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ABSTRACT This communication reports a conformal offset feed Quasi-Yagi antenna at 300 GHz for high-
directional applications. A novel offset feed mechanism is adopted to obtain directional behavior from
a conventional planar structure. The proposed antenna is designed on a Silicon-dioxide (SiO) dielectric
substrate having a permittivity (¢;) of 4 and a height of 60um. A gold material of thickness S5um is used
as a conducting metal in the top and bottom layers. This antenna consists of an offset feed patch, partial
ground as a reflector, and three director elements forming a Quasi-Yagi antenna. This conformal structure
operates from 270 GHz to 333 GHz and provides a peak gain of 8.62dBi at 300 GHz in the end-fire direction.
An analysis of different metals and parametric variation in metal thickness, substrate thickness, patch length,
and width is also reported for a better understanding of the evolution of the proposed structure. A lumped
equivalent circuit is also developed for the proposed structure to study its transmission line model. A good
agreement is also noted between the EM simulation (HFSS, CST) and circuit simulation (ADS).

INDEX TERMS Conformal patch, director, offset-feed, Quasi-Yagi reflector, SiO,, THz antenna.

I. INTRODUCTION

In modern communication systems, the THz range
(100 GHz to 10 THz) occupies a vital place due to the
increase in demand for higher data transmission rates [1]. The
applications of communication may include remote sensing,
biological detection, chip-to-chip communication or on-chip
communication, and body area networks (BAN) [1], [2],
[3], [4], [5]. Communication at the THz range has more
challenges such as absorption by molecules in the atmo-
sphere, and the signal can travel line-of-sight (LOS) or Non-
LOS. For a lower band of THz, 0.1 THz to 1.5 THz is
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the probable wavelength of absorption in THz frequencies.
However, the THz antenna should possess a high directivity
to mitigate the constraint of distance traveled irrespective of
path loss suffered by the signal at the THz range. It is also
expected that the use of wireless networks will approximately
target 75 Billion users by the end of 2025 and hence, the
potential for research work arises. Literature study presents
several millimeters and THz antennas for advanced wireless
communication applications [1], [2], [3], [4], [5], [6], [7], [8],
(91, [10], [11], [12], [13], [14], [15], [16], [17], [18], [19],
[20], [21]. A photonic crystal substrate is used with the shape
of the patch being trapezoidal targeting a THz bandwidth
between 0.88 THz to 1.62 THz [1]. Rogers RO3003 substrate
is used in the design of the proposed antenna, which possesses
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gftan ¢ = 3.00/0.0013 (where ¢ is the angle between
imaginary and real permittivity). In this work, the elimi-
nation of surface waves at those frequencies is achieved
by creating hexagonal-shaped-photonic crystals. A 60 GHz
high-frequency antenna is reported [2] with an overall volume
of 3.5 x 3.0 x 0.42 mm® and Low-Temperature Co-fired
Ceramics (LTCC) substrate is employed. A gap-coupling
technique is adopted to achieve the resonant frequency
at 60 GHz. Photonic-band-gap structures are used in design-
ing the microstrip patch antenna, providing a maximum gain
of 7.703 dBi at 1.40 THz, which increases the operating
range from 0.60 THz to 1.60 THz [3]. Using graphene
material, the patch can overcome scattering losses and has the
capability of sustaining electromagnetic propagation at the
THz band. The purpose of the graphene antenna discussed
in [4] is to provide a tremendous bandwidth of 5.4 GHz.
A THz antenna with micron-level metal etching on a substrate
of 423 x 345 x 6.5 um?> is performed and dual-spaced
multiple SSRs are obtained to provide a very high-frequency
bandwidth from 274.10 GHz to 295.60 GHz [5]. A beam
switching array, with an individual array consisting of
16-patches offers beam steering between —32° to +34° with
a resonant frequency at 61 GHz [6-8, 10]. A THz antenna,
providing an efficiency of 93% with a maximum gain of
5.60 dBi, operating between 0.258 THz to 0.385 THz is
circularly polarized, where slots are used in the linear strip
antenna [9]. A 16-element array, providing a peak gain of
15 dBi, achieves resonance at 77 GHz, which is useful
for automotive applications [11]. A fractal antenna, with
dimensions 800 x 600 x 81.29 um?, provides a bandwidth
of 9 THz (0.30 THz to 9.30 THz). This antenna consists of
two slotted elliptical patches with a partial ground plane [12],
[14], [19], [20]. A single elliptical patch with a partial ground
produces a THz bandwidth from 0.46 THz to 5.46 THz and
a maximum gain of 12.0 dBi [16]. A Koch-Snowflake fractal
MIMO antenna, with overall dimensions of 820 x 1000 ,umz,
provides an operational bandwidth from 1.06 THz to
14.20 THz and also offers a good diversity performance [17],
[18]. A high gain antenna for 300 GHz with a Fabry-Perot
cavity, providing the bandwidth for 6G wireless applications,
is embedded with seven metallic structures and is integrated
with horn-element and frequency-selective surfaces [21].
Literature [22], [23] also reports a study on lumped equivalent
models. A super-wideband MIMO antenna produces THz
bandwidth from 0.72 THz to 10.0THz with an isolation
of more than 20 dB [24]. A graphene-based 2-port MIMO
antenna offers THz bandwidth from 1.76 THz to 1.86 THz
with isolation <25.0 dB [25]. A four-port antenna with a
dimension of 45um x 45um generates a bandwidth range
of 2.38 - 11.18 THz and utilizes a self-similar elliptic struc-
ture with a polyamide substrate [26]. A tunable-enhanced
isolation MIMO antenna is reported [27], which provides
a bandwidth range of 5.68 - 6.51THz and achieves ECC =
4.818 x 1077, A frequency span of 1.0 - 20.0 THz in a
two-port antenna provides maximum isolation of 38dB with
S11 = —50.85dB [28].
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In recent times, advanced wireless communication sys-
tems require compact, cost-effective, high-gain, portable,
conformal, and well-performing antennas. The motivation
behind our work in this article is to design a novel offset
feed conformal THz antenna at 300 GHz operating in the
270 to 333 GHz band for THz wireless systems. A peak
gain of 8.62 dBi at 300 GHz in the end-fire direction is
noted. This work is designed with three antennas noted as
Antenna A (Fig. 2), Antenna B (Fig. 3), and Antenna C
(Fig. 4) to obtain the required conformal antenna (Fig. 5).
This work accomplishes novelty by adopting an offset feed
mechanism to obtain directional behavior from a conven-
tional planar structure. The proposed directional antenna can
be useful for various THz applications like 6G, THz Imag-
ing, Spectroscopy, digital holography, and Ptychography. The
6G application characteristics will include features such as
full satellite integration, full connectivity to an autonomous
vehicle, etc. The THz antenna will support the transfer of
information using the five human senses where neurological
processes through sensory integration will be established
and will transfer the data acquired from the five senses.
As reported in, the THz imaging system which has developed
very recently finds applications in imaging systems utilizing
THz pulsed and continuous-wave imaging. THz antennas are
also useful in THz Spectroscopy for cell detection and bacte-
rial identification. Also, utilizing THz pulsed Spectroscopy,
cancer detection is possible by identifying characteristics of
cancer spectral lines.

The rest of the paper is organized as follows. Sec-
tion II presents a discussion of different design steps fol-
lowed to obtain the proposed offset feed conformal structure
at 300 GHz. Section III reports a parametric variation on
various patch and substrate dimensions, a study on different
metals, and a discussion of results. Section IV performs the
existing work comparison with the proposed work. Section V
concludes the paper.

Il. EVOLUTION OF THE PROPOSED THz ANTENNA

Fig. 1 depicts the evolution of the proposed work in three
iterations, which later are converted to a highly directional
antenna by following several other steps. Fig. 1(a) shows a
conventional rectangular patch printed on one plane and a
full ground on the opposite plane. A SiO; dielectric substrate,
with a relative permittivity of &, = 4 is adopted. The rectan-
gular patch dimensions are calculated by using the following
equations as given below:

Co
Wpatch = (H
2oy 251
es+1 e —1 1
Eeff. = + )
2 2 I
/14125
Loateh = G 0.824h '
patch = ) fO \/Eeﬁf, . sub
(e, +0.3) (32 +0.264) o

(e, — 0.258) (2 +0.8)
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where Wy, and Lygsep, are the width and length of the rect-
angular radiating patch, ¢4 is the effective permittivity of the
substrate. For a selected frequency of 300 GHz, the calculated
patch length and width are 0.22mm and 0.316mm, respec-
tively as shown in Fig. 1(a). This configuration produces a
resonance at 296 GHz with poor impedance matching of Sy
as —12dB shown in Fig. 1(d). Moreover, it is well known
that the radiation pattern is not directional and normal to the
antenna. Hence, to obtain a directional pattern by adopting
a monopole structure and for better impedance matching,
a partial ground is employed as shown in Fig. 1(b).

However, this structure resonates at 240 GHz. So, Fig. 1(c)
is designed to meet the requirements in terms of impedance
matching and directional properties. Fig. 1(c), with a new
patch dimension of 0.45mm X 0.15mm, produces band-
width ranging from f; = 230GHz to fg = 350GHz with
the maximum matching of S1; = —21.12dB at 305 GHz as
noted from Fig. 1(d). Now, to obtain the proposed conformal
THz antenna configuration at 300 GHz with high direc-
tional properties, steps shown in Figs. 2 - 5 are performed.
Fig. 2(a) and (b) show a transparent and perspective top view
of the antenna.

The optimized dimensions are shown in Table 1 where the
symbols are defined in Fig. 2 (a and b). A rectangular patch
of dimension Py, x Pw umz is connected to a 50 2 microstrip
feed-line with dimensions Wy, x Ly, um?. The ground plane
printed on the opposite plane of the patch occupies a space of
We x Wsus um?. A gap (g) between the patch and ground is
maintained with an optimum value of 33.50 pm for matching
the impedance. Additionally, three identical metallic parasitic
patches with dimensions W x L; um? are also placed on the
plane of the patch to accomplish directional characteristics.

TABLE 1. Optimized dimensions of antenna A.

Size Size Size

Par. (um) Par. (pm) Par. (um)
Lsus 1350.0 Wn 40.0 di 200.0
Wsus 1000.0 W, 216.50 dz 175.0
hsus 60.0 g 33.50 Ly 75.0
Lm 250.0 PL 150.0 Wi 250.0
d 200.0 Pw 450.0 d; 200.0

Fig. 2(c) shows the S-parameter graph that covers an
impedance bandwidth from 231.28 GHz to 354.62 GHz with
a resonating frequency at 300 GHz and S;; = —19.0 dB.
This shows very poor matching of impedance due to the
symmetrical structure. Moreover, Fig. 2(d) shows the 3D
radiation suggesting that the radiation pattern does not meet
the directional characteristics along ¢ = 90°. The pattern is
neither omnidirectional nor directional. It is required to radi-
ate the signals in one direction with minimum back and side-
lobe levels. To overcome the demerits such as poor impedance
bandwidth and to achieve a high directional pattern,
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Antenna A, shown in Fig. 2(a), is modified with offset feed as
shown in Fig. 3(a). The optimized values of the dimensions
for Antenna B are tabulated in Table 2. As per the observa-
tions, Fig. 3(a) shows the asymmetric feed connected to the

VOLUME 11, 2023

patch of dimension Pw; x Pp umz and parasitic patches of
dimension Wy; x Lj; um? with inter-spacing of diy, daj,
and d3; respectively. On the opposite plane, the optimized
ground of dimension Wg; x Wsyus wum? is printed with a gap
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between the patch and ground as g; = 22.75 um. Antenna B
provides —10.0 dB impedance bandwidth from 231.28 GHz
to 354.62 GHz with a resonating frequency of 300 GHz and
a corresponding S;; = —30.0 dB as shown in Fig. 3(b).
From this design, it can be noted that the directional behavior
of the antenna along the end-fire direction (¢ = around 90°
but not exactly) is achieved using an offset feed mechanism.
This version of the modified antenna with asymmetric feed
achieves the main lobe directed towards around 90° con-
cerning frequency centered at 300 GHz. The final version
of the planar patch antenna, shown in Fig. 4(a), is etched
with a rectangular slot, and the width of the strip is reduced
to Py um.

TABLE 2. Optimized dimension of antenna B.

Size Size Size
Par. Par. Par.

(nm) (pm) (pm)
Leus 13500 g 22.75 dé' T 2000

31

Wsus 10000 Py 13375 Wi 130.0
hsus 60.0 Pwi 225.0 L 75.0
Wi 143.5 di 265.0 L 166.25

It is that for better directive gain exactly along ¢ = 90°,
the radiating and parasitic patches shown in Fig. 2(a) are
altered from Antenna A to Antenna C. Table 3 shows the opti-
mized dimensions of Antenna C shown in Fig. 4(a) as given
below.

TABLE 3. Optimized dimension of antenna C.

Size Size Size
Par. Par. Par.

(pm) (pm) (pm)
Lsur 1350.0 23 15.0 Ps 211.50
Wsus 1000.0 Lo 140.0 da 232.50
hsus 60.0 Py 173.50 da 200.0
We 85.0 P, 92.50
Wai 100.0 L 75.0 ds 200.0

Also, a minimal gap (g3) of 15.0 um provides better
impedance matching. Similarly, the length of the ground
is also reduced from 216.50 um (Antenna A) to 85 um
(Antenna C). The parasitic patch occupies an area of
Wy x Lo; wm? with a spacing between them to be daj,
dzy, and dy3, respectively, for better coupling of the sig-
nals. Fig. 4(b) displays the comparison of the S| parameter
obtained from the two simulators HFSS & CST Microwave
Studio.

As per the observations, in both cases required band-
width for 300 GHz is achieved in addition to good directive
gain. This antenna operates between 261 GHz to 387 GHz
(HFSS). Moreover, it is observed that the maximum radia-
tion is pointing more toward ¢ = 90° than Antenna B and
the peak gain noted is 9.14 dBi. In today’s wireless world,
antennas need to be integrated onto compact, portable, and
flexible wireless systems for advanced technologies. Hence, a
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TABLE 4. Lumped equivalent component values.

Resistance Capacitance
Inductance (nH
@) @H) (®F)
R, 41.2 L, 0.023 c 0.07
R, 0.05 L, 0.02 ! :
Ls 0.0098
R3 0.05 L. 434565 C, 0.01

TABLE 5. Performance characteristics for different metals.

Material Su at 300 Gain Rad. efficiency
GHz (dBi) (%)
Gold -37.68 dB 8.62 98.38
Chromium -33.88 dB 8.52 96.31
Platinum -34.65 dB 8.519 96.63
Titanium -29.79 dB 8.326 91.59
Tungsten -36.17 dB 8.562 97.55
Copper -41.46 dB 8.572 98.61
Aluminium -40.68 dB 8.553 98.3

TABLE 6. Performance characteristics for metal thickness (t).

t (um) Su at 300 GHz Gain (dBi)
2.5 -28.97 dB 8.55
5 -37.68 dB 8.62
7.5 -49.49 dB 8.54
10 -35.84 dB 8.45
12.5 -30.898 dB 8.51
15 -27.34 dB 8.39

conformal structure as shown in Fig. 5(a) is attempted. This
conformal configuration, forming Antenna D as shown in
Figs. 5(a)-(c), is bent with an angle of ¢ = 27° with respect to
the central axis. The structure dimensions are also modified
accordingly to obtain the required performance at 300 GHz.
A lumped equivalent circuit as shown in Fig. 5(d) is also
developed for the proposed structure to study its transmis-
sion line model. The equivalent circuit component values are
shown in Table 4. This circuit is developed from the concept
of the conventional way of modeling a lumped equivalent
circuit studied in [22] and [23].

A fair agreement is also noted between the EM simulation
(HFSS) and circuit simulation (ADS) as shown in Fig. 5(e).
Fig. 5(e) displays the simulation of the antenna for which
the S1; result is also obtained by using an equivalent circuit
model. This result is used and is also plotted in Fig. 5(e)
including a comparison with results obtained from HFSS
and CST.

It can be observed that the simulated S results from all
three simulators have almost overlapped with the resonant
frequency centered at 300 GHz with a good matching of
impedance. This antenna operates between 270 to 333 GHz
(HFSS). From Figs. 5(f)-(g), it is noted that the antenna shows
high gain and directivity. Fig. 5(f) also shows the antenna’s
maximum radiation at an angle of 90° with a peak gain

VOLUME 11, 2023
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FIGURE 4. Third iteration (Antenna C) (a) Transparent view with optimized dimensions (b) S;; (dB) (c)-(e) 3D
radiation pattern, XY-plane 2D pattern, surface current distribution at 300 GHz.

of 8.62 dBi. This shows that the maximum radiation is
directed toward the end-fire direction with a half-power-beam
width (HPBW) of 30°. Fig. 5(h) observes the distribution of
surface current density initiated at 300 GHz. The antenna
structure connected to the microstrip feed excites the remain-
ing three parasitic elements in the same phase, which leads to
an increased gain of the antenna.
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Ill. MATERIAL AND PARAMETRIC VARIATION ON
ANTENNA

Fig. 6 shows the parametric variation of key parame-
ters obtained by simulation, which affect the matching of
impedance in the operating bandwidth of the proposed
antenna. Fig. 6(a) represents the Si; graph for different
conducting materials including Chromium, Platinum, Gold,
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FIGURE 6. (a) The S;; parameter for different metals (b)-(e) optimization results in P; (width of the patch), P, (length of the
patch), thickness (t) of gold conducting material, and substrate height (hg,p) variation.

Titanium, Copper, Aluminium, and Tungsten. The graph
shows that the impedance is matched at 300 GHz for all
the above metals. However, in the proposed antenna, Gold
is used on the SiO, substrate since it provides an excel-
lent radiation pattern and a high gain as shown in Table 5.
Fig. 6(b)-(c) shows the parametric variation on the planar
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patch connected to the microstrip feed line, which also excites
the three parasitic elements. The physical length (P1) is varied
from 136.5 um to 236.5 um with a step of 25 pm, as shown
in Fig. 6(b). For Py = 173.50 um, the antenna resonates
at 300 GHz with a bandwidth from 261 GHz to 387 GHz.
Fig. 6(c) also shows another physical length (P;) variation
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FIGURE 7. 2-D radiation pattern (a) Antenna A to Antenna D in XY-plane (b) Antenna A to Antenna D in YZ-plane.

TABLE 7. Comparison of the proposed conformal antenna with recently published work.

Operating Substrate & . 2 Pez!k Terminology Comments on Confor.n.lal
Ref. band Permittivit Size (um’) Gain Used Radiation Patterns Capability
(THz) y (dBi)
Rogers RO Photonic 80° angle of
[1] 0.88-1.62 3003 450%950 2.18 maximum radiation NO
_ Crystal .
&=3.0 in E-plane
Rogers . C o
3] | 0.60-1.60 RO5880 200x340 7.703 Photonic Bi-directional and NO
6m20 Crystal Omni-directional
Silicon Graphene Bi-directional and
[4] | 2.00,3.25,4.40 &=11.90 4040 ) Patch Omni-directional NO
FR4 Split-Ring Bi-directional and
[3] 0.274-0.296 g=4.40 345x423 ) Resonator Omni-directional NO
RT6006 Slots in Patch Radiation pattern
[9] 0.258 - 0.355 e =615 460x1200 5.60 for Circular with circular NO
T Polarization polarization
; Fractal Patch C o .
Pol Omni-directional
[12] | 0.30-930 olyamide 1 600x500 - for Super- | e O NO
&=4.30 . H-plane
wideband
RO 3003 Photonic Directive radiation
[13] 0.683-0.711 6= 3.0 180x210 6.793 Band Gap Pattern at 0° NO
. Bi-directional and
[14] 2.42-10.52 Polyamide 22%42 5.50 Fractal Patch omnidirectional NO
GaAs Photonic Bi-directional and
[15] 1.96-2.41 £=13.0 6070 ) Crystal omnidirectional NO
. 1000x1350 . .
0.261-0.387 S}llcgn (Antenna C) 914 Quas1—Yag1 Highly directional in YES
*P Dioxide Antenna D with an Offset the direction of 90°
0.270 - 0.333 &=4.0 enna 8.62 Feed
(Conformal)

*P - proposed work
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which also plays a major role in achieving resonance
at 300 GHz. The patch length (Py) is varied from
25 to 275 pm resulting in resonance at 300 GHz for P, =
92.50 um, where the objective of this design is achieved
with the optimized length. Fig. 6(d) shows the plot of Sy
for various thicknesses (t) of Gold from 2.50 to 15.00 pm.
In all values of t, the resonance value is not changed rather the
matching impedance at the resonance frequency (300 GHz)
is matched at different real and imaginary impedance val-
ues. It is noted that for t = 5.00 um, the S| corresponds
to —37.68 dB at 300 GHz which is the proposed design.
Fig. 6(e) presents a variation in substrate height (hgyp), which
confirms that the resonance at 300 GHz is achieved with a
height of 60 um. A comparison of the performance charac-
teristics for a variation in metals and metal thickness (t) is
presented in Tables 5 and 6.

IV. FAR-FIELD RESULT DISCUSSION AND COMPARISON
OF PRESENT STATE-OF-THE-ART WITH LITERATURE

Fig. 7 shows the 2-D radiation pattern for all four antennas
(Antenna A, Antenna B, Antenna C, and Antenna D) plotted
in XY and YZ planes. These radiation patterns are plotted at
300 GHz frequency. For Antenna A and Antenna B, the 2-D
radiation patterns in XY and YZ planes show that the wide
radiation pattern does not exactly point maximum radiation
towards ¢ = 90°. However, for Antenna C (proposed planar
antenna), the radiation pattern becomes more directive toward
90° in both XY and YZ planes. The maximum gain in the end-
fire direction corresponds to 9.14 dBi with very low back-lobe
radiation. Antenna D, which is the conformal transformation
of Antenna C, also corresponds to maximum radiation in the
end-fire direction along XY and YZ planes. A peak gain of
8.62 dBi at 300 GHz is noted.

A comparison of the proposed planar antenna (Antenna
C) with the literature is performed in Table 7. In the design,
three parasitic elements are used as radiating elements along
with the main radiating patch which is connected to the offset
feed. This is the unique methodology used in designing the
proposed antenna. The other THz antennas mentioned in
the literature above do not feature a technique for increas-
ing the gain. These antennas also provide bi-directional and
omnidirectional 2-D radiation patterns. Since the proposed
structure is well-performing, conformal, highly directional,
and compact, hence, it can be used in applications such as
wearable devices, healthcare applications, etc.

V. CONCLUSION

This work discussed a THz conformal antenna configuration
at 300 GHz on a SiO» substrate having a thickness of 60 um
and gold as the metal patch and ground. The antenna, with
three additional rectangular parasitic patches, is excited by
the main patch which is connected to the feed line. The pro-
posed antenna operates from 270 GHz to 333 GHz and offers
a high directional behavior in both XY and YZ planes at an
angle of 90° having a peak gain of 8.62 dBi. The transmission
line equivalent model circuit simulation also presented good
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coordination with EM simulation. This conformal configu-
ration of the proposed THz antenna is compact and cost-
effective. It has high gain, portable, and well-performing.
Hence, it can be useful in curved microwave devices such as
smartphones, watches, healthcare, etc.
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