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Abstract— The bowtie antenna is a topic of growing interest in 

recent years. In this paper, we design, fabricate, and characterize a 

modified gold bowtie antenna integrated on a transparent silica 

substrate. The bowtie antenna is designed with broad RF 

bandwidth to cover the X-band in the electromagnetic spectrum. 

We numerically investigate the antenna characteristics, specifically 

its resonant frequency and enhancement factor. Our designed 

bowtie antenna provides a strong broadband electric field 

enhancement in its feed gap. Taking advantage of the low-k silica 

substrate, high enhancement factor can be achieved without the 

unwanted reflection and scattering from the backside silicon handle 

which is the issue of using an SOI substrate. We simulate the 

dependence of resonance frequency on bowtie geometry, and verify 

the simulation results through experimental investigation, by 

fabricating different sets of bowtie antennas on silica substrates and 

then measuring their resonance frequencies. In addition, the far-

field radiation pattern of the bowtie antenna is measured, and it 

shows dipole-like characteristics with large beam width. Such a 

broadband antenna will be useful for a myriad of applications, 

ranging from photonic electromagnetic wave sensing to wireless 

communications. 

Index Terms—Antennas, resonance, broadband antennas, 

electromagnetic fields, microwave sensors. 

I. INTRODUCTION 

n recent years, bowtie antenna has been a hot topic for intense 

theoretical and experimental investigation, impelled by its 

unique features and advantages, including simple planar 

structure, stable broadband performance, strong near-field 

enhancement [1-8]. One simple configuration used to achieve 

broadband characteristics is a biconical antenna formed by two 

cones, and the bowtie antenna is a simplified two-dimensional 

structure using two triangular shapes separated by a small gap 

that resembles the shape of a bowtie [9, 10]. The bowtie antenna 

concentrates the energy and provides a good localization of 

electric field inside the feed gap, providing a strong near-field 

enhancement [11, 12], which is useful for several applications, 

including optical sensing and energy harvesting [13, 14, 5, 15]. 

In addition, the resonant frequency of a bowtie antenna can be 

designed and tuned by appropriately modifying and scaling the 

bowtie geometry, such as its arm length, flare angle, and feed 

gap width. This enables the bowtie antenna to have various 
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applications over a wide frequency range, including extreme-

ultraviolet light generation [2], optical antennas [3, 16, 5], 

Terahertz-wave optoelectronics [17], mid-infrared plasmonic 

antennas and sensors [8, 18], microwave radar [7], wireless 

communications [4, 19], flexible RF devices [20], complex 

electromagnetic structures [21],  and photonic detection of free-

space electromagnetic waves [22-24].  

For example, a modified gold bowtie antenna, consisting of a 

conventional bowtie shape with extension bars attached to its 

apex points, has been theoretically studied previously for 

microwave photonic applications [25]. Under RF illumination, 

an extended near-field area with a uniformly enhanced local 

electric field is obtained in its feed gap. Such an optimized 

bowtie antenna has recently been integrated with an electro-optic 

modulator inside its feed gap to form a very sensitive X-band 

electromagnetic wave sensor [26, 27]. For the detection of 

electromagnetic waves, the interaction of the waves and the 

substrate materials needs to be considered. In this case, a low-k 

dielectric substrate, such as a silica substrate (dielectric constant 

is about εr=3.9), is desired to provide better microwave coupling, 

because a low-k substrate would allow for higher received power 

(proportional to 1/√εeff) [26]. More importantly, some 

electromagnetic wave sensors previously demonstrated on 

silicon-on-insulator (SOI) substrates [28, 27] suffer from 

unwanted reflection and scattering from backside silicon handle 

which has intrinsic doping [29], while, in comparison, the silica 

substrate (without backside silicon handle) can avoid this issue 

and improve their detection sensitivity. The investigation of the 

performance of the bowtie antenna on a silica substrate can 

provide a foundation for the next generation sensitive 

electromagnetic wave sensors made on silicon-on-glass 

substrates [30] or silicon-on-sapphire substrates [31][32]. 

In this work, we investigated the development and 

optimization of the abovementioned bowtie antenna on a cost-

effective transparent low-k silica substrate. Numerical 

simulations on this type of bowtie antennas with different 

geometrical parameters are performed, and a series of 

measurements are carried out to verify the theoretical analysis. 

Specifically, we design, fabricate and experimentally 

characterize a broadband gold bowtie antenna on a silica 

substrate targeted around an operating frequency of 10.5GHz 
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(X-band). The designed bowtie antenna has a compact size 

smaller than 1cm2. The electric-field enhancing capability of the 

bowtie antenna is investigated by numerical simulations. Its 

geometry-dependent resonant frequency is simulated, and then 

it is experimentally verified on a group of fabricated bowtie 

antennas on silica substrates. The radiation pattern of this bowtie 

antenna is also measured.  

II. DESIGN 

 
Figure 1. (a) 3D perspective of our modified gold bowtie antenna on a silica 
substrate. (b) Top view of the bowtie antenna. l: arm length; α: flare angle; g: 

feed gap; w: bar width; b: bar length. (c) Cross section of the bowtie antenna. t: 

thickness. The red dot in the center of the feed gap at middle height indicates the 
observation point for the simulation of electric field enhancement. 

A schematic of the modified bowtie antenna on a silica substrate 

is shown in Fig. 1, consisting of a conventional bowtie antenna with 

capacitive extension bars attached to the apex points of the bowtie 

[25]. The extension bars have a length, b=300μm, a width, w=10μm 

and a feed gap, g=10μm. The thickness of the gold film is chosen to 

be t=5μm, which is far beyond the skin depth of gold at the RF 

frequency of operation. The thickness of silica substrate is 1mm, 

which is not thick enough to adversely affect the broadside 

radiation of the X-band antenna [33]. Under RF illumination, 

highly enhanced local electric field is generated inside the feed gap 

of this bowtie antenna. The current on the bowtie antenna surface, 

induced by incident RF field, charges the feed gap and 

subsequently establishes this strong electric field in the feed gap 

[34]. Generally, the antenna system can be considered as a typical 

LC circuit, which is mainly composed of the inductive bowtie 

metallic arms and the capacitive bars, giving rise to an LC resonance 

determined by the antenna geometry. In this work, this resonance 

effect is characterized by field enhancement factor, which is defined 

as the resonant electric field amplitude at a specific observation point 

[red dot in Figs. 1 (b) and (c)] divided by the incident electric field 

amplitude. With the feed gap (g=10μm) and capacitive bars 

(b=300μm, and w=10μm) fixed, the resonant frequency of a bowtie 

antenna is mainly determined by the length of each bow arm and the 

flare angle [l and α in Fig. 1 (b)] [35].  

In order to show the uniform broadband electric field 

enhancement created over the entire feed gap, COMSOL 

Multiphysics is used to simulate a bowtie antenna model with an arm 

length of l=5.5mm and a flare angle of α =60o. The incident electric 

field is a continuous plane wave linearly polarized along the antenna 

axis (y-direction) and impinges upon the antenna from the top. 

Figure. 2 (a) shows the simulated field enhancement factor as a 

function of RF frequency. It can be seen that the bowtie antenna has 

a maximum field enhancement factor of ~688 at its resonant 

frequency of 10.5GHz, and that the 1-dB RF bandwidth is about 

9GHz. Simulation results in Figs. 2 (b) and (c) show both the top 

view and the side view of the normalized local electric field 

amplitude at the resonant frequency. The electric field is mainly 

confined in the feed gap region, and it is strongly compressed by 688 

times at the resonant frequency respect to the incident electric field. 

The polarization of the electric field is along the y direction in Figs. 

2 (b) and (c). The peak resonant frequency can be tuned by adjusting 

the arm length and the flare angle of the bowtie antenna. The 

simulated resonant frequencies at different arm lengths and flare 

angles are shown in Fig. 5, respectively, and are correlated with 

experimental results in Section IV. More detailed theoretical analysis 

of the geometry-dependent performance of bowtie antennas can be 

found in Refs. [11, 36, 6]. 

  

Figure 2. (a) The simulated field enhancement factor of the bowtie antenna with 

l=5.5mm and α=60o as a function of RF frequencies. The maximum field 

enhancement factor is 688 at 10.5GHz, and the 1-dB RF bandwidth is 9GHz. (b) 
and (c) Top view and cross-sectional view of the simulated normalized electric 

field enhancement distribution at the resonant frequency.  

III. FABRICATION 

 

Figure 3. (a) A fabricated bowtie antenna on silica substrate. (b) Three bowtie 

antenna with flare angles of 30 degrees, 60 degrees and 90 degrees, respectively.  

For all these three bowtie antennas, the arm length l=4.5mm, the extended bar 
length b=300μm, extended bar width w=10μm, and the feed gap g=10μm. 

Two groups of bowtie antennas are fabricated on 1mm-thick 

silica substrates (εr=~3.9) through standard CMOS 

manufacturing process. The first group of five bowtie antennas 

is fabricated with a fixed flare angle of 60 degrees, but arm 

lengths varying from 3.5mm to 5.5mm in steps of 0.5mm. The 

second group of three bowtie antennas has a fixed arm length of 

4.5mm, but flare angles of 30 degrees, 60 degrees and 90 degrees, 

respectively.  

First, a 50nm-thick gold seed layer with a 5nm-thick 

chromium adhesion buffer is deposited on the silica substrate by 
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electron-beam evaporation. A 10µm-thick AZ-9260 photoresist 

is spincoated on the seed layer, and it is then patterned as a buffer 

mask for the bowtie structure by photolithography. Next, a 5µm-

thick gold film is electroplated by through-mask plating method 

in a magnetically stirred electrolyte (Techni-Gold 25ES) at 50℃. 

Constant current of 8mA is applied through the solution in the 

entire electroplating process. After gold electroplating, the 

buffer mask is removed using Acetone, and then the 

gold/chromium seed layer is removed using wet etchants, 

leaving the electroplated gold bowtie structure on top of the 

transparent silica substrate. The conductivity of the electroplated 

gold film is measured to be 2.2×107S/m. Microscope images of 

a few fabricated devices are shown in Fig. 3.  

IV. TESTING 

First, in order to demonstrate the broadband characteristics of 

the fabricated bowtie antenna and to investigate the dependence 

of resonant frequency on the bowtie geometry, the two groups 

of bowtie antennas are tested as transmitting antennas. Each 

antenna is fed by applying a ground-signal (GS) microprobe 

(Cascade Microtech ACP40GS500) onto its two bow arms. A 

vector network analyzer (HP 8510C) is used to measure the 

transmission of these antennas over a broad frequency range of 

1-20GHz. Assuming negligible loss, the normalized 

transmission signal can be inferred from the S11 measurements 

by zero minus S11 in dB scale. A broadband response can be 

clearly seen from the measured transmission signal, which 

agrees well with predication by simulation. The measured 

transmission signals of the first group of bowtie antennas are 

shown in Fig. 4 (a). The measured resonant frequencies as a 

function of arm lengths at a fixed flare angle of 60 degrees are 

extracted from the figure, and then correlated with the simulated 

resonant frequencies, as shown in Fig. 4 (b). Similarly, the 

measured resonant frequencies as a function of flare angles at a 

fixed arm length (e.g. 4.5mm) are extracted from the measured 

transmission signals of the second group of bowtie antennas, as 

shown in Fig. 4 (c), and then this measured results are correlated 

with simulated resonant frequencies in Fig. 4 (d). For longer 

bowtie arm or larger flare angle, the current flows through longer 

path to the gap, so the effective antenna size is increased, leading 

to longer resonant RF wavelength, which corresponds to lower 

resonant frequency. The trend of measured resonant frequencies 

agrees with the simulations. It can be seen that there are still 

some deviations between the measured and simulated resonant 

frequencies. This could be due to several reasons, such as the 

difference of the dielectric constant of an actual silica substrate 

and that assumed in simulations, and slight variations of size and 

shape of fabricated bowtie antenna from idealized model due to 

fabrication error. 

Next, the far field radiation pattern is measured. The bowtie 

antenna with arm length of 5.5mm and flare angle of 60 degrees 

is used in this test. The bowtie antenna is mounted on a rotational 

stage and is rotated along the x axis (axes directions indicated in 

Fig. 1 or 2). RF signal from the vector network analyzer is 

coupled into the bowtie antenna through a GS microprobe. The 

frequency of this RF signal is set to 10.5GHz which is the 

resonant frequency of the bowtie antenna. An X-band horn 

antenna is placed 2m away as a receiving antenna in its far field 

region for the assumption of quasi-plane wave to hold. The 

received power is amplified by an RF amplifier and then 

measured by a microwave spectrum analyzer (HP 8560E). The 

measured normalized power as a function of rotation angle is 

shown as a blue curve in Fig. 5. Simulated radiation pattern (red 

curve) is also overlaid in the figure, showing a good match 

between simulation and experimental results. This measured 

radiation pattern indicates dipole-type characteristics of our 

bowtie antenna. The half power beam width is measured to be 

about 90 degrees. This wide beam width is good for the antenna 

to detect electromagnetic waves coming from a large range of 

incident angles. 

 

Figure 4. (a) Measured normalized transmission spectrum of bowtie antennas 
with different arm lengths. Flare angles are fixed at 60 degrees. (b) Correlation 

of measured resonant frequency with simulated resonant frequency at different 

arm lengths. (c) Measured normalized transmission spectrum of bowtie antennas 
with different flare angles. Arm lengths are fixed at 4.5mm. (d) Correlation of 

measured resonant frequency with simulated resonant frequency at different 

flare angles. l: arm length; α: flare angle. 

 
Figure 5. Measured far field radiation pattern (blue) of the bowtie antenna at a 

frequency of 10.5GHz. Simulated radiation pattern is also overlaid (red). 

V. CONCLUSION 

In summary, we design, fabricate and experimentally 

demonstrate an integrated broadband bowtie antenna on a 

transparent silica substrate. Taking advantage of the low-k silica 

substrate, high enhancement factor can be achieved without the 

unwanted reflection and scattering from the backside silicon 

handle which is the issue of using an SOI substrate [28, 27]. The 

bowtie antenna is optimized to cover a broad frequency range in 

X-band. Numerical simulation shows that, with the arm length 

of 5.5mm and the flare angle of 60o, the electric field inside the 

bowtie feed gap can be enhanced by as high as 688 times at 

10.5GHz compared to the incident electric field, with a 1-dB RF 
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bandwidth over 9GHz. The dependency of resonant frequency on 

bowtie geometry, such as arm length and flare angle is 

numerically computed and experimentally verified. Based on the 

simulation and measurement results, in order to have a resonance 

frequency around 10.5GHz and broadly cover the center of X 

band, the geometry of the bowtie antenna can be optimized with 

the arm length of 5.5mm and the flare angle of 60o. For other 

different applications, the resonance frequency can also be tuned 

by appropriately modifying and scaling the bowtie geometry to 

cover other frequency ranges. In addition, the radiation pattern 

of the bowtie antenna is measured, showing a large angular beam 

width similar to a typical dipole antenna. The bowtie antenna has 

compact size smaller than 1cm2. Compared with the theoretical 

analysis of the bowtie antenna on lithium niobate substrate in 

Ref. [25], our work presents an experimental demonstrate of this 

antenna on silica substrate.  

With this bowtie antenna on silica substrate demonstrated,  the 

electromagnetic field sensors on SOI substrates that we 

previously reported [27] can be transferred as silicon 

nanomembranes onto silica substrates [37] or directly fabricated 

on silicon-on-glass substrates or silicon-on-sapphire substrates 

[31, 30][38] to avoid impacts from backside silicon handles and 

thus to enhance their detection capability. Recently, a bowtie 

antenna coupled plasmonic electromagnetic wave sensor is 

theoretically proposed [39] and then experimentally 

demonstrated on a SOI substrate [40, 41]; however, the silicon 

substrate introduces high RF loss and weaken its electric field 

enhancement ability. Making the device on a silicon-on-glass 

substrate or a silicon-on-sapphire substrate and then using our 

optimized bowtie antenna in this work can provide a solution to 

address this problem and thus improve the sensitivity of the 

device. In addition to photonic electromagnetic wave sensing, 

this bowtie antenna has a various other potential applications, 

such as microwave radars, nano-antenna arrays, plasmonic 

sensing and Terahertz-wave detection [39]. Besides, this type of 

bowtie antennas can be fabricated by inkjet printing techniques 

in solid or contour forms [20, 42] on flexible substrates [20, 43], 

which is compatible with roll-to-roll manufacturing processes 

[44, 45]. Furthermore, the gold material can be replaced by ITO 

or graphene, together with the transparent feature of the silica 

substrate, to potentially enable some ‘invisible’ integrated 

electronic and photonic devices [46].  
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