
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is introduced, where e denotes the electron charge, k3 the Boltzmann constant, 7 the temperature, 7
the reduced Plank’s constant, u. the chemical potential, 7 the relaxation time, @ the frequency,
and ¢ the energy of the band. The absorption cross section (see Fig. 1) is defined by the ratio of
the dissipated power to the incident power, so that one obtains
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where n stands for the normal to the surface, and S and S;,. are respectively the Poynting vectors of
the total and incident fields.
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Fig. 1. Absorption cross section obtained for a graphene model with the parameters W =10 uym, L =10 um,
1 =0.1ps and p.=0eV (see Fig. 3 for definition of geometrical parameters). The temperature is equal to
T=300K.

2. Antenna designs
The square-ring geometry can be provided using iteration procedure with the characteristics of
self-similar geometric structures [12]. According to this optimization, one takes the structure
shown in Fig. 2 as a starting point, of which shape is being changed. This increases the number of
resonance frequencies. The structure selected by us is made up of graphene. The latter is placed on
a silicon substrate layer. In its turn, the silicon layer is deposited on a layer of graphene plan of
mass (see Fig. 3). Then the resonant frequency is given by

¢

fr= 2AL+AL) e, ®

The width W and the length L of the patch read as
¢ (e, +1)"
W=—/I-" (6)
2f, 0 2

L=|—S  |-2AL. (7)
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Here AL is the extension in patch length that accounts for the fringing fields:

(6,65 +03)(%4)+0.264)

(6,05 —0.258)(77)+0.8)
where ¢ is the velocity of light, 4 the substrate height and ¢, the effective dielectric constant of

Iteration O Iteration 1 Iteration 2

and

AL =0.412h

®)

the substrate.

Fig. 2. Successive iterations of structure of a square-ring graphene-based patch antenna.
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Fig. 3. Graphene-based fractal square-ring patch antenna (zero order).

Fig. 3, Fig. 4 and Fig. 5 illustrate the geometries and designs of our graphene-based patch
antennas, while Table 1 provides the corresponding dimensions.

Fig. 4. Graphene-based fractal square-ring patch Fig. 5. Graphene-based fractal square-ring patch
antenna (first order). antenna (second order).

Table 1. Geometric parameters of our graphene-based patch antenna.

Parameter Dimension, pm
Patch length L 10

Patch width W 10

Substrate length Ls 30

Substrate width Ws 20

Substrate height £ 3.25

Microstrip feed length Lf 10

Microstrip feed width Wf 2

3. Results and discussion

The axes in Fig. 3, Fig. 4 and Fig. 5 indicate directional orientation of our antennas. Their working
frequencies are as follows. At the zero iteration for the square-ring patch, a single band is obtained
at 3.62 THz, with the return loss —12.25 dB. For the case of first iteration, we have a dual-band
regime, with 1.913 and 4.294 THz, and the return losses —42.18 and —23.35 dB, respectively.
Finally, the second iteration yields in the antenna resonances located at 1.913, 3.167 and
4.260 THz. Then the return losses amount respectively to —33.7, —17.72 and —18.59 dB.

We notice that the frequency dependence of Sy (see Fig. 6) suggests a significant number of
resonance frequencies. Moreover, this number increases with increasing number of the rings. In
particular, one can see that the antenna corresponding to the second iteration indeed combines
three resonance frequencies. This structure reveals also a significant directivity property.
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Fig. 6. Frequency dependences of Sq4 parameter for our graphene-based patch antennas.

Let us analyze this property in a more detail. 3D radiation patterns for the zero-order
structure are displayed in Fig. 7, along with the patterns specific for the E-plane and H-plane. It is
evident that the antenna radiates mainly along the Z direction, with a very good radiation pattern.
Moreover, the data for the zero-order antenna in the E-plane (i.e., the plane Y-Z) at @ =90° is
very important. One can note that the antenna radiates exactly along the Z direction, with a very
small back lobe, —5.4 dB. The main lobe along the Z direction has the angular width 92.5°.

dEL1
(a) v 4.2

Phi= 90 30 30 phi=270 30 330

60 Fom N 300

270

240

180 180
Theta/Degree vs. dB/m  (b)

Fig. 7. General 3D radiation pattern observed for the zero-order structure at 3.620 THz (a), and its cross
sections by the E-plane (® = 90°) and H-plane (6 = 90°) (b).

Fig. 8 and Fig. 9 give the radiation patterns for the first-order structure in the E- and H-planes. This
antenna also radiates mainly along the Z direction, again revealing a good radiation pattern. The results
obtained for the E-plane (@ = 90°) testify that the antenna radiates exactly along the Z direction. The back
lobes (3.1 dB at 1.913 THz and —5.6 dB at 4.294 THz) are small enough. The angular widths of the main
lobe observed along the Z direction are equal to 104.6° at 1.913 THz and 91.8° at 4.294 THz.
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Fig. 8. General 3D radiation pattern observed for the first-order structure at 1.913 THz (a), and its cross
sections by the E-plane (® = 90°) and H-plane (6 = 90°) (b).
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Fig. 9. General 3D radiation pattern observed for the first-order structure at 4.294 THz (a), and its cross
sections by the E-plane (® = 90°) and H-plane (6 = 90°) (b).
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Fig. 10. General 3D radiation pattern observed for the second-order structure at 1.913 THz (a), and its cross
sections by the E-plane (® = 90°) and H-plane (6 = 90°) (b).
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Fig. 11. General 3D radiation pattern observed for the second-order structure at 3.167 THz (a), and its cross
sections by the E-plane (® = 90°) and H-plane (6 = 90°) (b).
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Fig. 12. General 3D radiation pattern observed for the second-order structure at 4.260 THz (a), and its cross
sections by the E-plane (® = 90°) and H-plane (6 = 90°) (b).

Finally, Fig. 10, Fig. 11 and Fig. 12 show the whole 3D radiation pattern and its E- and H-
plane cross sections for the second-order antenna structure. As with the zero- and first-order
structures, the last antenna radiates mainly in the Z direction. The back lobes —2.2 dB at
1.913 THz, —4.1 dB at 3.1672 THz and —6.2 dB at 4.26 THz are also small. The main lobes are
characterized by the angular widths 104.6°, 92.2° and 83.7° respectively at 1.913, 3.167 and
4.260 THz.

While the simulation results obtained for the module of reflexion coefficient are presented in
Fig. 6, Fig. 13 shows the corresponding voltage standing-wave ratios for our antennas. One can
see from Fig. 6 that the antennas have a very good impedance matching with a minimal reflection
loss. Table 2 gathers the main parameters for different versions of our antennas, whereas Table 3
Voltage Standing Wave Ratio (VSWR)
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Fig. 13. Voltage standing-wave ratios for different versions of the antenna structures, as calculated at the
substrate thickness 3.25 um.
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makes comparison with their counterparts known from Ref. [4] in terms of the substrate thickness,
the antenna size and the operating bands. Taking the data of Table2 and Table 3 into
consideration, one can see that our antennas manifest noticeable advantages over the other
graphene-based terahertz antennas [4]. In particular, our design ensures a very thin substrate and
good performance in terms of the number of bands, the bandwidths and the radiation patterns.

Table 2. Performance characteristics obtained for our multiband antennas of different orders.

Antenna Directivity Voltage Return loss Frequency Bandwidth
structure (decibels standing-wave S11, dB band, BW, GHz
isotropic) (dBi) ratio THz
Zero- 3.26
order 4.2 1.646 -12.25 (single-band) 260.26
First- 3.13/ 1.018/ —42.18/ 1‘9219/ 186.29/
order 4.21 1.148 -23.35 (dual-band) 270.19
S 4 3.12/ 1.044/ -33.7/ 31 '19617// 186.29/
f)‘r’ggr - 3.85/ 1.30/ ~17.72/ Ry 438.75/
4.62 1.267 —-18.59 (tri-band) 264

Table 3. Comparison of different parameters for our antenna and its analogues.

Substrate  Antenna Total
. . Frequency Number of
Reference thickness, size, antenna area,
3 2 band, THz frequency bands
um um um
Ref. [4] 45 10x10 100 2.48/3.35 Dual-band
This work (first 3.25 10x10 100 1.91/4.29 Dual-band
order)
This work 3.25 10x10 100 1.91/3.18/4.26 Tri-band

(second order)

4. Conclusion

We have studied theoretically a number of new graphene-based antennas, which ensure multiband
resonances in the lower terahertz region (1-5 THz). Our antennas are characterized by a wide
frequency band and compact dimensions. As seen from the simulation results obtained in the
present work, our antennas manifest notable advantages over their prototypes, while the
dimensions of our structures are the smallest.
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Anomayis. Po3pobneno Ho8y mepazepyogy CMYNCKO8Y aHMeHy 3 K8AOPAMHUM KilbyeM, sKd
BUKOPUCMOBYE — OVJICe  MOHKULL  wap 2pageny AK  GUNPOMIHIOWOYY — CMYJcKY.  Anmena
xapaxmepu3syemubcs 6a2amoodianazoHHo pobomoio i Mae noxinuieHy oiazpamy GURPOMIHIOBANHS
3a paxyHox camonodionux enacmueocmeti, mobmo @paxmanvnoi eeomempii. Ilpoananizosano
CMYJICKY HA OCHOGI epagheHy Ha K8AOPAMHOMY KIIbYl, POSMIWEHOMY HA KPEeMHIESIU NIOKIAOYL
saemosutku 6 3,25 mkm. Cmpykmypa Mae KOMIAKMHL pO3MIpU | UNPOMIHIOE HA OOHIU Yacmomi
3,62 TT'y. Anmena makooic mModice CKIA0AmuUcs 3 MIKDOCMYNCKOBOL JHIL, KA Pe30HYE HA 080X
(1.913 i 4.294 TT'y) abo na mpvox wacmomax (1.913, 3.167 i 4.260 TT'y). Lle docseaiome winsixom
SMIHU opMU CMYIHCKU NPU KoeqhiyieHmi cmosyol Xeuni 3a Hanpyeor, MeHULoOMy abo pIGHOMY
06itiyi. Po3paxynku 6UKOHAHO 6 PAMKAX NOBHOXBUTLOBO2O ELEKMPOMACHIMHO20 MOOEMOBAHHS HA
OCHOBI CMAHOAPMHO20 Memooy CKIHUeHHUX pIsHUYb Yy uacosii obracmi. s pesxcumy
bacamocmy2060i pobomu GuUsHaA4eHO MAKi napamempu sIK GmMpamu NOGEpHeHHs, KoeqiyicHm
CMOS4OT X8UT 34 HANPY2010, NIOCULEHHS A eeKmusHicb.
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