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Abstract— Semi-analytical equations are developed for aiding the
process of designing terahertz graphene-based rectangular dipole
antennas lying on glass substrates. It directly provides the dipole
length required for obtaining resonance at a desired frequency
since antenna width and graphene chemical potential are known.
By using the finite-difference time-domain (FDTD) method, a large
number of computational simulations were performed considering
several combinations of antenna dimensions and chemical potential
values. The simulation results were used along with graphene
electrostatic scaling law combined with the least squares method
to optimize the formulation coefficients. With the optimized coeffi-
cients, we obtain very satisfying accuracy levels. In the frequency
range from 0.5 THz to 3.0 THz, the average relative absolute error
is 1.50%, with maximum relative absolute error of 6.77 %.

Index Terms— Graphene Dipole Antenna, Engineering Design, Resonance
Frequency, Terahertz Radiation.

I. INTRODUCTION

Graphene is a single layer of carbon atoms forming a honeycomb-like lattice. For many years, one
believed that strictly two-dimensional crystals could not exist and graphene was treated as a theoretical
material [1]. Since the successful isolation of a graphene sheet in 2004 [2], it has attracted the growing
interest of the industry and research communities in several fields [3] due to its remarkable physical
properties [1] [4].

In the field of wireless communication systems, graphene has opened doors for designing small
terahertz (THz) antennas [5]. The main reason is that the physics of this material enables Surface-
Plasmon Polariton (SPP) waves in the THz range (0.1-10 THz) [6] [7]. Such property allows graphene
antennas with dimensions of just a few micrometers to resonate in THz range, which are up to two
orders of magnitude below the necessary length of a classical metallic antenna [8]. This frequency
band is between the microwave and optical bands, which are spectrum regions with well-developed
technologies. In comparison with microwave and optical bands, THz devices are still in their early
developments [9] [10]. Therefore, it is an exceptional opportunity of achieving terabit-per-second
transfer rates wirelessly [11]. Another interesting characteristic of a graphene sheet is its electrical
conductivity, which can be controllably tuned by adjusting graphene chemical potential, which is in
turn set by adjusting external electrostatic field [12]. This is made by applying a gate voltage Vpc [13]

between the graphene sheet and an electrode of a transparent material such as PEDOT:PSS [14] (see

Fig. 1(c)). For a given Vpc, |uc| =~ vehy/(me|Vpe|) /(geGe), in which vy is the Fermi velocity, 7 is
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the reduced Planck constant, g, is the elementary charge and G, is the gate extent [13]. This feature
provides the means to tune the resonance frequency of a graphene-based terahertz antenna [15]-[17].

Some early works ignored the necessity of a feeding mechanism and studied graphene nano-patches
operating in receiving mode [18]—[20]. Further efforts on modeling transmitting graphene antennas led
to the study of classical antenna engineering parameters. A pin feed was proposed in [21], along with
the first simulation study of a transmitting freestanding graphene nano-patch antenna. The radiation
patterns were demonstrated to be very similar to that of a half-wavelength electric dipole antenna. The
dipole structure is one of the simplest forms of resonant graphene antenna, set up over a glass substrate
(e, = 3.8), which was first proposed in [16]. The main difference between the antennas proposed in
[16] and [21] is the addition of a lumped source between graphene sheets to excite the dipole antenna in
[16], allowing one to study its input impedance, resonance frequency, radiation efficiency, and radiation
patterns, since the device operates in transmitting mode. The results in [16] were obtained with a full-
wave solver and later they were validated in [22] using a therein proposed finite-difference time-domain
(FDTD) graphene modeling method based on piecewise linear recursive convolution [23] and on thin
material sheets [24] techniques.

Reconfigurable antennas have additional levels of functionality with important applications, such as
the ability to dynamically modify their operation band [25] and radiation properties [26]. In [27], it
was numerically demonstrated that the resonance frequency f, of a graphene dipole antenna can be
tuned by adjusting the graphene chemical potential. The reconfigurable antenna proposed in [27] uses
stacked graphene patches and can tune the resonance frequency from 0.8 to 1.8 THz. Soon after, a
miniaturized dipole graphene antenna was designed in [28] to have an operating band that is tunable
between 0.8 and 1.6 THz. A circuit model for rectangular tunable graphene dipoles was proposed
in [29]. Results in [29], improved with fitting procedures, accurately predict the input impedance for
an antenna with the same fixed geometrical parameters used in [27], for different levels of chemical
potential. A photoconductor placed between two coplanar graphene sheets, forming a dipole, feeds the
antenna in [30]. This technique works by exciting the photoconductive material with an optical laser
operating in pulsed mode. This source has high impedance, in the order of magnitude of typical THz
graphene dipole input impedance, favoring impedance matching [30].

As graphene has an one-atom-thin nature, it must be supported on a substrate when it is used for
designing real devices [31]. One of the most common substrates used in graphene-based experiments
is the SiOq glass (e, = 3.8) [31] [32] because it has high chemical stability and very strong adhesion
to graphene [31] [33]. The graphene/glass combination permits optically transparent antennas which
can be installed on windows, eyeglasses, and cellphones displays preserving their transparency [34].
Furthermore, substrates with the same permittivity are used in several graphene-based antennas stud-
ies [17] [35]-[37]. Different substrates are studied in [38] and simulations show that the dipole graphene
antenna with quartz (e, = 3.75) substrate stands out with the so far most interesting results for return
loss, radiation efficiency, bandwidth, and directivity at a targeted resonance frequency of 1.02 THz.
References [39] and [40] present a method that combines the method of moments with a generalized
equivalent circuit to compute the input impedance and other parameters of a graphene dipole antenna.
The method approximates a 3D problem to a 2D problem. For validation, the same structure proposed
in [41] was modeled with the method presented in [39] and [40], leading to approximate results. A
miniaturized reconfigurable dipole graphene antenna presented in [17] shows improved performance
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parameters, such as return loss, multi-resonance, bandwidth, radiation efficiency, and tunable resonance
frequency (from 0.912 to 6.279 THz), compared to previous devices in literature. A novel THz 4n
band-edge oscillator based on a two-mode operation concept designed and fabricated in [42] seems to
be an interesting approach for THz radiation sources, although it currently requires large and heavy
hardware. Therefore, using a photomixer to feed a graphene antenna is an appropriate option today in
terms of practical and compact wireless transmitting THz devices.

In literature, few studies provide formulas related to the prediction of the resonant frequency of
Terahertz graphene dipole antennas. A simple formula based on a Fabry-Perot model is used in [19]
for fast estimation of the resonance frequency of a graphene-based nano-patch antenna as a function
of its length. The antenna is modeled as an infinitely wide graphene patch suspended in the air. The
results are validated with numerical simulations performed using the method of moments and the surface
equivalence principle. A realistic graphene-based nano-patch antenna, however, will have a finite width.
A partial element equivalent circuit (PEEC) model [43], which is a relatively complicated method, was
presented for graphene patches. The method can be used to calculate the frequencies at which there
are absorption cross section peaks, that are regarded as the resonant frequencies. The approach in [43]
was validated using results from [15] and [44] and since its formulation is based on single graphene
patches, it does not take into account feeding mechanisms. In [35], it was proposed an equivalent
RLC resonant circuit model for graphene-based bowtie antenna fed by a THz photomixer between the
two arms. Recently, it was developed in [37] a circuit model for nanoscale graphene dipole antennas.
However, circuit models lack the capability of providing operational characteristics of antennas, such
as their resonance frequencies, from geometric and material parameters of the devices. Furthermore,
the parameters of circuit models need to be extracted from simulation data.

In this work, a new semi-analytical formulation is proposed, which is capable of predicting graphene
dipole length required for obtaining a desired resonance frequency, given the antenna width and chemical
potential. It is based on graphene electrostatic scaling law [45] [46], which has been combined with
the least squares method for performing the optimization of formulation coefficients. For this goal, it
was made an extensive study of the resonance frequency behavior for several lengths and widths of
the graphene rectangular dipole and several chemical potential levels applied to the graphene patches,
using structures based on the graphene dipole antenna model proposed in [16]. To obtain the input
impedance of the antenna in the frequency range of interest for each of the different combinations of
parameters, the FDTD method [22] was used. FDTD method was chosen because it requires much
less computational resources than frequency domain techniques when a wide-band analysis is required
[47]. The formulation presented in this paper can be used to support and simplify the design of future
graphene dipole antennas. The main advantages are: the formulation parameters are precalculated (no
need for further numerical simulations), the model has finite widths and the influence of the source
mechanism is taken into account. With the aim of maximizing radiation efficiency, we suggest the
use of a photomixer with a graphene-based emitter proposed in [48] that is capable of matching the
antenna’s input resistance by adjusting its internal Fermi energy.

The remainder of this paper is organized as follows. In section II, the FDTD formulation used in this
work is reviewed. Numerical results regarding the first resonance frequency of graphene dipole antennas
are presented in Section III. In Section IV, details of the calculation of the plasmonic phase constant

of the graphene are presented, which is necessary for predicting the total length of the graphene dipole
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Fig. 1. Geometry of the studied graphene dipole antenna: (a) the schematic in a perspective view, (b) antenna dimensions
and (c) mechanism for tuning graphene chemical potential.

antenna at a given first resonance frequency. In Section V, the accuracy of the proposed formulation is
calculated and discussed. To obtain maximum radiation efficiency, an impedance matching approach is

suggested in Section VI. Final remarks are drawn in Section VIL

II. REVIEW OF THE FDTD FORMULATION USED FOR PERFORMING SIMULATIONS

To perform the numerical studies, the FDTD formulation developed in [22] was used in this work.
FDTD is a relatively simple but powerful full-wave method, widely used for analyzing problems of
electrodynamics [47].

Since the thickness of graphene is that of a carbon atom, for graphene structures with dimensions
in micrometers one can consider a surface conductivity model for infinitely-large graphene sheets
[12] [49]. Graphene patches can be modeled using Kubo’s formula, which determines its complex
conductivity o(w) with appropriated precision level. Within the frequency band of interest (0.5 — 4.0
THz), Kubo’s formula can be approximated neglecting the interband term and considering only the

intraband contribution [12] [15], which is given by

~ o* 1

In (1), d is the graphene sheet’s thickness, I' is the scattering rate I' = 1/(27), where ¢ is the

relaxation time, and o* = qejrk,iff ( e +2In (1+ e e/ kBT)), where ¢ is the electron’s charge, kg is
the Boltzmann constant, 7" is the temperature, & is the reduced Planck’s constant, and . is the chemical
potential. In this work, 79 = 1 ps and T" = 300 K (the same parameters considered in [16]).

To execute electromagnetic simulations involving graphene using the FDTD method, it is necessary
to embed a thin graphene sheet in the 3D lattice. The model demonstrated by [24] was used for that
in [22], from which it is obtained an effective conductivity Gesr = (d/Ayy,.)0, where A, . is the

spatial step of the FDTD lattice set up with cubic cells. Analytic inverse Fourier transformation is used
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to obtain the time domain equivalent of the effective conductivity, which is given by

0_*
o(t) = Aie—m’ t>0. )
w)sz
The update equations of the fields are obtained from the differential form of Maxwell’s equations
oD - .
—+J=VxH 3
5 T X 3)
and -
0B -
— =—-VXE 4

where D= 5E and B = uﬁ For calculating the current density on the graphene sheet, the convolution

fo t — 7)o (7)dT can be used in the Ampere’s law (3), that can be written as

5+</Et7 )m):vu?. (5)

The problem with (5) is that it is not suitable to be used directly with the FDTD method because the
convolution, as given in (5), needs the electric field to be stored for all past time steps. This problem can
be solved by using the technique Piecewise Linear Recursive Convolution (PLRC) [23], as described in
[22]. Therefore, the FDTD equation used for updating tangential electric field components on graphene
sheets is given by
(v X FI) G4 SR pri k) — Len (i, k)

ErM (i, g, k) = : (6)

BIR 1 Lo(i, g, k)

in which o9 = (1 — e 2'4)0* /(2I' A, »), @ = z,y or z, and W7 (4, 5, k) is the previously mentioned

convolution, which is recursively calculated by using the PLRC accumulator
V(i j, k) = Ea(i,j,k)So(i, g, k) + e M350, i k), @

where W0(i,j, k) = 0 and Sy = (1 — e *'2")5*/(2I'A;, ). One can notice from (7) that the PLRC
accumulator needs to store the electric field of a single previous time iteration for time-advancing the

convolution.

III. FIRST RESONANCE FREQUENCY OF GRAPHENE DIPOLES

In this section, numerical results of the first resonance frequency of graphene dipole antennas are
presented for various levels of graphene chemical potential y. and for several combinations of antenna’s
dimensions L, and W. Such as indicated in Fig. 1(b), L, is the total length of the graphene dipole
antenna and W is its width. The dimensions L; and W of the antenna range from 9 to 91 um and from
1 to 32 um, respectively. Every simulation was performed using the FDTD method with cubic Yee
cells, of which edges measure A, , . = 0.5 pm. The CPML technique [47] was used to truncate the
computational domains of the 2178 electromagnetic simulations executed to obtain the data presented
in this work.

For each simulation, the input impedance Z of the graphene dipole antenna is obtained such as
described in [22]. Figure 2 illustrates Z for cases in which Ly = 15 um and W = 2 um, considering

three different values of p.: 0.2, 0.4 and 0.6 eV. The first resonance frequency for each case is indicated
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Fig. 2. Input impedances of graphene dipole antenna measuring W = 2 pm and L; = 15 pm, with y. set to 0.2, 0.4 and
0.6 eV.

in Fig. 2, which are, respectively, 1.08, 1.48, and 1.78 THz. It is seen that the dipole first resonance
frequency, which is the smallest frequency at which the antenna reactance Im{Z} is equal to zero,
increases with pi.

By numerically calculating the first resonance frequency of the several structures simulated in
this work, it is possible to plot curves that show the influence of each antenna parameter. Figure 3
indicates that the antenna length L, must decrease nonlinearly as desired resonance frequency increases.
Furthermore, for a fixed value of L, the increasing of W slightly increases the first resonance frequency,
while the increasing of p significantly shifts the resonance frequency for higher values. To illustrate
the advantage of using the equations proposed in this work, notice that the time to run an FDTD
simulation for a dipole antenna with W = 1 ym and L; = 12 pm is 15 minutes. For the case in
which W = 32 ym and L; = 90 pum the processing time is 90 minutes. All simulations were coded in
programming language C and executed by using one core of a computer with an i5-9400F processor
with clock up to 4.10 GHz. The 64-bit Linux operating system has been used.

From a theoretical point of view, the calculation of resonance frequency f of graphene dipole antennas
has similarities to that of metallic dipole antennas. As a rough first approximation, due to the not
negligible source and metallic parts dimensions, the device consists of a pair of quarter-wavelength
graphene sheets placed end to end with a total length of approximately L; = 7/, where /3 is the phase
constant of the finite-width plasmonic strip [16].

The metallic electrodes separated by a gap form a coplanar plate capacitor with capacitance given
by [50] [51]

C= EeffWW7

®)

where et = €,(1+¢;)/2 is the surrounding effective permittivity, 1¥ is the width of the antenna, K (.)
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Fig. 3. Graphene dipole total length L; (um) as function of resonance frequency for several values of W (um) and u. (eV),

obtained via FDTD simulations.
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Fig. 4. Resonance frequency of the metallic dipole antenna (no graphene sheets), with L; = Ly = 3 um, obtained using
FDTD simulations and the analytic approximation (11).

is the complete elliptic integral of the first kind [52], and

k= dgap/(2dmetal + dgap); (9)

where dy,, = 2 um is the distance between the two plates and dperqr = 0.5 pum is the width of the
plates (see Fig. 1(b)). These are the same dimensions used in a number of works [16] [22] [27] [29]
[35] [39] [53]. Other works use similar source parameters [17] [28] [38] [54], including the paper [55],
in which experimental results are shown.

If we consider the metallic electrodes and the source space, the self-inductance of the metallic

electrodes is given by [56]

2L 1474
L=210""L [log < W > +0.5+0.2235— | , (10)

S
where L is the separation between the dipole graphene arms (see Fig. 1(b)). Once (8)—(10) are
calculated, the resonance frequency of the metallic dipole antenna (with no graphene sheets) can be

approximated by using the well-known LC circuit equation

1
S 11
4 21V LC 1

Figure 4 shows that there is a good agreement between the results obtained from (11) and from FDTD
simulations for several values of W, with L, = Ly = 3 um.

By once more considering the graphene sheets as part of the structure, the resonance frequency fu
can be used to calculate the phase contribution of the source and metallic parts, overall measuring L,
which is obtained by I

T
05 = Wf—m, (12)

where f,. is the graphene dipole first resonance frequency. Thus, the half-cycle contribution of both
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graphene sheets in the dipole antenna is
Oy =7 — 0. (13)

Finally, the total length of the graphene antenna designed to resonate at f can be calculated by (see
Fig. 1)
Li = Ls+ Ly, (14)

where L = 3 um is the source and metallic parts total length and L, is the total length of the pair of
graphene sheets, which can be calculated by

O¢
5

One should notice that L; will depend on the surface plasmonic phase constant 3, of which calculation

Ly = (15)

approach is detailed in the next section. A concise algorithm developed for calculating L; is given in
the Appendix.

IV. CALCULATION OF PLASMONIC PHASE CONSTANT f3

If we assume that the width of the graphene strip is much smaller than the plasmonic wavelength, i.e.
W < Agpp, the surface plasmons will have a quasi-electrostatic nature [45]. This property allows the
calculation of the phase constant 3 by using a scaling law [45] [46]. Under the mentioned circumstances,

the quasi-electrostatic scaling parameter 7 is given by

Imfo(fs)]

es — ; 16
G faWees (16)

where o ( f3) is the graphene surface conductivity at frequency fg (frequency of plasmon wave regarding
phase constant ), and e is the effective permittivity. The scaling law enables the scaling parameter
Tges to be approximated by a function depending on the product 3W [45] [46]. Aiming at validation,
full-wave simulations were performed in [46] for different graphene strip configurations, confirming
that, since W < Agpp, the function 7ges(5W) is unchanged.

In this work, graphene ribbons widths range from 1 to 32 um, which can be comparable to Ay, in
the THz range and, thus, the behavior of surface plasmons is not compatible with quasi-electrostatic
physics. However, under this circumstance, a correction factor can be defined in order to make the
employment of the scaling law feasible. This paper does not cover THz antennas with widths larger
than 32 pwm because these devices tend to concentrate the surface current distribution on the borders of
the graphene sheets, as can be noticed in Fig. 5, intricating the use of the scaling law at the antennas’
resonance frequency.

In order to calculate the function n(S8W) for the graphene strips in each antenna studied in this
work, the scaling parameter 7 is calculated by using the graphene dipole first resonance frequency f,

which is obtained by running an FDTD simulation. Thus, once f, is known, we compute

I r
_ Info(f,)] -
frwgeff
and plot results as a function of SW, where the phase constant 5 is determined by rearranging (15) as
Og
=_8, 18
B I, (18)
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W =64 um

W=16 um W =45 um

Fig. 5. Normalized magnitude of the surface current distribution for graphene dipole antennas with u. = 0.1 eV, L = 39
pm and width equal to W = 16 pm, 32 um and 64 pm.

The function n(SW) for the graphene dipoles over the glass substrate, for various levels of the graphene
chemical potential p, can be seen in Fig. 6 along with the quasi-static curve nqes. As it can be seen in
Fig. 6, for the cases studied in this paper, differences between 7 and 74cs cannot be disregarded. Since
FDTD is a full-wave method, all wave effects are taken into account, including those associated with
the coupling fields among the structure parts, the fringing fields around the antennas’ edges, and wave
reflections and refractions associated with the substrate.

Considering the log-log scale used to plot the data in Fig. 6, the values computed for n can be
approximated by a straight line depending on the parameters u. and W, i.e,

log, (8 x W) =~ alog.n +b, (19)

in which a and b are functions of W and p.. The parameters a and b, which can be seen graphically
in Fig. 7, are obtained by using the Least Square Method (LSM) [57] as functions of W and p.. The

functions @ and b were approximated by the rational equations, given respectively by

o~ Pla-the + P2a (20)
e+ qa
and
b n Plb-He + D2 @10
He + ab

where P14, P24> Ga> P1bs P2bs and qp are functions of the width W obtained once more by employing
LSM over FDTD data. The obtained samples of the parameters in (20) and (21) are shown in Fig. 8
along with their respective fitting rational equations given by

__ 5178W? — 0.6532W — 2.959 x 107°

a ™~ ’ 22
P W + 549 x 10-0 (22)
_ —5605W? —0.1129 + 3.613 x 10~? 23)
P2a ™ W — 4.066 x 107 ’
27TW?2 4+ 0.134 ) 10-8
_ 5327TW2 4 0.1349W + 5.036 x 10 24)

o = W —2.507 x 10-7 ’
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Fig. 6. The parameter 7 calculated using FDTD simulations considering several values of W and p. (Aspp is comparable to
W), along with nqes (represented by white circles, in which W < Agpp ).
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Fig. 7. The parameters (a) a and (b) b, obtained by using the Least Squares Method, and their respective fitting curves.

1.233 x 10° x W2 — 13.66W — 0.0001501

~ 25
p1v W+12x105 ’ 25)

—1.021 x 10° x W2 — 2.755W + 1.906 x 10~6
Dap R — (26)

W —7.594 x 10
and
3933W2 +0.151W — 4.389 x 108

qQ ~ (27)

W —5.262 x 10~7 ’
where the constants in (22)-(27) were computed once more by using the LSM. In this work, all the
LSM fits were performed by using the Matlab platform.

Once all parameters are properly fitted, it is possible to plot the approximating curves for n, as it
can be seen in Fig. 9. Finally, the phase constant is obtained by using (19), which produces
n% x ev
w

When Figs. 6 and 9 are compared, one can see that the proposed formulas can, in fact, properly predict

0~

(28)

7. In order to obtain an approximation L4 for L, one must calculate: the capacitance between metallic
electrodes using (8), the self-inductance of electrodes with (10), the resonance of metallic electrodes by
employing (11), the phase associated with graphene sheets with (13), the graphene conductivity o using
(1), the scaling parameter given by (17), the parameters a and b with (20) and (21), respectively, the
phase constant 3 using (28), the total length of graphene sheets using (15) and, finally, the estimate Lq
is given by (14). An algorithm developed for calculating L., is given in the Appendix. The accuracy

of the proposed formulation is calculated and discussed in the following section.

V. ACCURACY OF THE PROPOSED FORMULATION

In this section, the accuracy of the proposed formulation developed for estimating L; using the
algorithm in the Appendix for calculating L4 is measured. Figure 10 shows the estimate L., (approxi-
mation of graphene dipole antenna length L), as a function of dipole resonance frequency, calculated by

employing the proposed formulation for several values of W and pi.. Initially, in a qualitative perspective,
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one notices that curves in Figs. 10 and 3 are comparable, showing similar general behaviors.

Figure 11 indicates the ratio L.q/L, which, in cases of perfect approximations, should be equal to
one. For W =1 pm and W = 2 um, the obtained ratios are the closest to one, ranging between 0.978
and 1.029), except for the frequencies lower than 0.4 THz. Deviations from unitary Ley/L; ratios start
to increase as W is increased from 4 um on. Additionally, there is a clear tendency of the ratio to
grow away from 1 at higher frequencies, particularly above 3 THz. However, the maximum obtained
relative absolute error is 6.77% if 3 THz is the maximum considered frequency.

In order to measure the average accuracy of the proposed formulation, the mean relative absolute

error is calculated, which is given by

N . .
MRAE = ;f; ’LGQ(ZL)t(_i)LtW x 100%, (29)
where N = 2178 is the total number of FDTD simulations in which all the considered variations of
parameters are taken into account. For the frequency range of data shown in Fig. 11 (from 0.3 THz to
3.8 THz), MRAE is equal to 1.63% (with a maximum relative absolute error of 12.44%). The higher
values of relative absolute error are obtained at the lowest and the highest frequencies of the analyzed
band, i.e., 0.3 THz and 3.8 THz, respectively, as previously discussed. When considering the use of
the proposed formulation in the frequency range from 0.5 THz to 3.0 THz, the relative mean absolute
error is reduced to 1.50%, while the maximum relative absolute error is diminished to 6.77%. The
deviation levels obtained between 0.5 THz to 3.0 THz is acceptable from engineering and numerical
points of view. The formulation can be used for fast calculation of the length of the graphene dipole

antenna, with no need for intense computational full-wave simulations.

VI. IMPEDANCE MATCHING

In order to maximize the radiation efficiency, we studied the resistance value of the input impedance
R =Re{Z} at the dipole first resonance frequency, when Z is purely real. By using the results of the
FDTD simulations in this work, we can plot this resistance curve of the antennas as a function of the
length as seen in Fig. 12. The curves indicate that the input resistance at the first resonance frequency
increases almost linearly with the increase of the antenna length. Moreover, smaller values of p. result
in bigger increase coefficient, while the increase of W decreases the input resistance.

In this work, we approximated the input resistance curve R by a straight line depending on the
parameters p. and W, i.e,

R~AxL+ B, (30)

in which A and B are functions of W and p.. By a similar fitting process executed in Section IV, we
used the LSM to approximate the A and B parameters with rational equations, given respectively by

PLA-HE + P24-fic + P3a
qA-pe +14.pc + 1

A=~ 108 x (31)

and
B~ D1B-fhc + P2B

- aB-pE+ @ppc+ 17

(32)

where pi1a, P24, P34, 44> P1B> Q18> P2B, and gop are functions of the width W obtained once more
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Fig. 10. Leq calculated using (14) as functions of the resonance frequency for several values of W and fi.

Brazilian Microwave and Optoelectronics Society-SBMO
Brazilian Society of Electromagnetism-SBMag

received 8 May 2021, for review 17 May 2021, accepted 6 Nov 2021

© 2022 SBMO/SBMag m ISSN 2179-1074



Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 21, No. 1, March 2022

1.1

0.9

0.85

1.15

11

DOI: http://dx.doi.org/10.1590/2179-10742022v21i11335 27
w=1 W=2pum
L= 1.15 H
* ue=0.0 pe=04 === 1e=0.8
o ue=0.1 #e=05 — u.=09
wue=02 === puc=06 ---u.=1.0 1.1
e =0.3 e 4o =0.7
1.05
s
g 1
-
*
) 095F
£ {
o oo °
. . . . . . . ) 0.85 | | | s s s s |
0.5 1 15 2 2.5 3 3.5 4 0.5 1 15 2 25 3 3.5 4
Resonance frequency (THz) Resonance frequency (THz)
(a) (b)
W =4um W =8pum
e 1.15 H
11
&
9 H 1.05

1.05

0.9

0.85

1.1

1.05

/L

0.95

0.9

0.85

0.9
‘ ‘ ‘ ‘ ‘ ‘ ‘ | 0.85 ‘ ‘ ‘ ‘ ‘ ‘ ‘ |
0.5 1 15 2 25 3 35 4 0.5 1 15 2 2.5 3 3.5 4
Resonance frequency (THz) Resonance frequency (THz)
© (d)
W =16 pm W =32pum
H 1.15 W
0.9
s s s s s s s | 0.85 s s s s s s s |
0 0.5 1 1.5 2 25 3 35 4 0.5 1 15 2 25 3 3.5 4
Resonance frequency (THz) Resonance frequency (THz)

Brazilian Microwave and Optoelectronics Society-SBMO

Fig. 11. Ratios Ley/L, as functions of resonance frequency, for several values of W and p. (eV).

(e)

Brazilian Society of Electromagnetism-SBMag

()

[D)er |

received 8 May 2021, for review 17 May 2021, accepted 6 Nov 2021
© 2022 SBMO/SBMag

ISSN 2179-1074



Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol.

DOI: http://dx.doi.org/10.1590/2179-10742022v21i11335

2500

2000

1500

1000

Input Resistance (2)

500

1200

1000

800

600

Input Resistance (2)

400

200

350

300

250

N
o
o

Input Resistance (Q2)
=
a
o

W=1pm

21, No. 1, March 2022

W =4pm

W =16 um

28
W=2pum
2500
* Ue=0.0
o Ue=0.1
He=0.2
te=0.3 2000 [
“= - He=04
=05 =
- Me=06] 3. |
uc = 07 % 1500 o
----- He=08| o
He=0.9 gg ‘ ¢
-_— o
“o - Me=100 000t * o°
| g_ % oooo
£ ** o
500 ¥
* OO
OOOO . T —
) M P g T TT]
1 0 s L L L L 1
100 0 20 40 60 80 100
L (um)
(b)
W =8pm
700 W
600 -
o
500
c
5 . °
2400} $ o
.187;5 p; o
o
@ 300 - * &°
‘5' * ;oo
é.- *’ OOOO
200
*
0000
100 ,o° L
o® i
| | 0 ‘ | | | |
80 100 0 20 40 60 80 100
L (um)
(d)
W =32 pum
150 W
o]
*
: o
—~~ oo
S100r * ®
:
B
8
14
5
2 s0f
| | 0 | | | | |
80 100 0 20 40 60 80 100
L (um)
®

Fig. 12. Input Resistance R = Re{Z} at the dipole first resonance frequency as functions of the antenna’s length L, for

Brazilian Microwave and Optoelectronics Society-SBMO

Brazilian Society of Electromagnetism-SBMag

several values of W and p. (eV).

© 2022 SBMO/SBMag

received 8 May 2021, for review 17 May 2021, accepted 6 Nov 2021

[D)er |

ISSN 2179-1074



Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 21, No. 1, March 2022
DOI: http://dx.doi.org/10.1590/2179-10742022v21i11335 29

by employing LSM given by

pia &~ 0.85 + 520.5e( 7846107 xW) gi (8 387 x 10% x W — 8.241 x 107%)
+76750 % 10—4 % e(2.951)<105><(W—1.5><1075)) o 1’ (33)
0.92W3 4 0.3585W2 — 1589W + 0.1717

~ 34
p24 1.764 x 102 x W + 0.001 ’ (34
J9:349 x 1010 x W2 —8.347 x 10° x W +2.379, W < 4um 3
psa 0.767¢(~1:597x10°XW) 4 () 1354 (—9106+W) else (3)
ga ~ —9.229 x 10° x W + 375.1, (36)
2710

PIB ™ Qi 105 x W+ 1 37)

}3.984 %1013 x W2 48771 x 107 x W — 1334, W < 4um
b2 =~ —6.57x 101 x W2+3.444x 107 x W —432.1 else (38)

—2.963x104x W +1 ’
. —5.908 x 1010 x W3 +1.488 x 10" x W2 +1.067 x 107 x W + 30.27 (39)
9B = 1745 x 1011 x W2 — 6.153 x 105 x W + 1
and
8.229 x 101 x W2 4+ —8.772 x 107 x W + 62.19

Q2B =~ . (40)

—2.312x 106 x W +1
A concise algorithm developed for calculating R is given in the Appendix.

The accuracy of this formulation is calculated by the mean relative absolute error, which is given by

N .
1 LR, R
MRAE = — E‘_li [ Feq(0) = Be)] 100%, A1)

Ry(4)
where N = 2178 is the total number of FDTD simulations. The MRAE is equal to 6.09%, with a
maximum relative absolute error of 228,57%. High values of relative absolute error are due to the
smaller dipole length (i.e., L. < 25 pum) and smaller chemical potential values (i.e., pu. < 0.2 eV),
where the input resistance increase is less linear as a function of the dipole length, as can been seen
in Fig. 12. When considering the use of the proposed formulation in the dipole length range from 25
to 91 pm and chemical potential from 0.2 to 1.0 eV, the relative mean absolute error is reduced to
1.94%, while the maximum relative absolute error is diminished to 7.38%. This way, the formulation
becomes applicable from the engineering and numerical perspectives.

The input resistance of the graphene dipole can be matched to the internal resistance of the photomixer
proposed in [48], which has a graphene-based emitter. By adjusting its internal Fermi energy p.. and

considering its physical dimensions, the internal resistance of the photomixer is given by

ZOZ\/RS—F]Q(LK—i—Lm)’ 42)
JwCes
where
Re— 2Re{l/0}
STwW

Brazilian Microwave and Optoelectronics Society-SBMO  received 8 May 2021; for review 17 May 2021, accepted 6 Nov 2021
Brazilian Society of Electromagnetism-SBMag © 2022 SBMO/SBMag O /ssy2179-1074



Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 21, No. 1, March 2022
DOI: http://dx.doi.org/10.1590/2179-10742022v21i11335 30

TABLE I. PHOTOMIXER PARAMETERS FOR IMPEDANCE MATCHING WITH THE DIPOLE ANTENNA

Antenna parameters Photomixer parameters
W | Re{Z}min | Re{Z }max d Zomin (fice = 1 V) [ Zomax (e = 0)
lum | 509 | 2500 Q 16926 m 499_;9 g 22(2)?4799
2um | 500 2100 0 ‘éfz EII;‘ 49?;; él 2;;93599
Aum | 50 Q 1100 Q 2538n$nm 23.161(29 15%158
Sum | 50Q 700 Q i;’ ;1:11 1896-899 7500§f é?
16 um | 30 Q 310 Q 25(2) Itl::: 6924 ff 35111.638
pun| w0 | e gttt Ry 070

TABLE I1. RADIATION EFFICIENCY VALUES FOR GRAPHENE DIPOLE ANTENNA WITH Ly = 41 UM AND pc = 1 EV AT ITS
RESPECTIVE FIRST RESONANCE FREQUENCY f7.

w fi Radiation efficiency
2 um | 0.9 THz 16.05%
8 um | 1.1 THz 52.45%
32 um | 1.3 THz 79.52%
is the sheet resistance,
I — 2Im{1/o}
K= wW
is the kinetic inductance, J
Lm = MOWP

is the magnetic inductance and

Ces = €0xE E%—a € T
es — Cox Odp ox Ologe[G(dp/W—i-l)}

is due to the parallel-plate capacitance between the two graphene sheets used in the photomixer, such as
described in [48]. Based on the resistance values depicted in Fig. 12 for each width W, the parameters
pce and dy, that lead to impedance matching with the graphene antenna are indicated in Table I, in which
d, is the distance between the graphene parallel-plate waveguides in the photomixer [48]. Therefore,
the implementation of the graphene device proposed in this paper is feasible, with radiation efficiency
values expected to be between 10% and 80%, such as indicated in Table II for the graphene dipole
antenna with L, = 41 pum at its respective first resonance frequency f; for . = 1 eV and W equal to
2 um, 8 pm, and 32 pm.

VII. FINAL REMARKS

In this paper, a semi-analytical formulation is developed for fast calculation of the total length
of graphene dipole antennas, since width, chemical potential, and desired resonance frequency are

given. First resonance frequencies of rectangular graphene dipole antennas laying on glass substrate
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are obtained by using the FDTD method. From the obtained numerical results and with the use of the
Least Square Method, the proposed formulation is developed.

In order to measure the accuracy of the proposed formulation, the mean relative absolute error
(MRAE) is calculated. For the frequency range between 0.5 and 3.0 THz, MRAE = 1.5%, while the
maximum relative absolute error, obtained at the ends of the frequency range, is 6.77%.

The lengths of graphene dipole antennas can be calculated instantaneously by using a very simple
proposed algorithm, with the advantage of no need for computationally intense full-wave electrody-
namics simulations. Other important advantages are that the proposed formulation supports finite-width
graphene dipoles and it takes into account the relevant influence of photomixer sources. THz telecom-
munication engineers can benefit from fast design possibilities provided by the proposed algorithm,
which support a very large number of combinations of geometrical and electrical parameters.

To obtain maximum radiation efficiency, we studied the input resistance at resonance for the different
antenna settings. These resistance results were fitted with LSM with an accuracy of MRAE = 1.94%
for the range 25 < Ly < 91um and 0.2 < p < 1.0, while the maximum relative absolute error is
7.38%. By using a graphene-based emitter photomixer for input resistance matching, we conclude that

the antenna is feasible, with radiation efficiency values up till 80%.

APPENDIX

ALGORITHM 1: Calculation of the total length of the graphene dipole.

Input : fr - resonance frequency, float between 0.5e+12 and 3e+12 (Hz)
W — graphene dipole width, float between 1e-6 and 32e-6 (m)
pc — chemical potential, float between 0.0 and 1.0 (eV)

Output: Leq — estimate of graphene dipole total length Lt (m)

C <+ etW x ellipke (\/1 — kQ) /ellipke(k‘) /* capacitance due the metallic electrodes (8) x/

1
2 Ls « 3e-6 /* source + metallic parts length x/
3 L « 2e-9Ls [log(QWLS) +0.5+0.2235Lﬂs} /% self-inductance of the metallic electrodes (10) =/
4 fm « 1/(27vL x C) /* resonance frequency of the metallic electrodes (11) x/
5 Gg — n(l—fr/fm) /* phase associated to graphene sheets (13) =/
6 O < kubo(27T X fl’) /+ graphene patch conductivity (Kubo’s formula) (1) */
7 1 <« Im(0)/(fr x W X eetr) /* scaling parameter (17) =/
8 a < calca(p.c,W) /+ calculates the parameter ’'a’ (20) x/
9 b« Calcb(uC,W) /* calculates the parameter b’ (21) =/

10 B+ 1?x eb/W /+ phase constant (28) =/

11 Lg «+ eg/ﬁ /* total length of the pair of graphene sheets (15) =/

12 Leq — Ls+Lg /* total length of the graphene dipole antenna (14) =/

ALGORITHM 2: Calculation of the input resistance at resonance frequency of the graphene
dipole.
Input : L - antenna length, float between 7e-6 and 91e-6 (m)
W - graphene dipole width, float between le-6 and 32e-6 (m)
uc — chemical potential, float between 0.0 and 1.0 (eV)
Output: Req- estimate of input resistance R ()

1A cach(p,C7 W) /* calculates the parameter A’ (31) =/
2 B« calcB(uc, W) /+ calculates the parameter 'B’ (32) x/
3 Reg« AxL+B /% input resistence of the graphene dipole antenna (30) %/
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