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ABSTRACT 

 

 

Chowdhury, Mohammad Ashif Hossain, Metamaterial Inspired Multi-band Antenna for mm-wave 

5G Wireless Communication. Master of Science in Engineering (MSE), May 2021, 76 pp., 6 

tables, 68 figures, references, 55 titles 

Due to the constant demand for speed and capacity in wireless communication, mm-wave 

bands are getting special interest. Most of the high speed 5G bands are in mm-wave region. As the 

mm-wave signal is prone to absorption and faces a significant free space path loss, an antenna with 

narrow beam, high gain, and high efficiency is required. The antenna also need to be working in 

multiple frequencies, as there are multitude of mm-wave frequencies allocated by the regulator for 

5G communication. In this study we designed an antenna capable of working in high 5G bands 

consisting of 25GHz,28GHz, and 38GHz. The idea of metasurface is used to make the antenna 

resonant for multiple frequencies of mm-wave operation. The structure is tapered and curved in 

multiple places to funnel the flow of surface current, thereby generating a very sharp beam. In 

numerical analysis using CST microwave studio, the efficiency is found to be around 90% and the 

average  gain is approximately 4dB,combining all three bands. 
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CHAPTER I 

 

INTRODUCTION 

 

1.1: Background and Motivation for Study 

 

Since the dawn of wireless communications, the need for speed inspired all the research 

and development in this field. We have come a long way from the first-generation analog voice 

call to fourth generation mobile broadband internet, due to these developments. But, as more and 

more devices are getting added to the Internet, the existing Wi-Fi, GSM,3G, and 4G bands are 

getting crowded and more capacity is needed to serve all the customers. Compared to 2010, 

demand for wireless data traffic is projected to increase 3000-30000 times by 2030[11]. All this 

extra demand for capacity and speed cannot be served by current technologies such as Long 

Term Evolution- advanced(LTE-A) and Wi-Fi, due to their design limitations[12]. To tackle 

these problems fifth generation radio access technology(5G) is introduced. It is a significantly 

faster system with a data rate requirement of 10Gbps, latency of approximately 1ms, and at least 

twice the spectral efficiency of the 4G technology [13]. To accommodate this high speed and 

high capacity system, less congested portions of the spectrum are required. This is where 

millimeter wave(mm-wave) bands play an important role in increasing the speed of the 5G 

system[14] .  Studies have shown that, gigabit-per-second data rates were possible with indoor 
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and fixed outdoor mm-wave wireless systems[15]. Moreover, advances in mm-wave hardware 

technology and the availability of the spectrum in frequencies higher than the regular sub 6 GHz 

have motivated companies and regulators alike to move towards mm-wave spectrum for wireless 

communication channels with more speed and capacity[16][14]. For example, Federal 

Communications Commission (FCC) has designated the 24GHz, 28GHz, 37GHz,39GHz, and 

47GHz bands as the frequencies for 5G communications in the higher-band. They are also 

planning to designate two extra bands at 26GHz, and 42 GHz for 5G communications.  There are 

also mid-bands and low-bands for more wide area of 5G coverage. But, most of the spectrums 

allocated are in the higher centimeter wave or mm-wave range. Concentration of these many 5G 

allocations in the mm-wave band is indicative of the importance of it for high speed wireless 

communications. 

With all its potential, the mm-wave spectrum has its fair share of disadvantages. As the 

Free Space Path Loss of RF signals increase with increasing frequency of operation[17], signals 

at mm-wave frequencies will cover lot less area than the current wireless communication 

channels at and below 6GHz frequency. Signals at these frequencies also get absorbed by the 

ionosphere, building walls, atmospheric gases, and attenuated heavily by foliage and 

raindrops[18][19][20]. Measurement data from New York City and Austin, Texas is also 

indicative of those effects on mm-wave signals, suggesting that the communication using mm-

wave technology will heavily rely on high gain directional antennas with Massive MIMO and 

beamforming [21].  
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1.2: Objective 

 

The scope of this study is to design an small antenna element that could be integrated 

with a mm-wave 5G communication system, fulfilling all the major criteria such as high gain, 

ability to be used in massive MIMO, and beamforming capability. The concept of this antenna is 

based on the metamaterial structure. The objective is to design an antenna capable of working in 

multiple mm-wave bands such as 24GHz,28GHz, and 38GHz. In this thesis first we talk about 

previous work. Then we discuss our design and optimization procedure using EM simulation 

software CST(Computer Simulation Technology). Later we compare both simulated and 

experimental results, thereby drawing a conclusion on our final design. 
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CHAPTER II 

 

LITERATURE REVIEW 

2.1 Metamaterials 

Since the antenna is based on the idea of metamaterial structures, it is only befitting to 

start the discussion with the description of metamaterial. These materials or structures are 

engineered artificially to exhibit electromagnetic properties, otherwise not present in nature. [22]. 

Physical properties related to Electric and Magnetic fields, which are permittivity(ε) and 

permeability(μ) respectively, are being manipulated to generate a negative refractive index. 

Pendry et. al. demonstrated  that characteristics similar to that of a metal’s plasma frequency 

could be produced in GHz frequency range by periodic placement of thin metal strips, which in 

turn will generate negative permittivity[23]. They also demonstrated that non-magnetic metallic 

strips placed in a split ring setup could be excited to magnetic resonance by an incoming EM 

wave, which in turn lets us manipulate permeability[24].  Smith et. al. [25] have shown that by 

combining findings from  [23] [24] a passband could be generated where both permittivity and 

permeability are negative, for certain ranges of lattice parameter in the periodic arrangement of 

SRRs and thin metal strip. This way negative index of refraction could be generated for a certain 

frequency band in the GHz range. Now these special features of metamaterials make them 

suitable for various applications like sensor[26][27][28][29][30], antenna[31][3][32][33],  
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optics[34][35][36][37], invisibility cloak[38][39], absorbers[40], and so on. Since our antenna is 

based on a metamaterial structure, we will primarily focus our discussion on antennas inspired 

by metamaterials in the next section.   

2.2 Metamaterial Inspired Antennas 

In this section we will discuss about the antennas inspired by metamaterial structures. 

There are all sorts of antennas at multiple of frequency bands, which are designed using the idea 

of metamaterial geometry. For instance, the work by Hasan et. al. [1] presented an antenna 

designed for traditional WiMAX, LTE, and Bluetooth bands inspired by a metamaterial 

structure. The design is based on an FR-4 substrate. They tested two configurations for the 

antenna, one with the modified radiating patch, and the other one with metamaterials on the side 

of the radiating patch. In both cases the ground is defected and slotted. Due to a defected ground 

plane, the antenna has an omni directional pattern. Based on the return loss response, the antenna 

is resonant at L band frequency range (0.645~0.689 GHz) and S band frequency ranges 

(2.75~3.38 GHz) and (3.45~3.56 GHz). The antenna exhibits peak gain of  3dB and 3.69dB at L 

and S bands respectively. Figure 2.2 clearly indicates the performance differences before and 

after the metamaterials are added. 
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Figure-2.1: (a) Antenna without metamaterials, front view (b) Antenna without metamaterials,   

back view (c) Metamaterial Unit Cell (d) Antenna with metamaterials, front view (e) Antenna with 

metamaterials, back view.[1] 

 

 

(a)                                                                           (b)    

Figure-2.2: (a)S11 and gain with Metamaterial (b) S11 and gain  without Metamaterial[1] 
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He et. al.[2] reported a compact metamaterial inspired monopole antenna that resonates at 

2.3GHz. Their design achieved a bandwidth of 220 MHz and radiation efficiency of 73%. The 

antenna is designed by modifying the geometry of a circular patch as shown below (figure 2.3). 

For substrate they used low cost FR-4 laminate. The defected ground plane of the antenna made 

it possible to  obtain an omnidirectional radiation pattern as shown by the gain plot in figure 

2.3(c). 

 

(a)                                                   (b)                                               (c) 

Figure2.3: (a) Designed Antenna (b) Return Loss of the Antenna(S11) (c) Gain plot [2] 

Liu et. al.[3]  proposed a metamaterial based broadband mushroom antenna. The antenna has an 

average gain of 9.9 dBi, an operating bandwidth of 25% (which is equivalent to almost 1.5GHz) 

at the 5GHz band, and radiation efficiency around 80-90%. It consists of multiple rectangular 

patches, which are spaced periodically over the substrate and placed symmetrically in a 4 X 4 

matrix . Every patch is connected to the ground plane through a via hole in its center. To feed the 

antenna, a slot is cut onto the ground plane right beneath the center of the mushrooms. Physical 

design of the antenna and all the measurements are illustrated in figure 2.4 and 2.5. 
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(a)                                                                                (b) 

Figure-2.4: (a) Geometry of the proposed antenna       (b) Fabricated prototype [3] 

 

 

(a)                                                                             (b) 

Figure-2.5: (a) Return Loss(S11) and Gain Plot       (b)  Plot of the antenna efficiency [3] 
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An antenna proposed by Latha et. al.  [4] shown that metamaterial inspired antennas 

could perform well in a wearable setup. The substrate used for their antenna simulation is 

polydimethylsiloxane (PDMS) substrate. The partial ground plane in the design makes the 

antenna omnidirectional when it is off body. In the simulation they placed the antenna on the 

jeans textile and placed 4 metamaterial unit cells behind the jeans as shown in figure 2.6. The 

proposed antenna resonates at 2.45GHz  while simulated in an off body condition. It shows 

almost exact return loss(S11) bandwidth while simulated in an on body condition, as shown in 

figure 2.7(a). The antenna resonates omnidirectionally when it is off body. But, when it is on 

body, the antenna shows a somewhat directive radiation pattern compared to its original one, as 

shown in figure 2.7(b). 

 

 

(a)                                   (b)                                                       (c) 

Figure-2.6: (a) Sideview of the various layers present in the antenna (b) Geometry of the radiating 

patch of the proposed antenna (c) Placement of metamaterial behind the antenna(Yellow color 

denotes jeans textile)  [4] 
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(a)                                                                      (b) 

Figure-2.7: (a) On Body and off body S11 response of the proposed antenna (b) On body and off 

body radiation pattern of the proposed antenna [4] 

 

Cheng et. al. [5] reported a metamaterial half lens to control the beam direction of a 

compact antipodal Vivaldi antenna. The proposed antenna has a huge bandwidth of 143.6%(2.3-

14 GHz)  and three different beam forms at 3-9GHz, 12GHz, and 13GHz. In this design, a 

metamaterial half lens array is placed beside the radiating element to control the beam direction. 

The beam shaping is clearly visible in the electric field distribution of the antenna, as shown in 

figure- 2.9. The ground plane in this design is an antipode to the radiating element, hence we can 

say that the design employed a partial ground with a modified shape. The placement of 

metamaterial half lens also increases the gain in operating frequency by 2dB. Physical 

dimensions and responses of the antenna is shown below in figure-2.8 and 2.10.     
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(a)                                                    (b)                                           (c) 

Figure-2.8: (a) Metamaterial Half Lens unit cell (b) Geometry of the Proposed antenna (c) Front 

view of the proposed antenna with Metamaterial Half Lens array. [5] 
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Figure-2.9: Comparison of electric field distribution of the antenna with and without metamaterial 

half lens (a) 7 GHz, (b) 12.2 GHz, and (c) 13 GHz [5] 
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Figure-2.10: Simulated and measured S11 response (a) Without the Metamaterial half lens (b) 

With the metamaterial Half lens [5] 

 

(a)                                                       (b)                                              (c) 

Figure-2.11: (a) Simulated Gain (b) Measured Gain (c) Efficiency of the antenna with and without 

metamaterial half-lens [5] 
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2.3: 5G Antennas 

From the literatures of sub section 2.1, we can see that metamaterials are widely used 

either as an antenna or to enhance the performance of the antenna for a specific application. In 

this subsection we will discuss some prominent planar 5G antennas reported in various 

publications. 

Hasan et. al. [6] proposed an antenna for mm wave 5G communication in 28GHz and 

38GHz bands. Their antenna is the result of geometric modification of a regular patch. The 

geometric dimension of the antenna is shown in figure- 2.12. The design employs hemispherical 

contours to intensify the surface current of the radiating element, as shown in the surface current 

distribution plot in fig-2.13. It also employs a partial ground, which results in an omnidirectional 

radiation pattern. The proposed antenna covers frequencies at 26.65–29.2GHz and 36.95–39.05 

GHz , corresponding to a -10dB impedance bandwidth.  At 28GHz, the antenna has a peak gain 

of 1.27dBi, and at 38GHz it has a peak gain of 1.83dBi.  As this antenna is proposed for MIMO 

application, it shows a  good isolation (S21 less than -20dB) in the operating frequency range. We 

can say that this antenna will be a good receiving antenna for 5G application, as it has a nice 

omnidirectional radiation pattern for both frequencies. Since, mm-wave signals suffer from free 

space path loss and absorption [19], it is good to have an antenna with high gain to compensate 

for the loss of the signal in the channel. Overall, the antenna has an efficiency of 60-80% 

throughout the operating frequency. All the measurements of the proposed antenna is shown 

below in figures 2.14-2.15. 
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Figure-2.12: (a) Front view of the proposed antenna         (b) Back view of the proposed antenna[6] 

 

 

Figure-2.13: (a) Surface current density at 28GHz resonance frequency (b) Surface current density 

at 38GHz resonance frequency[6] 
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(a)                            (b)                              (c)                                      (d) 

Figure-2.14: (a) Return loss(S11) (b) Realized gain(in dBi)  (c) Efficiency of the antenna (d) 

Isolation of two antennas while arranged in a MIMO setup.[6] 

 

Figure-2.15: Radiation patterns at (a) 28GHz  (b) 38GHz [6] 
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An antenna proposed by Ullah et.al. [7] achieved a wide operating bandwidth of 23.41-

33.92 GHz. This antenna resembles a bowtie antenna in a sense. It is built upon Rogers RT 

Duroid 5880 substrate with a thickness of 0.254mm. Both front and backside of the antenna has 

the same radiating element, except in the back the structure is part of the ground plane and 

flipped horizontally. The geometry is shown in figure-2.16. From the surface current density in 

figure—2.17, we can see intensified surface current in the center than in the edges. This results 

in a very high gain for the antenna. By placing 4 individual antenna elements in an array which is 

fed by same input, average gain 10.7dBi is achieved by this antenna. The antenna also attains a 

very narrow directional beam with a beamwidth of  14.6° in its H- plane. Throughout the 

operating band, it has an efficiency over 90%. With all its characteristics, it is definitely a good 

design.  However, in certain applications, narrower bands may suit the purpose than the very 

high band designs. In other aspects of the performance, it is a good antenna. Antenna 

dimensions, measurement results etc. are shown in figure 2.15-2.21 

 

 

 

 

 

 

 

 



18 

 

 

 

 

(a)                                                                       (b) 

Figure-2.16: (a) Front view of the antenna     (b) Back view of the antenna[7] 

 

(a)                                                                         (b) 

Figure-2.17: (a) Surface current distribution (b) Return loss (S11) of the antenna[7] 
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(a)                                                                      (b) 

Figure-2.18: 4 X 4 antenna array (a) Front view (b) Back view[7] 

 

Figure-2.19: Fabricated antenna array prototype[7] 

 

Figure-2.20: Efficiency and gain plot of the antenna array[7] 

 



20 

 

 

 

 

Figure-2.21: Measure and simulated radiation pattern of antenna array at 28GHz (a) XY-plane (b) 

XZ-plane.[7] 

 

Chen et. al. [8] reported a grid array antenna designed on a low cost FR-4 substrate. This 

antenna has a dimension of 15 X 15 mm2 and it covers 10 dB impedance bandwidth in the 

frequency range 23.86- 31.02 GHz. It radiates a fixed beam and has a peak realized gain of 

12.66dBi at 29.2 GHz. This antenna has a mesh like structure in the radiating element, which is 

fed by a probe from underneath the ground plane. The authors have simulated the antenna in a 

setup much like a real cell phone. The performance of the antenna remains practically unchanged 

with the increase in substrate length and decrease in ground length. Radiation efficiency of this 

antenna is 88.8% at 28GHz. Even though this antenna has overall good performance and low 

cost, the probe feeding of the antenna could be a challenge for practical applications. Antenna 

geometry and measurement results are shown below in figures 2.22-2.25. 
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(a)                                                                                 (b) 

Figure-2.22: (a) Geometry of the proposed antenna (b) Return loss(S11) response of the antenna[8] 

 

 

(a)                                         (b)                                                         (c) 

Figure-2.23: (a) Radiation pattern at 28GHz E-plane (b) Radiation pattern at 28GHz H-plane 

(c)Gain of the antenna in the operating band[8] 
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(a)                                                                                 (b) 

Figure-2.24: (a) Antenna setup implying its position on a handset  (b) S11 response of the test [8] 

 

 

(a)                                     (b)                                                       (c) 

Figure-2.25: (a) Radiation pattern at 28GHz(After the antenna put to test in a handset like setup) 

E-Plane (b) Radiation pattern at H-plane (c) Gain of the antenna in handset test. [8] 
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In another work Alsaif  et. al. [9] designed a 2 X 2 MIMO antenna with super wide 

bandwidth of 46.8GHz in the frequency range 15.2 GHz - 62 GHz. The authors characterized the 

antenna as a MIMO antenna, even though there is only a single source of excitation in the 

antenna. All the radiating elements in this antenna are interconnected to each other. It is printed 

on a low loss Rogers Duroid RT 5880 substrate with εr = 2.2 and loss tangent δ = 0.0009. 

Radiating elements of this antenna are basically rectangular patches with two slots cut at the 

center of each patch. It also has a modified partial ground plane, which gives this antenna an 

omnidirectional radiation pattern. The presence of multiple interconnected radiating elements 

give this antenna a peak gain of  13.5 dBi, as found in simulations using CST and HFSS 

software. Very high bandwidth of 46.8 GHz makes this antenna suitable for wide range of mm 

wave applications, including 5G. Overall it is a good antenna suitable for 5G and other mm wave 

communication. Geometric dimension and measurements for this antenna are shown in figure 

2.25-2.26. 

 

Figure-2.26: (a) Front view of the proposed  antenna  (b) Back view of the proposed antenna[9] 
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Figure-2.27: (a) Change of S11 with respect to length of ground (b) Change in S11 due to substrate 

materials (c) Change in S11 with respect to width of the feedline (d) Gain of the antenna[9] 

(a))

) 

(b) 

(c) 

(d) 
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Khalily et. al. [10] proposed an array antenna, which is fed by multiple sources. This 

antenna is designed and tested for 28GHz frequency, and it has beam steering capability in the 

operational band. Radiating elements of this antenna consist of interconnected rectangular 

patches placed symmetrically over a ground plane. The authors have proposed two 

configurations for this array antenna. One has a 2 X 2 array configuration and another one has a 

3 X 3 array configuration. The configuration with 2 X 2 array has been tested with four 

excitation ports, and the configuration with 3 X 3 array has been tested with 4 and 6 excitation 

ports. By exciting the ports with signals containing a certain phase difference, the beam of the 2 

X 2 array is being steered left and right as shown in figure 2.30(a). By increasing the port 

number from 4 to 6 in the 3 X 3 array, the beamwidth, gain, efficiency, and homogeneity of the 

radiation is increased. The proposed antenna has a bandwidth of 820MHz in the frequency range 

27.61-28.43 GHz, making it suitable for 5G communication in the 28GHz band. All the 

dimension and measurements of the proposed antenna are shown in figure 2.27- 2.30. 

 

 

Figure-2.28: (a) Two port connection of single patch (b) Proposed 2 X 2antenna with four ports 

(c) proposed 3 X 3 antenna with 4 ports.[10] 
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Figure-2.29: Fabricated prototype of the proposed antenna with different array configurations[10] 

 

(a)                                                                        (b) 

Figure-2.30:  (a)  S11 response of the proposed 2X 2 array  (b)  S11 response of the proposed 3X 

3 array[10] 
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(a)                                                                           (b) 

Figure-2.31: (a) Beam steering due to phase shift in 2 X 2 array  (b) Effect of 6 and 4 ports in the 

proposed 3 X 3 antenna gain, beamwidth, and efficiency[10] 

 

                                      

(a)                                                                                (b) 

Figure-2.32: (a) Gain of the proposed 2 X 2 array antenna (b) Gain of the proposed 3X 3 Array 

antenna [10]    



28 

 

              

 

From above discussion on different types of 5G antennas, we can see that bandwidth, 

gain, beamwidth plays an important role in 5G mm wave antenna designs. Another noticeable 

characteristic of most of those discussed antennas are modified geometry of the radiating patch 

and ground plane. There are many other works on mm wave 5G antennas 

[41][42][43][44][45][46][47], which is based on the motivations just mentioned and most of 

those are antennas with modified geometry.  We can also notice from the discussion of general 

metamaterial inspired antennas that, inclusion of metamaterial structures in the radiating path or 

using the structure itself as a radiating patch could increase the gain, bandwidth, beamwidth of 

an antenna. So, in the next chapter we will discuss our design of 5G antenna based on a 

metamaterial structure. 
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CHAPTER III 

 

DESIGN METHODOLOGY 

 

3.1: Design of Negative Index Metamaterial 

 

Metamaterials are composite structures consisting of periodic arrangements of numerous 

unit cells. The dimension of an unit cell is significantly smaller than the wavelength we are 

trying to interact with[24].  The unit cell is generally comprised of a Split Ring Resonator (SRR) 

and a thin wire. SRRs are made of non-magnetic thin metallic sheets, and they respond to the 

microwave radiation as if they have an effective magnetic permeability[24]. The periodic thin 

wire structure exhibits electromagnetic properties in the GHz range which are only possible in 

UV range for normal metals[23]. The combined structure of SRR and thin wire has  self-

inductance and capacitance within. With the presence of an incident wave the capacitance and 

inductance create a resonance which interacts strongly with an applied magnetic field (via SRR) 

and electric field (via the thin wire)[48]. The interaction with magnetic field gives rise to net 

effective permeability and the interaction with electric field gives rise to a net effective 

permittivity. By changing the dimensions of the structures a negative permittivity and 

permeability can be achieved, which in turn gives us the negative refractive index (NRI) 

according to the equation n=√(𝜀𝜇) [48].   
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By taking into account all the design considerations, we have designed a unit cell which 

has both wire structure and SRR incorporated within it. The structure is shown in figure 3.1. The 

central bar works as the wire element of the structure and the concentric rings with splits work as 

the SRR. The structure is designed for a frequency of 24GHz. Hence the overall dimension of the 

structure is approximately λ/5. The simulation for the structure is performed in CST Microwave 

Studio. It is designed on a Rogers RT 5880 substrate. From the simulation result of  S21, we can 

see that the primary resonance for the structure occurs right at the 24GHz mark. To retrieve 

permittivity and permeability data from the S11 and S21 data, we used the robust method proposed 

by MIT[49]. All the simulation results and retrieved parameters are shown in figures 3.2- 3.4. 

 

 

Figure-3.1: Proposed Metasurface ( The bar marked by ABC represents the thin wire portion of 

the structure, rest of it are SRR.). 
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Figure-3.2: S11 and S21 response of the structure (The primary S21 resonance at the 24.4 GHz sits 

right at the 24 GHz band, as was designed. Also noticeable are secondary resonances). 

 

(a)                                                                          (b) 

Figure-3.3: (a) Extracted permittivity response of the structure  (b) Permeability response of the 

structure 
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Figure-3.4: Extracted negative refractive index data (Noticeable NRI in the 20- 25 GHz band). 

From the S21 plot of figure 3.2 we can see the primary resonance at  around 24GHz, and 

multiple secondary resonances around 30GHz and 40GHz ranges. These interactions of the 

structure with mm-wave frequencies makes it suitable for antenna design in mm-wave 

frequencies. A similar method of antenna design could be found in the work by Roy et. al. [50], 

where they first designed a metamaterial, observed and extracted its parameters, then used the 

metamaterial itself as a patch for wideband wearable antenna. 

From the figure 3.3 we can see that the real part of permittivity and permeability of the 

structure is negative throughout a wide range of frequencies, ranging from 20GHz- 40GHz. As a 

result we achieved negative index of refraction in that wide frequency range, as shown in figure 

3.4. As we have achieved the expected metamaterial response from the structure and also 

resonances at higher mm wave frequency, we will describe how we used the structure as a patch 

antenna in the next subsection. 
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3.2: Antenna Design 

We started the antenna design with the numerical analysis of the structure in CST 

microwave studio. Since we reached our expected S11 response through the optimization of 

physical dimension of the metamaterial patch, we will present here 10 cases out of numerous 

simulations we performed in CST. There are multiple ways to observe the changes in S11 through 

simulations. One way is parameter sweep, another one is the use of optimization algorithm, and 

the final one is running each simulation separately based on the trend. Since the employment of 

an optimization algorithm will require heavy computing power and space, we used parameter 

sweep and running simulations based on calculated guess. We have also taken into account the 

shape of the radiation pattern, radiation efficiency, and generation of multiple bands during our 

simulations.  

Let’s start with some equations that best describes the impedance of the antenna. From 

[51][52] we know that input impedance Zin of a transmission line is given by 

 

                              

   --------------------------------------------------------- (3.1) 

 

where     

Z0 = Characteristics Impedance of the microstrip               

ZL = Antenna impedance 

Zin= Input impedance at the excitation port= Z11                

β= (2πf * √𝜀eff) / C0 

l= length of the microstrip line          
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-------------------------------------(3.2) 
 
 
 
 

  
                       

----------------------------------------------------------(3.3) 

  

• W= Width of Microstrip Line 

• H = thickness of the substrate    

• εr =Dielectric constant of substrate 

 

Now we will start with the first antenna model 

Model-1: 

  

Figure-3.5: Labeled top view of the model-1 
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Table-3.1 

Notable Dimensions of Model-1 

Antenna Parameters Descriptions Value(mm) 

ls Substrate length 10 

ws Substrate width 10 

l_f Length of microstrip 2.4 

t_f Thickness of microstrip 0.5 

O1,O2,O3,O4 Length of each arm of the outer ring 5 

t4 Width of the O4 arm of outer ring 0.2, 0.3, 0.9 

 

 

 

 

 

Figure-3.6: S11 response of the model-1 antenna due to change in the thickness t4 of  O4 arm 
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Figure-3.7: Smith chart representation of antenna input impedance 

 

 

          

 

 

Fig-3.8: Radiation efficiency of the model-1 antenna 
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Fig-3.9: 3D Radiation pattern (Realized Gain) at 28.761 GHZ 

 

 

 

 

Figure-3.10: Polar plot of the radiation pattern (Realized Gain) 
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The very first of our antenna models, which we named Model-1, is a result of many 

simulations that preceded this design. In terms of all mm-wave considerations, this is not a high 

performing design. We started with this case to show the continuous progression towards 

expected result. As can be seen from the figure, this antenna doesn’t reflect the original 

metamaterial structure described in subsection 3.1. It is a modification of the metamaterial 

design in terms of dimensions. The antenna is based on the substrate Rogers RT Duroid 5880 

with a dielectric constant of εr =2.2. We selected this substrate for its low loss tangent and high 

efficiency performance in many other mm wave designs[6][7]. By using equations 3.1, 3.2, and 

3.3 we found out that for a microstrip feed of width 0.5mm and characteristics impedance of  

94.91Ω the antenna impedance ZL  stands out to be 43.10-2.5j =43.17Ω, which is almost similar 

to the antenna input impedance as shown in the smith chart of  figure 3.7. This antenna’s return 

loss performance could be seen from figure-3.6, which shows the evolution of S11 response with 

respect to the change in the thickness t4 of the O4 arm of the antenna. From S11 we can see that, 

the antenna has a resonance at 28.7GHz, but it is not exactly at the 5G band designated by FCC. 

With a few more tunings we could get there, but the multi band performance of this antenna is 

very poor with only one band present. The antenna radiation efficiency is in the range of 85-90% 

for all three cases, and the radiation looks homogeneous throughout the XY- plane. The realized 

gain at 28.76 GHz is also a good 6.43dB. So, it is a fair design for a single band, but far from 

achieving our multi band objective. Also, with a very wide beam, this could be useful for 

beamforming, but in case of massive MIMO the isolation(S12 and S21) may require more physical 

space. So, we move onto our next design which we designate as Model-2. 
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Model-2: 

The Model 2 is not an immediate outcome from the results of Model-1. Rather we went 

through multiple simulations and prior publications to make a narrow beam multi band antenna. 

In this model we’ve applied a design idea presented by Hasan et. al.[6]. The idea is to skew the 

path of surface current distribution, thereby creating a local high intensity point in the antenna. 

This high intensity points of the surface current in terms shaped the radiation pattern of the 

antenna. The physical design and characteristics of this antenna is shown in figures below. 

 

Figure-3.11: Geometrical design of the proposed model-2 antenna 
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Figure-3.12: S11 response of the antenna over the frequency range 20GHz-45GHz 

 

                                                                    

(a)                                                                           (b) 

Figure-3.13: (a)Surface current distribution at 34.96GHz (b) 3D Radiation pattern at 34.96GHz 
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(a)                                                                             (b) 

Figure-3.14: (a) Surface current distribution at 41.26 GHz (b) 3D radiation pattern at 41.26GHz 

 

 

Table-3.2 

Notable Dimensions of Model-2 

Antenna Parameters Descriptions Value(mm) 

R_1 Radius of all skewed points in the outer ring 0.3 

R_6 Radius of all skewed points in the inner ring 0.25 

l_f Length of microstrip 2.4 

w_f Thickness of microstrip 0.25 

R_9 Radius of all skewed points in the center bar 0.2 
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The antenna in this case has a dimension of  5mm X 5mm in the radiating structure, as 

shown in figure-3.11 . The overall dimension considering the substrate is 10mm X 10mm. 

Notable dimensions of the antenna are shown in table 3.2 . The feedline of this antenna is 2.4mm 

in length, which is equivalent to lambda/4 or quarter wavelength in 31GHz frequency. Since we 

have an objective to achieve multiple bands, the quarter wavelength is set to an intermediate 

frequency instead of  a certain 5G band. From the S11 response of figure 3.12, we can see that 

the antenna is resonant at 31.087 GHz, 34.959 GHz, and 41.265GHz in the mm wave range. All 

these resonances are very near to the resonance frequencies of our objective. By comparing 

surface current distribution and radiation pattern data, we can see a pattern in the shaping of the 

main lobe of radiation. For instance at figure 3.13(a) we can see that all of the curved arms of the 

antenna have a high surface current intensity point. Since the current intensities along the 

horizontal Y axis cancels each other, the current intensity along X axis is prevailing here, and 

hence the pattern is in X axis as shown in figure- 3.13(b). In figure-3.14(a) we can see that the 

current distribution is not prevalent in any one single skewed point. Overall it is distributed 

unevenly throughout the various arms of the antenna and also the curved choke points. So, as a 

result the antenna radiates diagonally in between X and Y axes. The curving of the antenna arms 

also gave rise to very narrow sidelobes. From both the patterns we can see that this antenna has 

high gain(in the range of 5dB and 6dB) at both frequencies of operation shown here.  With the 

good results from this simulation we tried a different way in the next model, which we will name 

Model-3. Afterwards we combined results from both Model-2 and Model-3 to achieve a better 

antenna. 
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Model-3: 

This antenna is not exactly the manifestation of results we came up with the antenna at 

model-2. This is rather a detour to test the possibility of a new design idea which was used by 

another work of Hasan et. al.[53] for a UWB monopole antenna. In this model we kept the 

regular rectangular structure of the antenna, without adding any curve in either arms. Apart from 

that we added an inverted U stub at the far end of the radiating patch. We also fed the antenna 

with an inset microstrip feed to get a better impedance matching. The geometry and results are 

shown below. 

 

Figure-3.15: Geometry of the antenna with U stub 
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Table-3.3 

Notable Dimensions of Model-3 

Antenna Parameters Descriptions Value(mm) 

l_s1 Stub support length 1 

L_s1 Stub support length 3 

L_s2 Stub length 6.5 

l_f Length of microstrip 2.7 

w_f Thickness of microstrip 0.35 

 

 

 

 

 

Figure-3.16: S11 response of the model-3 antenna 
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(a)                                                                                (b) 

 

                              (c) 

 

Figure-3.17: Radiation pattern (Realized Gain) at (a) 23.87GHz (b) 28.63 GHz (c) 33.36 GHz 
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From figure 3.15 we can see that there are basically two stubs along the width of the 

antenna at the far end. We kept one stationary and moved the second one to control the 

impedance and thereby controlling the return loss. From the return loss(S11) response we can see 

that there are three distinct resonances at 23.8GHz, 28.635 GHz, and 33.36GHz. First two 

resonances are at the 5G band with both having -6dB bandwidth (50% transmission) of 344 MHz 

and around 1GHz at 23.8GHz and 28.63 GHz respectively. The third resonance at 33.36GHz 

also has a -6dB bandwidth (50% transmission) of 1GHz . By tuning the antenna further there is a 

real chance to make it a tri band antenna at this point. The far field radiation pattern for mdel-3 

antenna is shown in figure-3.17. We can see from figure 3.17(a) and 3.17(b) that, at frequencies 

23.8 GHz and 28.63 GHz the radiation is along Y axis with two main lobes along the Z axis. For 

33.365 GHz the radiation is along Y axis with same two distinct main lobes. One notable factor 

in this model is the presence of significant sidelobe at the back of the antenna. Even though it is a 

full ground antenna, there is a sidelobe for each of the simulated frequencies. This and the wide 

beamwidth of the antenna will require more spacing between adjacent antenna elements in a 

massive MIMO system to stop coupling between two antennas.  So, we combined the design 

idea of Model-3 and the narrow beam design  idea of Model-2 in a new design we will name 

Model-4. In the next section we will describe the hybrid antenna we came up with, which 

performs better. 
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Model-4:  

In this step of the design process we combined our knowledge from previous cases and 

designed an antenna which is loaded with a U shaped stub and also has skewed arms for surface 

current intensity. We were also bound by the physical fabrication parameters such as gap width, 

minimum width, minimum length etc. So the design is optimized according to the requirements 

of the fabrication company. All the physical dimensions and results for mode-4 antenna are 

shown below in figure 3.18-3.25 . 

 

 

Figure-3.18: Geometry of the Model-4 Antenna 
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Figure-3.19: S11 response of the Model-4 Antenna 

   

(a)                                                                             (b) 
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                             (c) 

Figure-3.20: (a) Surface current density (b) 3D radiation pattern (c) polar plot of the radiation 

pattern at 24.346 GHz 

  

(a)                                                                                 (b) 

 

                              (c) 
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Figure-3.21: (a) Surface current density (b) 3D radiation pattern (c) polar plot of the radiation 

pattern at 26.425 GHz 

 

  

(a)                                                                            (b) 

 

                           (c) 
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Figure-3.22: (a) Surface current density (b) 3D radiation pattern (c) polar plot of the radiation 

pattern at 31.402 GHz 

  

(a)                                                                           (b) 

 

 

                             (c) 
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Figure-3.23: (a) Surface current density (b) 3D radiation pattern (c) polar plot of the radiation 

pattern at 39.508 GHz 

 

Figure-3.24: Radiation efficiency of the Model-4 antenna 

 

The antenna geometry is shown in figure 3.18 . As we can see from the geometry, all 

arms of the antenna along the feed line are curved at the center to intensify the surface current at 

those points. The U stub is also added at the far end of the antenna. With the smooth edge of the 

antenna the radiation edge becomes narrow and thereby radiation loss is decreased [54]. The 

radius of outer ring curves are 0.1mm and radius of inner ring curves are 0.15mm. The notch at 

the center bar along feedline is 0.15mm X 0.15mm in size. From the S11 response in figure-3.19 

we can see that there are 4 notable resonances in the mm wave band. All four resonances 

occurred at 24.346 GHz,26.425 GHz, 31.402 GHz, 39.508GHz. Along with the resonances, there 

are sizeable bandwidths in the higher 5G band of 39GHz. Bandwidths measured at half power 

point i.e. -6 dB is shown in table 3.3 . We can see that higher 5G band of 39 GHz has a good  
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bandwidth of 1.35GHz and following close by is the 31GHz band with a bandwidth 

1.22.GHz.Though the 31 GHz band is not dedicated for mm wave 5G communication, little 

tuning could take this band to 28 GHz, which is the mm wave 5G band. The other 5G band is 26 

GHz band, which FCC is planning to designated for 5G, has a bandwidth of  476 MHz . Finally, 

the 24 GHz band has a bandwidth of 381 MHz. 

 

Table 3.4 

-6 dB (1/2 power point) Bandwidth at each radiating band 

Frequency range Bandwidth 

24.146 GHz-24.527 GHz 381 MHz 

26.166 GHz- 26.642 GHz 476 MHz 

30.657 GHz – 31.878 GHz 1.22 GHz 

38.848GHz-40.198 GHz 1.35GHz 

 

From the surface current density of the antenna and the corresponding 3D and polar 

radiation plot we can see a consistent pattern with very high directivity and realized gain. 

Radiation pattern at all frequency bands consisting of two directional main lobes propagating 

along +Z direction. At the resonance frequency of 31.402 GHz, the surface current tend to be 

more intense in one half of the antenna compared to the other half. Hence we have a directed 

beam with single lobe at 31.402 GHz. This model also has relatively good realized gains of 5.05 

dB, 4.07 dB, 5.94 dB, and 6.52 dB at resonance frequencies 24.346 GHz, 26.425 GHz, 31.402 

GHz, and 39.508 GHz respectively. This antenna also has an excellent radiation efficiency from  
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80-94%, depending on the frequency. Overall this could be dubbed as a perfect antenna to be 

used in a massive MIMO scheme for mm wave 5G communication. This antenna could be 

suitable for use in conjuction with a 5G chip and a matching network, but at its current 

dimension it is not suitable for testing with a network analyzer. Most of the commercially 

available SMK connectors are almost the same size as the Model-4 antenna. As this is a 

prototype we are proposing here, for the purposes of testing we need to connect it to the VNA. 

Hence, we modified this Model-4 to accommodate testing needs and fabrication requirements. 

This brings us to our final design. 

Final Model:  

The antenna proposed in this stage is the one we have chosen to put to test for a better 5G 

antenna. This is the combination of experience we gained by running numerous simulations on 

the structure. It is basically the Model-4 antenna, but printed on a bigger substrate and with a 

longer feed. These arrangements are made to accomodate the  2.92mm edge launch connector 

(FMCN1494 by Fairview Microwave). The compact size, maximum operating ceiling of 40GHz, 

and reasonable price made it suitable for use in our antenna testing. The antenna geometry and 

all the test results generated from simulation is shown in figures 3.25- 3.30 . 
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Figure-3.25: Geometry of the proposed 5G mm wave antenna 

 

Figure-3.26: S11 response of the proposed Antenna 
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(a)                                                                                 (b) 

 

   

                                   (c) (d) 

Figure-3.27: (a) Surface current density (b) 3D radiation pattern (c) polar plot (phi=90°) (d) polar 

plot (phi=0°)  at 24.84 GHz 

 



57 

 

 

 

 

  

(a)                                                                                (b) 

 

(c)                                                                   (d) 

Figure-3.28: (a) Surface current density (b) 3D radiation pattern (c) polar plot (phi=90°) (d) polar 

plot (phi=0°)  at 28 GHz 
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(a)                                                                                (b) 

 

  

(c)                                                                       (d) 

 

Figure-3.29: (a) Surface current density (b) 3D radiation pattern (c) polar plot (phi=90°) (d) polar 

plot (phi=0°)   at 38 GHz 
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(a)                                                                               (b) 

  

(c)                                                                      (d)              

Figure-3.30: (a) Surface current density (b) 3D radiation pattern (c) polar plot (phi=90°) (d) polar 

plot (phi=0°) at  42.2 GHz 
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                                                                  (a) 

 

                                                           (b) 

Figure-3.31: (a)Radiation Efficiency of the proposed antenna over the frequency of interest (b) 

Max gain over the frequency of interest 
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From the figure 3.25 we can see the antenna geometry and dimensions. This antenna is 

fabricated on a comparatively larger substrate than all the previous designs. The substrate is 12 

mm X 12mm , and it is being enlarged to accommodate the edge launch connector for testing 

purposes.  The microstrip feed in this design is 4.4mm in length, almost a two time jump from 

the Model-4 design. Also noticeable is the enhanced smoothing of the edges to reduce radiating 

edges. The radius of outer ring and inner ring curves are kept same as the Model-4 case. This 

antenna is simulated using a discrete port with 50 ohms impedance. As we will be using a 50 

Ohm edge launch connector for testing purposes, we can consider that 50 Ohm discrete port to 

be lumped element representation of our SMK connector. The S11 response for this particular 

model is shown in figure 3.26.  We can see that there are noticeable resonances at frequencies 

24.838 GHz, 28.035 GHz, 38.021 GHz, and 42.656 GHz. Among all these bands the first three 

resonances are right in the FCC designated 5G band [55]. The finale resonance is in the 42 GHz 

range, which is being considered by FCC for 5G frequency allocation [55]. The bandwidth for 

each of these bands are shown in Table 3.4. Here, we are calculating  -6dB bandwidth from the 

S11 response, as it is the half power point. 

Table 3.5 

-6 dB (1/2 power point) Bandwidth at each radiating band 

Frequency range Bandwidth 

24.767 -25.046 GHz 279 MHz 

27.811 GHz- 28.246 GHz 435 MHz 

37.702 GHz – 38.397 GHz 695 MHz 

42.076 GHz-43.082 GHz 1 GHz 
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We can see from the table 3.3 that this antenna has a fair bandwidth at all of the 5G bands it 

covers. In a microstrip antenna with complicated structure, there is always a trade off between 

frequencies excited and bandwidth covered. In this case, the antenna resonates at 4 mm wave 5G 

bands with suitable bandwidths. We can also see that, this antenna has its greatest mm-wave 5G 

bandwidth at 42 GHz band, which FCC will soon put to spectrum auctioning along with the 26 

GHz band [55]. 

From surface current distributions and far field plots at figure 3.27-3.30, we can see 

persistent sharp beams with two directional radiating lobes. From the figures we can see that all 

the radiation beams are persistent with their surface current distribution. For the 24 GHz case in 

figure 3.27, one can argue that the beam is not positioned along the most intense surface current 

distribution path. The answer here is that, along the Y axis of the antenna, the radiating structure 

is coupled better with the whole structure resonating at once. But along X axis of the antenna 

only half the structure is excited in each cycle. As a result, even though the absolute result is 

showing more surface current intensity along X axis, the structure is excited better along Y axis, 

hence the beams are well positioned along f=90° axis. The beam diversity of this antenna is very 

apparent from the position of beam at each resonance frequency. At 24.838 GHz the beam is 

positioned at f=90°. At 28 GHz it’s positioned diagonally making the phi approximately 45°. At 

38 GHz it’s positioned again along f=90°, and at 42.2 GHz, it’s positioned along f=0°. So, along 

with directivity this antenna also provides some nice beam diversity. One can manipulate the 

direction of beam by clever positioning of many antennas to cover both f=0° and f= 90° axes.  

The compact profile of the beam could also facilitate better isolation while in use in a massive 

MIMO system. The simulated radiation efficiency of this antenna is also in the range of 85%- 
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90% , as shown in the plot of figure- 3.31(a). Along with the high gain it offers in the range of 

4.8 dB- 6.5 dB, which is shown in figure- 3.31(b), this could be a better solution for a 5G system, 

where the signal is prone to absorption and attenuation. The progression of this antenna design is 

shown through the evolution of S11 response in the figure-3.32 below. For perspective, I have 

marked the resonance points of the final design in the figure. We wrap up this chapter here, and 

in next chapter we will go through the measurements from the fabricated prototype and how it 

compares to the simulated results. 

 

 

Figure-3.32 : Comparison of S11 responses of the 5 models presented 
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CHAPTER IV 

 

EXPERIMENTAL RESULT AND CONCLUSION 

 

4.1: Experimental Result 

 

In the previous chapter we’ve described the numerical design and analysis of the new mm 

wave 5G antenna. Since this is a planar Antenna, it is basically a printed circuit board with a full 

ground on the back and special trace geometry on the front. The substrate used for printing is 

Rogers RT Duroid 5880, with a dielectric constant of 2.2 and a loss tangent of 0.0001. The 

fabricated prototype is shown in figure 4.1 . 

   

(a)                                                                         (b) 

Figure-4.1: (a) Front view of the proposed antenna (b) Back View of the proposed antenna 
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For the connector we have chosen lightweight and compact SMK connector FMCN1494. 

In a practical mm wave system, this type of antenna will be fed by a matching network 

originating from an oscillator or IC. So the connector won’t effect the real life performance of 

this antenna. To test the antenna an Agilent E8364B vector network analyzer is used. It has a 

range of 10MHz-50 GHz, and we used it in a single port mode to measure the S11 response of the 

antenna. Since we were lacking a 2.92mm adapter for our 2.92 mm SMK connector, we used an 

adapter for 2.42mm connector which is rated at 27 GHz. This mismatch at the connector input 

gave us a shifted S11 response and increased reflection in frequencies expected to have 

resonances. The result is shown in figure- 4.2. 

 

Figure-4.2:  Plot of Simulated and measured S11 response 
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From the combined plot of simulated and measured responses, we can see that due to the 

consequence of the mismatch, there are major shifts in the resonance frequency response of the 

antenna. The simulated  resonance at 24.92 GHz has shifted to 25.86 GHz with almost same 

level of S11 magnitude but bigger -6dB bandwidth. The resonance at 28.02 GHz shifted to 29.03 

GHz, but lost significant amount of S11 magnitude which is attained by the resonance at 33.73 

GHz. In simulation the lowest S11 magnitude at 33 GHz range was -5 dB, but as a result of the 

mismatch it became resonant during experiment. The resonance at 38.04 GHz shifted 39.49 

GHz, but it is still in the 5G band. The resonance at 42.7GHz shifted to 45.88 Ghz due to 

dimension mismatch of the adapter and connector. But even with the mismatch one thing is 

apparent, this antenna has resonances at frequencies we simulated it for, no matter how little the 

spike at that frequency is. The point here is the spike at and around that frequency. Now, we will 

look at the stand alone experimental result and calculate the -6 dB bandwidth of the antenna. 

 

Figure-4.3: Measured S11 response with marked datapoints 
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Table-4.1 

-6 dB banwidth and frequency band of the antenna 

Frequency Range Bandwidth 

25.06-26.32 1.26 GHz 

33.19-34.17 980 MHz 

39.16-39.88 720 MHz 

45.42-46.45 1.03GHz 

 

We have tested the antenna with an 2.9mm to 2.4mm adapter. The results can be seen in figure-

4.4. 

 

Figure-4.4: Simulated and measured S11 response of the antenna 
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From the measurements we can see that measurement results are almost same as the 2.4 

mm adapter, even though we have used a 2.9mm adapter to connect the antenna to VNA. One 

reason of this shift could be the lack of modelling the connector. As we considered the connector 

as a lumped 50 ohm impedance in CST, the size of the connector may have affected the results. 

As the connector has parts which is connected to ground but placed on the side of the 

transmitting element, their could be some capacitive coupling and an elongation of the ground 

plane also could’ve affected the result. One other thing which could’ve affected the result is the 

substrate. If the substrate has a different dielectric constant than the constant it’s been simulated 

for, the result will surely get affected. I believe with a very compact connector we could get a 

better response from the antenna, as all the resonances can be seen present here. Just not in the 

exact frequency range. 
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4.2: CONCLUSION 

 

In this thesis we have proposed a metamaterial inspired 5G antenna that is resonant at 

four mm wave bands, which are designated for use in mm wave 5G communication by FCC. 

With its very narrow beam it is suitable for a massive MIMO application, where many antennas 

are needed to be placed in a close proximity. By perfect positioning of multiple antennas, beam 

diversity could be created easily, which in turn may reduce the use of beamforming in 5G 

system. High gain of this antenna will also help in reducing the loss in the channel such as 

absorption, attenuation, etc. The simulated radiation efficiency of this antenna is in the range of 

85-90% . If we consider a deviation of 5-10% in practical measurements, this antenna will still 

be a good one with a radiation efficiency of 75-80% in practical environment. The compact size 

of this antenna also makes it suitable for placement in a cellphone or any miniature devices.  
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