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ABSTRACT  
This paper presents the use of circuit in plastic (CiP) as a new technology to 

develop a polycarbonate substrate microstrip patch antenna (PSMPA) for a 

fifth-generation (5G) system. The proposed compact PSMPA operates at a 

resonant frequency of 28 GHz and uses silver as a conductor instead of 

copper. The polycarbonate substrate has a thickness of 3 mm and a dielectric 

constant of 2.9. The inset feed technique is used as a feeding scheme to match 

the patch and the 50 Ω microstrip line. The proposed PSMPA structure has 

been simulated using Computer Simulation Technology (CST) Microwave 

Studio and its performance has been evaluated and compared with similar 

existing designs in the literature. The proposed PSMPA shows a return loss 

(   ) of -23.011 dB, bandwidth (BW) of 1.173 GHz, voltage standing wave 

ratio (VSWR) of 1.3560, gain (G) of 5.684dBi, and radiation efficiency (𝜂𝑟𝑎𝑑 

(%) ) of 70.14%. 
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1  INTRODUCTION  

The antenna is an essential component of the wireless communication system that serves as a 

transducer for transmitting and receiving radio electromagnetic waves. In such a situation, the 

antenna behaves like an electrical element or a conductive tool that results in converting 

electromagnetic waves or radio frequencies into electrical energy. Nowadays, there is a 

rapidly growing need for higher data rates in wireless mobile communication networks. Due 

to the requirements of compact systems with large bandwidth and high data rates, wireless 

technologies have evolved from the first generation (1G) to the fifth generation (5G). 

Unfortunately, the current operating mobile networks still cannot meet all the requirements of 

end-users. To solve this problem, the 5G mobile network system has been developed. It is 

expected that the 5G system will greatly improve the communication capacity by utilizing an 

enormous amount of millimeter-wave (mm-wave) spectrum band [1,2]. In addition, the 5G 

system is expected to support and offer an extremely high data rate, which is hundreds of 

times the capacity of the fourth generation (4G) system [1,3,4]. The 5G system offers several 

advantages. The main advantages include wide bandwidth, high-security features, higher 

energy efficiency, and the ability to support numerous users simultaneously at a high speed. 

5G is also capable of supporting rich multimedia features such as interactive gaming and 

video conferencing [5,6]. To meet the above requirements, the antenna in the 5G system and 

its parameters such as gain, directivity, and bandwidth can affect the overall performance of 

the 5G system.  
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In the 5G system, the antenna must be broadband to allow a high bit rate so that multiple 

applications can be reached. It should also provide high gain to reduce obstacles to radio 

waves [2,7]. 

Due to the advancement in wireless mobile technology, antennas must be lightweight, easy to 

install, compact (low profile), small, easy to manufacture, compatible with non-planar and 

planar surfaces, and fit in the area designed for the antenna in the mobile phone [2,6]. The 

microstrip patch antenna (MPA) can meet the criteria for mobile and wireless communication 

technologies. The MPA has advantageous features such as low cost, low profile, ease of 

fabrication and feeding, operation in multiple bands, and compatibility with non-planar and 

planar surfaces [6], [8]. The MPA consists of three layers, the bottom ground layer and the top 

patch layer, which is usually made of copper as the conducting element. These two layers are 

separated by a dielectric substrate [9]. Although copper is one of the most commonly used 

conductive elements in MPA, it is a contaminated material in the environment. Some studies 

are focusing on the development of alternative materials that can replace copper [10]. 

Circuits in plastic (CiP) is a new technique presented to fabricate fully waterproof circuits 

inside their area in the heat treatment phase [11]. This new CiP technique proposed to use 

transparent plastic as a substrate to be used in humid, dusty, and massive impact 

environments. Moreover, silver paint was used as a conductor instead of copper to minimize 

the negative impact on the environment [10]. In this work, a 28GHz MPA for 5G applications 

based on CiP principle has been presented as new technology.  The novelty in this work is the 

use of a new CiP technology concept to develop an MPA for a 5G system. The proposed 

antenna based on CiP technology uses silver as the conductor for the ground and patch layers 

and transparent plastic polycarbonate as the substrate. The proposed polycarbonate substrate 

microstrip patch antenna (PSMPA) uses the inset feed technique and is simulated using 

Computer Simulation Technology (CST) Microwave Studio [12]. The rest of this paper is 

organized as follows. Section 2 presents the materials and methods, Section 3 presents the 

calculations of the proposed PSMPA and the design process, Section 4 presents the simulation 

results and discussion, and finally, Section 5 presents the conclusion and outlook for future 

work. 

2 MATERIALS AND METHODS 

To evaluate the performance of the proposed antenna and analyze the obtained results, firstly, 

the PSMPA design is needed, the designing process consists of multiple steps, these steps 

include identifying the operating resonant frequency and the bandwidth, selecting the 

substrate material type and its dimensions, determining the ground plane dimension, 

identifying the rectangular patch dimension and determining the feeding technique [13]. 

The PSMPA is designed to be inset feed broad-band and operated on the resonant frequency 

at 28GHz, The 28 GHz frequency band was specifically chosen for several reasons. First, 

there is a wide range of available and licensed mm-Wave bands around the 28 GHz band that 

is underutilized and can provide hundreds of megahertz to support 5G services [14,15]. 
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Second, compared to other higher frequencies, the 28 GHz band is particularly well suited for 

creating multipath propagation environments and can be used for non-line-of-sight 

propagation [14]. In addition, the 28 GHz frequency band is one of the mm-Wave bands 

available in most countries around the world, making 28 GHz a globally harmonized 

frequency band [15]. The proposed PSMPA design uses new CiP technology so that silver 

material is used as a conductor for ground and patch layers, whereas transparent 

polycarbonate plastic is a substrate. Polycarbonate (PC) is classified under the thermoplastic 

noncrystalline polymers which is one of the plastic or polymer materials which represent the 

preferred materials for flexible antenna applications [16]. The used silver has a conductivity 

of 6.3012e+07 [S/m] and the used lossy PC for the substrate is a normal type with a dielectric 

constant   = 2.9. 

3 THE PROPOSED PSMPA CALCULATION AND DESIGN 

Edges dimension calculations of the proposed PSMPA are performed to form the shape of the 

antenna and this calculation mainly depends on the operating frequency, the type of dielectric 

substrate, and its relative permittivity, which represent the design foundation of the PSMPA.   

In the first step, the maximum value for the thickness of the substrate was identified based on 

the following formulation [13]. 

  Sth   
0.3c

2 fr √  
   

0.3 3      

2    2         √   
    0.3mm                                                                    (1) 

Where Sth  is the substrate thickness, c = 3       is the speed of electromagnetic waves in 

free space,    is the resonant frequency and    dielectric constant. 

The next step is to calculate the width of radiating patch based on the following calculation 

[13]: 
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Where  P is the patch width. 

Regarding the length of radiating patch, the effective dielectric constant     of the substrate is 

needed to be calculated first. it is determined based on the following formula[13] :   
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After calculating   , the patch effective length le also need to be calculated according to the 

following equation [13]: 
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Next, the decrement value  l in patch length is also needed to be calculated to determine the 

final patch length,  l is calculated using the following formula [13]: 
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Then, the value of patch length  Pis calculated as following [13]:           
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                                                                                                         (6) 
After determining the patch dimensions, the dimensions of the ground plane also need to be 

calculated. The length of the ground plane  g is calculated using the following equation [13]:  

 g   P   Sth                                                                                                  (7) 

The width of the ground plane    is calculated using the following equation [13]: 

 g   P   Sth                                                                                            (8) 

Taking into account that the dielectric substrate is placed and adjusted on the ground plane so 

that the substrate has assumed to have the same dimensions. 

The used silver material as a conductor for ground and patch layers has thickness (Ag
th
  of 

0.015 mm. The thickness was chosen to be 0.015 mm to account for the fact that the thickness 

of the conductor is several times skin depth [17], so 0.015 mm was thick enough. Moreover, 

this thickness of silver (0.015 mm) is one of the options available on the market. 

For calculating the inset feed depth   , the following formula is used to determine the inset depth [4]: 
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Also, there are auxiliary parameters A and B that need to be determined to calculate the 

dimensions of the feed line with characteristic impedance     50 Ω [13] : 

    
   

60
√

    

 
   

    

    
      

    

  
  

   

60
√

     

 
   

     

     
      

    

   
                (10)   

    
     

  √  
 

     

  √   
                                                                                                (11) 

Considering auxiliary parameter A is lower than 1.52, the feed line length  f and its width  

 f  can be determined from the following equations [13]: 

                                                                                                        (12) 
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The notch width g was selected to be g =0.014 mm.   

Up to this stage, the numerical model for the designing process of the proposed PSMPA is 

completed, the previous values were used for the initial design. However, The  P is manually 

changed from 3 mm to 3.030 and  P changed from 3.84 to 4.50 mm to adjust the resonant 
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frequency to be at 28 GHz and enhance the performance parameters of PSMPA. The change 

in  P leads to an insignificant change in  f to become 0.8851 mm instead of 0.9 mm. The 

PSMPA design parameters are tabulated in Table 1. The designed simulated PSMPA in CST 

studio is shown from the top and back view sides in Figure 1. 

Table 1. PSMPA design parameters. 

Parameter Symbol Dimension(mm) 

Substrate Thickness Sth 0.3. 

Patch Width  P 4.50. 

Patch Length  P 3.030. 

Ground Plane Width    5.64. 

Ground Plane Lenght    4.8. 

Dielectric Constant    2.9. 

Substrate Width   =    5.64. 

Substrate Length   =   4.8. 

Feed Line Width    0.79. 

Feed Line Length    0. 8851. 

Silver Thickness   th 0.015. 

Inset feed depth  i 1.17 

Notch Width g G 0.014 

 

 
(a) 

 
(b) 

 

Figure 1. PSMPA top and back view sides: (a) PSMPA top view side; (b) PSMPA back view side. 
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4 RESULTS AND DISCUSSION  

The proposed designed PSMPA was simulated using CST Microwave Studio to evaluate its 

performance, there are five parameters were used for this purpose, these parameters include: 

return loss  11, bandwidth BW, voltage standing wave ratio VSWR, gain G, and radiation 

efficiency   𝜂𝑟𝑎𝑑 (%). 

 

4.1 Return Loss      
Return loss  11  is measured in dB and it represents the ratio between the incident power and 

reflected power of the MSPA [18,19],  11 also named as reflection coefficient [13,18,19].  -10 

dB value of  11is selected as the reference value which indicates that 90% of incidental power 

is received by the antenna and only 10% of the power is reflected, this percentage is 

considered good for the mobile communication system [13]. Hence  11 should be a minimum 

-10 dB to provide effective performance [18,19]. Simply  11tells how much power is 

reflected. The lower  11, the better performance of the antenna is achieved. Figure 2 shows 

the result of  11 concerning the frequency. It can be observed from the figure that at 28 GHz, 

 11  value is -23.011 dB which is considered a good value of  11as it means only 0.49% of the 

input power is reflected. 

 

 Figure 2.     with respect to frequency of PSMPA 
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4.2 Bandwidth BW 

The BW of the proposed PSMPA can be calculated as the difference between the frequencies 

where  11 is lower than -10 dB [2],  based on Figure 2, BW will be in this case the difference 

between 28.609 GHz and 27.436GHz (28.609-27.436=1.173GHz). Accordingly, the PSMPA 

has BW=1.173 GHz which is very good compare to others in the literature.  

 
 

4.3 Voltage Standing Wave Ratio VSWR 

VSWR is a quantity that represents the amount of reflected power from the antenna toward 

the transmitter [2]. In terms of MSPA, VSWR should not exceed 2 and less than 1 across the 

bandwidth of the antenna. In an ideal case, VSWR equals 1[4, 13]. Figure 3 shows VSWR 

versus the frequency of the proposed PSMPA. It can be observed from the figure that the 

value of VSWR at the resonant frequency is 1.1519. It is an acceptable VSWR value as it is 

lower than two. 

 

Figure 3. VSWR with respect to frequency of PSMPA. 
 
 

4.4 Gain G and Radiation Pattern 

To show the antenna gain and other antenna characteristics such as directivity and lobes 

features, a radiation pattern plot in 2-D and 3-D can be used [2]. The radiation pattern is an 

important parameter that indicates the amount of radiated energy by MPA [18,19].  In terms 

of gain, it can be defined as the ratio between the power density of the MPA at a specific 

point to the power density of the reference isotropic antenna at the same point when both 

antennas feed by the same power [6]. The introduced PSMPA shows a gain of 5.648 dBi at 

the resonant frequency as occurs in Figure 4 of the 3-D radiation pattern plot, which is 

considered a competitive value for compact MSPA.  
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In addition, the PSMPA has       for half-power beamwidth and -14.9 dB for side lobe level 

value as shown in figure 5 of the 2-D radiation pattern plot. 

 

Figure 4. 3-D radiation pattern plot of PSMPA 

 

Figure 5. 2-D rdation pattern plot of PSMSPA. 

4.5 Radiation Efficiency  𝑎𝑑  (%) 

Radiation efficiency 𝜂𝑟𝑎𝑑 (%) represents one of the useful performance parameters to 

indicate how much the antenna is good at transmitting and receiving electromagnetic waves.  

𝜂𝑟𝑎𝑑 (%) can be defined as the ratio between the total power radiated by MPA and total input 
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power received by MPA [19]. 𝜂𝑟𝑎𝑑 (%) indicated how much of the input power received by 

MSPA radiated effectively in free space.  The higher 𝜂𝑟𝑎𝑑 (%), the better performance of the 

antenna is obtained. The introduced PSMPA shows a radiation efficiency of -1.544 dB as 

indicated in Figure 4. This value is equivalent in percentage to 70.14 %, which can be 

considered a reasonable result.  

4.6 Comparison of the Introduced PSMPA with other Similar Designs  

The obtained simulation results of the proposed PSMPA and other results of similar patch 

antennas presented in the literature are organized in Table 2. The results in Table 2 indicate 

that the proposed PSMPA shows the lowest  11 value in comparison with antennas design 

introduced in [4,20,21], the  lower  11 implies less power is reflected and better performance 

of the antenna is achieved. Regarding BW, The introduced PSMPA indicates the widest 

bandwidth in comparison to designs cited in [4,20,21]. The wider bandwidth is suitable for a 

5G system which needs wide bandwidth. Furthermore, from Table 2 the proposed design 

shows lower VSWR than designs cited in [4,20,21]. The VSWR of the proposed antenna 

structure is closer to the ideal value of 1. On the other hand, the proposed design exhibits 

relatively low realized gain compare to the gain (IEEE) of antenna reported in [20] and also 

lower than realized gain of antenna reported in [4]. Moreover, the realized gain of the 

proposed structure is relatively lower than the gain of the antenna cited in [21]. In terms of 

𝜂𝑟𝑎𝑑 (%), the introduced design shows a reasonable percentage of radiation efficacy, and it is 

0.04 % lower than the antenna design reported in [4]. In general, the simulation results of the 

proposed PSMPA structure indicates a competitor performance in comparison with similar 

previous designs introduced in the literature  

Table 2. Comparison of simulation results between introduced PSMPA and similar published 

researches. 

Work Ref. No.  11 (dB) BW(GHz) VSWR G 𝜂𝑟𝑎𝑑 (%) 

[4] -13.48 0.847 1.5376 6.630dB 70.18% 

[20] -14.15084 0.8 1.4878 6.061dBi - 

[21] -12.59 0.582 1.77 6.69 dB - 

Present research -23.011 1.173 1.3560 5.684dBi 70.14% 
 

5 CONCLUSION AND FUTURE WORK 

This work introduces the use of CiP as new technology to design a 28 GHz inset feed 

polycarbonate substrate microstrip patch antenna PSMPA for a 5G system. The conducted 

simulations using CST Microwave Studio indicate that the introduced design has  11 value of 

-23.011 dB, 1.173 GHz bandwidth value, and VSWR is 1.3560 in comparison with similar 

structures. The proposed structure shows better performance in terms of  11, BW and VSWR. 

However, the limitation of the proposed design is relatively lower gain and radiation 

efficiency compared to similar structures presented in the literature. The scope for future work 

can be done to improve the gain and radiation efficiency of the proposed PSMPA structure. 
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جيجاهرتز  02 عنذ ترددتغذيت داخليت ب هستطيل هرى وهضغوطشريطي هوائي تصوين 

 الجيل الخاهس لنظام يتالذائرة البلاستيكتقنيت  باستخذام

 سالن عبذالله الوزعوق

 ، نيثيا، كهيح انهنذطح، انجايؼح الأطًزيح الإطلاييح، سنيرناطىبانكهزتائيح وانحلظى انهنذطح 

   الولخص

كرمنيح جذيذج نرصًيى  (CiP) يمذو هذا انثحث كيفيح اطرغلال ذمنيح انذائزج انثلاطريكيح

ننظاو انجيم  (PSMPA) انهىائي انشزيطي انذليك تطثمح ػاسنح ين انثىني كزتىنيد

 82انًضغىط انًمرزح ترزدد رنين يثهغ  PSMPAهىائي  يؼًم  (5G) .انخايض

جيجاهزذش ويظرخذو انفضح كًىصم تذلاً ين اننحاص يغ يادج انطثمح انؼاسنح 

، ذظُرخذو 8.2يى وثاتد انؼشل انكهزتائي  3انًصنىػح ين انثىني كزتىنيد تظًاكح 

ح انرغذيح انذاخهيح كاحذ انرغذيح نًطاتمح انزلؼح انشزيطيح وانخظ انشزيطي انذليك ذمني

ذمنيح  انًمرزح تاطرخذاو PSMPA اوو. ذًد يحاكاج هىائي 05انذي ليًح يؼاولره 

وذى ذمييى أدائه ويمارنره تانرصاييى انًىجىدج انًًاثهح في  (CST) يحاكاج انكًثيىذز

ديظيثم ،  -83.522تميًح (   ) ح فمذ إرجاعانًمرز PSMPA انًؤنفاخ. يظُهز

نظثح انًىجح انًرىلفح وجيجاهزذش ،  2.2.3تميًح  (BW) وػزض اننطاق انرزددي

  ديظيثم ، وكفاءج الإشؼاع 5.684 (G) ، وليًح انكظة  (VSWR) 1.3560 نهجهذ

(𝜂𝑟𝑎𝑑 % تميًح ).5.27%. 
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 الكلواث الذالت: 

 .انهىائي

 .يؼايلاخ انهىائي

 .انذائزج انلاطريكيح

  .انجيم انخايض

 .انهىائي انشزيطي انذليك

جيجا  82اننطاق انرزددي 
 .هيزذش
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