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Abstract— This article investigates the feasibility of designing
a high-gain on-chip antenna on silicon technology for sub-
terahertz applications over a wide frequency range. High-gain is
achieved by exciting the antenna using an aperture fed
mechanism to couple electromagnetics energy from a metal slot-
line, which is sandwiched between the silicon and polycarbonate
substrates, to a 15-element array comprising circular and
rectangular radiation patches fabricated on the top surface of the
polycarbonate layer. An open ended microstrip line, which is
orthogonal to the metal slot-line, is implemented on the underside
of the silicon substrate. When the open ended microstrip line is
excited it couples the signal to the metal slot-line which is
subsequently coupled and radiated by the patch array. Measured
results show the proposed on-chip antenna exhibits a reflection
coefficient of less than -10 dB across 0.290 THz to 0.316 THz with
a highest gain and radiation efficiency of 11.71 dBi and 70.8%,
respectively, occurred at 0.3THz. The antenna has a narrow
stopband between 0.292 THz to 0.294 THz. The physical size of
the presented sub-terahertz on-chip antenna is 20x3.5x0.126mmég,

Index Terms— Terahertz (THz) On-chip antenna, coupling
feeding mechanism, terahertz applications, high gain, silicon
technology, wide frequency range.

|. INTRODUCTION

Recent technological advances have established
possible the generation and discovery of Terahertz (THz)
radiation [1-6]. This has resulted in a formerly inaccessible
zone of the electromagnetic (EM) spectrum attainable, which
is a territory of large potential for medical imaging and radio
astronomy. Characteristics of the THz band permit it to
occupy a unique niche as other parts of the EM spectrum are
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already well established [7-9]. One of the main obstacles
encountered in realizing a commercial THz system is the high
path-loss and atmospheric attenuation incurred by the signal
[10,11]. This necessitates high-gain transmit and receive THz
antennas. Typical THz antennas include a lens antenna which
is combined of an expanded hemispherical silicon lens [12],
and a diagonal multilayer horn [13]. Although these types of
antennas provide high gain up to 12.5 dB however, they are
bulky structures that limits their applications.

In this research work, the viability of an on-chip antenna
has been demonstrated to offer wide frequency range and
high-gain performance across 0.290 THz to 0.316 THz with a
narrow stopband between 0.292 THz to 0.294 THz. High-gain
performance is achieved by employing an aperture feed
mechanism whereby THz electromagnetic energy is coupled
from an open ended microstrip-line via a metal slot-line to the
radiation patch array with minimal loss. The antenna is
fabricated on low permittivity THz substrate and on silicon
technology. The proposed THz antenna for on-chip integration
is simple to design and implement, and furthermore a low-
profile structure.

I1. DESIGN PROCEDURE OF THE ON-CHIP ANTENNA EXCITED
WITH A INNOVATIVE FEEDING STRUCTURE

Fig.1 displays the 3-D vision of the proposed sub-THz on-
chip antenna. The antenna includes of a periodic array of 15
radiating elements fabricated on the top surface of a
polycarbonate layer. Each radiating element comprises a
rectangular patch and a circular patch. Dimension of the
rectangular patch is 2.8x0.2 mm?, and the circular patch has a
radius of 0.25 mm. Gap between the center of the two patches
is 0.6 mm. Spacing between adjacent pairs of patches is 0.25
mm, which corresponds to the guided wavelength of the metal
slot-line at 0.3 THz, thus ensuring the field distribution is
uniform over the aperture of the antenna.

The antenna array is fed serially through the open-circuited
conductive slot-line with length and width of I = 19 mm and w
= 0.16 mm, which is embedded in the high resistivity intrinsic
silicon-substrate layer with a relative permittivity of &,=11.9,
tan§=0.00025, and a thickness of h;=70 um. Polycarbonate
substrate is used to support the radiation patches. It has a
relative permittivity of £,=2.1, tan6=0.01 and a thickness of
h,=50 um. The silicon and polycarbonate substrates were
bonded together using thermal compression. Silicon is a low-
thermal-expansion material however polycarbonate can
experience thermal stresses during the annealing treatment
which can induce fracturing in the polycarbonate substrate. It
was found that by limiting the maximum annealing
temperature the fracturing can be avoided. The metallization
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layer was created using sputter deposition process. The feed
mechanism proposed here to excite the array is realized using
an open-ended microstrip line which is implemented on the
underside of the silicon-layer and is orthogonally arranged
relative to the metal slot-line. Dimensions of the open-
circuited microstrip-line are 2.8x0.2 mm?2. The conductive
slot-line is embedded on the top-surface of the silicon layer
and is sandwiched between polycarbonate and silicon
substrates to facilitate effective coupling of electromagnetic
energy between the open-circuited microstrip-line to the patch
array. The radiation patches and open-ended microstrip-line
are made of Aluminum with conductivity of 3.8x107 S/m,
thickness of 3 microns and surface roughness of 0.2 microns.
Unlike previous antenna designs the proposed technique gets
rid of the otherwise bulky structure. Parameters of the metal
slot-line and radiation elements were optimized to match with
the impedance of the feeding-line in order to achieve high-
gain performance over the antenna’s sub-THz working band.
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Fig. 1. Silicon-based integrated on-chip antenna, (a) top-side, (b) side-vision
with a partially enlarged section, (c) back view, (d) manufactured prototype
(top-side), and (e) manufactured prototype (bottom-side). The proposed on-
chip antenna has a total dimension of 20x3.5x0.126 mm?®. It is constructed

from three different layers, i.e.: (i) polycarbonate, (ii) silicon, and (iii)
aluminum.

In the proposed on-chip antenna structure the travelling-
wave propagating along the slot-line excites two orthogonal
TM1; patch modes when the circular-patch is placed on the
aperture of the metal slot-line [14]. The two modes have a 90
phase difference because the phase of the electric field is 90°
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in advance of the current on a resonant patch [15]. As the
amplitudes of the two-modes are difficult to control it was
necessary to include a linearly polarized rectangular patch.
The combination of two different patches generates the
required circularly polarized radiation. The phase and axial-
ratio of the two orthogonal-modes can be controlled by
adjusting two parameters, i.e. the spacing between adjacent
pairs of patches and the open-circuit slot line width.

The antenna's reflection-coefficient (S11<-10dB) shown in
Fig.2 was determined with two different 3-D full-wave
electromagnetic computational techniques (CST Microwave
Studio & HFSS). The simulated and measured results show
that, the proposed structure operates over the frequency range
of 290-316 GHz for S11<-10dB, which corresponds to an
impedance bandwidth of 8.5%. It is noticed that the antenna
has a narrow stopband from 292 GHz to 294 GHz, and there is
excellent correlation observed between the two simulation
tools. The empirical results in Fig.2 verify the viability of the
proposed THz antenna for wide frequency range applications.
The discrepancy observed between the measured and
simulated results is due to (i) the unknown dielectric loss-
tangent over the required frequency range in the foundry’s
design kit when the 3D model of the antenna was constructed;
(if) manufacturing tolerances; and (iii) feed mismatch losses.
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Fig. 2. Simulated and measured reflection coefficient (S1<-10 dB).

The simulated surface current distribution over the radiation
elements at 300 GHz is shown in Fig.3 for different phase
angles. It is evident that the rectangular-patches participate
towards a y-axis polarized radiation, and the circular patches
participate towards both x- and y-axis polarizations, to yield
left-handed circularly polarized radiation.
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Fig. 3. Surface-current distribution over the radiation elements at 300 GHz for
different phase angles.



The antenna's radiation specifications were tested applying
a compact antenna test range as illustrated in [16]. The
antenna measurement setup with the attached horn antenna on
the transmitter is shown in Fig. 4(a). To decrease multipath
reflections in the test area, RF absorbing material has utilized
to nearly all metallic surfaces and objects on the probe station
as shown in Fig. 4(b). A vacuum pump was used to hold down
the chip to the rigid microwave absorber while the RF probe
touched down. The actual measurements using the standard
horn were made from below the AUT in Fig. 4(b). E- and H-
planes radiation patterns at the operating frequencies of 295,
300, and 305 GHz are plotted in Figs. 5(a) and (b),
respectively. Axial-ratio E-plane of the THz antenna array at
various spot frequencies across the antenna’s working band
are given in Table I. It shows the broadside axial-ratio is
maintained under 3dB across the operating frequency range.
Gain and radiation efficiency curves throughout the working
frequency band is plotted in Fig.6. The radiation efficiency
was determined by taking the ratio of the measured radiated
power to the input power. The measurement equipment of
high thermal stability was carefully calibrated with highly
accurate verification standards to minimize errors. Broadside
gain and efficiency at 300 GHz are 11.71dBi and 70.8%.
Although, because of the characteristics of series fed antenna,
when the operating frequency is away from 0.3 THz the beam
is tilts slightly and the gain is marginally affected. The 3 dB
bandwidth is shown to reduce at frequencies higher than 0.3
THz. The radiation gain and efficiency are also affected by the
high conductor and dielectric loss at sub-THz band.

Fig. 4. (a) Sub-THz antenna measurement setup, and (b) RF absorber material
seen as black spongy sheets. The on-chip AUT was located on a Cascade
Microtech rigid microwave absorber and probed applying the GSG RF probe.
Physical contact was used to connect the ground pads of the GSG probe with
the ground plane of the microstrip.

TABLE I. MEASURED AXIAL-RATIO E-PLANE

Frequency (THz) Axial-ratio E-plane
0.295 1.80
0.3 1.25
0.305 2.30
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Fig. 5. Radiation patterns at 295 GHz, 300 GHz, and 305 GHz.
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Fig. 6. (a) Gain, and (b) radiation efficiency as a function of frequency.

Performance parameters of the proposed silicon-based on-
chip antenna has compared with recently published
millimeter-wave antennas in Table Il. It is evident that
previous works are based on newer fabrication processes of
0.09-um, 0.13-pm, and 0.18-pm technologies however in this
work the on-chip antenna was fabricated on a standard 120-
pm process as the smallest dimension in the design is limited
to 200-pum. The purpose of this investigation was to determine
by how much we could extend the operating frequency range
of a terahertz antenna using the standard silicon technology.
Compared to the publications cited it exhibits a higher gain
and radiation efficiency. Although its radiation efficiency is
lower than [23] that operates at 45-70 GHz however the
proposed antenna works at a significantly higher frequency
band of 290-316 GHz.

TABLE Il. COMPARISON RESULTS

Meas. Meas. | Meas. Size
Ref. Antenna Freq. Gain Eff. | (mm3or| Process
Type Band (dBi) (%) (mm2)
(GHz)
[17] Bowtie-slot | 90-105 <-1.78 - 0.71x0.3 IHP
1x 0.13-um
0.65 Bi-CMOS
[18] Differential- 50-70 <-3.2 - 1.5x1.5 0.18-um
fed Circularly x0.3
Polarized
[19] Ring-shaped 50-70 <0.02 <35 - CMOS
Monopole 0.18-um
[20] Circular 57-67 <-44 - 1.8x1.8 CMOS
Open-loop x0.3 0.18-um
[21] AMC 15-66 <2 - 1.44x CMOS
embedded 11 0.09-um
squared slot
antenna
[22] Monopole 45-70 <4.96 - 1.9x1.9% Silicon
0.25 CMOS
[23] | Loop Antenna | 65-69 <8 <96 0.7x CMOS
1.25 0.18-um
[24] Dipole- 95-102 <438 - - Bi-CMOS
Antenna
[25] Tab 45-75 <0.1 <42 1.5x1 Standard
Monopole CMOS
Silicon
This Coupled 290-316 >9.6 >55 |20x3.5x0| Standard
work Feeding 126 120-um
Mechanism Silicon

I11. CONCLUSIONS

Feasibility of an on-chip antenna model is investigated for
sub-THz applications. The antenna model is implemented on
silicon technology for easy on-chip integration. The antenna

employs aperture fed mechanism comprising an open-
circuited microstrip-line that is electromagnetically coupled to
an orthogonal metal slot-line and periodic array of radiating
elements. The proposed on-chip antenna with small
dimensions of 20x3.5x0.126 mm? operates across 0.290 THz
to 0.316 THz with an optimum gain of 11.71 dBi and radiation
efficiency of 70.8% at 0.30 THz, and it radiates circularly
polarized energy. The antenna has a narrow stopband between
0.292 THz t0 0.294 THz.
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