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In this paper, two different types of graphene-based rectangular patch antennas are designed for broadband
terahertz applications. First, a patch antenna is modeled using copper metal for terahertz applications. The
simulation results show a degraded reflection coefficient due to the use of copper. Therefore, the reflection
coefficient is above -10 dB at 4.6 THz, then a VSWR is less than 3 dB when we used copper for the top patch. The
patch antenna results are improved when graphene material is used, which has good conductivity, as demon-
strated through simulations. Furthermore, an increasing band-width of 1 THz instead to 0.8 THz when we used
the graphene material, due to a better impedance match. On the other hand, we achieved a slight increase in gain
and the VSWR is less than 2 dB inside the available bandwidth.

The time-domain solver of CST MWS software is used to evaluate the performance of the SIW (Substrate In-
tegrated Waveguide) patch antennas. The SIW, PBG technology and the graphene material makes the antenna
very important due to performance, such as the gain increases to about 7 dB, the bandwidth is about 1.6 THz duo
to increase the chemical potential of the graphene material. The results obtained with CST are compared with
simulations using HFSS to validate the design further. In addition, the 10 g peak skin SAR values of the antenna
are 1.726e7 W/Kg instead of 9.55e5 W/Kg. In these results we conclude the antenna can detect tumor presence.

1. Introduction

The terahertz band is the electromagnetic spectrum portion, with
frequencies in the range from 0.3 THz to 20 THz [1]. Optical spectrum
systems have received considerable interest from the scientific com-
munity for terahertz (THz) generation and imagery, with numerous
spectroscopy applications, imaging, sensing, astronomy, spectroscopy,
etc. [2-8]. Terahertz communication and imaging domains have
recently increased in optoelectronic systems, although cutting-edge
technology for payload systems and medical imaging must still
develop. Researchers had become attracted to new technology during
previous years, called substrate integrated waveguide technology. This
technology has a good performance for many applications, in particular
for terahertz domains [9]. Several circuits are found among these cir-
cuits, such as: antenna, resonator, coupler, duplexer and power divider
[10]. The substrate integrated waveguide structure needs significant

* Fully documented templates are available in the elsarticle package on CTAN.

* Corresponding author.

memory storage and an important calculation time when dealing with
terahertz domain designs. However, there are only a few Terahertz an-
tennas which can be realized with wideband characteristics simulta-
neously with a high gain for imagery applications and Terahertz
telecommunications. The scientific community constantly uses optical
spectrum systems for generation and imagery using terahertz (THz)
radiation, with numerous spectroscopy applications, imaging, sensing,
astronomy, and spectroscopy [11,12]. In order to obtain a high-
performance circuit, copper can be replaced for graphene, resulting in
improved terahertz circuits. The discovery of graphene is a break-
through in the development of THz devices and applications [13]. Ter-
ahertz devices [14] have been crucial and attractive for research
activities during recent years, due to the limited and congested GHz
band. The discovery of graphene material is a breakthrough impacting
the development of THz devices and applications. A graphene-based
receptor with outstanding flexibility and compactor properties has
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Fig. 1. Comparison of the total and intraband conductivity of the graphene sheet: (a) Real part, and (b) imaginary part.

been presented in [13]. To avoid congestion, it is attractive to find a
wideband and high gain antenna, compatible with many terahertz sys-
tem devices and applications. In this paper, a new wideband antenna
working in the terahertz band with a simple layer and microstrip feed
line is presented. The proposed antenna is developed using SIW tech-
nology with a PBG structure. The proposed wideband antennas are
illustrated in Fig. 5, including their geometry. However, the proposed
antenna is used for THz band to make a biosensor for breast Tumor
detection. The paper is organized as follows, section 2 describes the
formalization of the graphene material and the antenna parameter
design such as resonance frequency and structure, including the PBG
equation. Section 3 presents the antenna design the first results about
the comparison between the two material (copper vs graphene) and the
effect of integrated SIW technology insie the substrate is describe in this
section. Section 4 is describes the comparasion between antennas vali-
dated using two simulators (CST and HFSS). The detection of the breast
tumor is shown in section 5. Fincally, the conclusion is proved in section
6. (See Fig. 1.)
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2. Formulation
2.1. Graphene conductivity

The graphene sheet is a two-dimensional material composed of
carbon atoms bonded in hexagonal structures. Its surface conductivity
can be represented using the well-known Kubo formalism and it consists
of two terms, intraband conductivity and interband conductivity
[15,16]. The intraband term can be calculated as

e’ KT U ke
Cintra = —J———— | —5 +21n(e "B7+1)] 1
’ 2t (@ — jor) {KBT @
and the interband conductivity is
et [2lu,| — (@ —j20)nA
inter =~ - _l C—. 2
o j4nh"{2lucl+(w —er)h} @

Where K3 is the Boltzmann constant, # is the reduced Planck's con-
stant, e is the electron charge, w is the angular frequency, I is the
scattering rate, T is the temperature and y. is the chemical potential. The
intraband conductivity dominates the value of total conductivity in the
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Fig. 2. Variation of the total conductivity for different chemical potentials: (a) Real part and (b) imaginary part.
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Fig. 3. The relationship between bias voltage and chemical potential.

THz band, whereas the interband term has no significant effect on the
total surface conductivity within this band. Hence, the conductivity of
graphene can be expressed by using only theintraband term.

According to egs. (1,2), the graphene material can be shown in two
types of domains. In the first step, the intraband is dominant in the
frequency range from O to 8 THz. Elsewhere, in the frequency range from
8 to 30 THz of the interband and intraband [8,9] should be considered.

Fig. 2 shows the effect of changing graphene chemical potential on
the real and imaginary parts of the surface conductivity. It depends on
the carrier density, which can be controlled by an electric bias field.
Furthermore, we present in Fig. 3 the relation between the bias voltage
and chemical potential in the graphene material from Eq. (3).

2
el
V,=——~¢ 3
& ThV,epe, 3
We conclude that the chemical potential increases consequential to
bias voltage growth, hence the increase of the conductivity can be shown
in Fig. 3. The resonance frequency shift is due to change.

2.2. Analysis of SIW cavity rectangular antenna

In this part, the procedure calculates the width and length of a SIW
cavity, for the TEmn resonant frequency mode. According to Eq. (4), the
resonant frequency of the SIW cavity is fixed by setting the cavity length
and width simultaneously.
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where L and W are the length and the width of the proposed patch an-
tenna, respectively.

1—Sy
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Where Sy, is calculated by
(1 — ejZnKUe
n= o ) (6)

(1 _ F(Z)ejanoe)

Where, e is the maximum dimension of the dielectric, m is the peri-
odicity branch of the cosine function, the refractive index n is calculated
using [17] and Kj is the wavenumber in the void. The refractive index
can have two parts, the real component and the imaginary part. The
permittivity and permeability can be calculated using the following
expression, respectively:

e= Zl and p = nZ, )]

2.3. Mathematical expression analysis of the PBG structure

A PBG structure is embedded in the proposed antenna design. Fig. 4
shows the 2D and 3D structure of the dielectric material with the sub-
strate's hollow cylindrical structures. It can be seen from Eq. (8) that the
structure at the substrate level is useful for the propagation of the EM
waves. The mathematical expressions for plane wave propagation along
the PBG substrate are as follows: For TM modes:

I E, N & E;

PR +Kn’E; =0 (®)

For TE modes:

—2(dn on 1 (0*H, J’Hy

where n is the plane wave refraction, dependent to (x,y) and k is the
wavenumber k = 27 / 1. Fig. 4.a shows the square lattice structure, with
circular cross-section holes, resulting in a cylindrical dielectric column
with radius ‘7, and a period of ‘d’ which lies on the x-y plane. Fig. 4.b
shows the PBG dielectric substrate with the cylindrical holes with radius
‘r’ and the same separation distance of ‘d’.

substrate

dielectric air

(b)

Fig. 4. PBG structure (a) Dielectric column in air (b) cylindrical hole structure on the substrate.
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Fig. 5. Proposed antennas; (a) Top view Antenna 1; (c) Top view Antenna 2; (d) Top view Antenna 3(with SIW cavity).

Table 1
Antenna design parameters.

Parameter L R1 R2 L2

L3

L1 w1 w2 w3 w4 d P
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Fig. 6. (a) Reflections coefficients of the two materialstypes of antenna; (b) VSWR and gain versus frequency of proposed antennas.

3. Proposed antennas designs and comparison of antennas
results

The proposed antennas designed are illustrated in Fig. 5. The front
view is shown in Fig. 5.a, ¢ and d, corresponding to antenna 2, 1 and 3
respectively, with the same bottom view for all, shown in Fig. b. Table 1
gives the optimized dimensional parameters of the proposed antennas.

In the first step, the proposed antenna is simulated and studied using
the CST simulator based on an integral method. According to Fig. 6.a
and Fig. 6.b, the simulation results for antennas (1, 2) are shown
providing a comparison between the two materials used, copper and
graphene, where improvement is obtained when the graphene material
used. Moreover, secondly, SIW technology has been used for improving
the outer antenna performance. The PBG structure's impact at the sub-
strate level is illustrated in Fig. 4 for the proposed SIW antenna, used to
improve antenna performance.

3.1. Comparison between two material

In this paper, to improve the proposed antenna design to work in the

terahertz domain, graphene material is used to form the top patch
instead of copper in the first step, according to Fig. 5.a and Fig. 5.c. A
comparison of the s-parameters results, VSWR and gain of antenna, is
illustrated in Fig. 6. Copper conductivity suffers at terahertz region thats
why we use gold and other plasmonic material though graphene is best
at terahertz region offer ring tunable performance when change in
chemical potential. However it require complex fabrication procedure
and also the conductivity changes with incresing graphene thickness
[18].

According to Fig. 6.a which shows a reflection coefficient S11 of the
patch antenna, the S11 level improvement is obtained when using gra-
phene material instead of copper. Moreover, from this result, S11 can be
below a -10 dB when using graphene material to form the top patch.
Graphene shows good conductivity and high performance at terahertz
frequencies.

Fig. 6.b shows the simulated curve gains, which are about 5 dB and 7
dB when using graphene material to form the top patch. On the other
hand, 4.5 dB and 6.6 dB are obtained when copper is used to form the
top patch. However, in the same figure, the values obtained for voltage
standing wave ratio (VSWR) when using the two materials, graphene
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Fig. 8. (a) Reflections coefficients of the proposed antenna with and without SIW cavity; (b)Input impedance characteristic of the proppsed antennas 1,3 (Imaginary
and Real) with respect to frequency.
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Fig. 9. (a) Reflection coefficient frequency plot by changing the SIW cavity dimension; (b) Effect on reflection coefficient by changing the chemical potential.
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Fig. 10. (a) Effect on reflection coefficient by changing the chemical potential including interband and intraband (b) Effect on Gain by changing the chemical
potential with two conductivity domains.
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and copper is shown. VSWR then can be less to 3 dB when graphene
material is used. Graphene material shows a good result, including
improved current density distribution in the top patch, as illustrated in
Fig. 7.

3.2. Analysis for SIW cavity technology

In order to improve the reflection coefficient S11 of the proposed
antenna, the technology shown in Fig. 5.d is used, consisting of applying
the SIW technology to form the outer part of the antenna. The simulation
S-Parameters results can be shown in Fig. 8.a. According to this figure,
an improvement in the reflection coefficient level is obtained, below the
reflection coefficient of antenna2, when using the SIW technology to
form the outer part of the antenna, as illustrated in Fig. 8a. This
improvement is due to the uniform current density in the top patch
antenna by introducing the SIW cavity. Fig. 8.b shows a proper imped-
ance match for the input feed line for both graphene and copper material
used to form the top patch. After optimizing the antenna using the CST
software, the right impedance and radiation performance can be ach-
ieved with parameters fixed, such as those considered for the initial
parameters. Fig. 9.a shows the reflection coefficient obtained when
varying w; and wy according to the substrate integrated waveguide
cavity in Fig. 5.d. However, The SIW cavity increases antenna gain, from
6 dB at 4 THz without the SIW cavity to 7 dB at 4 THz with SIW cavity.

However, Fig. 9.b shows the rise of gain when we add the SIW
technology. It can make the gain above 7 dB when we add the SIW
structure in the outer antenna substrate. To explore the usefulness of

Table 2

Sensing and Bio-Sensing Research 38 (2022) 100511

graphene's tunable surface conductivity in microwave antenna design,
simulated reflection coefficients (S11) of the SIW proposed antenna with
wy = 1.2 yp, and wo = 1 ppy, is presented in Fig. 10.a. An improvement in
the reflection coefficient is obtained when increasing the chemical po-
tential. Finally, the proposed antenna gain can be increased by
increasing the chemical potential of graphene, as presented in Fig. 10.b.

3.3. Analysis of the PBG and tuning frequency

In this part we compare two antennas (Antenna3) and on the other
hand we add a PBG structure at the substrate level. The antennas design
in Fig. 5 (d) with PBG structure can be made to work at terahertz fre-
quencies. Fig. 11 (a) shows the reflection coefficient canbe optimized to
be below -10db and with 1.4 THz bande when using the PBG structure.
The PBG technology can increase the bandwidth to 33.4% instead 23.84
% without PBG. Moreover, to improve these results, we adjust the radius
value of the PBG structure, the simulation results show an improvement
in reflection coefficient and we have a good matching input impedance
when the radius value increases, we notice the return loss is below —15
dB, then an increasing antenna bandwidth is presented in Fig. 11.b.
Fig. 12.a illustrates the three dimensions radiation pattern of the pro-
posed PBG antenna at 4.2 THz frequency. Clearly demonstrating a uni-
directional antenna. Then, an important notice, the improvement on
simulation gain is due when increasing of the PBG radius. The variation
of input impedance (real and imaginary) with frequency is displayed in
Fig. 12.b. The well-matched real value of impedance is found 50 at 4.2
THz and chemical potential of 0.6 eV. Moreover, with radius decreasing,
the impedance Zjy, gets better. The variation of input impedance (Real
and Imaginary) versus frequency is plot in Fig. 13. The well-matched
real value of impedance is found to be 50 ohm at 4.2 THz and PBG
radius of 0.8 um.

3.4. Behavior of the doped graphene-based patch antennas

This section, we perform a detailed discussion of the performance
antenna with graphene instead of copper material. Table 2 illustrates the
results antenna by changing the chemical potential value of graphene.
Therefore we have changed the parameter of the SIW technology (W1,
W2) is modeled in this section. Since, we are modeling three models of
graphene antennas compared with the copper patch material. G1, G2
and G3 are referred to as 0 eV, 0.2 eV and 0.6 eV of chemical potential
value, respectively. Table 2 shows the comparison between the three
models antenna (G1, G2 and G3), their performance is focus in terms
resonance frequency (f;), reflection coefficient, Bandwidth, Directivity,
angular width at -3 dB and Gain are summarized in this table.

According to this table, we have an improvement of the antenna
performance when we use the graphene material in the first step. On the

Performance comparaison of the proposed antenna without and with SIW technology vs chemical potential, undoped and doped graphene.

d = 0.6um, p = 1.1um, L = 33um, w = 21um, h = 2um and the dielectric of the substrate is Duroid = 2.2

G1 = Doped graphene with 0.2 eV, G2 = Doped graphene with 0.4 eV and G3 = Doped graphene with 0.6 eV

Parameter of graphene Conducter frinTHz  S11 atfrin BW at —10 dB in Directivity atfrindB  Angular width at —3 dB GainindB
material -dB THz [deg]

4*W1 = 2um and W2 = 1.5um copper 4.25 20 0.5 6.5 50 6
G1 4.29 27.2 0.55 6.68 51.2 6.3
G2 4.22 28.1 0.647 6.8 51 6.35
G3 4.14 29 0.7 6.82 49 6.4

4*W1 = 1.5um and W2 = 1.2 copper 4.36 21.3 0.6 6.6 47 6.2

um G1 4.45 28 0.87 7 49 6.31

G2 4.31 31.5 0.9 7.2 47.6 6.5
G3 4.23 32.8 0.94 7.23 47 7

4*W1 = 1.2um and W2 = lum copper 4.6 22 0.67 6.4 47 6.12
Gl 4.75 30 0.9 7.48 48.3 6.45
G2 4.71 33.9 0.97 7.5 48.1 6.8
G3 4.67 34 1.02 7.56 48 6.89
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Table 3
Performance comparison of the proposed antenna for various substrate
materials.

Substrate Chimical Reso. Return Bandwidth VSWR Gain
parameter potential Freq. Loss [THz] < [dB] [dB]
[eV] [THz] [dB] -10
ptPolymide He=0.4 4.15 —32.5 1.5 1.25 7.5
& =35 pue=10.3 4.25 -21.3 1.35 1.255 6.88
pe=10.2 4.28 -15 1.3 1.3 6.02
pe="0.1 4.31 -11 0.9 1.34 6
ptArlone = p.=0.4 4.45 —31.25 1.47 1.3 7
3 pue=10.3 4.49 -20.08 1.25 1.45 5.78
pe=10.2 4.58 -12.5 1.2 1.57 5.67
pe="0.1 4.66 -10.2 0.89 1.7 5.45
ptDuroid &, pe=0.4 4.54 —29.87 1.4 1.32 7.2
=22 pue=10.3 4.6 -20.54 1.21 1.8 5.49
pe=10.2 4.71 -12.3 0.98 2 5.4
pue=0.1 4.78 -10 - 2 5.45

other hand the chemical potential can be tuned the resonance frequency
such as: An increase for the . can decrease the fr (4.29 to 4.14) when G1
is used, also an improvement in the gain (6.3 to 6.4 dB). It is also a slight
improvement in bandwidth (0.55 to 0.7 THz) and finally the reflection
coefficient it can be decreasing at —32,8 dB. In the same context an
increase of the chemical potential makes: decrease fr 4.45 to 4.23 THz,
increase the gain and directivity of the antenna.

Another parametric study at the dielectric level, since for various
substrate materials, the resonant frequency shift is observed of the
4.15-4.54 THz when the dielectric permitivity is decreasing. The
bandwidth achieved is in the range 0.9-1.47 THz at different resonance
frequencies as depicted in Table 3. It can be seen that the maximum
bandwidth of 1.47 THz is obtained for the Arlon substrate with y, = 0.4
eVv.

4. Comparison between the antennas and validated results
4.1. Comparison between the antennas

Performance radiation of the proposed antennas 1, 2, 3 and 4 (see
Fig. 5) has been compared and analyzed. CST microwave studio based
on the FDTD method simulates the antennas results radiation and S-
parameters at the frequency range [3.5-6 THz].

Fig. 14.a shows the reflection coefficient plot for the proposed an-
tennas. The bandwidth obtained for the proposed antennas are below
—10 dB, except for Antenna 1 when using a simple material (Copper)

]
[34]
'y
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due to its low conductivity. The return loss simulation results are almost
equal to —10 dB at the [4.5-5 THz] band with antenna 2. Improved
results are obtained with antennas 3 and 4 when the SIW cavity in the
outer antenna and the PBG structure are added.

In the same Fig. 14.b, the E plane plot at 4.2 THz is investigated
corresponding to the four antennas. The obtained far-field polar plot in
Fig. 13.b shows that the maximum radiation is 45° for antenna 1, 2, 3
and 4, respectively.

According to Fig. 14 (b), an improvement is obtained for the radia-
tion pattern at 4.2 THz, when the SIW cavity and the PBG structure at the
substrate level are added. Moreover, the achieved angular widths are
40° to 46° for antenna 1 and 2 respectively. Then 116.3° to 121.5° for
antenna 3 and 4, respectively.

4.2. Validated results and discussion

In this part, the validation of the designed SIW antenna is done by
simulating the same antennas with the HFSS software (FEM) and
comparing the results with those obtained with CST (FDTD). Figs. 15
and 16 provide the simulation results in terms of reflection coefficient
and radiation pattern (E-plane and H-plane).
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Fig. 15. Reflection coefficient of the propsed antenna, simulated using CST
and HFSS.
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with breast tumor tissue, and (d) Simulation results of the graphene-based sensor for different material under test.
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Fig. 18. SAR Distributions at 4.25 THz; (a) antenna with normal Skin, (b) antenna with Tumor (copper material) and (c) antenna with tumor (graphene
instead copper).
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Table 4
Comparisons between referred antennas and proposed antennas.

References Sensitivity(THz/RIU) FOM (RIU-1) f {res}[THz]
[23] 2 10.5 0.91
[24] 0.22 1.1 0.71
[25] 1.9 6.56 11.5
This work 7.26 19.78 4.25

According to Fig. 15, a good agreement in S11 is observed when
comparing the CST and HFSS. A slight deviation in the side-lobe level is
found. As shown in Fig. 16, a good agreement is observed for E-plane
and H-plane gain radiation patterns vertically, from Fig. 15 at 4.2 THz
frequency.

The proposed antennas simulation has a maximum gain of 7.6 dB and
can vary as much as 5 dB between the 4 and 5.5 THz frequency range.
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5. Breast tumor detection and sensing

To analyze the sensing parameters of the proposed sensor, the pro-
posed antenna is fixed near breast tissues cells (normal and tumor breast
tissues). To test the cells, we must compare two type of cells, one with
tumor and the other one without tumor. The effect of the variation of
these biological cells change the resonance frequency shift of the an-
tenna as shown in Fig. 17. Therefore, we conclude the proposed sensor
has a resonance frequency shift when we change the cells with and
without tumor towards the high frequencies. In biosensors, the sensi-
tivity (s), figure of merit (FOM), and quality-factor are the important
parameters that show the sensing quality, defined as described in
[19,20].

The specific absorption rate (SAR), is based on the IEEE C95.1
standard, this last is determined here using the mass average method
calculated using CST software. As presented in Fig. 18, the cell skin or
tumor for cell (Breast) developed by CST is exploited for testing. The
separation between the proposed graphene antenna and the cell is set at
20 um. Furthermore, in Fig. 15 it can be seen that maximum SAR of the
breast/Tumor when the graphene is used instead of copper, at 1-mg of
tissues are below the existing regulations [21-25] in all the cases. The
SAR results can be calculated by [26], according to the Fig. 18 it can be
shown the 1-mg peak SAR value is 1.71e+7 W/Kg with maximum
allowable powers of the proposed antenna are 0.07 W at 4.25 THz.

Af

sensitivity = i (THz/RIU) (10$)
n
Figure of Merits = Jres (RIU™") an
Full — WidthatHalf — Maximum
X sensitivity .
lity — factor = RIU 12
Quality — factor Full — WidthatHalf — Maximum ( ) (12)

(See Fig. 19.)
Where An et Af are the refractive index and resonance frequency
reSPeCﬁVely~ Where (4n = ngyr — (Normal Breast/Tumor Breast)) and (Af = fair

- f(Normal Breast/Tumor Brea.st))‘
The sensing parameters of this graphene proposed antenna sensor

are compared with other works, and reported in Table 4. In this table, we
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Fig. 20. (a)Sensitivity of the proposed sensor with various values of chemical potential of graphene, (b) Figure of Merits of the proposed sensor with various values of

chemical potential of graphene.
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conclude that in most cases of the previous work, the proposed antenna
has a good property, at sensitivity level and the figure of merits, it can
make this antenna very interesting in the future medical sensor.

As we know about the graphene material characteristic conductivity,
the chemical potential can be tuned to the resonance frequency, then
can improve the gain and VSWR of the antenna. The effect of the change
of the graphene chemical potential on the sensitivity, FOM and SAR is
presented in Figs. 17 and 20.

However, in these figures, the increase of the chemical potential
leads to increased sensitivity, such as 8.4 (THz/RIU) with y. = 1 eV. Also
an increase in the FOM which reaches 24.9 THz in this chemical po-
tential value. On the other hand, the increase of the chemical potential
leads to lower SAR when the chemical potential is greater than 0.6 eV. a
peak will be shown 20.2 W/Kg when the chemical potential is 0.1 eV.

6. Conclusion

In this paper, a wideband, terahertz antenna for biosensor devices
such as a breast Tumor detection working at terahertz band (4-6 THz) is
reported. An improvement is achieved when using a graphene material
instead of copper due to high conductivity of the graphene material.
Moreover, the antenna performance increases when using SIW tech-
nology and the PBG structure at substrate level. The planar antenna
structure and its performance makes it a suitable candidate for inte-
gration in biosensor devices. The antenna results include CST and HFSS
simulations, where simulations are in good agreement, and show the
proposed antenna can be a good candidate for biosensor terahertz de-
vices. The simulation results demonstrated that a maximum sensitivity
of 8THz/RIU can be achieved for (u. =1 eV), operating at a frequency of
4.25 THz.
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