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Abstract: This paper shows that by employing a combination 

of metamaterial (MTM) and substrate integrated waveguide 

(SIW) technologies, the drawbacks of narrow-bandwidth and 

low radiation properties encountered in terahertz on-chip 

antennas can be overcome. In addition, an effective feeding 

mechanism is introduced to excite the on-chip antenna. The 

proposed antenna is constructed on the three stacked layers 

comprising Silicon-metal-Silicon substrates. Dimensions of 

on-chip antenna are 1×1×0.265 mm3. The on-chip antenna is 

shown to have an average impedance match, gain, and 

efficiency parameters of -35dB, 8.5dBi, and 67.5%, 

respectively, over a wide frequency range of 0.20-0.22 THz. 

Keywords: On-chip antenna, metamaterial, substrate 

integrated waveguide, terahertz, wideband, high-efficiency, 
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I. INTRODUCTION 

The interest in terahertz band (0.1-10 THz) is steadily 

growing as this band enables several important 

applications such as biomedical imaging, ultrafast wireless 

communication, remote non-destructive inspection of 

packaged goods, and security screening. The current 

terahertz systems are of low power and low sensitivity.  

This necessitates the development of terahertz antennas for 

on-chip applications. Several CMOS on-chip antennas 

have been studied and manufactured to meet the demand 

of terahertz radio on-chip front-end circuit systems. 

However, most of the terahertz on-chip antennas have 

problems of low radiation efficiency and narrow 

bandwidth, which are caused by increased losses from 

substrate and conductors and very thin thickness of 

substrate between antenna and ground plane. Standard 

rectangular CMOS on-chip patch antennas have shown 

fractional bandwidth and radiation efficiency less than 

10% [1, 2]. 

In this paper metamaterial (MTM) and substrate 

integrated waveguide (SIW) technologies are used to 

overcome the restrictive bandwidth, gain and efficiency 

limitations for small antennas [3-5]. A combination of 

these two technologies are used to design low-cost and 

high-performance terahertz integrated-circuit antennas for 

on-chip applications. The benefit derived from 

metamaterial technology is to enhance the bandwidth and 

radiation performances without compromising the total 

size of the antenna.  

 

II. HIGH PERFPRMANCES ON-CHIP ANTENNA 

To realize a high-performance antenna in terms of 

frequency range, radiation gain and efficiency from a 

highly compact on-chip area is very challenging due to the 

small effective aperture area of the chip as well as adverse 

effects of surface waves and substrate loss. To solve these 

drawbacks, we have employed metamaterial and substrate 

integrated waveguide technologies. In addition, a novel 

feeding mechanism is employed, which is based on an 

open-ended microstrip-line, to excite the antenna. 

The proposed on-chip antenna was constructed on three 

stacked layers comprising two outer layers made of Silicon 

substrate that sandwiches a ground-plane layer made of 

Aluminium. The Silicon layer has a thickness of 125𝜇m, 

dielectric constant of 11.9, and loss-tangent of 0.00025. 

The Aluminium layer has a thickness of 5𝜇m.  

In initial step before constructing the stack was to 

implement metamaterial properties in the ground-plane. 

This involved embedding numerous circular slots in the 

ground-plane to minimise substrate loss, suppress the 

propagation of surface waves, and to couple 

electromagnetic energy from the bottom Silicon layer to 

the radiation patch, which is realized on the top Silicon 

layer. Fig.1 shows the ground-plane (GND) with 

embedded circular slots. The effective aperture area of the 

antenna is increased by simply embedding the circular slots 



in the ground-plane. The dimensions of the slots are 

identical. The slots essentially act like series left-handed 

(LH) capacitances (CL).  

 

             

(a) Top view                                 (b) Side view 

Fig.1. View of the ground plane (GND) sandwiched between two Silicon 
substrates (Si Sub.) of the proposed on-chip antenna. 

In the second step, square radiation patches are 

implemented on the top Silicon layer, which is then placed 

on the middle ground-plane layer.  

Surface waves and substrate loss was reduced by 

incorporating metallic via-holes on both sides of the 

antenna to create a wall analogous to a substrate integrated 

waveguide. The metallic via-holes connect the radiation 

patch to the ground-plane by passing through the top 

Silicon layer. The metallic via-holes act like a shunt LH 

inductance (LL). The combination of series CL and shunt LL 

transform the structure to exhibit metamaterial properties 

[3, 4]. Fig.2 shows the view of the on-chip antenna with 

MTM slots and SIW vias. The results below show 

improvement in the antenna’s performance using this 

approach. 

 

   

            (a) Top view                                       (b) Side view  

Fig.2. View of the proposed on-chip antenna implemented using MTM 
slots and SIW metallic via-holes.  

In the final step, a novel feeding structure is employed 

to excite the proposed antenna structure. The feeding 

structure is composed of a cross-shaped microstrip-line 

with a circular central joint to improve matching with the 

input port. This structure, shown in Fig. 3, is implemented 

on the bottom side of the lower Silicon layer, which is 

under the ground-plane layer, as shown in Fig. 2. Three 

branches of the feed structure are open-ended microstrip-

lines and excitation is via the fourth line using coplanar 

waveguide (CPW). Electromagnetic energy from the CPW 

port excites the feeding structure’s three tentacles to couple 

it to the radiation patches on the top Silicon layer via the 

circular slots in the ground-plane. The results below 

confirm improvement in frequency range of operation and 

radiation properties of the on-chip antenna.  

 

 

Fig.3. Microstrip feeding structure implemented on the bottom side of the 
lower Silicon layer. 

The structural parameters of the on-chip antenna are 

tabulated in Table I. The reflection coefficient, radiation 

gain and efficiency performance across the antenna’s 

operating frequency range are shown in Fig.4. These 

results confirm the proposed on-chip antenna is capable of 

operating from 0.2-0.22 THz for S11<-15dB with average 

impedance matching, gain and efficiency of -35dB, 8.5 dBi 

and 67.50%, respectively. In addition, the proposed 

antenna is easy to design and implement. 

 

 
TABLE I. STRUCTURAL PARAMETERS 

Size of Antenna 1000×1000×265 𝜇m 3 

Size of GND 1000×1000×5 𝜇m3 

Thickness of Silicon 125𝜇m 

Diameter of Slot 20𝜇m 

Height of Via 135𝜇m 

Diameter of Via 12𝜇m 

Width of Fed Line 40𝜇m 

Length of Fed Line 400𝜇m 

Diameter of Fed Line 200𝜇m 

 

 

(a) Reflection coefficient response (S11<-15dB). 

  

(b) Gain and efficiency as a function of frequency. 

Fig.4. Performance parameters of the proposed on-chip antenna. 

 

CONCLUSION 

Feasibility of an on-chip antenna design is presented for a 

wideband, high-gain and high-efficiency terahertz 



integrated-circuit applications. The antenna design is based 

on using metamaterial and substrate integrated waveguide 

technologies implemented on Silicon substrate. The 

antenna is excited using a novel open-circuited structure 

fed via coplanar waveguide port.   
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