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Abstract—We propose and demonstrate a novel design of a 

multi arm bowtie antenna (MABA) able to provide wideband field 

enhancement (FE). FE is a looked-for parameter of antennas in 

integrated electro-optic (EO) communication and sensing 

applications. In the proposed MABA, the paralleled arms with 

different lengths and flare angles provide multiple resonance 

frequencies. By tailoring these resonance frequencies adequately 

close to each other, a wide range of frequencies with high FE is 

achieved and the intrinsic limitation of conventional bowtie 

antennas in this regard is overcome. The proposed MABA is 

designed at the center frequency of 66.2 GHz and fabricated on a 

silicon on insulator (SOI) substrate with 1.69 mm × 0.21 mm 

dimensions. Simulation and measurement results show about 40˚ 

beam width and 63.4 dB FE peak with 27 GHz bandwidth which 

is 3 times larger than the bandwidth of a conventional bowtie 

antenna (BA), as the most commonly used antenna for this 

application, on the same substrate.  A figure of merit (FoM) is 

proposed to study the performance of antennas for integrated EO 

applications approximately independent from the effects of 

substrate, operating frequency, and optical parts. The FoM is 

calculated and a comparison is presented for different state-of-the-

art antennas in literature showing 2.28 times better performance 

of the proposed MABA. 

 

 
Index Terms— 5G networks, bowtie antenna; electro-optics; 

field enhancement; microwave photonics; millimeter waves; 

sensing; silicon; plasmonics 

I. INTRODUCTION 

NTENNA integrated electro-optic (EO) modulators and 

photodiodes have recently attracted interest for different 

applications in sensing, direct conversion of electromagnetic 

waves (EMW)  to optical waves in receivers, and imaging [1-

10]. The magnified EMW by the antenna being directly 

modulated on an optical carrier suggests an efficient alternative 

for radio frequency (FR) front-end electronics in many devices 

and systems such as MIMO, deinterleaving, and sensor fusion 

applications. As photonic EMW sensors [7], small foot print, 

wide bandwidth, high sensitivity, immunity to electromagnetic 

interference (EMI), and high speed and passive operation are 
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their prominent advantages over their conventional electronic-

based counterparts [11-13]. The modulated light can be either 

delivered to a photo-detector to down convert it to base band or 

it can be connected to optical systems and radio over fiber 

transceivers for communication applications [2]. The second 

approach provides benefiting from compact optical true time 

delay components [14], wide bandwidth and fast switches in 

optically addressed phased array antennas [8-10]. Efficiency 

and insertion loss of these antenna integrated EO devices can 

be improved even more by integrating the driving laser and/or 

photo detectors on the same chip [15]. 

The large unlicensed bandwidth, small size of antennas, and 

interference rejection continuously increase broad range of 

applications of millimeter waves (MMWs) band for 5G indoor 

wireless communication [16, 17], imaging systems [8, 17-19], 

and automotive radar sensors [20]. However, covering the 

potential bandwidth provided in the MMW band prohibitively 

increases the cost of RF front-end electronics. So, the benefits 

of antenna integrated EO sensors/receivers become even more 

demanding in MMW band. In electronic based MMW 

transceivers, sensors and phased array antennas, usually active 

electronics are the bandwidth limiting components. However, 

with recent advances in EO modulators [21-23], the active 

optical parts of photonic EO based devices can easily perform 

at MMW band and the integrated antennas are the bandwidth 

limiting components. 

Although various types of components like plasmonic 

phased modulators [4], one-dimensional photonic crystal 

waveguide (PCW) [1], two-dimensional slot PCW [3], polymer 

and strip waveguide phase modulators [2, 5, 6], traveling wave 

optical waveguide [13], and photodiodes [24] are suggested in 

the literature for the EO part, simple and conventional antennas 

like dipoles [13], bowtie antennas (BA) [1, 3-5, 24,25], and 

slotted patch antennas (SPA) [2, 6] are employed. Regardless 

of the type of the active EO part, the integrated antenna directly 

determines the device bandwidth, radiation pattern or spatial 

acceptance angle. It also plays an important role in device 

sensitivity, efficiency, and size. In designing the antennas for 
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integrated EO applications field enhancement (FE) is the most 

important parameter and bandwidth of the antenna is 

determined by the bandwidth of FE. The larger the FE, the 

higher sensitivity in sensing applications, the larger signal to 

noise ratio in communications, and the larger dynamic range in 

imaging systems. A wide bandwidth of FE also provides higher 

capacity in communications and larger information collected in 

sensing and imaging applications.  

Patch antennas are not usually considered as wideband 

antennas [26]. Accordingly, SPAs such as the antenna proposed 

in [2] with about 60 dB FE and 5 GHz bandwidth at 60 GHz or 

the one proposed in [6] with 36 dB FE and 2 GHz bandwidth at 

36 GHz provide less than 10% fractional bandwidth. Among 

the suggested antennas for integrated EO devices, BAs offer 

between 20-30% fractional FE bandwidth. For example, the BA 

with very narrow flare angle in [4] presents about 87 dB FE 

with 14 GHz bandwidth at 60 GHz. The BAs with 60˚ flare 

angle reported in [1] and [3] along with highly doped silicon 

regions demonstrate a slot with about 64.3 dB FE with 4.84 

GHz bandwidth at 14.1 GHz and about 78 dB FE with 5 GHz 

bandwidth at 10 GHz, respectively. A large 90˚ flare angle BA 

in [5] has about 33 dB FE with 5 GHz bandwidth at 15 GHz. 

But even BAs have a limit in providing high FE and wideband 

FE at the same time. 

In this paper, we first discuss the methodology of designing 

an antenna for integrated EO applications. As we will discuss, 

in contrast to conventional antennas, EO antennas should not be 

designed with 50 Ohm input impedance, but with impedances 

as high as possible. Then, the limit of BAs in simultaneously 

providing large and wideband FE is addressed. This limit 

originates from the incapability of BAs in delivering large and 

wideband impedance at the same time. Next, a novel multi-arm 

bowtie antenna (MABA) is proposed to overcome this limit. 

The design features multiple arms with small flare angles that 

yield to adjacent impedance large peaks (or equivalently 

resonance frequencies). Each of these resonance frequencies 

leads to a large FE over a relatively narrow frequency band. 

Tailoring these impedance peaks adequately close to each other, 

a wide range of large FE is achieved. The proposed structure is 

fabricated on a silicon on isolator (SOI) wafer. Upon 

interrogating the antenna, we observe 63.4 dB FE with 27 GHz 

FE at 66.2 GHz via simulation and measurement results. The 

achieved response is three times wider than the FE bandwidth a 

conventional BA can provide on same substrate. Next, a figure 

of merit (FoM) is proposed to study the antenna performance 

approximately independent of the EO part, substrate effect, and 

center frequency. Finally, the FoM is calculated for different 

antennas proposed in the literature for this application and the 

results are summarized. 

II. ANTENNA INTEGRATED EO SENSORS AND RECEIVERS 

EO sensors and receivers usually rely on Pockels or Kerr 

effects that create variations in the refractive index of an optical 

waveguide, Δn, by applying an electrical field, E, provided by 

the integrated antenna [1-10] at an EO material. In Pockels 

effect Δn is proportional to electrical field as stated in (1),  

 3

eff E
1

n n
2

 =   (1) 

where Γ is the overlap integral factor defined as the convolution 

of the optical guided mode with the applied electric field in the 

EO material and neff is the effective refractive index of the 

optical mode in the waveguide. Similar formulation can be 

written for Kerr effect where Δn is proportional to square of the 

electrical field. To enhance the sensitivity of EO sensors and 

receivers, the ΓE product should be enhanced as much as 

possible. As shown in the inset of Fig. 1 (a), by proper 

designing of the antenna Γ can be increased close to its 

maximum value where the electrical and optical fields are 

confined in the slot. E is determined by antenna performance 

and is evaluated by a FE factor defined as the ratio of the 

amplitude of electrical field at the center of optical waveguide 

with and without presence of the antenna. FE can be expressed 

as [4], 
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where Ws is width of the slot between the antenna arms (see 

Fig. 1), E0 is incident electrical field, Z0 is chracteristic 

impedance of free space, Z is antenna impedance, G is realized 

gain of the antenna which includes dielectric loss of the 

substrate and ohmic loss due to gold imperfections, and λ is 

wavelength of electrical field. Therefore, Δn can be expressed 

as follows. 
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It’s noteworthy that polarization of E0 is assumed to be 

matched with polarization of the antenna. And polarization of 

E needs to be matched with the direction in which the EO 

material provides EO effect. This direction is determined by the 

crystal axis in EO materials like lithium niobite (LiNbO3) [2, 

13] and by poling direction in EO polymers [1, 3-6, 22]. This 

polarization matching can be achieved by properly designing 

the antenna electrodes as shown in the inset of Fig. 1 (a). These 

electrodes distribute the received electrical field uniformly over 

the optical waveguide and EO material. Any polarization 

mismatch needs to be considered in (1) and (2). 

From (2) and (3) it can be said that in contrast to antennas for 

conventional applications where 50 or 75 Ohm impedance is 

desired, for integrated EO applications antenna impedance 

should be designed as high as possible. This means the power 

received by the antenna should be converted to a large electric 

field and small magnetic field because it is the electrical field 

that perturbs the EO material whereas the magnetic field plays 

no role. Additionally, bandwidth of the antenna is determined 

by bandwidth of FE, not bandwidth of reflection loss. 

III. MULTI-ARM BOW-TIE ANTENNA  

In this section, first, the trade-off of a conventional BA, 

which is most commonly used antenna for EO integrated 

application, between large FE and wideband FE is discussed 
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Fig. 1.  (a) The multi-arm bowtie antenna design integrated in electro-optic sensor/reciever, and (b) convetional bowtie antenna both on silicon-on-insulator wafer. 

and then overcoming of the proposed MABA to this limit is 

demonstrated. 

A. Limitations of Conventional Bowtie Antenna 

To achieve a large FE based on (2), minimum possible value 

of Ws is desired while Ws is usually limited by either the width 

of optical waveguide or by fabrication errors. For plasmonic 

waveguides Ws can be as low as tens of nanometers [4, 22,25] 

while for conventional and PCWs it is about a few microns [1, 

3, 27]. Wc is usually determined by the required length of the 

optical waveguide (interaction length) in the antenna slot. For 

lossy plasmonic waveguides, interaction length is limited to 

tens of micrometer while for PCWs with relatively lower loss, 

interaction length can be increased up to hundreds of microns. 

As depicted in Fig. 1 (b), the remaining design parameters of a 

conventional BA are α, and S which are flare angle and arm 

length, respectively. In fact, α determines the impedance of the 

antenna and S scales the resonance frequency [26, 28].  

Fig. 2 (a) shows simulation results of the inherent limit of a 

BA in providing large and wideband FE at the same time. This 

limit originally comes from the behavior of impedance of the 

antenna which is depicted in Fig. 2 (b) and (c). Table I lists the 

parameters used in the simulations where Ws is selected to be 

matched with the modulator presented in [28], however, 1 µm 

can be considered as a typical number to assess the antenna 

performance independent from the optical modulator. To 

extract the effect of the arm length, S, which is simply a 

frequency scaling (as far as material properties are constant 

[26]), the frequency axis is normalized to the resonance 

frequency of first dominant mode, TM01, of the case where 

α=30˚. To increase the antenna efficiency, which is reflected in 

realized gain, G, in (2), the antenna should be designed close to 

its resonance frequency. As can be seen from Fig. 2 (b) and (c), 

there are two regions of impedance: First is the slowly varying 

region around f/fr≈0.5 where the reactance is crossing close to 

zero and the antenna  

 

Fig. 2. Simulation resutls of (a) field enhancement (FE), (b) real part of 

impedance or resistance, and (c) imagenary part of impedance or reactance of a 

conventional bowtie antenna depicted in Fig. 1(b) versus normalized frequcecy 
(to the resonance frequcny of the dominant TM01 mode of the BA with α=30˚). 

Other parameters of the simulations are given in Table I. 
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resistance varies smoothly. This region leads to a relatively 

wideband FE with small values of FE (about 12 dB less than the 

peak of FE in the second region). The second region is the 

frequency range around f/fr≈1 where the fast resonance creates 

large values of resistance and consequently large FE peaks. But 

the FE bandwidth in the second region is about one third of the 

first region. A BA can be designed and used in either of these 

regions, but it cannot provide large and broadband FE at the 

same time as discussed. 

TABLE I.  DESIGN AND SIMULATIONS PARAMTERES 

PARAMETER VALUE 

Gold thickness 400 nm 

Silicon device layer thicknes 220 nm 

Silicon dioxide thickness 3 µm 

Silicon handle layer thickness 625 µm 

Interaction length, Wc 50 µm 

Slot width, Ws 1 µm 

Silicon permitivity 11.9 

Silicon dioxide permitivity 4 

Silicon bulk resistivity 125 Ohm-cm 

 

B. Multi-Arm Bowtie Antenna 

The structure of the proposed MABA is depicted in Fig. 1 (a) 

where multiple bowties with different flare angles and arm 

lengths are shunted. Each of these arms provides a large FE 

around its resonant frequency (i.e. the second region in Fig. 2) 

with a limit bandwidth. So, by properly designing the 

resonances of these arms adequately close to each other, a wide 

range of the frequency can cover a large range of FE values. 

Although shunting multiple arms reduces the equivalent 

impedace of the antenna, selecting very small flare angles for 

the arms compensates this reduction by providing a rather large 

impedance for each arm. The added electrodes, shown in the 

inset of Fig.1 (a), distribute the captured field uniformly over 

the interaction length with optical waveguide and EO material. 

These electrodes act as a capacitor shunted with the antenna and 

shifts their resonance frequencies. Due to this frequency shift 

and the strong coupling between arms, their resonance 

frequencies must be obtained via numerical simulations, as 

undergone here. 

C. Design and Simulations 

Here we present an optimized widenband design of the 

proposed antenna for MMW EO sensing/receiving application. 

To this end, three different arms lengths, namely S1=1.694 mm, 

S2=1.456 mm, S3=1.280 mm, and α=3.5º for all of arms and 2º 

axis-to-axis spacing between them, are used. Although a larger 

number of arms might provide a even wider bandwidth, there is 

a trade-off between the impedance of the antenna and FE 

bandwidth. Therefore, to obtain larger FE we cover the required 

frequcny range with minimum possible number of arms. Since 

here we propose the antenna independent from EO part, the 

electrodes are consired to be 2.5 µm wide and 50 µm long with 

a 1 µm gap in between them as typical values. The effect of 

these electrodes is discussed more deeply in the next section. 

Other paramteres are the same with conventional BA as listed 

in Table. I. The full-wave three-dimensional (3D) simulations 

are done by Ansys Electronics Desktop [30]. As presented in 

the simulation results in the next section along with 

measurement results, these three arms create three adjacent 

impedance peaks at 57, 69, and 78 GHz that altogether provide 

26.97 GHz range of relatively flat FE from 52.72 to 79.69 GHz 

with an average FE of 60.46 dB. The normalized FE over the 

antenna depicted in Fig. 3 (a) clearly shows how the field 

received by the antenna is focused uniformly between the 

electrodes. Also, vector field depicted at the cross section of the 

electrodes in Fig. 3 (b) shows the direction of the enhanced field 

which should be parallel with the direction of EO effect in the 

EO material.  

  

 

Fig. 3. (a) Top view (x-y plane) of normalized field enhancement (FE) over 

the multi-arm bowtie antenna and (b) cross section view (y-z plane) of 

normalized electrical field over the antenna slot both in logaritmic scale (c) field 

enhancement of the proposed antenna depicted in Fig. 1(a). 

IV. FABRICATION AND MEASUREMENTS 

As explained before, a key parameter of an antenna for 

integrated EO applications is FE. However, due to small size of 

the antenna slot, FE cannot be measured directly. Moreover, the 

small wavelength of MMWs compared to the size of field 

probes, makes it more difficult to measure the electromagnetic 

field without disturbing it. The FE between the two opposing 

metallic arms can be calculated indirectly from modulation 

index measurement results [1, 4] based on (1). To evaluate the 

antenna performance independent directly from RF 
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measurements, here we added a tapered differential microstrip 

line (DML) to feed the antenna using a 50 Ohm 100 µm pitch 

ground-signal (GS) probe. As depicted in Fig. 4 (a) the DML 

including two traces with 140 µm width and an 8 µm gap in 

between them is designed to have 50 Ohm impedance for its 

odd mode to be matched with the GS probe. Then, the DML is 

tapered down to two electrodes with a 1 µm gap in between as 

depicted in Fig. 4 (b). The length of the feed line (Lfeed), length 

of the tapering (Ltaper), and electrodes length are 1.55 mm, 

1.45 mm, and 50 µm, respectively. In this way, the impedance 

and realized gain of the antenna can be measured from the end 

of DML. In the next section, fabrication process of the device 

is explained. 

  

  

Fig. 4. (a) CCD camera image of the fabricated multi-arm bowtie antenna 

feeded with a tapered 50 Ohm differential microstrip line, (b) SEM image of 
the slot and electrodes of the proposed antenna, and (c) measurement setup 

consisting of horn antenna connected to a network analyzer and multi-arm 

bowtie antenna connected to the other part via depicted ground-signal probe. 

A. Fabrication Method 

The antenna is fabricated on a SOI platform. All the 

components including transmission lines and antennas are 

patterned using the JEOL JBX-6000FS electron-beam 

lithography tool with ZEP-520A e-beam resist, followed by 

developing in n- Amyl acetate for 2 minutes, and rinsing in 

isopropyl alcohol. The waveguide and antenna were defined 

using a metal hard mask, which was patterned using electron 

beam lithography. A 400 nm Au was deposited via E-beam 

evaporator and lift-off process were followed with Remover 

PG. The sample were then cleaned and cleaved so that the 

antenna was placed at the center of the chip. Fig. 6 (a) shows 

the image of the antenna under measurements taken by a 

charge-coupled device (CCD) camera with 50X zoom. The 

scanning electron microscopy (SEM) image of the antenna slot 

and electrodes taken by Carl SEM ZEISS Neon 40. 

 

Fig. 5. Simulation (dashed lines) and measurement ressutls of (a) real (blue 

lines) and imagenary (red lines) part of impedance showing three impedance 

peaks at at 57, 69, and 78 GHz. 

B. Measurement Setup 

As depicted in Fig. 4 (c), the measurement setup includes a 

standard gain horn antenna with 20 dBi gain and 11º beam 

width in both azimuth and elevation directions to illuminate the 

MABA from 30 cm center-to-center distance. Using the CCD 

camera and 3D microprobe stages, the GS microprobe is placed 

on antenna feed line. After mounting the GS probe, the CCD 

camera is moved from measurement area. The horn antenna and 

the proposed antenna are then connected to an Agilent E8361 

67 GHz network analyzer. Therefore, the frequency range of 

our measurement is limited from 25 GHz, which imposed by 

the horn antenna, to 67 GHz, the highest frequency of the 

network analyzer. However, our frequency range of interest is 

60 to 90 GHz. Five layers of absorber sheets with more than 45 

dB isolation are deployed under the sample chip to prevent 

reflections from the metallic parts of the optical table. Metallic 

parts of the probe stations are covered with absorber sheets too, 

as shown in Fig. 4 (c). Effects of the cables and connectors are 

excluded by short-load-open-throu calibration method.  

C. Results and Discussions 

S11 measurements with MABA being connected to the first 

channel of the network analyzer are exploited to calculate the 

antenna impedance. To this end, transmission line equation is 

used to transfer the impedance seen from the end of DML to the 

impedance seen from electrodes [31]. Measurement results of 

50 iterations are averaged to boost signal to noise ratio. But, due 

to multiple division operations in calculating impedance, the 

small noise in measured S11 is amplified again. Despite this, a 

good agreement between measurement and simulation results 

in Fig. 5 can be seen.  In the frequency range of interest (60 to 

90 GHz) three adjacent impedance peaks are observed at 57.16, 

68.40, and 76.23 GHz. Value of the impedance is determined 

by the flare angles of the arms and the conductivity of substrate. 

Also, S12 measurements are employed to calculate the 

antenna realized gain in different frequencies from Friis’ 

transmission equations [26]. Since MABA is not designed for 

50 Ohm impedance, a large reflection loss between the antenna 

and its feed is expected. So, it is important to include the 
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reflection loss terms in Friis’ equation as follows. 

             2 2 2( ) (1 | | )(1 | | )
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= − −  (4) 

where Pt and Pr are the transmitted and received power, 

respectively. So, the ratio of Pr/Pt is equal to |S12|2 in our 

measurement setup. Γt and Γr are the reflection coefficients of 

the horn antennas and the MABA antenna. The reflection 

coefficients can be calculated from S11 and S22 measurements. 

In fact, the GS probe and DML are matched and the major 

reflection happens between the feed line and electrodes. Using 

the calculation of impedance in previous section, Γr can be 

expresses as: 

 DML

r

DML

Z Z

Z Z


−
=

+
  (5) 

where ZDML is characteristic impedance of feed and tapering 

section at each frequency. Fig. 6 shows the calculated realized 

gain based on the measured S parameters. The calculated gain 

includes the dielectric loss and metallic loss, however, the port 

mismatches are excluded bashed on (4). In the frequency range 

of interest, three peaks of gain are observed at 53.46, 63.01, and 

75.72 GHz. These peaks happen at frequencies slightly 

different from impedance peaks in a way that their product 

yields to a relatively flat FE based on (2). 

 

 

Fig. 6. Simulation (dashed yellow line) and measured (solid blue line) resutls 

of gain of the fabricated multi-arm bowtie antenna depicted in Fig. 3 (a) at φ=0˚ 

and θ=0˚ direction. 

The calculated FE based on the gain and impedance 

measurements from (2) is demonstrated in Fig. 7. We find a 

decent agreement between the simulation and measurement 

results, thus not only confirming MABA performance but also 

proving the validity of the method used to indirectly measure 

the FE. Since, the results in the measured frequency range 

follows the simulation results, the same trend can be expected 

in higher frequencies as well. From 52.27 GHz to 67 GHz, the 

overlap of our target frequency range and the span the 

measurement setup covers, an average value of 2.43 dB 

decrement is observed in the FE. This reduction can be assigned 

to the thickness of deposited gold compared to the gold skin 

depth in MMW ranges. At the center frequency of the span 

shown in Fig. 3 (c), 66.20 GHz, gold skin depth is 293 nm. So, 

thickness of the deposited gold (limited by our fabrication 

facility) is 1.37 of the skin depth which can be translated to 

more metal loss than what is normally considered. The larger 

decrement of FE at lower frequencies, where the skin depth 

becomes deeper, endorses the metallic loss being the reason of 

this depression. For example, at 35 GHz there is 5.12 dB 

difference between simulation and measurement results where 

the skin depth is 402 nm. This problem is solvable by deposing 

thicker layer of the gold. Actually, 3 to 5 times of skin depth at 

the desired frequency is required to consider the gold a near 

perfect conductor. 

 

 

Fig. 7. Calculated field enhancement (thin red line) based on (2) from the gain 

and impedance measurements and simulated field enhacement (thick blue line). 

 

Fig. 8.  Simulated gain pattern of the proposed antenna at 55 GHz (dsahed 

green line), 65 GHz (doted red line) and 75 GHz (solid blue line); (a) in 
elevation direction when φ=0˚, (b) in elevation direction when φ=90˚, and (c) 

in azimuth direction when θ=90˚.  (d) Three dimentional gain pattern at 65 GHz. 

So, compared to the convetional BA with α=3˚, by 

sacrificing 1.73 dB of FE peak the bandwidth is increased by 3 

times. It worth mentionening that either in electro-absortive or 

interferometer-based electro-refrative EO sensors and 

recievers, the output optical power is propotional to the square 

of the FE. Therefore, 3 dB half-power bandwith of the output 

optical power is corresponding to 6 dB bandwidth of the FE. 

The two outer arms of the proposed MABA have 5.5º 

misalignment with incoming y-polarized MMW which creates 

θ 

(a) 

θ 

(b) 

φ 

(c) 
θ 

φ 

(d) 

φ = 0˚ φ = 90˚ 

θ = 90˚ 
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less than 1% polarization mismatch loss. Radiation pattern of 

the proposed antenna is presented in Fig. 8 in different planes. 

As can be seen, the antenna preserves its main lobe in θ=0˚ and 

φ=0˚ direction when frequency changes from 55 GHz to 75 

GHz. The main lobe provides about 47˚, 40˚, 38˚ beam width 

and 3.96 dB, 3.68 dB, 6.48 dB side lobe level at 75 GHz, 65 

GHz, and 55 GHz, respectively.  

Despite of the discussed depression which is not the intrinsic 

limit of the proposed MABA, the proposed antenna overcomes 

the limitation of conventional BAs as demonstrated by 

simulation and measurement results. The FE bandwidth 

provided by proposed MABA is about three times larger than 

the bandwidth a similar BA can provide on the same substrate. 

D. Figure of Merit 

Either the antenna proposed here or others presented in the 

literature can be implemented on different substrates and with 

different EO materials and components. As expressed in section 

II as well as demonstrated in [2, 4] FE provided by an antenna 

can be increased by reducing Ws. The similar effect of Ws 

variation on FE in different types of antennas can be seen in 

Fig. 4 (b) of [2] and Fig. 3 and Fig. 5 (b) of [4]. Since Ws is not 

an antenna parameter and it is imposed by EO components, to 

provide a fair and independent comparison of FE among 

different antennas, we suggest to normalized FE to Ws. 

Additionally, since antennas are scalable components and their 

bandwidth is proportional to operation frequency, fractional 

bandwidth can be a more insightful representation of antenna 

bandwidth [26].  

TABLE II.  COMPARISON AMONG THE ANTENNAS PROPOSED FOR 

ELECTRO-OPTIC INTEGRATED DEVICES IN LITERATURE 

Antenna 

type 

BW 

(GHz) 

Peak 

FE 

(dB) 

fc 

(GHz) 

Size 

(mm2) 

Gap 

(µm) 

FoM 

(nm) 

BA [1] 4.84 ~63.5 14.1 4.6×4.8 0.16 0.018 

SPA [2] ~5* ~60 60 0.8×0.8 3 0.313 

BA [3] ~5 ~78 10 6.0×3.5 0.32 0.212 

BA [4] ~14 ~84 60 1.43×0.05 0.075 0.194 

BA [5] 5 ~33 15 10×10 10 0.015 

SPA [6] 2 54 36 5.36×1.5 10 0.052 

dipole 

[13] 
8.4 - 12 ~2×3 ~10 - 

proposed

MABA 
27 63.4 66.2 1.69×0.21 1 0.713 

*Since the direct information isn’t reported in the paper, the bandwidth of 

this antenna is calculated based on the device efficiency plot in [2]. 

Antenna size is another important factor as it is proportional 

to antenna effective area and therefore its gain. Antenna size 

which is usually the largest component in integrated EO devices 

defines the package density of the device too. Finally, the 

substrate conductivity that results in dielectric loss introduce a 

trade-off between antenna bandwidth and FE. Substrate loss 

and metallic loss either due to the metal roughness or 

insufficient thickness lead to a low qualify factor for the antenna 

as a resonator and therefore, the antenna provides wider 

bandwidth. However, most of the power received by the 

antenna is dissipated in the lossy substrates causing reduction 

in antenna realized gain and consequently FE. Hence, we 

propose product of normalized FE and fractional bandwidth 

divided by the largest dimension of the antenna as a FoM to 

study the antenna performance approximately independent 

from all mentioned effects as:  

 s

c

FE W BW
FoM

D f

 
=   (6) 

where BW is bandwidth, D is the largest dimension of the 

antenna and fc is center frequency. Table II presents a 

comparison of different parameters as well as dimension less 

FoM of the state-of-the-art antennas proposed in literature and 

the presented MABA in this work. 

The FoM values also show at least 2.28 times better 

performance compared to the other conventional BAs and SPAs 

listed in Table II. The numbers of evaluated FoM for different 

antennas show the proposed FoM can appropriately quantize 

the performance of the antennas for integrated EO applications. 

V. CONCLUSION 

The proposed multi-arm bowtie antenna benefiting from 

large effective area and adjacent resonance frequencies of 

different arms and large impedance of narrow arms at the same 

time surpasses the limit of conventional bowtie antennas which 

are commonly used for EO devices. The 63.4 dB FE with a 27 

GHz bandwidth demonstrated here along with recently reported 

high speed modulators enable EO devices for a variety range of 

MMW applications from 5G communications to collision 

avoidance radars and MMW imaging systems. The MABA 

structure can be easily designed for multi-band applications as 

well by separating the resonance frequencies more than what is 

presented in this wok. Also, using wider arms or substrates with 

lower resistivity, the presented structure can be designed for 

common application where a 50 Ohm impedance is required. 

The proposed FoM measures performance of antennas 

independent of EO components, operations frequency, and 

substrates and shows a superior performance by 2.28x as 

compared to state-of-the-art BAs and SPAs antenna designs.  
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