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 There is still no high-directivity microstrip antenna with directivity beyond 

25 dBi, bandwidth (BW) of more than 24%, which can be used for 6G 

cellular communication at low-THz at a resonance frequency of 144 GHz. 

So, duo broadband microstrip antennas have been designed at a resonance 

frequency of 144 GHz with the Taconic TLY-5 laminate in this work. These 

designs were carried out with the computer simulation technology 

microwave studio (CST MWS) software. The first antenna simulation results 

were compared within an Ansys high-frequency structure simulator (HFSS) 

software, and the obtained simulation results from both software were in fair 

consent, supporting the proposed designs. The peak directivity, peak gain, 

total peak efficiency, and BW obtained for the proposed THz microstrip 

antennas were 27.01 dBi, 25.3 dB, 78.96%, and 34.21 GHz (24.93%), 

respectively. Therefore, these antennas can be a base for 6G at low-THz. 
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1. INTRODUCTION 

The terahertz (THz) band is a frequency spectrum from 100-10,000 GHz and is located between the 

optical regimes and millimeter wave (mmWave). Because of researchers' lack of development in 

technologies of efficient detectors, low-loss connectors, high-gain antennas, and high-power sources in  

solid-state technology, this frequency band has been defined as the "THz bandgap" [1]–[5]. Last year's 

development of ultra-fast cellular mobile communication systems increases THz technologies and THz 

antennas' demand to increase data transmission at a high data rate of tens of Gb/s, even to Tb/s, so we must 

use the THz band. The THz band offers a wide bandwidth (BW) that is not used. The THz waves experience 

meaningful absorption per oxygen molecules and atmospheric water vapor, and because of that, we must 

work at frequency window bands, where the humid atmosphere loss is below 0.1 dB/m. At frequencies below 

1 THz, these windows exit around 0.125‒0.175 THz and 0.2‒0.3 THz [1]–[5]. According to [6], the authors 

determined that the minimal antenna gains at these THz antennas need 20 dB. Therefore, the THz antenna 

needs a BW of a minimal 4.1 GHz to facilitate a data rate of 20 Gb/s. 

According to [7], the authors modeled, optimized, and simulated with an Ansys high-frequency 

structure solver (HFSS), duo 1 THz antennas, with metamaterials for increasing the antenna's gain. The first 

was a microstrip antenna, and the second was a bow-tie patch antenna. The peak gain and BW obtained were 

8.82 dB, 16 GHz (1.6 %), 12.92 dB, and 50 GHz (5%). According to [8], the authors modeled, optimized, 

and simulated with the Ansys HFSS software four 272 GHz microstrip antennas models. These antennas 

included benzo cyclobutene (BCB) substrate, gallium nitride (GaN) substrate, and low resistive silicon  
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(LR Si) substrate. The peak directivity, peak gain, peak radiation efficiency and BW obtained to 1st‒4th 

models were 7.5 dBi, 1.6 dB, 24%, 10 GHz (3.67%), 7.8 dBi, 2.4 dB, 29%, 7 GHz (2.57%), 8.1 dBi, 2.5 dB, 

30%, 8 GHz (2.94%), 8.3 dBi, 3.4 dB 32%, 11 GHz (4%), respectively. According to [9], the authors 

modeled, optimized, and simulated with the computer simulation technology microwave studio (CST MWS) 

software a dielectric lens antenna at 270 GHz. The antenna consists of an expanded hemispherical lens with a 

WR-3 rectangular waveguide input. A prototype THz antenna has been manufactured using computer 

numerical control (CNC) milling and experimentally validated to verify the simulation results. The proposed 

antenna's peak measured gain was approximately 30 dB, with a BW of 80 GHz (30%). According to [10], the 

authors modeled, optimized, and simulated a 1,000 GHz directional 1×2 array antenna with an Ansys HFSS 

software. The antenna contained a three-layer structure of the top copper, BCB dielectric laminate, and 

bottom copper. The peak gain and BW attained were 5.87 dBi, and 210 GHz (21.3%). Faridani and Khatir 

[11] modeled, optimized, and simulated an 800 GHz wideband antenna with a Quartz hemisphere lens and 

microstrip patch antenna based on Rogers RT5880LZ substrate. The BW, peak gain, and radiation efficiency 

attained were 800 GHz (100%), 13.2 dB, and 95%. Out of the reported published works [7]–[11], it can have 

been shown that there is still no high-directivity microstrip antenna with directivity beyond 25 dBi, and BW 

of more than 24%, which can be used for 6G cellular communication at low-THz at the resonance frequency 

of 144 GHz.  

This research investigates a low-THz antenna's design and simulation at a resonance frequency of 

144 GHz, with good directivity and BW to establish a communication propagation range of over 100 m and 

enable a data rate of 20 Gb/s for 6G. This research paper is ship-shaped as follows. Clause 1 presents the 

introduction and the relevant works. While clause 2 presents the research method. Clause 3 presents the 

results and discussion. Moreover, in the end, clause 4 concludes this work.  

This paper's innovation was to model microstrip antennas with a peak directivity of more than  

25 dBi, BW of more than 20%, at the low-THz band for 6G @144 GHz. These antennas included a Taconic 

TLY-5 microstrip laminate, and one antenna model included stopband frequency selective surfaces (FSSs) 

and passband FSSs. This design was compared with an Ansys HFSS software.  
 

 

2. RESEARCH METHOD  

An empirical evaluation with manufacturing a prototype low-THz antenna needful be used to verify 

the offered antenna's simulation results. However, software equalizations were chosen for this research to 

reduce this verification's high price and reach beyond a couple of thousand Euros. Therefore, it is optimal to 

use dual different commercial electromagnetic (EM) software, which works at different methods, to obtain a 

decent simulation equalization that the simulation results will be similar to each other, which has also been 

used at [12], [13]. 

The third dimension (3D) commercial EM CST MWS software includes some diverse solvers [14], 

where every solver works with other methods. In this work, the design and simulation were with the  

time-domain solver in the CST MWS software based on the finite-difference-time-domain (FDTD). This 

simulation with the CST MWS software was done with adaptive mesh hexahedral type, and ‒40 dB accuracy 

was defined, and boundary conditions as an open condition at the X, Y, and Z-axis were applied. 

The first proposed antenna was also simulated with the commercial 3D EM finite element (FEM) 

solver at the Ansys HFSS 17.2 solver [15] for comparison and to diminish the high price of empirical 

evaluation [12], [13]. At the Ansys HFSS software, the adaptive mesh at auto mode was defined with the 

peak number of passes of 30 and peak delta S of 0.02, while the solution options were defined as first order 

with direct solver, and the frequency sweep type was defined as fast, and the virtual radiation boundary with 

vacuum was chosen to at least 𝜆0 4⁄  away from the antenna. 

This paper modeled and simulated a couple of THz microstrip array antennas with 26×32 slotting 

radiators at parallel and series-fed for a frequency of 144 GHz. The first was modeled at a single printed 

circuit board (PCB) and excluded stopband and passband FSSs, while the second included stopband and 

passband FSSs beside the slotting radiators.  

 

2.1.  The structure of the first proposed THz antenna 

This first antenna was made with a Taconic TLY-5 microstrip laminate within the parameters of 

copper thickness (t), substrate height (h), loss tangent (tanδ) and dielectric constant (εr): 17.5 μm, 127 μm, 
0.0009  μm, 2.2  μm, respectively. The εr of a Taconic TLY-5 substrate is 2.253±0.001 @ (0.325 – 0.5) THz, 

while the loss tangent is 9.43 ∙ 10−3‒ 1.11 ∙ 10−2@ (0.325 –  0.5) THz [16]. Choosing the right microstrip 

laminate becomes a critical challenge at Sub-mm and mm wavelengths due to the laminate losses and 

conductor losses [14]–[16]. All printed circuit boards (PCBs) have conduction losses and dielectric  

losses. And hance with these laminate parameters, which were (h = 127 μm ≤ λhigh 8⁄ = 242 μm), 
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(t = 17.5 μm ≤ λhigh 8⁄ = 242 μm, εr = 2.2 < 3.5, tan(δ) = 0.0009 < 0.0095 ) [17]–[19], the above 

effects were reduced to a minimum. This substrate was built with a Wilkinson 1×32 divider and 26×32 

slotting radiators. 

The sizes of the substrate were 47×55 mm2, which equals 22.5𝜆0 x 26.4𝜆0@144 GHz. Serial array 

antennas can be graded as traveling-wave antennas or resonant antennas [20]. A combination of parallel and 

series-fed techniques must be used to avoid the main beam squint as frequency changes. So, in this research 

paper, parallel and series fed together have been used. Figure 1 presents the designed microstrip array 

antenna for 144 GHz, while Figure 1(a) shows the principal structure of slotting patch radiators, and  

Figure 1(b) shows the completely designed first THz antenna. After optimizing with the CST MWS software, 

the following optimized antenna dimensions were received and uploaded in Table 1. 

 

 

  
(a) (b) 

 

Figure 1. Structure of the first THz antenna without FSS (a) principal structure of the slotting patch radiation 

elements and (b) the complete antenna 

 

 

Table 1. The optimized dimensions of the antennas 
Parameter Size at antennas  

S 1153 μm 

Wx 1383 μm 

Lx 1780 μm 

W50 370 μm 

Slotting sizes 200×200 μm2 

 

 

2.2.  The formation of the microstrip antenna, including passband and stopband FSSs 

According to [21], FSSs are 2D periodic human-made structures modeled to present EM features 

that cannot be accomplished from natural structures. FSS is materialized by printing sub-wavelength copper 

cells periodically on a laminate and placed under a layer above the radiators when used in antennas. Figure 2 

shows the formation of the microstrip antenna combined with a passband and stopband FSSs. 

The upper substrate (superstrate) included passband FSSs to reduce the surface waves and substrate 

losses. The lower substrate included stopband FSSs, as a ground plane, to reflect the plane wave in-phase. 

The gaps between the microstrip array and the FSS substrates were an air gap, and h1 was the air-gap 

distance. After the optimization is done with the CST MWS software, the h1 was set to: h1 = 0.874 mm =
0.4𝜆o@130 GHz, to get a maximum boost to second THz antenna gain. 

 

2.3.  The unit-cell modeled stopband FSS and unit-cell modeled passband FSS structures 

The modeled stopband FSS was done with a printed copper ring with a rectangular line on a Taconic 

TLY-5 microstrip laminate with the sizes of 1000×1000 µm, which equal to 0.433𝜆0 x 0.433𝜆0 @130 GHz. 

Figure 3(a) shows the unit-cell modeled stopband FSS structure for 130 GHz, while Figure 3(b) shows the 

unit-cell modeled passband FSS for 130 GHz, and it is in a complementary structure to the unit-cell modeled 

stopband FSS. After optimization with the CST MWS software, the sizes of the unit-cell FSS were set to: 

W1 = 1 mm,W2 = 0.12 mm, X1 = 0.9 mm, X2 = 0.66 mm, X3 = 0.05 mm.  
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Figure 2. The formation of a microstrip antenna including passband and stopband FSSs 

 

 

 
(a) 

 

 
(b) 

 

Figure 3. The FSSs structure (a) the unit-cell modeled stopband FSS and (b) the unit-cell modeled passband 

FSS structure 

 

 

2.4.  The second proposed THz antenna structure  

The second THz antenna was designed and simulated at three PCBs with FSS superstrate and 25 

stopbands FSSs, FSS lower substrate with 25 passband FSSs, Wilkinson 1x32 divider, and 26×32 slotting 

patch radiators at the middle substrate. All PCBs were made with the Taconic TLY-5 microstrip laminate 

with the same parameters as the first THz antenna. Figure 4 shows the modeled second THz antenna with 

FSSs, while Figure 4(a) shows the side vies of the complete microstrip antenna, Figure 4(b) shows the 

antenna array at the middle substrate, and Figures 4(c) and 4(d) shows the part of passband FSSs superstrate 

and stopband FSSs in the lower substrate, respectively. 
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(a) (b) (c) (d) 

 

Figure 4. The second THz antenna with FSSs, (a) side view of complete microstrip array, (b) antenna array 

middle substrate, (c) part of FSS superstrate, and (d) part of FSS lower-substrate 

 

 

2.5.  Computation of the BW and gain of the suggested low-THz antennas 

Following [1], [3], and [22]–[28], and for the resonance frequency of 144 GHz, the lowest level BW 

and antenna gain is 4.1 GHz, 16.85 dB, a base for a 6G cellular communication antenna. So, the design goal 

of our THz antenna with a minimum gain was 24 dB, while the minimum impedance BW was 24%. A 

parallel and series-fed together microstrip array antenna has been used to attain this minimum gain, while a 

slotting patch has been used to attain this minimum impedance BW. 

 

 

3. RESULTS AND DISCUSSION  

3.1.  Simulation results of the first proposed low-THz antenna 

The simulated S11 result of the first proposed THz antenna is shown in Figure 5. From Figure 5, it 

has been shown that the BW( 11 ≤ −10 dB) of this antenna is: 34.39 GHz (25.04%), while the resonance 

frequency is 144 GHz and the minimum  11 is equal to ‒50.6 dB. Figures 6(a) and 6(b) shows the 2D 

simulation result of the gain, and the 3D simulation result of the directivity @126 GHz of this antenna, 

respectively.  

 

 

 
 

Figure 5. Simulation result of the return loss ( 11) for the first proposed low-THz antenna 

 

 

From Figure 6(a), it has been shown that the gain was between 6.87 − 24.73 dB at the frequency 

range of 120−135 GHz. From Figure 6(b), it has been shown that the maximum directivity was found as 

25.59 dBi@126 GHz. The radiation and the total efficiency simulated results of this antenna are shown in 

Figure 7. From Figure 7, it has been shown that radiation efficiency was between 75.5% − 81.8%, while the 

total efficiency was between 66.53% − 80.99% at 120−135 GHz. 

 

 11 dB  
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(a) 

 

 
(b) 

 

Figure 6. The gain and the directivity simulation result for the first proposed low-THz antenna (a) gain and 

(b) directivity  

 

 

 
 

Figure 7. The radiation and the total efficiency simulated results of the first proposed low-THz antenna 

 

 

3.2.  The unit-cell modeled stopband FSS and passband FSS simulated results 

The simulated S-parameters of the modeled unit-cell stopband are shown in Figure 8. From  

Figure 8, it has been shown that the  11 ≤ −10 dB for 104.1‒153.4 GHz, while the  21 < −0.48 dB for 

104.1‒153.4 GHz. The simulated S-parameters of the modeled unit-cell passband FSS are shown in Figure 9. 

From Figure 9, it has been shown that the  11 ≤ −10 dB for 131.91−175.2 GHz, while the  21 < −0.47 dB 

for 131.91−175.2 GHz. 
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Figure 8. The transmission coefficient ( 21) and reflection coefficient ( 11) simulated results of the unit-cell 

modeled stopband FSS 

 

 

 
 

Figure 9. The  21 and the  11 simulated results of the modeled unit-cell passband FSS 

 

 

3.3.  The second proposed low-THz antenna simulation results 

The simulated S11 result of the second proposed THz antenna is shown in Figure 10. From  

Figure 10, it has been shown that the BW( 11 ≤ −10 dB) of this antenna is 34.21 GHz (24.93%), while the 

resonance frequency is 143.7 GHz and the minimum  11 is equal to ‒40 dB. Figures 11(a) and 11(b) shows 

the 2D simulation result of the gain, and the 3D simulation result of the directivity @126 GHz of this 

antenna, respectively. 

 

 

 
 

Figure 10. The  11 simulation result of the second proposed low-THz antenna 
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From Figure 11(a), it has been shown that the gain was between 5.73 − 25.3 dB at 120−135 GHz. 

From Figure 11(b), it has been shown that the maximum directivity was found as 27.01 dBi@126 GHz. The 

simulated radiation and the total efficiency results of this antenna are shown in Figure 12. From Figure 12, it 

has been shown that radiation efficiency was between 74.17% − 80%, while the total efficiency was 

between 65.32% − 78.96% at 120−135 GHz. 

 

 

 
(a) 

 

 
(b) 

 

Figure 11. The directivity and the gain simulation result for the second proposed low-THz antenna (a) gain 

and (b) directivity  

 

 

 
 

Figure 12. The radiation and the total efficiency simulated results of the second proposed low-THz antenna 
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3.4.  Comparison of the first and second proposed low-THz antennas simulation results 

The simulation results from comparing the S-parameters and gains of the first and second proposed 

THz antennas are shown in Figures 13(a) and 13(b). From Figure 13(a), it has been shown that the BW is 

lower by 0.18 GHz. This reduction happens when inserting the FSSs into the antenna. On the other hand, 

from Figure 13(b), it may have been shown that the antenna gain with FSSs was more considerable by 0.6 dB 

 etween the frequency of 124.7‒128.4  Hz vs. without  SSs, and the peak chan e was 1.1 dB@124.75  Hz, 

i.e., inserting the FSSs is increasing the antenna gain at part of the THz frequency regime. 

 

 

 
(a) 

 

 
(b) 

 

Figure 13. Simulation results from the comparison between the offered first and second low-THz antennas 

(a) simulation results of  11 and (b) simulation results of the gain 

 

 

3.5.  Comparison of the first proposed low-THz antenna simulation results 
A comparison of the simulated results of the gain and S11 is shown in Figures 14(a) and 14(b), 

respectively. From Figure 14(a), it has been shown that the maximum obtained gain from the CST MWS 

software was 24.51 dB, while the maximum obtained gain from the Ansys HFSS software was 23.55 dB. In 

contrast, from Figure 14(b), it has been shown that the BW obtained from the CST MWS software was more 

than 19  Hz  121‒˃140  Hz , while the BW o tained from the  nsys H SS software was more than  

19  Hz  121‒˃140  Hz , so fair consent through the simulation results is obtained concerning the first 

proposed THz antenna by comparison with the Ansys HFSS and CST MWS software. 

 11 dB  
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(a) (b) 

 

Figure 14. Comparison of the simulation results for the first proposed low-THz antenna (a) the comparison of 

the gain and (b) the comparison of S11  

 

 

4. DISCUSSION 

High-directivity microstrip antennas are needed for 6G cellular communication at low THz to 

compensate for high losses in a humid atmosphere. However, according to [1], [3], and [22]–[28], the 

minimal gain for 144 GHz antennas enables the signal to propagate beyond 100 meters at least 16.85 dB, 

while BW facilitates a data rate of 20 Gb/s is 4.1 GHz. Therefore, this work aimed to model and simulate a 

microstrip array antenna at a frequency of 144 GHz with good BW and gain to maintain 6G cellular 

communication at the low-THz band and compared the simulation results with the Ansys HFSS software. At 

the first proposed low-THz antenna, the peak directivity, peak gain, peak radiation, total peak efficiency, and 

BW received were 25.6 dBi, 24.5 dB, 81.88%, 80.99%, and 34.39 GHz (25.04%), respectively. In contrast, at 

the second proposed THz antenna, the peak directivity, peak gain, peak radiation, total peak efficiency, and 

BW 27.01dBi, 25.3 dB, 80%, 78.96%, and 34.21 GHz (24.93%), respectively. 

Choosing the suitable microstrip laminate becomes a critical challenge at Sub-mm and mm 

wavelengths because of laminate losses and conductor losses [17]–[19]. All PCBs have conduction losses 

and dielectric losses. And hance with these substrate parameters, which were (h = 127 μm ≤ λhigh 8⁄ =

242 μm), (t = 17.5 μm ≤ λhigh 8⁄ = 242 μm, εr = 2.2 < 3.5, tan(δ) = 0.0009 < 0.0095 ) [17]–[19], the 

above effects were reduced to a minimum. The first proposed THz simulation results with the CST MWS 

software were compared with an Ansys HFSS software, and a fair agreement was obtained to cut down the 

cost of an empirical evaluation with a fabricated prototype low-THz antenna. 

 It may have been shown that this work's simulation results were compared with an Ansys HFSS 

software. Not similar to that obtained in work [9], where experimental measurements did verification. While 

at work [7]–[9], and [10], [11], the simulation results were neither validated nor compared. At this work, like 

work [9], the wanted THz antenna design was done with the CST MWS software, while at works [7], [8] and 

[10], the modeling and simulating of the wanted THz antenna were made with an Ansys HFSS software. The 

array and FSS structures have been used to increase the proposed design's directivity in this research, where 

at [9], [11], the lens techniques have been used to increase the antenna's directivities. In this research, a 1×32 

power splitter was used to increase the antenna's directivities compared to [10], where a 1x2 power splitter 

was used. Unlike the works [7]–[11], in this work, we used the passband and stopband FSS structures to 

boost the antenna's directivity, while at work [7], the FSSs with stopband structures were used. This research 

attained the highest antenna directivity for the microstrip antenna than the works [7]–[11]. The slot patches 

have been used for expanding the BW of the proposed antenna design. At works [7] and [11], a  

non-conventional patch antenna has been used for the same purpose. This research attained the highest 

antenna BW for the microstrip antenna than the works [7]–[11], unlike works [9]–[11], where one antenna 

model was modeled and simulated. In contrast, a couple of antennas were modeled and simulated at this 

work, and the second antenna model had a larger directivity, like works [7], while at work [8], four THz 

antenna models were modeled and simulated. To sum up this discussion, the forthcoming Table 2 is attached. 

This table compares with other reported literature vs. this work in terms of technology, nominal frequency, 

BW, maximum directivity/maximum gain radiation, and total efficiency and verification/comparison method. 

It is observed from the data in Table 2 that the proposed antennas offer good characteristics in terms of gain 
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and total peak efficiency in comparison to [7]–[11], which makes them a candidate for 6G cellular 

communication antennas at low-THz. 

 

 

Table 2. Comparison with other reported kinds of literature 
Ref. Antenna technology Freq. nom. 

(GHz) 

BW (GHz/%) Max. directivity/gain 

(dBi/dB) 

Max. radiation and 

total efficiency (%) 

Verification/ 

Comparison 

[7] Rectangular patch 1000 16 GHz/1.6% 8.82 dB n/a No 
Bow-tie patch 1000 50 GHz/5% 12.92 dB n/a 

[8] Single rectangular 272 10 GHz/3.6% 7.5 dBi/1.6 dB 24 No 

Double rectangular stack 272 7 GHz/2.58% 7.8 dBi/2.4 dB 29 
Double circular stack 272 10 GHz/3.6% 8.1 dBi/2.5 dB 30 

Circular stack 272 11 GHz/4% 8.3 dBi /3.4 dB 32 

[9] Dielectric lens 270 80 GHz/29.6% 30 dB n/a Experimental 
[10] 1×2 array 1,000 210 GHz/21% 5.87 dBi n/a No 

[11] Quartz hemisphere lens 800 800/100% 13.2 dB 95/94.8 No 

This 

work 

26×32 slotting patch 144 34.39/25% 25.6 dBi/24.5 dB 81.88/80.99 Comparison 

with Ansys 

HFSS 

26×32 slotting patch with 

stopband and passband FSSs 

143.7 34.21/24.9% 27.01 dBi/25.3 dB 80/78.96 

 

 

5. CONCLUSION  

We modeled and simulated broadband low-THz microstrip array antennas with the CST MWS 

software at a resonance frequency of 144 GHz. These antennas have suitable gain and BW to support 6G 

communication at the low-THz band and compared the simulation results with Ansys HFSS software, 

supporting the proposed design. As a result, the peak directivity, peak gain, peak radiation, total peak 

efficiency, and BW obtained for the first and the second THz microstrip antennas without FSS and with FSS 

were 25.6 dBi, 24.5 dB, 81.88%, 80.99%, 34.39 GHz (25.04%), 27.01 dBi, 25.3 dB, 80%, 78.96%, and  

34.21 GHz (24.93%), respectively. Thus, these antennas can be a base for 6G cellular communication at the 

low-THz regime. However, an empirical evaluation with a prototype fabricated low-THz antenna needs to be 

done to get more accurate validation. 
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