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Abstract 

A transparent ultra-thin antenna developed for mid band 5G and C-band frequencies is 

presented. This antenna has been engineered to operate effectively across three distinct 

frequency bands catering to eMBB, WIFI, and C band applications. The antenna design 

comprises a rectangular patch in which rectangular, circular, and semicircular slots are 

introduced. The ultra-thin model is realized on one side ITO-coated PET sheet as a substrate 

with dimensions 16x16x0.175 mm3. The ITO-coated side of the PET sheet acts as ground and 

the patch is realized using silver conductive paste. It operates at two bands namely 2.8 GHz 

and 4.9 GHz in the sub 6 region and a wide band ranging from 7.3GHz to 8.3GHz in the C 

band. This Model is optimized to operate effectively across these three distinct frequencies 

with a maximum impedance bandwidth of 12.82%. The maximum gain obtained is 3.81db at 

7.5GHz. The antenna uses transparent materials to balance functionality with architectural 

compatibility facilitating its integration into existing environments. Experimental results 

confirm that the antenna matches all three bands impedance. In addition to fulfilling the 

demand for multifunctional antennas in compact electronic systems, this work facilitates to the 

improvement of seamlessly integrated wireless technologies within everyday objects. 

Index Terms: eMBB, Transparent antenna, ITO. 

 

I. Introduction 

Due to proliferation of wireless technologies, there is a growing emphasis on designing 

hardware that combines compactness, cost efficiency and multi-functional performance with 

ease of integration [1]. On a larger scale wireless communications have taken place by means 

of large, and often unsightly antennas [2]. These antennas are often bulky and visually 

intrusive. Whereas, transparent antennas are designed specifically to be nearly invisible and 

seamlessly integrate into almost all the surfaces including solar panels, Windows, screens and 

also wearable devices. This transparent design strategy supports both aesthetic compatibility 

and functional adaptability, making it suitable for discreet 5G network integration in urban 

infra structure. As 5G technology continues to evolve the role of transparent antennas is 

expected to be increasing significantly offering a practical solution for the deployment of high 
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speed, low latency networks in densely populated areas. For immersive applications the use of 

transparent antennas is gaining momentum as a means to mitigate size constraints and enable 

more adaptable design configurations [3]. Other applications where transparent antennas are 

used include vehicular communications [4]-[7], satellite communications [8]-[11], Internet of 

things [12]-[15] etc. A circularly polarized transparent antenna for vehicular communications 

operating in two bands is proposed in [4]. The size of the antenna is 180X180X5 mm3 whose   

gain is given by 2.2 dBic and 3.8 dBic for the two bands and the efficiency for both the 

frequency bands varies approximately from 55-75%. In [5], a transparent antenna for vehicular 

communications is presented with glass as substrate and the overall dimensions are 50 X 17 X 

1.1 mm3. The maximum gain obtained is negative with radiation efficiency under 15 %. A 

transparent wide band CPW fed circularly polarized antenna is presented in [6], with 

dimensions of 149 X 99 X 1 mm3 . It has a gain of 5.3dbic and its efficiency is not mentioned. 

[7] presents a monopole antenna attached on the glass of a vehicle whose dielectric constant is 

given by 6.95 and is 3.2 mm thick. The foot print of the antenna is given by 50X50 mm 2 and 

its maximum gain is given by 5dbi. A highly efficient Ka band transparent reflect array antenna 

for satellite communications is presented in [8].  The size of the aperture is given by160 X 150 

mm2   with an efficiency of 40% and is of gain 27.3 dbi. Combination of active integrated 

antenna and an optically transparent reflect array resulted in gain enhancement for cube sat 

applications [9]. In this paper a gain of 22.7 dB is improved by using active integrated antenna 

(AIA) approach and it is further improved by using transparent reflect array. Thus, giving a 

high gain of 42.3 dB for the fabricated model. The footprint of the antenna is given by 110 X 

80 mm 2. On the top surface of the solar cell, an antenna was designed and fabricated [10], 

showing super wide band characteristics. Initially the antenna was designed over 1.6mm thick 

FR4 substrate. Then it has been changed to plexi glass of thickness 1mm to achieve 

transparency. No noticeable change is observed in the bandwidth by using plexi glass. Also, 

the antenna is of compact size given by 29 X 27 X 1 mm3 . Its peak gain and efficiency are 

given by 8.1 dB and 90% respectively. A sub array antenna based on solar panel with two 

substrates maintaining optical transparency for CubeSat application is proposed in [11]. The 

substrate at the bottom is TMM 10i of 0.762 mm thickness and the substrate on the top is 

transparent PET G of thickness 2mm.Energy harvesting is done by placing the solar panel 

between the two substrates. Even though the bottom substrate is not transparent, it makes no 

difference as it is placed under the solar panel. For the top substrate a thin film of optically 

transparent conductor is used as a patch. Further, an improvement in directivity is obtained by 

the use of a reflective surface layer having circular FSS unit cells that are identical. Maximum 

gain of the proposed model is given by 16 dB at the operating frequency 10 GHz and its 

efficiency is greater than 65%.  A transparent UHF-RFID tag antenna is proposed for seamless 

integration into smart city IoT applications in [12]. This design utilizes a 3mm thick corning 

glass substrate achieving 37% radiation efficiency and -2.1 dBi gain. The reason behind 

relatively low radiation efficiency is mentioned as the high dielectric loss of the glass substrate 

and high conductive loss of the ITO film. For enhanced long-term comfort and wearability, 

optical transparency has been identified as beneficial in epidermal electronic applications [13]. 
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In this context, a transparent epidermal antenna tailored for inconspicuous, human centric IOT 

applications is introduced. This antenna with dimensions of 75 X 45 mm2   demonstrates up to 

-12.6 dBi realized gain and a radiation efficiency of 2.32 %. In another IoT focussed work, a 

double folded loop antenna was fabricated on a 0.5mm thick transparent poly carbonate 

substrate. The foot print of the model is given by 43 X 36 mm 2   and has a realized gain of 

over -6.2 dbi for the transparent conductor at 2.4 GHz. Similarly, another antenna which is 

optically transparent and is intended for IoT use was reported in [15], utilizing a 0.04mm thick 

acrylic sheet substrate sized at 220mm X 80 mm. The antenna displayed a peak gain variation 

of up to 0.1 db. For wireless LAN and mid band 5G communications, a CPW fed transparent 

antenna employing PET substrate was detailed in [16]. This design, measuring, 78 X 58 X 0.9 

mm 3 displayed an average gain of 3 dBi and the efficiency is reported to be 80%.  Transparent 

microstrip patch antenna is made using transparent conductive film in [17]. It was fabricated 

using different conductive materials like multi-layer film, multi metal film and copper sheet on 

a transparent acryl substrate. Then, a performance comparison is made in terms of peak gains 

and radiation efficiencies. The dimensions of the model are given by 50X50X1 mm 3. When 

multi-layer film is used for conductive part, the maximum gain is -4.23 and its radiation 

efficiency is given by 7.76% respectively. The maximum gain and radiation efficiency values, 

2.63 dB and 42.69% respectively, were achieved using multi mesh film. An ultra-wideband 

monopole antenna that is optically transparent is proposed in [18] for energy harvesting in solar 

applications. The physical dimensions of the proposed model are given by 50mm X 50mm x 

1.1 mm. In this work multi film approach is used to improve the gain. By using this, the peak 

gain is improved from -8 dBi to 5 dBi. In [19] gold nano deposition is proposed as an effective 

technique for improvement in the performance of radiation efficiency of a transparent antenna. 

Here DC sputtering is used to deposit gold nano layer. The maximum gain obtained is -8dBi at 

4 GHz and the footprint of the proposed model is 50 X 50 mm 2. A wearable compatible antenna 

featuring both transparency and flexibility has been developed in [20]. A multi-layer electrode 

film is used as conductor for the presented antenna. This antenna measuring 54 X 36 mm2   

exhibits 40% average efficiency and gain of up to 4dBi between 2.4 – 2.5 GHz band. In [21], 

a wideband, flexible and transparent antenna was introduced to support both mid band 5G and 

wireless LAN applications. This design, incorporates melinex substrate and employs AgHT-4 

as transparent conductive material. The antenna measures 30 X 20 mm 2 achieving a gain of 

up to 0.53 dBi and its efficiency has a minimum value of 41%. Another study [22] showcases 

microstrip patch antenna constructed using transparent substrate and fluorine doped tin oxide 

as conductor. Mounted on a borosilicate glass substrate measuring 100 X 80 mm 2, the antenna 

delivers 1.72 dB gain and operates with 33.27% radiation efficiency.  [23] presents a dual 

polarized antenna using transparent materials designed for 5G mid band usage. It utilizes a 

stacked configuration comprising of two polycarbonates layers each 50 X 50 mm2 in size with 

a dielectric constant of 2.7. The upper surface includes a parasitic patch of square shape with 

integrated parasitic strips and slots of T shape. The sheet resistance of transparent conductive 

mesh material used for all conductive parts is 0.09 Ω/sq.  4.14 dBi of measured gain is reported 

for this model. Transparent monopole antenna, proposed in [24] for WiMax applications is 



International Journal of Applied Mathematics 

Volume 38 No. 1s, 2025 

ISSN: 1311-1728 (printed version); ISSN: 1314-8060 (on-line version) 
 
 

441 Received: July 21, 2025 

utilizing AgHT-4 for the conductive parts. Fabricated on a 2mm thick glass substrate with 

dimensions of 90mm X 60 mm, this model achieves 3.16 dBi gain.[25] introduces monopole 

transparent antenna used in WCDMA and wireless LAN applications with a prototype 

fabricated using PET sheet of size 30mm X 30 mm2 as substrate. ITO film is used for 

conductive parts which is deposited by magnetic sputter. In [26], the performance of monopole 

antennas using different   transparent conductive materials such as ultra-thin copper, indium tin 

oxide (ITO) and ITO/Cu/ITO multi-layers is evaluated. Here Ground plane is made by using a 

rectangular brass plate of size 150 X 150 mm2  .Also the gain of the antenna when ITO layer is 

used as a conductor is given by -4.10 dBi. [27] explores a transparent patch antenna aimed at 

enhancing gain as well as efficiency. It employs TCF coated PET film of thickness 0.2mm, 

supported using a 2 mm thick curved pet g frame. The patch width is 50 mm with a substrate 

extension of 75 mm. Simulation results for the flat version show an efficiency range of 9 – 18 

% with gains between -2.7 to 0.5 dBi. Notably the curved configuration significantly improved 

performance reaching a maximum gain of 2.57 dBi and the value of efficiency lies between 

41-44%. A practical and efficient method is proposed to enhance the performance of the 

antennas using TCF. In this approach, a supportive dielectric is constructed using polyethylene 

terephthalate glycol (PETG)with a thickness 2 of mm. This frame holds a curved PET film of 

0.2mm thickness, which is has a TCF layer coated on the upper side. The width of the patch is 

50 mm while the substrate extends up to 75 mm. For the flat configuration, the simulated 

adiation efficiency ranges from 9 to 18%, whereas its gain ranges from -2.7 to 0.5 dBi. When 

reshaped into a curved structure, the antenna exhibits a notable improvement in performance 

achieving 2.57dBi gain along with radiation efficiency in the range 41-44 %.  In [28], an 

“antenna on display” was implemented using an ultra-thin substrate to support sub 6 GHz 

wireless communication. The antenna design attained 2.67 dB maximum gain along with 

69.9% radiation efficiency, showcasing its suitability for integration into transparent or display 

based electronics. Additionally, a high efficiency optically transparent monopole antenna was 

fabricated using a silver grid layer offering improved radiation characteristics while 

maintaining optical transparency in [29]. This approach demonstrates the potential of metallic 

mesh patterns for achieving both electrical performance and visual discretion in antenna 

systems. Here two monopole antennas have been fabricated, one is non-transparent designed 

for comparison with transparent mono-pole constructed using meshed bilayer made of Ag/Ti. 

These monopoles of dimensions 50 X 50 mm 2, were laid down on a ground plane of rectangular 

shape with dimensions 600mm X 600 mm. The obtained gain of the transparent monopole has 

a maximum value of 2.24 dB and its efficiency is given by 85%. A flexible, compact and 

transparent antenna incorporating a metallic mesh was presented in [30] for use in 5G wearable 

technologies. The antenna measuring 60 X 60 mm 2, attained a gain of 3.8 dBi and an efficiency 

of up to 85% at 4.8 GHz and 5 GHz respectively, emphasizing its suitability for integration into 

body-worn devices. In [31], an innovative method was proposed to improve performance of 

transparent film antennas by introducing a narrow strip of highly conductive material at 

locations with high current concentration. This design utilizes a conductive AgHT coated film 

of size 120 X 60 mm 2 and the implemented method improved efficiency from 38% to 68 % 
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with a corresponding gain enhancement from -5 dBi to 0 dBi. In [32], a comprehensive study 

is conducted on transparent microstrip antennas constructed using fluorine doped tin oxide 

(FTO)films, which were deposited using the spray pyrolysis method. The study includes the 

development and comparison of antennas with fully transparent patch and ground planes 

against conventional copper-based counter parts. The antenna utilizing both transparent 

components recorded, 1.72 dBi gain at 5 GHz frequency and a maximum efficiency of 33.27 

%. Thus, transparent antennas are widely used in various applications as discussed so far. Still 

there is an emerging need for a compact and flexible transparent antenna that operates in 

different frequency bands. 

The primary focus of this paper is to implement a compact rectangular microstrip antenna that 

operates effectively within both the mid band 5G and C band spectra. The designed antenna is 

also optimized by the use of HFSS simulation platform. To ensure flexibility and transparency, 

the structure is realized on a single layer PET substrate. This work makes the following 

significant contributions: 

1.A low profile microstrip patch antenna on transparent PET substrate is modelled and 

optimized using HFSS simulation software. 

2.Step by Step Design methodology is done to obtain desired frequency bands. 

3.Performed bending analysis to test flexibility of the model. 

4. Fabricated the model using one side ITO coated PET sheet and the patch is realized with 

silver conductive paste. 

5. The fabricated model is tested with VNA and results are compared with simulation. 

 

II. Antenna Geometry 

The proposed model uses 0.175 mm thick PET material characterized by a relative permittivity 

of 3 and 0.002 value for loss tangent, as substrate. The substrate measures 16X16 mm 2   while 

the radiating patch is sized at 12X11mm2. It is fed by a microstrip line. Figure 1 presents the 

proposed design’s layout, with table 1 outlining the corresponding geometric parameters.  

 
Fig 1: Schematic diagram of the final transparent model 
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Symbol Dimension(mm) Symbol Dimension(mm) 

L1(c) 16 W1(d) 16 

L2(a) 12 W2(b) 11 

L3 5 W3 9 

L4 0.7 W4 0.7 

L5 1.5 W5 1.375 

L6 1.3 R1 2 

L7 0.8 R2 1.4 

L8 1.4 R3 0.75 

Table 1: Geometric parameters of the proposed transparent antenna 

 

The antenna design methodology is illustrated in figure 2 starting with a simple slotted 

rectangular patch. In the first step, a fundamental rectangular structure incorporating a single 

slot is analysed to evaluate its initial performance characteristics. It resonated between 8.6 GHz 

to 8.8 GHz. Two more slots are introduced in step 2 which resulted with an extra band from 

7.2GHz to 7.3 GHz. By introducing another rectangular slot in contact with these slots, two 

bands one at 4.1GHz and the other from 7.6 GHz to 7.7 GHz is observed in step 3. Later one 

more slot is introduced which is not in connection with the first three slots in step 4. This 

configuration produced dual band operation at approximately 3 GHz and 5.1 GHz. In step 5, a 

rectangular slot was introduced to connect the previously placed slots resulting in the excitation 

of three distinct frequency bands: 3 GHz,6.2 GHz, and 8.2 - 8.4 GHz. Subsequently in step 6, 

the addition of a circular slot further increased the number of resonated frequencies to 4, 

occurring at 2.8 GHz, 5 GHz ,7.3 - 7.8 GHz and 8.1 - 8.3 GHz.  

 

                                   

                            

Figure 2: Step by Step analysis 

Steps 7 and 8 involved adding circular patches inside the circular slot mentioned in step 6. The 

antenna model developed in Step 7 exhibits resonant frequencies at 2.8 GHz,5.1 GHz,7.5- 7.7 

GHz and 8.2 - 8.4 GHz. And the design evolved in step 8 resonated at 2.8GHz,4.9 GHz, 7.2 
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GHz, and 8.2 GHz. The Indium Tin Oxide coated at one side of the PET substrate acts as ground 

while the radiating patch is formed using silver conductive paste. The antenna structure 

incorporates both circular and rectangular slots to achieve the desired multi band performance. 

 

III. Results and Discussions 

Figures 3 and 4 depict the simulated reflection coefficient across different frequencies for the 

intermediate antenna configurations generated during design stages 1 to 8. In figure 3, 

representing steps 1-4, the reflection coefficient plots reveal resonance at multiple bands 

including 3GHz,4.1GHz, 5.1 GHz,7.2 – 7.3 GHz,7.6 – 7.7 GHz and 8.6 – 8.8 GHz covering 

sub 6 GHz frequency range. Figure 4 presents reflection coefficient characteristics for models 

in steps 5-8. Initially, the designs resonated at two distinct bands. However, the addition of 

rectangular slot in step 5, introduced a third resonance demonstrating improved spectral 

utilization. In steps 6 through 8 circular slots and parasitic patches were incorporated. This led 

to the emergence of distinct resonant bands located at 2.8 GHz,4.9 GHz,5.1 GHz ,7.2 GHz,8.2 

GHz, 7.3 GHz to 7.8 GHz, 7.5 GHZ to 7.7 GHZ,8.1GHz to 8.3 GHz and 8.2GHz to 8.4GHz. 

These enhancements indicate the effectiveness of slot loading in tuning antenna resonances and 

they establish models’ utility across sub 6 GHz and C band spectra. The final proposed model 

was developed by introducing semicircular slot to the optimized structure from step 8. As 

shown in figure 5 it resulted in two well matched resonance bands at 2.8 GHz and 4.9 GHz 

both within sub 6 region and wider operating band spanning from 7.3 GHZ to 8.3 GHz suitable 

for C band 5G and WLAN applications. These results confirm that the proposed model offers 

multi band operation, excellent impedance matching, and sufficient spectral separation for 

modern wireless communication standards. 

 
 

Fig 3:Steps 1 – 4 with their simulated reflection coefficient. 
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Fig 4: Steps 5 – 8 with their simulated reflection coefficient. 

The field plots illustrating simulated electric field and magnetic field distribution of the 

proposed model are presented in figure 6. 

 

Fig 5: Reflection coefficient variation with frequency of the final structure 

 
(a) 
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(b) 

Fig 6: (a) Simulated Electric field distribution of the proposed model, (b)Simulated Magnetic 

field distribution of the proposed model 

Figure 7 shows the simulated radiation efficiency of the developed design. A maximum 

radiation efficiency of 69.9% has been observed at 7.4 GHz. 

 

 
Fig 7: Radiation efficiency of the proposed model 

The resilience of the developed design has been simulated by subjecting it to various bending 

radii along the horizontal and vertical component. Figure 8 displays the antennas  bending 

behaviour  along Y axis and X axis at various radii. 

 
(a) 15mm               (b) 30mm                    (c) 45mm 
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(a) 15mm                (b) 30mm                (c) 45mm 

Fig 8:(a) Bending of the antenna at different radii along Y axis, (b) Bending of the antenna at 

different radii along X axis 

 

The reflection coefficient variation with frequency for the antenna at different bending radii 

along Y axis and X axis are given in Figure 9 and figure 10 respectively. As can be seen from  

 

 

 

 

 

 

 

 

 

 

 

Fig 9: Reflection coefficient curve for various bending radii along Y axis. 

 
Fig 10: Reflection coefficient curve for various bending radii along X axis. 

 

These figures, despite the variation in bending radii, the antenna consistently maintains its  

operating frequency points. The detailed resonance frequencies and operating bands when 

antenna is bent along Y axis are as follows: At a bending radius of 45 mm, the antenna resonates 

at 2.8 GHz, 4.9 GHz and a frequency band ranging from 7.18 GHz to 8.15 GHz. At 30mm, the 
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same frequency points are maintained and the frequency band slightly shifted to is 7.21GHz to 

8.13 GHz. At 15mm, the antenna continues to resonate at 2.8 GHz and 4.9 GHz along with a 

band from 7.25 GHz to 8.2 GHz. Similarly, for bending along X axis the operating frequency 

bands are as follows: At 45mm, resonance is observed at 2.8 GHz and 4.9 GHz along with a 

frequency band of 7.25 GHz to 8.2 GHz. At 30mm, the resonance remains unchanged while 

the band slightly shifts to 7.09GHz to 8.2GHz. At 15mm, the frequency points stay the same 

and the band ranges from 7.27 GHz to 8.2 GHz. These results clearly indicate that the proposed 

antenna maintains stable resonance frequencies under both X and Y axis bending conditions 

with only minimum shifts in higher frequency bands. To assess the antenna’s real-world 

performance, a prototype was fabricated and evaluated. Photographic evidence of the 

fabricated antenna and return loss measurement conducted using a virtual network analyser 

(VNA) are shown in figures11(a) and 11(b) respectively. 

 

                  
(a) (b) 

Figure 11:(a) Prototype of the antenna (b)Testing the protype  

 

The return loss results obtained from both simulation and measurement are compared in figure 

12. The outcomes show a maximum compatibility confirming the reliability of the simulation 

model.  

 
Figure 12: Comparison of Simulated Vs measured reflection coefficient of the proposed 

model  
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Figure 13: Comparison of Simulated Vs measured Gain of the proposed model 

 

Figure 13 illustrates the comparison between simulated and measured gain the proposed 

antenna model. The results indicate that the antenna achieves a peak gain of 3.8 db. The 

deformation of the fabricated prototype under bending along Y axis and X axis is shown in 

figures14(a) and 14(b) respectively.  

              
(a) 

                                
(b) 

         Figure 14: (a) Bending along Y axis, (b) Bending along X axis 

 

The prototype of the proposed model can be easily bent horizontally and vertically at different 

radii as observed from figure 13. 
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IV. Comparison with Other Transparent Antennas 

A comparative analysis is presented in Table 2 between the proposed final antenna and 

previously presented transparent antenna designs. The investigation clearly displayed that this 

transparent  model delivers competitive performance all while maintaining a compact footprint. 

REF FOOT 

PRINT 

OPERA

TING 

FREQU

ENCY 

ɳ % GAI

N 

FEED SUBSTRATE FLEXIBILI

TY 

17 50 X 50 

X 1 

2.4-2.5 42.6

9 

2.63 LINE ACRYL - 

21 30 X 20 2.7-5.8 41 0.53 SMA MELINEX YES 

22 100 X 80 5 33.2

7 

1.72 PROX

IMITY 

COUP

LING 

BOROSILICATE - 

24 90 X 60 

X 2 

2.3 NA 3.16 - GLASS - 

26 150 X 

150 

800MHz NA -4.10 SMA GLASS - 

27 75 X 50 2.15 44 2.57 COAX

IAL 

PET - 

28 - - 69.9 2.67 ACPS LCP - 

31 120 X 60 2.2 68 0 CPW GLASS - 

32 1000 x 

800 

5 33.2

7 

1.72 LINE BOROSILICATE 

GLASS 

- 

33 38 X 13 

X 1.5 

2.95 NA 0.8 - PDMS YES 

THIS 

WOR

K 

16 X 16 2.8                     

4.9                    

7.3-8.3 

69.9 3.8 LINE PET YES 

Table 2: Performance comparison of proposed model Vs existing transparent antennas 

 

IV. Conclusion 

An ultra-thin transparent triple band antenna is designed for operation at 2.8 GHz, 4.9 GHz and 

within the range 7.3 GHz – 8.3 GHz, effectively covering sub 6 and C band frequency ranges. 

This designed model achieves a 3.8 dB highest recorded gain and while maintaining   69.9% 

radiation efficiency.  Further it has been subjected to bending analysis and the results were 

consistent with those of flat antenna. The antenna is fabricated on one side ITO coated PET 

sheet of dimensions 16 x 16 mm2   and tested using Virtual network analyser. Good agreement 
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is shown in conducted simulated and measured values of reflection coefficient and gain, 

confirming its consistency and overall reliability of the antenna’s performance. Owing to its 

compact form and effectiveness, it stands as a suitable candidate for sub 6 GHz and C band 

use. 
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