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 This study presents a phase gradient metasurface (PGM) measuring 30 mm 

on each side and discusses its development. The use of multiple unit cell 

sizes is critical to the design of the PGM that was produced. A sand-timer-

shaped monopole antenna was designed specifically for wideband millimetre 

wave (mmWave) applications. An antenna structure is reinforced with a 

PGM that was specifically designed to increase antenna gain over its 

bandwidth. This is done to increase the antenna gain overall. The antenna 

has a bandwidth of 9.18 GHz, which includes mmWave frequencies ranging 

from 20.78 GHz to 29.96 GHz. For a wideband response, the ground plane 

must contain flaws. These flaws must exist on the surface of the ground 

plane. This study presents an in-depth examination of the antenna, PGM 

design, and operating principles, backed up by experimental verification. 

The use of PGM results in a 5 dB increase in antenna gain, with an average 

improvement of 2 dBi across all frequencies. 
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1. INTRODUCTION  

Antennas serve a vital role in both receiving and sending waves. Higher data rates are required due 

to the rising traffic in social networking, cloud-based computing, e-commerce, and online video streaming 

[1]. The currently operating 4G wireless network is experiencing a limit of capacity. It might not be able to 

handle the rising data demand, so interest has been shifted to the millimeter wave frequencies [2]. The 

Federal Communications Commission (FCC) for mmWave 5G communications has classified the 20-50 GHz 

frequency band as K-band, Ka-band, and some V-band [3]. Millimetre wave (mmWave) frequency spectrum 

at the 28 GHz band offers wide bandwidth and low latency. It finds applications in various communication 

fields that offer less atmospheric attenuation, low path loss, and low signal spread [4]. 

The configuration of the unit cell within a two-dimensional plane is referred to as a metasurface. 

With the advent of metamaterials towards the close of the 20th century, the design ideas and uses of materials 

have been greatly increased [5]. The two-dimensional extension of the metamaterials idea known as 

metasurface (MS) has made it possible to manipulate electromagnetic (EM) waves with previously unheard-

of freedom [6]. The substantial applications of MS, such as holographic imaging [7], vortex beam generators 

[8], surface plasmon metacouplers [9], versatile MS [10], and lenses [11], [12], are a result of these merits. 

A subfield of MS called phase gradient metasurface (PGM) has yielded a number of beneficial 

applications, including refraction or abnormal refraction [13], [14], decrease of radar cross-section (RCS) 

[15], [16], focusing EM [17], [18], and polarization beam splitter (PBS) [19], [20]. To demonstrate 

generalized Snell’s law [21] and show that phase discontinuities may be exploited to create MS,  
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Yu et al. [22] initially used the PGM by putting forward a V-shaped nano-antenna. Since then, PGM has 

been extensively used in a variety of settings, including the microwave and optical bands [23], [24]. 

As the application range has grown, more PGMs have been developed. Traditional reflecting PGMs 

are not the recommended PGMs since they will block reflected EM waves and increase return loss [25], [26]. 

Transmissive PGMs make it more practical to increase the antenna’s gain in circumstances when mounting 

the feed antenna on the MS’s back is not appropriate. Nevertheless, while developing transmissive PGMs, the 

transmission amplitude and phase must be considered simultaneously, increasing the design’s  

complexity [27], [28]. Zhong et al. [29] phase-shifting surface, whose back is made up of a frequency-

selective surface (FSS), may function as a transmit array at high frequencies and a reflect array at low 

frequencies. A PGM array that is composed of a transmissive PGM, a reflecting PGM, and an FSS is 

presented in [30]. This array produces a beam that is focused at two distinct frequencies and in two 

directions. Typically, the single frequency and single radiation direction of typical PGM antenna systems are 

their drawbacks. While certain antennas can produce dual-frequency and dual-mode radiation, reflecting 

PGMs or FSS are entirely responsible for the reflection features. 

The proposed method achieves broad response at mmWave frequencies by employing a simple 

microstrip line fed sand-timer shaped antenna with defective ground structure (DGS). The antenna has a 

broad bandwidth of 9.18 GHz, spanning from 20.78 GHz to 29.96 GHz. A tailored PGM mounted over the 

antenna boosts the antenna’s gain. The antenna gain is boosted from 5 dBi to more than 7 dBi throughout the 

operating range. 

 

 

2. DESIGN AND DISCUSSION 

A square-shaped PGM with dimensions of 30×30 mm has been created. The PGM consists of a grid 

of 9×9-unit cells, which are also engraved on the upper surface of the FR-4 substrate. The substrate has a 

thickness of 3.2 mm and is arranged in a modified sand-timer shape. The substrate material has a relative 

permittivity (𝜀𝑟) of 4.4 and a loss tangent (𝑡𝑎𝑛 𝛿) of 0.025. 

The antenna under consideration consists of a patch with a sand-timer form that is etched onto the 

upper surface of a Rogers/RT-Duroid 5880 substrate. The substrate has a thickness of 0.8 mm and possesses 

a relative permittivity (𝜀𝑟) of 2.2, as well as a loss tangent (𝑡𝑎𝑛 𝛿) of 0.009. The patch is fed via a microstrip 

line that incorporates ground plane defects. The antenna under consideration has been optimized for 

operation within the millimeter wave frequency range spanning from 20 GHz to 30 GHz.  

The implemented probabilistic model of PGM is positioned in proximity to the antenna to enhance 

the overall gain of the antenna. Figure 1(a) illustrates the proposed antenna geometry, while Figure 1(b) 

portrays the suggested PGM geometry. Lastly, Figure 1(c) presents the combined geometry of the antenna 

and PGM. Tables 1 and 2 present the comprehensive compilation of the optimized design parameters for both 

the antenna and the PGM. 

 

 

   
(a) (b) (c) 

   

Figure 1. Probabilistic of PGM; (a) antenna geometry, (b) PGM, and (c) PGM placement over the antenna 

 

 

Table 1. List of design parameters of the antenna 
Variable Value (mm) Variable Value (mm) 

L1 30 L9 8.5 

L2 9 L10 1 
L3 4.1 W1 30 

L4 9 W2 24 
L5 7.85 W3 2.37 

L6 7.85 W4 2.37 

L7 4.67 h1 0.8 

L8 9 εr1 2.2 (unitless) 
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Table 2. List of design parameters of PGM 
Variable Value (mm) 

Lm1 0.8 
Lm2 1 

Lm3 0.72 

Lm4 0.72 
Lm5 0.8 

Lm6 0.8 

Wm1 2.4 
Wm2 0.2 

h2 3.2 

h3 9.2 
εr2 4.4 (unitless) 

 

 

The antenna under consideration is based on a microstrip line-fed rectangular patch antenna, and its 

progressive development will be elaborated upon in this discourse. The process of design evolution consists 

of three distinct steps, denoted step-1, step-2, and step-3, as depicted in Figure 2(a). The primary aim of 

implementing design improvements, which encompass addressing flaws in the ground plane, is to attain a 

broad bandwidth. Consequently, the antenna has a bandwidth of 9.07 GHz, commencing at 20.78 GHz and 

extending to 29.96 GHz. Figure 2(b) presents the findings of a comparison analysis conducted on the results 

of design evolution. 

 

 

 
(a) 

 

 
(b) 

 

Figure 2. The evolution of the antenna and its comparison is shown in; (a) antenna evolution stages and  

(b) reflection coefficient plot 

 

 

After being analyzed to provide an additional physical perspective on the antenna design, the current 

distribution is depicted in Figure 3 showing how it behaves at a variety of frequencies. The two resonance 

frequencies of the design, which are 22 GHz represented in Figure 3(a) and 26 GHz represented in  

Figure 3(b), were chosen to be the selected frequencies. The two resonance frequencies of the design, which 

are 22 GHz and 26 GHz, were chosen to be the selected frequencies. Depending on the frequency that is 

chosen, there will be a variety of different current distributions at each one. It has been observed that the 

current may be traced back and forth between the patch, the feed line, and the ground plane. Figure 4 

illustrates the systematic current distribution on the PGM at specific frequency points, namely 22 GHz as 
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shown in Figure 4(a) and 26 GHz as in Figure 4(b). Based on the observed current patterns, it is evident that 

there is a circulation of current on every cell of the metasurface. 

 

 

  
(a) (b) 

  

Figure 3. Surface current distribution on antenna at; (a) 22 GHz and (b) 26 GHz 

 

 

  
(a) (b) 

  

Figure 4. Surface current distribution on PGM at; (a) 22 GHz and (b) 26 GHz 

 

 

The plot between the antenna’s gain and frequency is depicted in the top part of Figure 5(a). The 

gain, despite displaying a change of approximately 5 dB, is observed to stay steady over the impedance 

bandwidth of the antenna. This is a consistent observation that has been made. An increase in antenna gain 

over the impedance bandwidth can be achieved with the help of a phased gradient metasurface, also known 

as PGM. After applying the PGM, it is immediately noticeable that the gain of the antenna has been increased 

by 5 dB as a result of the adjustment. The antenna design displays an aggregate gain that is greater than 7 dB 

over the range of frequencies that have been specified. The optimization of antenna gain throughout a broad 

operational bandwidth is made easier by the favorable arrangement of a large number of zero reflection 

points close to one another. The data that is shown in Figure 5(b) shows that the performance of the antenna 

is unaffected by the positioning of the PGM about the reflection coefficient. This is the conclusion that can 

be drawn from the information. The use of the PGM not only kept the antenna’s operational bandwidth stable 

but also resulted in an improvement in the gain performance of the antenna. 

 

 

  
(a) (b) 

  

Figure 5. The plot antenna is depicted at; (a) gain versus frequency plot and (b) reflection coefficient plot 
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The optimization of the space between the antenna and the PGM is done to get maximum gain over 

the antenna bandwidth while still maintaining the antenna bandwidth. This is done by optimizing the space 

between the antenna and the PGM. Figure 6 illustrates the fluctuation in gain that occurs inside the system as 

a result of a change in the distance that exists between the antenna and the PGM. The pattern that has been 

observed suggests that the total gain of the design will initially grow when the distance between the PGM and 

antenna (h3) is extended. However, once it reaches a certain threshold, it will begin to decline and will 

continue to do so beyond that point. The value of h3 was determined to be 9.2 millimetersto achieve the 

highest possible gain through optimization. 

 

 

 
 

Figure 6. Effect of varying distance between antenna and PGM on the antenna gain 

 

 

3. MEASUREMENT RESULTS 

Figure 7 is an illustration of the constructed prototype of the antenna with the PGM affixed to it. 

Figure 7(a) presents proposed antenna, Figure 7(b) depicts PGM structure, Figure 7(c) portrays proposed 

antenna with PGM, and Figure 7(d) shows measurement setup in an anechoic chamber. To obtain the desired 

level of separation between the antenna and the PGM during the prototype fabrication process, plastic spacers 

of the appropriate proportions are used. 

 

 

  
(a) (b) 

  

  
(c) (d) 

 

Figure 7. Illustration of the constructed prototype of the antenna; (a) proposed antenna, (b) PGM structure, 

(c) proposed antenna with PGM, and (d) measurement setup in an anechoic chamber 
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The examination of Figure 8 demonstrates that the simulated bandwidth extends from 20.78 GHz to 

29.96 GHz, but the measured bandwidth extends from 20.9 GHz to 28.8 GHz. The differences that were 

observed between the simulated data and the measured data could perhaps be ascribed to flaws in the 

fabrication process or the soldering. Measured reflection coefficient results are presented in Figure 8.  

Figure 8(a) illustrates reflection coefficients results without using PGM whereas Figure 8(b) represents 

reglection coefficient results by using PGM.  

 

 

  
(a) (b) 

  

Figure 8. Measured reflection coefficient results; (a) without PGM and (b) with PGM 

 

 

Figure 9 provides a visual representation of the gain comparison, which demonstrates how 

consistent the design’s gain is over the target band. The validity of this observation has been verified by 

experimental verification. Figure 9(a) represents gain comparison without PGM and Figure 9(b) illustrates 

gain comparison with PGM. 

 

 

  
(a) (b) 

  

Figure 9. Gain comparison at; (a) without the PGM and (b) with the PGM mounted on the antenna 

 

 

Figure 10 depicts the radiation patterns that the suggested antenna design would produce if it were 

optimized for the strong resonances of the operational bands. Figure 10(a) represents radiation patterns at  

22 GHz and Figure 10(b) represents radiation patterns at 26 GHz. The receiver was fitted with a proposed 

antenna, in contrast to the usual pyramidal Horn antenna that was installed in the transmitter. The discovered 

patterns demonstrate a high degree of omnidirectionality throughout the whole spectrum of frequencies that 

were investigated. The generated data and the measured data are quite comparable to the observed patterns, 

which shows that the patterns are very accurate. The antenna is evaluated by other antennas discussed in the 

existing literature in terms of its efficacy and potential for improvement. The comparative analysis is 

depicted in Table 3. The design being suggested exhibits the smallest physical dimensions (2.07 λ0×2.07 λ0), 

offers a broader range of frequencies for operation (9.18 GHz) and achieves a level of gain that is either 

comparable to or surpasses the performance of similar structures documented in existing scholarly works. 
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The implementation of a PGM at an appropriate distance yields an enhancement in antenna gain while 

preserving the integrity of other performance characteristics associated with the antenna. 

 

 

  
(a) (b) 

  

Figure 10. Radiation patterns at; (a) 22 GHz and (b) 26 GHz 

 

 

Table 3. Comparison with the other published work 

 

 

4. CONCLUSION 

The paper presents an analysis of a cost-effective methodology aimed at enhancing the gain of 

microstrip patch-based antennas in the context of wideband mmWave applications. The antenna has a broad 

frequency range of 9.18 GHz (20.78 GHz to 29.96 GHz) inside the 28 GHz mmWave frequency band. The 

antenna has a gain of 5 dB, which remains rather constant across the whole bandwidth of the antenna. The 

implementation of a PGM in a strategically designed configuration has been found to significantly enhance 

the antenna gain, resulting in an improvement of up to 11 dBi. The current landscape of broadband 5G 

communication applications presents an opportunity for the utilization of a compact, planar, and 

straightforward antenna design that boasts a low profile. This design also has the advantage of high gain and 

ease of manufacture, further enhancing its suitability for such applications. 
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