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Abstract ─ This work presents a comprehensive detailed 

comparative study of the three ultra-wideband and high 

directive antennas for the THz imaging, spectroscopy, 

and communication applications. Three different types 

of photoconductive antennas (log-spiral, Vivaldi, and 

bowtie antennas) are designed and simulated in the 

frequency range of 1 to 6 THz in the CST microwave 

studio (MWS). The enhanced directivity of the designed 

PCAs is achieved with the integration of the hemispherical 

silicon-based lens with the PCA gold electrode and quartz 

substrate of the proposed antennas. The performance of 

the designed PCAs is compared in terms of impedance 

and axial ratio bandwidths, directivity, and radiation 

efficiency of the proposed antennas. The reported log 

spiral, Vivaldi PCAs with added silicon lens exhibit  

the -10 dB impedance bandwidth of 6 THz, 3dB AR 

bandwidth of 5 THz, 6 THz, and 6 THz and peak total 

radiation efficiencies of 45%, 65%, and 95% respectively. 

   

Index Terms ─ Bowtie antenna, high directivity, log 

spiral antenna, photoconductive THz antenna, Vivaldi 

antenna, wideband. 
 

I. INTRODUCTION 
The development of the terahertz (THz) technology 

is helping to alleviate the crowded microwave band 

spectrum for the wide range of future applications in  

the field of high-speed (terabit-per-second) wireless 

communication system, spectroscopy, imaging, sensing, 

material characterization, and medical fields [1-7]. The 

3 mm to 30 µm free-space wavelength (or 0.1 to 10 THz) 

band is referred to as the THz frequency band. This band 

is gaining a lot of attention because of the distinctive 

characteristics of the non-ionizing nature of THz 

radiations, easy penetration through various materials, 

and their minimal effect on the human body [4, 7-9].  

The photoconductive antennas (PCAs) are among 

the favorite choices of the THz antenna designers for the 

generation of THz radiations due to their associated 

advantages of broadband radiations, compact size as well 

as normal operation at the room temperature [8, 10, 11]. 

In PCA, THz waves are generated with the interaction  

of the ultrafast femtosecond photon with the biased 

photoconductive substrates having ultra-short (sub-

picosecond) carrier lifetime as well as ultrafast carrier 

mobility. The common examples of used substrates for 

this purpose are LTGaAs [10, 12, 13], SiGaAs [10, 14], 

and InGaAs [10, 15]. Besides the aforementioned 

advantages, the limitation of the PCA includes the low 

optical-to-THz conversion efficiency [4, 8] which limits 

its applications especially for the imaging systems which 

demands high directive and polarization-insensitive THz 

radiations.  

The commonly employed approaches for the 

enhancement of the laser coupling to increase the 

conversion efficiency of the PCAs are 3D nonplasmonic 

structures [16], anti-reflection coatings of PCA substrates 

[17, 18], plasmonic nanoantennas [19] and electrodes 

[20]. The requirements of the electron beam lithography 

for the fabrication of the PCAs using proposed approaches 

[16-20] significantly increase the time and cost of the 

fabrication process [4]. The reported other examples of 

the photoconductive antennas are bow tie [8, 11, 17, 21], 

dipole planner array [22], Yagi-Uda [23], spiral-shaped 

[24], and the conical horn [25]. The researchers used the 

microlens array [12, 13, 17, 21, 26, 27], adding of the 

ACES JOURNAL, Vol. 36, No. 3, March 2021

Submitted On: July 8, 2020 
Accepted On: December 31, 2020 1054-4887 © ACES

https://doi.org/10.47037/2020.ACES.J.360311

308

mailto:hmrmili@kau.edu.sa


silicon-based lenses on the PCA structures [8, 17, 21,  

25, 28], and sandwiching of an antenna structure with 

metasurfaces [8, 22] for the enhancement of the poor 

directivity performance of the designed THz antennas. 

Although the utilization of the aforementioned approaches 

results in the enhancement of the directivity of the 

realized antennas, the reported designs [8, 11, 17, 21-25, 

28, 29]  have limitations of lower impedance bandwidth 

(0.2 THz to 1 THz), axial ratio (AR) bandwidth, and 

overall large size of reported antenna designs.   

In this work, we report a detailed comparative study 

about the design and analysis of the three different types 

of the ultra-wideband, high directive, and high-efficiency 

PCAs for the frequency range of the 1 to 6 THz. The 

realized antenna designs are of log spiral [6] (Fig. 1), 

Vivaldi [7] (Fig. 2), and bowtie [9] (Fig. 3) types. The 

full-wave EM simulation of the proposed THz antennas 

is performed in CST MWS for the frequency range of 1 

to 6 THz without the lens. Subsequently, the directivity 

performance of the proposed antennas is enhanced by 

adding a silicon-based hemispherical lens on the backside 

of the used quartz (r = 3.78, tan  = 0.0001) substrate of 

the antennas. The study compares the performance of  

the reported antennas in terms of impedance bandwidth, 

axial ratio bandwidth, and radiation characteristics (gain, 

directivity, efficiency) of the antennas. The reported  

log spiral, Vivaldi, and bowtie PCAs exhibit the -10 dB 

impedance bandwidth of 6 THz respectively. The 

observed 3dB AR bandwidth is 5 THz, 6 THz, and 6 THz 

for the designed spiral, Vivaldi, and bowtie antenna 

structure with the lens. The peak values of the total 

radiation efficiencies for the realized spiral, Vivaldi, and 

bowtie antenna structure with the lens are 45%, 65%, and 

95% respectively. The observed -10 dB impedance and 

3-dB AR bandwidth of the designed optimized antenna 

with the lens are the largest among all the reported legacy 

designs [8, 11, 17, 21-25, 28, 29] as per our best 

knowledge. 

The structure of the rest of the paper is as follows. 

Section II presents a comprehensive review of the 

performance of the legacy THz antennas. The details about 

the design of the reported three antennas are described in 

Section III. Section IV details the comparison of the 

performance of the reported antennas without the lens. 

The comparison of the designed antennas performance 

with the added lens in the antenna structure is presented 

in Section V. Last section VI concludes the study. 
 

II. RELATED WORK 
This section presents a comprehensive review of the 

relevant reported designs of the non-nano based PCA 

antenna designs. The authors in [23] reported a Yagi-

Uda antenna without a lens with high input impedance in 

the frequency range of 580 GHz to 600 GHz. The design 

of a spiral-shaped THz antenna working in the frequency  

range of 1.8 – 2.05 THz is reported in [24]. In [11],  

Park et al. covered the antenna structure with metal 

nanoislands to form nanoplasmonic PCA for the increase 

in the emission properties of the antenna. 

Jyothi et al. [21] reported a bow-tie PCA with a Si-

hemispherical lens for the enhanced directivity in the 

frequency range of 1 to 1.2 THz. The authors in [17] 

investigated the effect of the dielectric coating and added 

hemispherical Si-lens on bow-tie PCA structure for the 

enhancement of optical-to-THz conversion efficiency of 

the designed antenna. The authors in [28] proposed that 

the utilization of the aspheric lenses can improve the 

radiation coupling of the PCAs. Deva et al. [25] reported 

a fixed-frequency (0.8 THz) conical horn and Si-lens 

based PCA for the gain enhancement with the better 

physical fitting of the horn-shape with commercially 

available Si-lenses. 

In [8, 29], authors combined the PCA with the 

artificial magnetic conductor (AMC) [8] and metasurface-

based flat lens [29] for the enhancement of directivity of 

the antenna without the need of large-sized silicon-based 

lenses as needed for [17, 21, 25]. In [22], authors 

combined the planner dipole array with frequency 

selective surface to enhance the radiation properties of 

the array type PCA. However, the integration of the 

metasurface in the antenna structure increases the side-

lobe levels and front-to-back ratio of the antenna. Array 

design of antennas are used to enhance the radiation 

efficiency and front to back ratio of the antennas at the 

cost of the large antenna size [8, 23, 24, 30]. Generally, 

the periodic structures are used for the enhancement of 

the antenna bandwidth. However, as reported in [31], the 

use of a log-periodic circular-toothed structure with an 

outer diameter of 1.28 mm results in relatively lower 

bandwidth (< 1 THz). It depicts that the proper designing 

of the periodic antenna structure is essential to achieve 

the wideband operation.     

Table 1 summarizes the performance of the 

reviewed designs in terms of the antenna type, used 

substrate, the material of antenna electrodes, lens, 

impedance bandwidth, AR bandwidth, and directivity. 

The maximum impedance bandwidth of 1 THz for the 

non-lens based THz antenna is reported for the nano THz 

antenna of [11]. The integration of the lens enhances the 

directivity to 18.5 dBi for [25] with maximum noted 

bandwidth of 0.80 THz for the dipole array PCA of [28]. 

As shown in Table 1, the reported -10 dB impedance 

bandwidths for the PCA structures with frequency 

selective surfaces (FSS) are 0.18 THz [8] and 0.37 THz 

[22], respectively.  

The proposed log-spiral, Vivaldi, and bowtie PCAs 

did not only produce the high directivity but also exhibit 

wideband impedance and AR bandwidths characteristics 

as compared to all reviewed legacy designs of [8, 11, 17, 

21-25, 28, 29].    
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III. ANTENNAS DESIGN PROCEDURE 
This section details the design procedure of the 

realized THz antenna types. The first type of the realized 

antenna is of a log-spiral type which belongs to the class 

of frequency-independent antennas [32]. The realized 

antenna as shown in Fig. 1 schematic is designed to obtain 

wideband impedance characteristics and good pattern 

efficiency. In Fig. 1, r2 describes the outer radius of the 

antenna which limits the lowest operating frequency of 

the antenna. The flare rate or the growth rate of the spiral 

for the increment angle (α) is represented by ‘a’, and it 

controls the wrapping nature of the antenna. Table 2 lists 

the optimized values of the designed parameter of the 

proposed antenna of Fig. 1.  
 

 
 

Fig. 1. Schema of the proposed log-spiral THz antenna 

without lens; r2: outer radius of the spiral, r: inner radius 

of the spiral, α: increment angle, a: growth rate, t: 

thickness of the conductor (gold) material, L: length of 

the substrate, W: width of the substrate, and h: thickness 

of the substrate [6]. 

Table 2: Log-spiral Antenna design parameters [6] 

Parameter Values(µm) 

L (substrate length) 50 

W (substrate width) 36 

h (substrate thickness) 1 

r2 (outer radius of the spiral) 15 

r (inner radius of the spiral) 1.03 

N (number of turns) 2.5 

δ (spiral-patch width) 151 

α (increment angle) 12o 

a (growth rate) 0.31 

t (spiral-patch thickness)           0.05 

 

The Vivaldi antenna structure as shown in Fig. 2 

constitutes an exponential curved tapped slot. Besides 

compact planner structure, the Vivaldi antenna offers 

additional advantages of the high directive, wider 

impedance bandwidth, and linear polarization. The 

exponential tapered profile of the Fig. 2 antenna slot is 

obtained using the exponential function of (1): 

 𝑓(𝑥) =  𝐴 (𝑒𝑎𝑥 − 𝑒−𝑎𝑥) + 
𝑔

2
, (1) 

where  

 𝐴 =   
𝑔2
2 

−
𝑔

2

𝑒𝑎𝐿𝐺− 𝑒𝑎 . (2)   

In (1), a defines curvature coefficient, g and g2 refer 

to the minimum and maximum width of the tapered slot 

respectively, and LG is the length of the antenna patch. 

Table 2 summarizes the optimized design parameters of 

the proposed ultra-wideband and high directive Vivaldi 

antenna for the THz range. 

The proposed antenna design of the bowtie THz 

antenna is shown in Fig. 3. The values of the design 

parameters of the Fig. 3 antenna are shown in Table 4. 

Table 1: Comparison of proposed UWB PCA design with the legacy design 

References Antenna Type Substrate 

Antenna 

Electrode 

Material 

Lens/FSS 

-10 dB 

Impedance 

Bandwidth 

(THz) 

Maximum 

Directivity 

(dBi) 

Han [23] Yagi-Uda GaAs Ti-Au No lens 0.02 10.9 

Singh et al. [24] Spiral-shaped Si Al No lens 0.25 - 

Park [11] Nanoplasmonic bow-tie PCA GaAs Cr/Au No lens 1.00 - 

Jyothi [21] Bow-tie PCA  GaAs 
TiAu /AuGe / 

AuCr 

Si 

hemispherical 

lens 

0.20 10.85 

Gupta et al. [17] 
Bow-tie PCA with a dielectric 

coating 
SI-GaAs AuGe HRFZ-Si lens - - 

Formanek [28] Dipole-type PCA  GaAs Gold Aspheric lens 0.80 - 

Deva [25] Conical horn GaAs - Si-lens - 18.5 

Zhu [8] 

Bow-tie PCA  

LT-GaAs Ti-Au 

No lens 

0.18 

8.0 

Bow-tie PCA  

Si 

hemispherical 

lens 

11.8 

Bow-tie PCA with lens and 

combined with metasurface 

superstrate 

FSS 11.9 

Malhotra [22] Dipole planner array  LT-GaAs Ti-Au FSS 0.37 13.2 
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The optimized values of the designed antennas 

parameters of Tables 2, 3, and 4 are obtained after the 

detailed conducted parametric study for each antenna 

type. 
 

 
 

Fig. 2. Schematic of the designed Vivaldi THz antenna 

without lens: LS: substrate length, WS: substrate width, h: 

substrate thickness, LG: length of Vivaldi patch, WG: 

width of Vivaldi patch, g: minimum width of the tapered 

slot, a: curvature coefficient, and t: thickness of the 

Vivaldi patch [7]. 
 

 
 

Fig. 3. Schematic of the designed bowtie THz antenna 

without lens: LS: substrate length, WS: substrate width, h: 

substrate thickness, Lt: length of bowtie patch, g: gap 

between the bowtie patches, and t: thickness of the 

bowtie patch [8]. 

 

Table 3: Vivaldi Antenna design parameters 

Parameter Values(µm) 

LS (substrate length) 134 

WS (substrate width) 60 

h (substrate thickness) 3 

LG (Vivaldi-patch length)     120 

WG (Vivaldi-patch width) 20 

g (Minimum width of the tapered slot) 0.1 

g2 (Maximum width of the tapered slot) 22 

a (curvature coefficient) 

t (Vivaldi-patch thickness)           

0.7 

0.05 

Table 4: Bowtie Antenna design parameters [8] 

Parameter Values(µm) 

Ls (substrate length) 347 

h (substrate thickness) 2.3 

t (bowtie-patch thickness)           0.03 

Ws (substrate width) 350 

Lt (bowtie-patch length)     117 

Wt (bowtie-patch width)     260 

Wr (bowtie-port patch length)     13 

Lr (bowtie-port patch width)     8 

g (gap between the bowtie patches) 3.6 

 

The metal conductor of the designed spiral, Vivaldi, 

and bowtie antennas has a thickness of ‘t’ and is made of 

gold conductor (Au) whereas the substrate is made of 

quartz. The relative permittivity and loss tangent of the 

used substrate material is 3.78 and 0.0001, respectively.  

We have used the quartz because of its low-loss 

characteristics and better capturing of the incident 

electric fields which is necessary for the high frequencies 

range operation [33]. 

 The full-wave numerical analysis of the proposed 

THz antennas is performed in CST MWS for the 

frequency range of 1 to 6 THz. All antennas are excited 

using a discrete port in CST MWS. We have used the 

three-dimensional full-wave electromagnetic field finite 

integral technique (FIT) available in CST microwave 

studio-software to precisely calculate. The FIT is a 

consistent discretization for Maxwell's-equations and  

it provides a spatial discretization scheme applicable  

to several electromagnetic problems. The matrix of the 

discretized fields can be used for efficient simulations. 

The full-wave numerical simulation of the antennas is 

performed for the analysis of the antenna’s impedance, 

axial ratio, current distribution, and radiation 

characteristics. 

 

 
 

Fig. 4. Schema of the designed spiral THz antenna with 

hemispherical lens having diameter of RL [6]. 
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Fig. 5. Schema of the designed Vivaldi THz antenna with 

hemispherical lens having diameter of RL [7]. 

 

 
 

Fig. 6. Schema of the designed bowtie THz antenna with 

hemispherical lens having diameter of RL [8]. 

 

The analysis of the change in the designed antennas 

performances is performed by adding hemispherical 

lenses of silicon on each antenna structure. Figures 4, 5, 

and 6 depicts the schematics of the antenna structures 

with the added silicon lens. The diameter (RL) of the lens 

is optimized to obtain the wideband impedance, axial 

ratio bandwidth, and to produce high directivity, gain, 

and total efficiency of the designed THz antennas.  The 

obtained optimized values of the RL for spiral, Vivaldi, 

and bowtie antenna are 140 µm, 85 µm, and 120 µm 

respectively.  

 

IV. COMPARISON OF DESIGN ANTENNAS 

WITHOUT LENS 
The performance of the designed THz antennas of 

Figs. 1, 2, and 3 is compared for their -10 dB impedance 

bandwidth (for │S11│ < -10 dB), directivity, maximum 

directivity, total efficiency, realized gain, total efficiency, 

and axial ratio characteristics.  

Figure 7 shows the comparison of the reflection 

characteristics of the designed THz antennas. The results 

show that all three antenna exhibit ultra-wideband 

impedance matching properties as the │S11│ is less than 

-10 dB for the entire analyzed frequency range of 1 to  

6 THz for the spiral and Vivaldi antennas. The -10 dB 

impedance bandwidth of the realized bowtie antenna is 

around 2 THz as shown in Fig. 7.  
 

 
 

Fig. 7. Comparison of reflection characteristics of the 

designed THz antennas. 
 

The directivity and maximum directivity results of 

all three antennas are shown in Figs. 8 and 9 respectively. 

The comparison reflects that a log-spiral antenna has the 

best performance as its directivity is higher than the other 

antenna types as shown in Fig. 8. The results of Fig. 8 

reflect that the directivity of all three realized antennas 

has some variations with the increase in the frequency. 

The maximum directivity of 10.2 dBi is noted for the 

Vivaldi antenna as depicted in Fig. 9.   
 

 
 

Fig. 8. Comparison of directivity of the designed THz 

antennas. 
 

Figure 10 shows that the total efficiency of the 

bowtie antenna is higher than the other two antenna 

types. The observed total efficiency of the bowtie antenna 

is higher than 60% in the frequency range of 2.2 THz  

to 4.9 THz and > 70% efficiency from 2.3 THz to 4.4 

THz. The spiral antenna shows good performance with  

almost flat > 50% total efficiency in the entire analyzed 

frequency band. The Vivaldi antenna total efficiency is  
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greater than 10% from 2.2 THz to 6 THz range. 

 

 
 

Fig. 9. Comparison of maximum directivity of the 

designed THz antennas. 

 

 
 

Fig. 10. Comparison of total efficiency of the designed 

THz antennas. 

 

The difference in the realized gain of the three 

designed antennas is illustrated in Fig. 11. The realized 

gain of the spiral antenna is around 0 dBi in the entire 

frequency range of 1 to 6 THz. The bowtie antenna has 

realized gain of > -10 dBi in almost whole frequency 

band of 1 to 6 THz while the Vivaldi antenna shows a 

similar performance of > -10 dBi realized gain as like 

bowtie antenna in the frequency range of 2.6 THz to 6 

THz. The comparison of results shows that the realized 

gain of spiral THz antenna is relatively flatter as compared 

to the other antennas gain characteristics.  

Figure 12 reflects the comparison of the axial ratio 

variations of the spiral, bowtie, and Vivaldi antennas. 

The AR of the spiral antenna shows that antennas show 

good circular polarization characteristics from 2 THz  

to 6 THz frequency range as its AR is less than 3 dB  

in this frequency band. On the other hand, the other  

two designed antennas (bowtie and Vivaldi) show very 

good linear polarization performance with 6 THz AR 

bandwidth as depicted in Fig. 12. The difference between 

the AR and impedance bandwidth properties of the spiral 

antenna could be attributed to the reflections from the 

end arm of the antenna. The polarizing sense of the 

reflected waveform is opposite of the outward traveling 

wave polarization sense and it impacts the lower 

frequency AR characteristics for the case of the log-

spiral antenna as can be noted from the Fig. 12 results. 

 

 
 

Fig. 11. Comparison of realized gain of the designed 

THz antennas. 

 

 
 

Fig. 12. Comparison of axial ratio of the designed THz 

antennas. 

 

Figure 13 (a) shows the far-field radiation patterns 

of the designed spiral antenna at the resonance frequencies 

of 1.55 THz, 2.05 THz, 3.7 THz, and 5.4 THz respectively. 

The far-field radiation patterns for the Vivaldi antenna at 

the resonance frequencies of 1.85 THz, 2.45 THz, 3.6 

THz, and 5 THz are shown in Fig. 13 (b). Figure 13 (c) 

depicts the far-field radiation pattern of the realized 

bowtie PCA at the resonance frequencies of 2.3 THz, 

2.85 THz, 3.35 THz, and 4.1 THz respectively. The 

spiral and Vivaldi antennas radiation pattern shows  

an omnidirectional pattern at lower frequencies which 

changes directional pattern with higher directivity as  

the frequency increase. The observed gain of the spiral 

antenna at 1.55 THz and 5.4 THz is 4.68 dBi and 5.11 

dBi respectively. The increase in the gain of the Vivaldi 

antenna from 1.85 THz to 3.6 THz is 3.33 dBi as the 

observed gain at 1.85 THz and 3.6 THz is 3.38 dBi  

and 6.71 dBi respectively. As expected, the directional 
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antenna characteristics for the bowtie antenna can be 

noted from the directional far-field radiation patterns of 

the bowtie antenna in Fig. 13 (c). It can be noted that the 

gain of the bowtie antenna at 2.3 THz and 4.1 THz is 

6.33 dBi and 9.8 dBi respectively.   

The comparison of Figs. 7-12 results illustrates that 

all designed antenna shows excellent performance in 

terms of the impedance and AR bandwidth as compared 

to all reported antenna structures in [8, 11, 17, 21-25, 28, 

29].  

  

   
f = 1.55 THz f = 1.85 THz f = 2.3 THz 

   
f = 2.05 THz f = 2.45 THz f = 2.85 THz 

   
f = 3.70 THz f = 3.6 THz f = 3.35 THz 

   
f = 5.4 THz f = 5.0 THz f = 4.1 THz 

   

(a) Spiral Antenna (b) Vivaldi Antenna (c) Bowtie Antenna 

 

Fig. 13. Comparison of far field radiation patterns of analyzed PCAs without lens. 
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Fig. 14. Comparison of reflection parameter of the 

designed THz antennas with lens. 

 

V. COMPARISON OF DESIGN ANTENNAS 

WITH LENS 
The performance of the designed spiral, Vivaldi,  

and bowtie THz antennas is also compared with the 

integration of the hemispherical lens in the antenna 

structures. Figures 3-6 depict the structure of antennas 

with the added lenses.  

The comparison of the reflection parameters of the 

antennas for Figs. 3-6 designs is shown in Fig. 14. It can 

be noted from Fig. 14 that the addition of the lens in  

the antenna structure brings a significant change in the 

resonance characteristics of the antennas. The S11 of the 

spirals antenna becomes flattered with the addition of the 

lens as compared to the reflection parameter waveform 

of the same antenna (see Fig. 7). The modification of the 

bowtie PCA structure for the added lens brings a lot of 

improvement in its reflection parameters as compared to 

its characteristics without a lens. The comparison of Figs. 

14 and 7 results illustrates that the impedance matching 

of the designed antenna improves with the addition of  

the lens in the antenna structure as we are getting lower 

values of the antenna input reflections. The increase of 

the intensity of the current distribution around the source 

point and fewer reflections from the antenna arms results 

in the better impedance characteristics of the antennas as 

illustrated in Fig. 14. The results of Fig. 14 deduce that 

now spiral and Vivaldi antennas exhibit ultra-wideband 

impedance bandwidth of 6 THz as their reflection 

properties are less than -10 dB in the analyzed frequency 

band of 1 to 6 THz.  

Figure 15 depicts the comparison of the directive 

characteristics of the designed antenna with the modified 

structures of Figs. 3-6. The comparison of Fig. 15 results 

with Fig. 13 results reflects that the directivity of the 

antenna has been improved comprehensively in the 

entire frequency range of 1 to 6 THz. The addition of the 

lens significantly improves the antenna directivity in the 

frequency band of 1 to 4 THz as compared to the without 

lens results of the same antenna in Fig. 8. Around 40-

50% increase in the directive of the spiral antenna is 

observed in the frequency range of the 1 to 5 THz as 

compared to the without lens directivity results of the 

same antenna (see Fig. 8). The best improvement is  

noted for the bowtie antenna with more than 100% 

improvement in its directivity with the addition of the 

lens in its structure. The maximum observed directivity 

of the spiral, Vivaldi, and bowtie antennas is 12 dBi, 10 

dBi, and 14 dBi respectively. The radiation performance 

of the antennas in terms of its total efficiency was also 

analyzed with the added lenses. The comparison of the 

total efficiency results of the three analyzed PCAs is 

depicted in Fig. 16. We note that the total efficiency of 

the bowtie is highest too for the integrated lens structures 

of the antennas. The observed total efficiency of the 

bowtie antenna is more than 60% in the entire band and 

> 80% in the frequency range of 2 to 5 THz respectively. 

The average observed total efficiency of the spiral 

antenna is around 60% from 3 to 6 THz while 50% for 

the frequency band of 1 to 3 THz. A little decrease in  

the spiral antenna efficiency is observed in the low-

frequency band of 1 to 3 THz as compared to Fig. 10 

results of the same antenna without lens structure. The 

Vivaldi antenna total efficiency performance is much 

improved as we can observe the average value of around 

40% efficiency for this antenna for the frequency range 

of 2 to 6 THz from Fig. 16 while the around 15% value 

was noted for the same antenna from Fig. 10 results.  

The average improvement in the total efficiency of  

the antennas with the integration of the lens is around 

20%, 10%, and 25% for the bowtie, spiral, and Vivaldi 

antennas as compared to the without lens results of Fig. 

10. The improvement of directivity and total efficiency 

of the antennas with added lens structures is per the 

improves radiation properties of the antenna as shown in 

Fig. 14 results.  

 

 
 

Fig. 15. Comparison of directivity of the designed THz 

antennas with lens. 

 

The variations in the AR properties of the antennas 

with added lenses are shown in Fig. 17. The addition of 

the lens improves the CP characteristics of the spiral 

antenna in the lower frequency band of 1 to 2 THz while 
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decorates its performance in a higher frequency region 

of 5 to 6 THz when compared to the AR characteristics 

of the same antenna without lens structure in Fig. 12. The 

AR properties of the Vivaldi antenna remain unchanged 

while a minor change in the AR variations of the bowtie 

antenna can be noted as compared to the without lens 

results of Fig. 12. As like the without lens structure, the 

performance of the proposed antennas is superior as 

compared to the legacy designs of [8, 11, 17, 21-25,  

28, 29] in terms of -10 dB impedance as well as AR 

bandwidths. 
 

 
 

Fig. 16. Comparison of total efficiency of the designed 

THz antennas with lens. 
 

 
 

Fig. 17. Comparison of axial ratio of the designed THz 

antennas with lens. 
 

Figure 18 presents the simulated far-field radiation 

patterns of the realized PCAs with added lenses in the 

antenna structures. Figure 18 (a) shows the radiation 

patterns of the spiral antenna at the resonance 

frequencies of 1.85 THz, 2.15 THz, 3.45 THz, and 4 THz 

respectively. It can be noted from Fig. 18 (a) results that 

the antenna radiation pattern has become directive with 

the addition of the silicon lens at the backside of the 

substrate of the designed THz spiral antenna. The 

observed values of the peak gain at 1.85 THz, 2.15 THz, 

3.45 THz, and 4 THz are 9.47 dBi, 10.2 dBi, 10.1 dBi, and 

11.3 dBi, respectively. These observed values are greater 

than the observed gain values from Fig. 13 (a) results. 

The simulated far-field radiation pattern at the 

various resonance frequencies is shown in Fig. 18 (b) for 

the Vivaldi antenna. The observed values of maximum 

gain 11.2 dBi @ 1.4 THz, 11.8 dBi @ 2.15 THz, 14.6 

dBi @ 4 THz, and 15.3 dBi @ 5.05 THz reflects that the 

gain of the realized antenna increases with the increase 

in the operating frequency. These observed gain values 

are much higher than the recorded gain values for the 

Vivaldi antenna structure without the lens as depicted in 

Fig. 13.  

The far-field radiations patterns in Fig. 18 (c) for the 

bowtie antenna reflects that as like the other two antenna 

types, the gain of the antenna increases due to the 

directional radiation pattern of the realized antenna 

structure with the lens. We can note the maximum gain 

values of 6.75 dBi, 8.39 dBi, 18.6 dBi, and 12.3 dBi for 

the analyzed resonance frequencies of 1.5 THz, 2.45 THz, 

3.05 THz and 4.15 THz respectively for the proposed 

bowtie antenna.  

The comparison of the proposed spiral, Vivaldi, and 

bowtie antenna structure results with and without lens 

confirm that the addition of the lens did not only 

improves the impedance matching and AR properties of 

the realized antennas but also enhances the directivity of 

the antennas.  

Table 5 summarizes the performance of the 

proposed antennas in terms of their impedance matching, 

directivity, and AR bandwidths. The comparison of 

Tables 1 and 5 results confirms that the proposed 

antennas impedance, as well as AR bandwidth, is higher 

than all reported legacy antenna models [8, 11, 17, 21-

25, 28, 29] in with/without lens or with frequency 

selective surfaces.  
 

VI. CONCLUSION 
In this study, we reported a detailed comparative 

study of the performance of the three proposed 

photoconductive THz antennas. Three different kinds of 

log spiral, Vivaldi and bowtie PCAs are designed with 

and without added silicon-based hemispherical lens and 

their performance in terms of their impedance, as well  

as AR bandwidth and radiation characteristics (gain, 

directivity, and efficiency), is compared. The comparison 

reflects that the designed spiral and Vivaldi PCAs exhibit 

ultra-wideband impedance bandwidths of 6 THz and 

bowtie PCA have impedance bandwidth of around 2-3 

THz with the added lens in each antenna structure. The 

bowtie antenna shows superior performance in terms of 

the high directivity (peak value of 18.2 dBi) and total 

radiation efficiency (peak value of 95%) as compared  

to spiral and Vivaldi antennas.  

The peak recorded directivity/total radiation 

efficiencies of the realized spiral and Vivaldi PCAs are 

12 dBi/45% and 15 dBi/65%, respectively. The wideband 

impedance, as well as AR bandwidth and higher radiation 

characteristics of the proposed THz antennas, makes 
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them a favorable choice for the wide range of the THz  applications (imaging and sensing application, etc.). 

Table 5. Comparison of proposed PCAs performance with hemispherical silicone lens 

Antenna Type 
-10 dB impedance 

bandwidth (THz) 

Maximum 

Directivity (dBi) 

3dB AR 

Bandwidth (THz) 

Peak total 

efficiency (%) 

Log-spiral  6 12 5 45 

Vivaldi 6 15 6 65 

Bowtie 2-3 18.2 6 95 
 

   
f = 1.85 THz f = 1.4 THz f = 1.5 THz 

   
f = 2.15 THz f = 2.15 THz f = 2.45 THz 

   
f = 3.45 THz f = 4 THz f = 3.05 THz 

   
f = 4.0 THz f = 5.05 THz f = 4.15 THz 

   

(a) Spiral Antenna (b) Vivaldi Antenna (c) Bowtie Antenna 
   

Fig. 18. Comparison of far-field radiation patterns of designed PCAs with lens for different frequencies.  
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