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ABSTRACT 

 
With the increasing and endless demand of high speed wireless communication 

systems, the millimeter wave (mm–wave) systems are likely to meet the challenges 

faced by the current 4G scenario in terms of required bandwidth, high gain and 

several other network related issues. Therefore, in order to solve these networks 

related issues researchers from the industry; academia has shown more interest for the 

development of appropriate solutions. Thus, it becomes necessary to introduce such 

low profile and portable devices that can easily handle and support the futuristic mm–

wave networks. So, microstrip patch antennas with wide–band frequency range are 

the most promising candidates to solve the above said issues. As we know that in 

wireless communication system, antenna plays a vital role to convert electrical signals 

into electromagnetic waves and act as transducer at transmitter and receiver side. 

These well designed, optimized and tested antennas can provide wide impedance 

bandwidth with low profile and high stable gain. It is also necessary to reduce overall 

dimensions for RF components, antenna miniaturization therefore become an essential 

task to obtain optimized design for various portable and handheld devices. World 

radio communications (WRC–19) and Federal communication commission (FCC) has 

jointly proposed upper 5G cellular bands for specific applications for different 

countries such as satellite communications, radar services and earth observations 

whose application spectrum falls within the range of 24–42.5GHz. Conventional 

antenna usually operates on narrow band range of frequency but with for the fifth 

generation requirements there is need to such antennas which can support mm-wave 

range and omit the need of multiple antennas in one device. The designed mm-wave 

antennas are helpful for the upcoming 5G communication technology applications and 

therefore can reduce the problems of the current service providing networks. 

So, Microstrip patch antenna is greatly regarded and it is the proved as the best 

candidate for the mm-wave wireless communication applications due to its low 

weight, low profile and cheap in cost as fabricated using PCB technology if the 

suitable substrate material is selected.  

In literature, researchers have used different methodologies, state of art structures, 

diverse techniques have been adopted to develop the prototypes such as array, MIMO, 

Massive MIMO; defected ground structures (DGS) and beam forming to enhance gain 

in mm-wave or to satisfy the mm–wave applications though none of them covers the 

lower 5G band to mm-wave application range.  In microstrip patch antenna, wide 

band mm-wave range can be achieved by modification to the patch structure which 
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act as main radiator by implementing and relying on three different strategies. The 

first one is by designing the feed shape and size to the radiating patch. The second one 

which plays major role in achieving the wide band mm-wave range characteristics is 

the selection of the partial ground plane. The third one is the etching the slots and slits 

of suitable  shapes and sizes on the radiating  patch for different frequencies thereby 

increasing electrical size of the antenna without effecting overall antenna dimensions 

to achieve wideband mm-wave range characteristics.  

Major purpose of this thesis is to design wideband mm-wave microstrip patch antenna 

for futuristic communication systems with wide impedance bandwidth and high stable 

gain using partial ground plane technique. In one of the antenna, the corners of upper 

and lower patch are tapered in different shapes to enhance the impedance bandwidth. 

Further, to achieve mm-wave spectrum, two tilted irregular structures are etched on 

patch at have been proposed at the specific angle. The designed prototype is 

simulated, optimized using electromagnetic solver i.e. High Frequency Structured 

Simulator (HFSS) and fabricated using PCB fabrication technology. The designed 

prototype antenna’s performance is analyzed for return loss (RL) and bandwidth using 

VNA. Proposed antenna shows wideband characteristics for n-260 and n-261 band 

wireless applications. 

Second compact millimeter–wave (mm–wave) microstrip antenna for futuristic 5G 

wireless communication application is designed with wide impedance bandwidth of 

17.33–40GHz and high stable gain. By triangularly clipping the lower corners of the 

radiating patch and embedding 2–AHSS (2- armed H shaped slot) and (Inverted T- 

shaped slot) ITSS of different shapes and sizes, multiple resonances of antenna are 

obtained. A prototype of size 37 × 15 mm
2
 is fabricated and tested to measure 

performance parameters using VNA Bench and established a high-quality accord with 

simulated results. Further, the design is extended for 1 x 4 MIMO array for indoor 

applications with high gain.  

Third compact broadband millimeter wave (mm–wave) antenna is designed with 

(PGP) i.e. partial ground plane on 10 × 10 mm
2
 substrate and patch with 50 Ω 

microstrip line feeding excited by source in XZ– plane. The mm-wave antenna covers 

wide impedance bandwidth and 3 dBi gain bandwidth of 30.77–45.91GHz, peak gain 

of 7.9 dBi and average radiation efficiency of 82.8%. Thus, the proposed antenna is 

well suited for futuristic Ka–band applications. 
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UMTS  Universal Mobile Telecommunications Systems 

UWB  Ultra -wide Band 

VNA  Vector Network Analyzer  

VSWR  Voltage Standing Wave Ratio 

WLAN Wireless Local Area Network 

WPAN  Wireless Personal Network 

Wi-MAX World Wide Interoperability for Microwave Access 

Wi-Fi  Wireless Fidelity 

WRC  World Radio Communication 
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α   Tilted Angle 
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β   Clipping Angle    

   

θ   Angle for Gain and Reflection Co-efficient 

ϕ   Angle for Gain and Reflection Co-efficient 

λ   Wavelength  

λg   Guided Wavelength 

εr   Relative Permittivity 

c   Speed of Light  

fr   Resonating Frequency 

Z0   Characteristic Impedance 
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CHAPTER-1 

INTRODUCTION AND OVERVIEW OF ANTENNA 

 

1.1 INTRODUCTION 

 

With the increase in the usage of wireless communicating devices and the increasing 

demand of data traffic, the fifth generation (5G) technology seems to be the potential 

candidate to satisfy the requirements for high speed and congestion free networks. 

The 5G network and the supporting devices will be the revolution in the 

communication industry. Thus, one of the possible solutions is the millimeter wave 

(mm-wave) and it’s supporting device such as mm-wave antenna. In other words, 

antenna acts as a transducer which converts electrostatic (ES) signal into 

electromagnetic (EM) signal. But to design an antenna for the specific application is 

the most challenging task. So, to design an antenna for the support of 5G networks, 

there are certain perquisites such it should be of smaller size with low tangential 

losses and low cost. With the above said properties, microstrip patch antenna (MSPA) 

is the most suitable choice to meet the above challenges. Microstrip patch antenna 

with suitable size performs in an efficient manner for the specific application and is 

therefore it is tremendously accepted throughout the world. As microstrip patch 

antenna supports mm-wave range and its applications, it will be the revolution for the 

upcoming 5G technology.   

 

1.2 NEED OF mm-WAVE TECHNOLOGY   

 

With the exponential growth of wireless data traffic due to the usage of digital devices 

such as laptops, PDA’s, cell phones and other devices which results a severe network 

issues such as network load, congestion and interference problems. Therefore, to 

solve these kinds of issues, millimeter-wave (mm-wave) technology will work as a 

boon for high-speed data networks. Lots of research is continuing to support the radio 

architecture for mm-wave frequency ranges which varies from 30GHz – 300GHz. 

Therefore, in order to maintain the consistency for high data rate, antennas which can 

support mm-wave are highly required. The other perspective with the communication 

industry is to overcome the spectrum shortage which leads to the mm-wave band 

more prominent. This leads to explore the millimeter wave (mm-wave) frequency 
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range for futuristic 5G communications with high data rate connectivity for cellular, 

satellite, defense, medical, multimedia and many other area applications. 

With these advantages mm-wave range communication system also adhere to 

some disadvantages such as sensitive to blockage and propagation losses suffers as it 

carries high carrier frequency. Therefore, to reduce these kinds of losses high gain 

antenna is the major requirement to support communication devices [1, 2, and 3]. 

 

1.3 APPLICATIONS OF mm-WAVE SPECTRUM IN ANTENNA  

 

 Automotive Radar Applications 

 Satellite Communication 

 5G cellular Communication 

 WPAN/WLAN (IEEE 802.15.3c, 802.11ad/ay) 

 Vehicular Applications 

 Medical Applications (Tissue Diagnosis) 

 Internet of Things (IoT) Applications 

 Massive MIMO Applications 

 Health Care Applications [1] 

 

1.3.1 WRC -19 SUGGESTIONS  

 

International telecommunications union (ITU) world radio conference (WRC-19) 

proposed new cellular bands for fifth generation (5G) at millimeter wave frequency. 

The new 5G bands which were under consideration for various countries despite 

various sharing issues are as follows [2]: 

 

 24.25–27.5 GHz  

 31.8–33.4 GHz 

 37–40.5 GHz 

 40.5– 42.5 GHz 

 

1.3.2 THE COMMUNICATION SPECTRUM 

The spectrum is defined as the RF assigned for communication systems. 

Over the time, guidelines for assigning the spectrum to wireless communication 

systems are modified to have high economic benefits and its efficient use. This 
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also helps to provide affordable spectrum to each person, high data speeds and 

more connectivity. The designated spectrum bands per standards Institute of 

Electrical and Electronics Engineering (IEEE) are given below: 

Table1.1: Radio frequency bands as per IEEE standards 

S No. Band Name Frequency Bands 

1 L 1-2 GHz 

2 S 2-4 GHz 

3 C 4-8 GHz 

4 X 8-12 GHz 

5 Ku 12-18 GHz 

6 K 18-27 GHz 

7 Ka 27-40 GHz 

8 V 40-75 GHz 

9 W 75-110 GHz 

10 G 110-300 GHz 

 

1.3.3 LTE (Long Term Evolution)  

 

With the advancement of fourth and fifth generation, the development of data 

traffic is more prominent than multiple times has been anticipated, thusly in the 

impending years in excess of 10 Exabyte's of traffic development each month is 

expected across cell network. The third generation project partnership (3GPP) had 

started working in long term evolution (LTE) systems with its specific versions. 

Therefore, to obtain high speed interface with the involvement of orthogonal 

frequency division multiple accesses (OFDMA), release-8 includes high speed 

downlink packet access (HSDPA) and high speed packet access (HSPA) techniques. 

LTE in the communication system has been incorporated in favor of the decrease in 

cost per bit, adaptability to utilize novel and accessible bands, outdoors connections, 

and least utilization of power, congestion control and improved inclusion. As a result, 

current LTE devices are hence ready to accomplish high transmission rates of 150 to 

300 Mbps, which have brought forth the usage of Internet of Things (IoT). Thus, LTE 
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in the today’s scenario can be considered as the latest radio interface technology [3]. 

LTE supports band of 1920- 1980 MHz for uplink and 2110-2170 MHz for downlink 

for FDD.  

 

 

Figure 1.1: Example of D2D Communication using LTE  

 
 

1.3.4 LTE-A (Long Term Evolution-Advanced) 

 

With the quick advancement of 4G and beyond 4G advances (B4G), the 5G 

technology yet to gear up by the end of 2021. The innovative procedure shall improve 

the broadcasting capacities interface in addition to empower latest broadened 

applications which will be far contrast from the conventional advanced mobile and 

different appropriate gadgets. Therefore, current communication industry has been 

focusing on trustworthiness with provisions of improved network exposure and other 

prerequisites. Also, to guarantee that LTE-A can topographically oblige the accessible 

range for channel portion over 20 MHz, the prerequisites recommended by the ITU is 

that the transmission rate should be > 1Gbps by the implementation of MIMO and 
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MU-MIMO. Therefore, LTE-A technology is focusing to reduce the problems there 

are being faced by the current 4G network thereby enhancing the network 

performance. Radio interface modeling can be accomplished with the LTE-A 

simulation tool and several other available simulators which must support the 5G 

network for the application level protocols. Numerous wireless performance 

parameters for 5G can thus be evaluated for the protocols with support physical and 

other layers in the diverse environment [3]. LTE-A has frequency band of 3400-3800 

MHz for uplink and same frequency band for downlink communication. Therefore, 

the various releases are issued by the 3GPP with the new features and some of the 

features are as under: 

 Enhances support to Machine to Machine (M2M) communications 

 Evaluation of Small cell enhancements for interference mitigation, radio based 

synchronization for the improvement in spectrum efficiency.  

  Focussed on power efficient, public safety Proximity services (Prose).  

  Interoperability Features (SON’s).  

  Handover performance improvement in Het-Nets. 

 

1.4 MICROSTRIP ANTENNA: AN OVERVIEW  

The initial concept of MSPA was proposed by Deschamps [4] in 1953. In 1970, 

Munson [5] and Howell [6] demonstrated the MSPA in practical form. The 

researcher’s community has shown the deep interest in MSPA over the passage of 

time because of its extraordinary advantages. The MSPA can be effortlessly 

fabricated on low–cost printed circuit board, thus MSPA is also known as printed 

antenna. The MSPA also have advantages as these are light–weight, small size, 

low cost and low–profile which leads to design of numerous MSPA to use in 

multiple applications [7]. Due to these advantages, the MSPA became extremely 

popular for small communication systems like Wireless Fidelity (Wi-Fi), 

Bluetooth, Worldwide Interoperability for Microwave Access (Wi-MAX), digital 

media broadcasting, personal and mobile communications. 
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Figure 1.2: The view of microstrip patch antenna (MSPA) 

 

   Figure 1.3: The basic radiating patch shapes of MSPA 

 

The microstrip antennas are preferred over conventional microwave antennas 

because of its numerous extraordinary advantages for several practical 

applications. The patch antennas are most common type of the microstrip 

antennas that are used at microwave frequencies. The simplest form of MSPA 

comprises of a radiating patch on the dielectric substrate and a ground plane on 

the reverse side of it [8]. The thin copper foil coated with anti-corrosion metal like 

tin, nickel, gold etc. is used for patch and ground plane. The patch of microstrip 
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antenna from which energy is radiated known as radiating patch and it have many 

shapes like circular, dipole, pentagon, cross, L-shaped, square, triangular, 

rectangular, ring sector etc. The most common and preferable type is the 

rectangular shape and the antenna with this shape is known as rectangular 

microstrip antenna as shown in Figure 1.2. The other kinds of shapes for patch of 

microstrip antennas that are used in practical applications are shown in Figure 1.3. 

 

1.5 THE ANTENNA SUBSTRATE 

The substrate is of an insulating material such as Flame-Retardant-4 (FR4) and 

Rogers RT/Duroid 5880. These materials are most common used due to ease of 

availability depending upon the value of relative permittivity (εr), the substrate 

used for microstrip patch antenna is categorized as: 

1. for 1.0 ≤ εr≤ 2.0, substrate must be of honeycomb, polystyrene foam or 

air 

2. for2.0<εr≤4.0substratetypicallymadeupoffiberglassreinforcedTeflon 

3. for εr>4.0 substrate is comprised of glass, marble, mica, gallium arsenide 

To have better efficiency, wide impedance bandwidth and for overall good 

performance of MSPA, a thick substrate with lower dielectric constant is desirable 

[9]. 

 

1.6 FEED TECHNIQUES TO MICROSTRIP ANTENNA 

The diversity of techniques is existed in literature to transfer radio frequency (RF) 

power from source to antenna; these techniques are known as feeding techniques. 

The existing feeding techniques are broadly categorized as non-contacting and 

contacting techniques [10–12]. In the case of non-contacting techniques, the RF 

power is transferred among RP and microstrip line by coupling electromagnetic 

field whereas, in the case of contacting techniques, RF power is directly fed 

through physical contact via microstrip line from source to RP. The MSPA is fed 

with four most popular common feeding techniques: 

 Aperture coupling[9] 
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 Microstrip line[10] 

 Coplanar feed (coaxial probe)[11] 

 Proximity coupling[12] 

Out of these, microstrip line and coaxial probe are contacting feeding techniques 

whereas proximity coupling and aperture coupling are non-contacting techniques. 

Feeding towards the microstrip line is quite uncomplicated implementation 

because it is fabricated while construction of antenna and the extension into array 

is also feasible. 

 

1.7 DESIGNING MODELS 

The various models for designing of MSPA’s [13] are broadly classified as 

 

• Transmission line model [13,14] 

• Full wave analysis model[15] 

• Cavity model[16] 

1.8 CHARACTERISTICS OF MSPA’S 

The dominant requirements of an antenna are to have wide impedance bandwidth, 

high gain, low weight, small size and embedded installation [17]. The MSPA 

offers many essential merits, however basic MSPA and its arrays also have some 

demerits. The merits and demerits of the MSPA are given below: 

1.8.1 MERITS OF MSPA’S 

• The MSPA‘s are of low profile, having the order of thickness not more than 

0.03 λo (where λo is denoted as wavelength in the free space) 

• The MSPA offers both circular as well as linear polarization 

• The MSPA are light weight and very thin antennas, as they are 

constructed by placing perfectly electrical conductor (PEC) on the thin 

substrate. 
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• The MSPA‘s can be easily fabricated on inexpensive materials like FR4 

• The operation in multiple frequency bands are also possible using MSPA’s 

• The active components can also be integrated with in the structure of 

MSPA due to its planar form 

• The manufacturing process of MSPA is also easy as compared to 

conventional antennas 

 

1.8.2 DEMERITS OF MSPA’S 

Despite abundant merits of MSPAs over conventional antennas, the MSPA’s also 

suffer from some demerits as follows: 

• The MSPA have low radiation efficiency 

• Due to surface waves, the higher modes may be excited which in turn 

reduces the antenna gain 

• The MSPA‘s have relatively low power handling capability compared to 

conventional antennas 

• Due to existence of higher horizontal component of surface current, the 

MSPA may have high cross polarization 

• MSPA may have high feed network losses 

The major restrictive factor for MSPAs is that the fractional impedance-

bandwidth is in the range of 1–5 %, therefore the use of MSPA’s for wide range 

of applications are not possible. Thus, the researchers got scope in this field and 

achieved [18] 70 % of fractional impedance bandwidth in the short span of past 

20 years. Along with the improvement of fractional impedance-bandwidth in 

MSPA, there is also need to maintain fractional-gain-bandwidth, peak-gain, 

impedance, omnidirectional radiation patterns, and depth of return loss or through 

power (%). 
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1.9 ANTENNA PARAMETERS  

Antenna performance is analysed on the basis of following parameters: 

1.9.1 Antenna Gain: It may be is defined as the capability of the device to transmit 

and radiate in particular direction as compared to isotropic antenna. Directional 

antenna gives better performance in one direction than isotropic antenna. For 

transmitting antenna, gains are the factor of input energy conversion into radio waves 

in one direction and for receiving antenna gain defines how much radio frequency 

wave are converted into electrical signal. Antenna gain is basically functioning of 

antenna efficiency and directivity. Graphical representation of gain with respect to 

directivity is called radiation characteristics of antenna. Gain in terms of efficiency 

and directivity is given as follows: 

G= ηD                                  (1.1) 

Here, D is directivity and η is efficiency of antenna which is unit less and lies between 

(0 ≤ η ≤ 1), and η=1 for lossless antenna. Practically gain of antenna at all times not 

more than directivity. 

Gain is of two types: 

(a) Power gain (Gp) 

(b) Directive Gain (Gd) 

Power Gain (Gp): It is defined as the ratio of radiation intensity in particular given 

direction to the total average power input power applied across antenna. 

                                   Gp =
      

     
 = 

        

  
                                  (1.2) 

Here, Pt is the total power and Pt = Pr + Pi, Pr is the Radiated power and Pi is the 

ohmic loss in antenna 

Directive Gain (Gd): It is expressed as the ratio of antenna radiation intensity in 

given headed direction to the average antenna radiated power. 

                                        Gd =
      

     
 = 

        

  
                         (1.3)    
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Directive gain is independent of radiated power and antenna losses, so maximum 

value of Gd is directivity of antenna.                

Gp = πGd                                                 (1.4) 

1.9.2 Directivity: Antenna directivity is defined as the measurement of how 

directional any antenna has its radiation pattern. Antenna directivity is defined in 

terms of decibels (dB). Radiation pattern of antenna will be more focused or 

concentrated in one particular direction if antenna directivity is high and will travel 

long distance. Omnidirectional antenna that radiates equally in all directions has 0 dB 

directivity. Directivity is defined in terms of antenna gain and electrical efficiency. It 

is maximum value of its directive gain and is represented by 

                D(θ,ϕ)= 
      

       
                                            (1.5) 

Here, θ and  ϕ are the zenith angle and azimuth angles respectively. Also, Directivity 

is defined in terms of ratio of maximum power density to average value of power 

observed in far field over S-sphere.                             

                              D= P(θ,ϕ)max/P(θ,ϕ)av                                          (1.6) 

Directivity value D lies between 1 and ∞. For isotropic antenna directivity can be 

calculated below: 

                          D= 
  

  
= 

  

  
=1                                                    (1.7) 

1.9.3 Input Impedance: Antenna input impedance is defined as “the impedance 

presented by an antenna at its terminals or the ratio of the voltage to the current at the 

pair of terminals or the ratio of the appropriate components of the electric to magnetic 

fields at a point”. It is defined by following mathematical expression;  

                  Zin  =  Rin  +  jXin                                                           (1.8) 

Where Zin is the antenna input impedance, Rin antenna resistance and antenna 

reactance at the terminals is specified by Xin respectively. 
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How much power is stored in antenna near field, is presented by imaginary part of 

input impedance Xin. Rin in the resistive part of input impedance which consists of 

two components further, Radiation resistance Rr and loss resistance RL. The actual 

power radiated by antenna is the power associated with radiation resistance, and 

power dissipated in terms of heat is the power loss due to dielectric or antenna 

conducting losses.    

1.9.4 Return Loss: It is the function of transmitted power and reflected power in dB. 

It is mostly measured at the input of the coaxial cable connected to the antenna. If Pt 

is the source transmitted power and Pr is the reflected power than ratio of Pr/Pt is 

termed as return loss. Of return loss should be very small to transfer maximum power. 

Return los ism mainly presented in negative and should be as large a negative 

number. Large negative is the value, good will be the return loss. The required value 

to transfer the power of its maximum RL should be as low as probable. It is expressed 

in dB as follows: 

                   𝑅𝐿 (dB) = −20 log10 𝛤                                               (1.9) 

Where | Γ | = is the reflection coefficient 

1.9.5 Radiation Intensity: It may be defined as power radiated from antenna with 

respect to per unit of solid angle U that is independent on that part of the sphere 

surface in both horizontal and vertical planes. Antenna radiation intensity is related to 

beam direction and beam efficiency in that direction. It is used to measure radiation 

from antenna due to its independence on measurement range. Radiation intensity can 

be measured w.r.t isotropic antenna and given as; 

                    Radiation Intensity U=
 

  
                                       (1.10) 

By plotting radiation intensity with different directions radiation pattern can be 

achieved. 

1.9.6 VSWR: This parameter is used to measure how efficiently antenna impedance 

is matched with transmission line to deliver maximum power. To transfer maximum 

power between source and load, impedance of both terminals should be matched. 

Also, when transmission line is not properly terminated, then travelling wave is 
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reflected back completely or partially at the termination end. So, the combination of 

these incident and reflected waves give rise to voltage standing waves along the 

transmission line. This ratio of maximum to minimum amplitude of voltage is called 

VSWR [4] as given in Figure 1.4 below. 

                            VSWR = Vmax/Vmin                                                                    (1.11) 

VSWR is defined in terms of reflection co-efficient that defined how much power is 

reflected back from antenna. 

                            VSWR=
     

     
                                                         (1.12) 

VSWR value lies between 1 to ∞. If VSWR value is small, antenna is matched 

properly with transmission line and more power is delivered and there is no reflection. 

 

Figure 1.4.VSWR measurement along Transmission line 

1.9.7 Bandwidth: It is expressed as “the range of frequencies within which the 

performance of the antenna, with respect to some characteristic, conforms to a 

specified standard.”  It is considered as the range of frequencies on both side of cut of 

frequency where antenna performance parameters like input impedance, radiation 

pattern, polarization and beam-width should be within acceptable value with respect 

to central frequency.  

1.9.8 Radiation Pattern: Antenna radiation pattern or far field describes the 

dependence of radio waves strength from antenna or other sources over angular 

direction [33]. Radiation patterns are graphical representation of antenna distributed 

power radiated from antenna if antenna is transmitting and incoming energy if 
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antenna is receiving as function of direction angles. It can be 3-D or 2-D plot. It has 

three following parameters: 

 Main lobe: It is the major or main lobe which represents the major portion of 

radiated energy over larger area as shown in Figure 1.5. Maximum energy 

exits in this portion only which indicates directivity of antenna also. 

 Side lobe: Antenna power distributed side ward with respect to main lobe is 

called minor or side lobes. Most of antenna power is wasted in this region. 

 Back lobe: Antenna power radiation lobe that is opposite to main lobe known 

as back lobe. Antenna power is also wasted in this lobe as it reflects energy in 

opposite direction. 

 

Figure 1.5: Radiation Pattern of Antenna 

In Antenna, following radiation patterns are used most commonly 

 Omni-directional pattern/non-directional pattern: It resembles figure of 

eight in if observed in two-dimensional view and give doughnut geometry in 

3-D view. 

 Pencil-beam pattern: The beam has a sharp directional pencil shaped 

pattern. 

 Fan-beam pattern: The beam has a fan-shaped pattern. 

1.9.9 Envelope Correlation Co-efficient (ECC): The envelope correlation 

coefficient (ECC) is the vital parameter to characterize MIMO antenna. Basically, this 

is a measure of isolation level among various MIMO antenna ports. The calculation of 
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ECC is based on radiation patterns which show the effect in terms of mutual coupling 

of various antenna elements that are operating simultaneously. Typically, its value 

should be less than 0.5 for good operational characteristics.  

1.9.10 Diversity Gain: Diversity gain is related to the number of transmitters 

receives signals over different channels. It is also related with the signal to noise ratio 

(SNR) and gain enhancement and can be calculated by DG = 10 × √      and for 

good operation of MIMO antenna diversity gain should be ≤ 10  dB. 

1.10 MOTIVATION 

 

With the recent advancements in this technological era there is a need of compact 

and handier devices which can support heavy data traffic for wireless communication 

systems. Therefore, to support this miniaturized mm-wave antenna has played a vital 

role. To reduce the overall dimensions of such systems, antenna optimization are 

therefore also becomes necessary. For wireless communication with high transmission 

data rates, highly efficient miniaturized wide band mm-wave antennas are needed 

with improved performance characteristics. Currently, the wireless devices are 

supporting communication by working on different wireless frequency standards, so 

wideband mm-wave antenna characteristics that have been suggested by international 

Telecommunication Union (ITU) and world Radiocommunication Conference (WRC-

19) are seeking much attention of researchers.  In literature, plethora of techniques are 

available to achieve mm-wave range such as fractal, defected ground structures 

(DGS), multiband, ultra wide band (UWB), Arrays, Multi Input Multi Output 

(MIMO) and several other techniques along with usage of expensive materials.  

These are some of the theories used to achieve such behavior in microwave and 

antenna engineering field component designing. Another partial ground plane (PGP) 

technique offers the achievement of wide band characteristics as suggested by the 

WRC-19. With the partial ground plane wide band characteristics along with multiple 

resonances can be achieved in antenna and it also increase the length of flow of 

electric current without increasing the overall dimensions of device which leads to 

more compact structure. Also tapered feeding technique along with the partial ground 

plane in the slot antenna with different shape and size can increase the  antenna’s 

impedance matching, gain bandwidth and peak gain. Wireless communication 

standards like Wi-Fi, Bluetooth, Zigbee, GSM, GPS, LoRA, IoT, WiMAX, LTE/5G 
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are most adopted standards for wireless application in field of home automation, 

medical, industries etc. for wireless data sharing. So, there is huge demand for single 

fed low profile compact wide band antennas with high and stable gain, wide 

impedance bandwidth, and good radiation efficiency.  

Microstrip patch antennas are generally considered as narrowband devices. Antenna 

dimensions and performance highly depends on the frequency of operation and 

wavelength. So, antenna design parameters like gain, input impedance, radiation 

pattern, surface current distribution etc will face changes due to shift in frequency of 

operation. Antenna dimensions are taken as quarter wavelength as per frequency of 

operation, and these basic design rules are taken care while designing antenna. But 

this is still a serious issue in antenna designing to obtain compact designs with respect 

to frequency. To deal with this problem, partial ground plane geometries can be used 

and further can be extended to array, MIMO designing to meet minimum 

requirements of wireless communication systems. The reason is that to overcome the 

load on lower 5G spectrum mm-wave bands are highly required and extend wide 

impedance bandwidth from 20GHz onwards so as to reach K- and Ka- bands.  

Therefore, the methodology of PGP has been opted to enhance antenna parameters 

like operating impedance bandwidth, peak gain, radiation efficiency, return loss etc. 

PGP with different shapes and sizes can be configured so to divert the current 

distribution which actually changes the reactive characteristics of the circuit likes 

inductance and capacitance. Current distribution along with its component’s direction 

and propagation through ground plane can be controlled by properly with suitable 

slots with the optimized dimensions and shapes which further controls 

electromagnetic wave’s generation and transmission through supporting specific 

substrate material. Also, due to changes in inductive and capacitive properties of 

ground plane, additional frequency bands and resonances can be achieved which 

proves to be very useful in wireless communication devices.  

In this thesis, wide-band microstrip patch antennas of high gain with high 

radiation efficiency are designed with partial ground planes for wireless applications 

like automated radar, satellite communication, health care, Internet of Things (IoT), 

LTE, LTE-A with frequency range of operation from 5 GHz to 40 GHz. Two different 

antenna prototypes are designed and tested on VNA based on partial ground plane 

geometry to obtain wide Impedance bandwidth characteristics. First antenna is 

designed with 3 point semi circular arc on the ground plane with tapered feeding point 
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on the inexpensive FR4 substrate. Wide impedance bandwidth of (5.86 GHz – 40 

GHz) is achieved by exciting multiple resonant frequencies with the higher gain in n-

260 and n-261bands. Second simulated, fabricated and tested antenna design is also 

based on the partial ground plane by using Epoxy FR4 substrate.    The inverted T-

shaped slot along with 3-armed patch covers Ka-band (26.5 - 40 GHz) band 

applications. A compact design of antenna 3 covers high data rate communication 

applications with the achievement of wide impedance bandwidth of 30.86GHz–

46GHz.  Proposed mm- Wave antenna structures are fabricated on in expensive 

material with additional features like wide bandwidth, high gain and high radiation 

efficiency characteristics. Thus, mm-Wave antenna designs found to be useful in the 

futuristic wireless communication applications and standards. 

 

1.11 STATEMENT OF PROBLEM 

 

Based on the literature review, it has been concluded that still a lot of work has to be 

done by academia and industry. So the research gaps which require consideration and 

to be settled for the futuristic communication system in terms of communication 

system support prototype are as follows: 

 Improvement in impedance bandwidth of the antenna is required. 

 Further enhancement of gain for mm-wave antenna is required for futuristic 

communication bands. 

 Miniaturization of antenna is required for futuristic communication bands. 

 Coverage of 5G impedance BW is still needed according to World radio 

communication conference (WRC-19) for the mm-wave antenna. 

 

1.12 SCOPE OF PRESENT WORK 

 

Scope of present work is mainly to Design and Fabrication of mm-Wave Patch 

antenna for 5G futuristic wireless communication applications. Therefore, it is also 

necessary to optimize the antenna parameters like resonant frequency, Voltage 

Standing Wave Ratio (VSWR), Bandwidth, return loss, directivity and gain etc. for 

proposed antenna using HFSS simulation software and following steps are taken to 

design wide-band antenna using partial ground planes. 
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 Study and analysis of the existing Micro-strip antennas design for 5G 

Technology.  

 Design of the wideband Microstrip antennas for futuristic 5G communication 

system.  

 Optimization of parameters of designed antennas in terms of return loss, 

VSWR, gain and radiation efficiency.  

 Fabrication of optimized and designed wide band Microstrip antennas using 

PCB Fabrication Machine.  

 Finally, analysis and comparison of the simulated results with measured 

results of fabricated antennas with the measuring instruments.  

 

1.13 THESIS OUTLINE 

 

This thesis report provides detailed explanation about different types of microstrip 

antennas and methodologies used in literature for the improvement in several antenna 

parameters. Partial ground techniques used to analyze, design, optimize, fabricate and 

test wide-band microstrip antenna for wireless applications and complete process to 

achieve desired goal is divided into following chapters: 

Chapter-1: This chapter provides the detailed explanation about the need of mm-

Wave and its supporting wireless communication system technologies used and need 

of microstrip patch antenna. It also provides the information about the different 

applications based on mm-Wave and recommendations suggested by WRC-19. This 

chapter presents the overview of antenna, antenna performance parameters like Gain, 

Impedance, Bandwidth, Radiation pattern, Return loss etc. It also describes microstrip 

patch antenna structure with different feeding method used and different analysis 

techniques used for microstrip patch antennas. The problem statement, aim and 

motivation of thesis are also explained in this chapter. 

Chapter-2: Presents extensive literature review on microstrip patch antenna used for 

wireless communication techniques. It provides detailed explanation about different 

methods and techniques used by researchers to improve antenna efficiency in terms of 

antenna parameters like gain, bandwidth, return loss, radiation patterns etc. and 

advantages and disadvantages of these methods. This chapter also explains about tools 

needed for antenna designing, simulations and to extract the performance parameters 
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for antenna performance analysis. Testing tools like Vector network analyzer are 

explained in detail in terms of their working principle, types and procedure followed 

for antenna parameter measurements. 

Chapter-3: In this chapter, detailed explanation is presented for the millimeter wave 

(mm-wave) antenna design. It has also been explained with the help of literature 

survey that what the earlier techniques are used for antenna designing with the 

different shapes and sizes such as fractal, defected ground structure geometries etc. As 

several mm-wave antennas are available as per the literature survey, therefore in this 

chapter augmentation in bandwidth and gain has been achieved as the spectrum 

specified by the third generation partnership project (3GPP). Also, microstrip patch 

antenna with partial ground plane technique with clipped edges design methodology 

is elaborated with simulated and measured results comparative analysis.  

Chapter-4: Explains about mm-wave wide band microstrip patch antenna design 

methodology and parametric study. Antenna performance has been analyzed in terms 

of return loss, gain, bandwidth and VSWR to investigate antenna proposed structures 

possibility for wireless applications. Simulated results for proposed prototype are 

verified and validated by testing and measurement. 

Chapter -5: In this chapter, a compact mm-wave microstrip antenna design is 

analyzed with effective radiation efficiency.  

Chapter-6: In this chapter, explanation is given about conclusions drawn from this 

research work and suggestions are intended for upcoming investigations. 

Appendix: It accomplishes the different methodologies and procedures followed for 

the design of antenna from simulation to fabrication using Printed Circuit Board 

technology and setup used for the measurement of the different antenna parameters 

such as return loss, VSWR with the vector network analyzer (VNA).  

 

1.14 SUMMARY 

 

This section initiates by means of impression of wireless communication technology 

and different wireless technologies used with different frequency bands and 

bandwidth needed for efficient communication. Subsequently, it informs about need 

of microstrip patch antenna in wireless applications and it is realized that how concept 

of partial ground structures comes into picture for microstrip antenna performance 

and efficiency improvement. This chapter also explains the basics of microstrip patch 
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antenna, structure, characteristics, merits and demerits. Further the fundamentals of 

Antenna and Transmission line theory along with its performance parameters with 

mathematical expression are also discussed. Also, different types of feeding methods 

used to improve gain and bandwidth of patch antenna with different analysis methods 

used in Antenna simulation electromagnetic solver software’s like HFSS, CST. To 

sum up, this chapter laid emphasis on microstrip patch antennas. Brief discussion has 

been done in the succeeding chapters. These chapters give the outline of research 

work. 
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CHAPTER -2 

STATE OF ART WITH ANTENNA DESIGN METHODOLGY 

AND SIMULATION TOOLS 

2.1 INTRODUCTION  

The recent and important developments in wireless communication systems, 

emerges out the need of efficient antenna, to transmit and receive signal 

wirelessly. The prime reasons for the rapid growth of wireless systems include 

easy to use, flexible and moreover it is cheaper compared to its wired counterpart. 

The miniaturization of wireless system technology results in the invention of 

novel devices such as cell-phone and Bluetooth etc. and the development of new 

network technologies such as Worldwide Interoperability for Microwave Access 

(Wi-MAX), Wireless Fidelity (WiFi) based on wireless local area (WLAN) 

networks. For these high-end applications, the multi-frequency and multimode 

antennas are required and in recent years, the demand of these antennas also 

increases several times. The prime requirements of such antennas are small size, 

wide impedance bandwidth, multi-purpose and high gain. The important factors 

of an antenna affecting the performance of wireless communication system are 

radiation patterns, polarization, peak-gain, and impedance-bandwidth and 

mismatch loss. To meet these requirements and improving the performance of 

antenna with many important factors, the various type of antennas exist in 

literature are wired, aperture, array, reflector and lens antenna [14]. Although, 

these are highly efficient antennas however they are large and not compatible with 

the compact communication devices. Due to compact in size, low cost, ease of 

fabrication and low profile, the microstrip antenna may be considered the best 

solution. Henceforth, a lot of research has been done to develop and modify the 

microstrip antennas. 

 

2.2 LITERATURE REVIEW 

The very first micro-strip antenna is proposed by Deschamps [4] and later 

demonstrated by Munson [5]and Howell [6].Over the last decade, the numbers of 

microstrip antennas [19–22] were developed. These antennas were manufactured 

using a low-cost substrate of material called Frame Redundant (FR4) and patch 

and ground planes are made up of copper film. Since the microstrip antennas were 

planner structures and thus also known as printed antennas. In these printed 
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antennas many active components such as varactor diodes or pins, [16, 23, 24] 

were added as load to the patch to make the designed antenna more versatile. 

 

2.2.1 Shapes of antenna structures 

In the past few years, researchers had designed various microstrip antennas that 

have different shapes or structure. These were categorized as Spiral slot antenna 

[25], Vivaldi antennas[26], circular disc [27], elliptical [28],Spherical annular 

[29],  stack patch [30],  crescent-shaped [31],V-shaped [32],  rectangular [33], 

triangular [34], half elliptical [35], hexagonal [36], fractals antenna [37], etc. 

2.2.2 Bandwidth Enhancement 

One of the main advantages of microstrip antenna is that they have compact size, 

due to which it can be efficiently installed in real time environment without using 

much space. The other advantages include ease of fabrication, low cost, low 

profile etc. Despite of many advantages, microstrip antennas have prime 

disadvantage of narrow impedance bandwidth [14]. At very beginning, addition to 

narrow impedance bandwidth, the major disadvantages of microstrip antenna 

designed were low power handing capability, high quality factor (Q) and low 

radiation efficiency. Therefore, these narrow band microstrip antennas can be 

used only for limited number of applications. Therefore, to improve the 

bandwidth and efficiency, the researchers had increased the height of the substrate 

[38] as one of the solution. With the use of thicker substrate, the undesired surface 

waves were introduced which results in low power generation of space waves. 

The new techniques were introduced to suppress the surface wave such as by 

using cavities [39], and stacking [40]. Though these methods bandwidth of 

antenna is enhanced and surface waves were eliminated.  

2.2.3Fractal structures of patch antenna 

The fractal structures are the one of efficient designing techniques adopted to 

boost the bandwidth of microstrip antenna. Therefore, in last decade, a strong 

interest has been generated on fractal structures of antenna to optimize the 

performance. The fractals are self-similar structure having same shape and 

different scaling factor. The various types of fractal antennas such as Sierpinski 
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carpet [41], Sierpinski gasket [42], Minkowski fractal [43], Koch fractals [44], 

Hilbert curve [45], Cantor set fractal structure [46], Vicsek shape fractals [47] has 

been introduced in the past years. 

2.2.4 Multi-band antennas 

Several compact size multiband antennas were reported in the past literature. 

Afrough et al. [48] designed a compact size of 17 × 20 mm
2 

dual band antenna 

with the use of multi-layered substrate composed of FR4 and air/foam with an 

antipodal parasitic element. The presented antenna exhibited the good radiation 

patterns with 2.39–2.5 GHz and 5.1–6.05 GHz with 10 dB return loss bandwidth. 

Anguera et al. [49] presented a triple band microstrip Sierpinski fractal antenna 

with a broadside radiations patterns. The method of movement coding was 

adopted to design the antenna and it provides high efficiency. Chang et al. [50] 

proposed dual band circular fractal slot antenna with CPW feeding based upon the 

synthesis configuration and design map. The authors have presented first dual 

band half wavelength design which provides fractional impedance bandwidth of 

47.4 % and 13.5 % and peak-gain of 3.58 dBi and 7.28 dBi. The second presented 

dual band design is of quarter wavelength which provides fractional impedance 

bandwidth of 75.9 % and 16.1 % and peak-gain of 3.58 dBi and 7.28 dBi. The 

omni-directional radiation patterns were also figure out by applying the Contour 

distribution patterns. Moreover, the EM characteristics were also verified by 

depicting the simulated current distributions. Hu et al. [51] presented a 

miniaturized tri-band antenna realized by introducing L-shaped slot edge and E-

shaped coupled edge resonators at edges of the monopole to field independent 

resonant frequencies. Further to reduce the size of designed antenna a symmetric 

co-planar strip feeding method  is  employed  to  feed  monopole  antenna. The 

presented antenna is suitable for WLAN and Wi-MAX applications. Hung 

et.al.[52] Proposed a dual band reconfigurable slot antenna on a folded slot loads 

deployed with inductors and capacitors, which results in affected the phase of 

edged currents. Kumar et al. [53] has designed a multi-band hybrid fractal 

antenna with combination of Koch curved at idention angle of 60
0

and Minkowski 

curve at idention angle of 90
0

. The author has claimed the designed antenna has 

exhibited seven multi-bands with the value of 10 dB return loss i.e. GPS, ISM, 
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WLAN, mobile satellite, four bands for navigation. The presented hybrid fractal 

antenna is compact in size of 28 × 15 mm
2
 return loss for two fractal iterations 

were presented and compared. The maximum gain of designed antenna was 4.16 

dBi. Li et al. [54], have designed a triple band microstrip antenna by using a 

toothbrush-shaped patch (TSP), inverted U-shaped patch (IUSP) and a meandered 

line (ML) for WLAN and Wi-MAX, however the antennas presented are designed 

only for certain frequency instances that too for specific applications. Song et al. 

[55] proposed a multiband perturbed fractal Sierpinski gasket antenna in which 

two methods of switching of impedance with port were discussed. An expected 

ratio of 0.5 is improved by using microstrip feed technique from the value of 0.35 

as used in conventional feeding. Another outcome of designed antenna is that the 

antenna is not a frequency independent design. Tsachtsiris et al. [56] presented a 

dual band (2.4 GHz and 5.2 GHz bands) Sierpinski Gasket antenna printed on the 

surface of the dielectric lamination which is extended beyond the circuit of the 

device. The author claimed that without need of the matching network antenna 

possessed high efficiency, Medical and Industrial scientific bands even retaining 

small size of the printed antenna. 

 

2.2.5 Wideband and UWB antennas 

Instead of narrow band or multi-band antennas, a wide-band and ultra wide band 

are likely to be suitable by extending bandwidth of multiband and narrowband 

antennas, which is potential candidate to successful cognitive wireless task in 

these days. In current satellite, portable and remote correspondence frameworks, 

the correspondence inside S-band and UWB is considered significant on the 

grounds that utilizing a little omnidirectional radio wire of the size of only couple 

of centimeters can viably get/emanate the sign. The microstrip patch antennas are 

amazingly main-stream for S-band and UWB communication due to minimal 

expense, low profile, reduced estimate and can undoubtedly be imprinted on 

circuit board 

2.2.6 L-band 

The different shapes for L band include quasi yagi, slot and micro strip patch 

antenna [57–60]. The antennas in these bands were optimized to improve the 
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bandwidth, directivity. Different shapes for the patch antennas have been 

discussed for the improvement in bandwidth [61]. 

Antennas were also designed which can operate in the multiple bands also. 

Obviously, there applications range and frequency will be wider than other 

antennas which were designed to operate in the single band. These antennas 

namely PIFA (Planar inverted F antennas), low power active antenna, quadruple 

inverted which is totally based on the patching technique. The objective is to 

make the size more compact which is suitable for the applications in wireless 

communications [62–64]. 

Interference in the wireless communication system is the major problem but it can 

be overcome by using circular polarized antenna. It may be single path or 

multipath. As wireless communication devices are operating on the multiple 

frequencies so interference is the major problem during communication. The base 

for the antennas which are to be designed is the patch. CPA provides the diversity 

and reduces transmission losses due to the misalignment between the terminals 

[65]. 

 

2.2.7 S-band 

In recent literature, many authors have presented several compact size antennas 

for S-band applications. Cai et al. [66] designed a reconfigurable polarized 

omnidirectional antenna, which is designed by inserting PIN diode on the slots. 

The diode is controlled by using a single diode; if only positive (negative) polarity 

is applied left (right) handed circular polarization (L/RHCP) is obtained with wide 

impedance bandwidth of 19.8 % in frequency band of 2.09–2.55 GHz. Khanna 

etal.[67]has designed a gap coupled antenna with efficiency of 97.56 %, 

impedance bandwidth 1.68–4.16 GHz and gain 3.31 dBi for S-band applications. 

Li et al. [68],have designed a double layered structure compact polarization 

microstrip antenna in S-band to achieve left and right hand circular polarization 

with impedance bandwidth of 24 % i.e. S11less than -15 dB. Nascetti et al. [69] 

designed a novel circularly polarized patch antenna for earth-observing Cubesat 

in S-band. The proposed antenna yields impedance bandwidth 1.7–3.2GHz, gain 

of 7.3 dBi, directivity of 8.3 dBi and 60
0 3dB beam-width. Nikfalazar et al. [70] 

designed a beam steered phased antenna array (PAA) in which fully printed 
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components are made with loaded line phase shifter that are both compact and 

PAA adaptable. The disadvantage of the presented antenna is that due to 

resonance of the virtual ground radial stub, therefore the operation bandwidth is 

limited to 2.4–3.3GHz. 25 has designed a dual wide band printed monopole 

antenna, in which the impedance bandwidth has been increased with the use of 

trapezoid conductor-backed plane to cover the bands 2.5/3.5/5.5 GHz for Wi-

MAX and 2.4/5.2/5.8 GHz for WLAN. Qu et al. [71],have designed a cavity–

backed folded triangular bowtie antenna for S-band to achieve impedance 

bandwidth of 92.2 % for reflection co-efficient less than 2. The designed antenna 

shows the larger bandwidth, stable radiation patterns and less fluctuations of input 

impedance as compared to cavity-backed ordinary TBA. Wang et al. [72] 

designed a wideband monopole antenna for the height of non-ground portion of 8 

mm which results in lumped high pass matching filter for octa-band 

WWLAN/LTE mobile phones. Zhang et al. [73] designed a wide-band patch 

antenna array having dual polarization that achieves through I-shaped strip line 

and balun feeding with parallel strip line to replace180
0 phase shifter which in 

turn provides good isolation for wide band of frequencies and small phase error 

within working band of 1.88–2.99GHz (41.7 %). Zhao et al. [74], used dual band 

antenna fed with a substrate integrated meandering (SIM) probe, which is 

designed to achieve low cross-polarization in S-band. 

2.2.8 Ultra Wide-Band 

Authors of [54]  suggested a twin layer based Electromagnetic band hole (EBG) 

configuration array that joins straight directing radiating area along with gaps 

synchronized with its reverse side. Suggested configuration demonstrates with the 

purpose of detachment along with the multiple antennas which is can be enhanced 

by putting cuts on its reverse side. Federal Communication Committee (FCC) 

[75] has assigned a license free UWB band that has bandwidth of 3.1–10.6GHz, 

which increases the numerous free applications in this range. Hence, the 

designing of antennas in UWB band is an important area of research. The 

microstrip based UWB antennas [76] have turned to be the first choice of 

researchers because of special properties [77]such as portability, printability and 

low cost etc. However, these antennas have narrow impedance bandwidth and 
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gain bandwidth. In recent literature, many authors have presented techniques to 

enhance the impedance bandwidth. Chitra, et al. [78] offered a twin L- shaped 

slot printed radiating array for Wi-MAX and WLAN bands. The authors claimed 

that by using two dissimilar slits, high-quality matching of impedance along with 

bandwidth can be achieved however there is VSWR ≥ 2 at certain frequencies.  

Rectangular stepped slot antenna with bore sight radiation pattern design for ultra 

wide band. The researchers have achieved several parameters through which the 

performance can be analyzed from this antenna. Though, it depicts that the size of 

the prototype is 57×32mm
2
, which is overall measured as vast size. Srivastava et 

al. [79] projected a compact (MIMO) antenna for impedance bandwidth of 3.1–

12GHz for communication applications. The designed device provides 

remoteness with no decoupling network, envelope correction coefficient (ECC) 

and channel capacity loss (CCL). The author’s claimed that the calculated peak 

gain of the prototype is constant and is esteemed approximately 4dBi. 

 

2.2.9 5G bands 

However, to cover upcoming 5G services such as massive Ultra–reliable and Low 

Latency Communication, Machine Type Communication and enhanced Mobile 

Broadband, [80] the more bandwidth is needed. In the World Radio 

communication Conference-15 (WRC-15) there is proposal many spectrums for 

5G applications, one of them is allocated for mobile and IMT identification 

(31.8–33.4 GHz) [80, 81]. In recent years, various techniques have been testified 

in literature to broaden the impedance bandwidth to cover 5G applications. 

Abdel-Wahab et al. [82] presented an aperture-coupled V-shaped (60GHz-band) 

patch antenna to enhance the radiation efficiency above 98 % by using substrate 

integrated waveguide (SIW) technology. The authors have claimed that the 

presented antenna covers unlicensed 57.66 GHz band with peak-gain of 6.8 dBi. 

Chin et al. [83] proposed a 60GHz wideband antenna array fabricated with a low 

temperature multi layered co-fired ceramic substrate. The backed substrate-

integrated waveguide (SIW) cavity was used to enhance the front radiations. 

Further, the authors applied a parasitic patch to improve both bandwidth and gain 

of presented antenna. The author also claimed that four elements of antenna array 
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provide gain of 9 dBi in the frequency band of 57–64 GHz. Deng et al. [81] 

enhances the fractional-bandwidth from 69.1 % (2.53–5.2GHz) to 164 % (2.4–

24.3GHz) of a monopole antenna for mobile communication. The author 

restructures the antenna as M-shaped notched rectangular RP at bottom, a T-

shaped GP in the notch and exponential tapered GP out of notch. Emadian et al. 

[76] presented a rectangular slot antenna with dual notches for super ultra 

wideband of 159.38 % (2.6–23GHz). The designed antenna had been improved 

by bevelled corners of RP and with the etching semi-circular slots at current 

irregularities in the GP, which results in improvement in the impedance 

bandwidth. Haraz et al. [85] proposed a broadband elliptical slot ring dual band 

antenna for 5G cellular communication systems. The presented antenna design 

covered frequency band of 20–40 GHz and peak gain of 4dBi and 5dBi for 28 and 

38band of applications. Linetal.[86] Broadened the impedance-bandwidth by 

193.59 % (0.57–35 GHz) of a strip fed tapered slot antenna by using irregular 

slot-line cavity.  Mak et al. [87] presented a miniaturized 5G mobile phone 

antenna which is 44.8 % smaller in size as compared to half wavelength 

conventional patch antenna. The authors claimed that the antenna provides 

bandwidth of 10 % and 3dB axial-ratio in band of 3.05 %. The half beam-width 

was also enhanced to 1240 by supported metallic block and by surrounded the 

dielectric substrate to the radiating patch. Parketal. 

[88]Proposedanovel5Gantennawhichproducedradiationon an inclined direction by 

combining a waveguide aperture and multiple microstrip patch. The author 

claimed that the fractional impedance bandwidth of 5.4 % in frequency band of 

27.2–28.7 GHz and gain of peak gain of 7.41 dBi, however, the beam is widely 

spread across azimuthal plane. Yang et al. [89] proposed a compact antenna array 

for 60 GHz band. The differential feeding technique with the use of parallel series 

feeding network was employed to boost simultaneously bandwidth and gain. The 

authors claimed that the designed antenna array provided peak gain of 15.6 dBi 

and impedance-bandwidth in frequency band of 55–68 GHz. Moreover, many 

printed antennas [90–92] have been testified for various 5G bands as proposed in 

WRC-15 [80, 81]. Huang et al.[93] designed dual pole vector synthetic dipole 
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antenna which can work upto 3.3 – 3.6 GHz 5G band based on MIMO technique. 

The authors claimed that high isolation of >25 dB, low cross polarization of < -

24.5 dB and high front to back ratio can be achieved with small electrical size. 

The antenna was further extended to a 4x4 array by assigning weighting factor 

and phase for each element. Saif et al. [94] proposed the F shaped patch antenna 

for lower 5G band. The authors claimed that the antenna can cover 2GHz – 

12GHz all lower 5G bands. The designed antenna provided the reflection 

coefficients of -35dB and -32.5dB at 5.2 GHz and 9.2GHz respectively with 

overall return loss under-10dB.  Jaiswal et al. [95] designed the microstrip patch 

antenna for 60 GHz. The designed antenna with recessed ground plane enhanced 

the bandwidth of 9.47%. Khaleghi et al. [96] designed the microstrip patch 

antenna for Ku band applications. The authors introduced epsilon near zero 

(ENZ) impedance matching circuit for 50Ω, 100Ω and 150Ω which enhanced the 

bandwidth of 8 – 15%.  

2.3 STATE OF ART SUMMARY 

The following summarized table provides comparison of the information of the 

basic antenna parameters such as Impedance Bandwidth and Gain of the previous 

literature review:   

 

Table 2.1: Summary of the literature review 

 

S.N

o 

# Impedance BW (GHz) Gain (dBi) 

Multiband Antennas 

1  [48]  2.39–2.5 GHz and 5.1–6.05 4.5 dB 

2  [49]   1 – 3 GHz -- 

3  [50]   0-8 GHz 3.58 dBi and 7.28 dBi 

4  [51]  2.37 – 5.96 GHz 1.98 dBi 

5 [52]  0.5 -4.5 GHz 2.9 dBi 

6  [53]  1.2 – 9.6 GHz 4dB 

7  [54]  2.4/3.5/5.2/5.5/5.8 GHz 3.0 dBi 

8  [55]  0- 10 GHz 5.83 dBi 

9  [56]  2.4 / 5.33/ 10.2 GHz --- 

 

 



30 

 

WIDEBAND AND UWB ANTENNAS 

10  [57] 1.2 – 2 GHz 4.5 dBi 

11 [58] 1 – 2 GHz 8 dBi 

12 [59] 1.3- 1.7 GHz 14 dBi 

13 [60] 1.884 GHz 5.7 dBi 

14  [61] 1.56- 2.12 GHz 9.86 dBi 

15  [62] 2.4–2.63 GHz and 5.04–6.04 GHz --- 

16 [63] VHF (174–216 MHz), UHF (470–806 

MHz), and L-band (1450–1492 MHz). 

 3–4 dB  

17 [64] 1.1 – 1.7 GHz 2 dBic 

18  [65] 1.8 – 2.4 GHz 4 dBi 

14  [66]  2.09–2.55 GHz. 2.5 dB 

15  [67]  1.68–4.16 3.31 dBi 

16  [68]  2.33 —2.97 GHz --- 

17  [69]  1.7–3.2GHz 7.3 dBi 

18  [70]  2.4–3.3GHz  12.5 dB 

19  [71]  1.86 - 5.04 GHz 9.5 dBi 

20  [72]  (0.69–0.98 GHz) and (1.63–2.74 GHz) 5.6 dBi 

21  [73]  1.88–2.99GHz. 9.4 dBi 

22  [74] 2.34–2.57 GHz and 3.5–3.83 GHz 5.8 dBi and 6.8 dBi 
 

ULTRA WIDE  AND 5G BANDS 
 

24 [76]  2.6 -23 GHz 5 dBi 

25 [78] 2 – 6 GHz 8 dBi 

26 [79] 3.1 - 12 GHz 4 dBi 

27 [82] 57 – 66 GHz 6.8 dB 

28 [83]  57 – 64 GHz 9 dBi 

29  [84]  2.4–24.3GHz 4.4 dBi 

30 [85]  20–40 GHz 4 dBi and 5 dBi for 

28 band  and 38 band 

31 [86]  0.57–35 GHz --- 

32  [87]  3.6 – 4 GHz 5.5 dBi 

33  [88]  27.2–28.7 GHz 7.41 dBi 

34  [89]   55–68 GHz 15.6 dBi 

35 [90] 2 – 18 GHz --- 

36 [91] 5.07 - 5.95 GHz 9 dBi 

37 [92] 26.5–38.2 GHz 5.8 dBi 

38  [93] 3.3 – 3.6 GHz 8 dBi 

39  [94]  2 – 12 GHz 4.5 dBi 

40  . [95]  58.2 - 65 GHz 6.9 dBi 

41  [96] 12 – 16 GHz 6.7 dBi 
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dB: dB(decibel) as a standalone unit represents a level (e.g. loss or gain)  

dBi: dBi is antenna gain w.r.t. the isotropic antenna. 

dBic: dBiC is decibel above the gain of a isotropic antenna as a reference where the 

isotropic antenna has the same circular polarization as the antenna of which the gain is 

expressed. From the above table, it can be concluded that the single miniaturized 

antenna for the mm-wave band is required which provide enormous impedance 

bandwidth along with high stable gain.  

2.4 ANTENNA DESIGN METHODOLOGY 

Designing antenna is an exceptional and iterative process that involves optimized 

multiple steps to attain final design that consist of diverse steps like design of antenna 

in the specific software with the help of simulations followed by the fabrication and 

testing process. This chapter discusses the methodology involved and kind of tools 

usage for the mm-wave antenna design, analysis, and fabrication and testing of 

proposed antenna. 

For the design of simple antenna like dipole, methodology which adopted is quite 

simple and antenna’s current distribution for the specific structure can be easily 

calculated and measured with realistic accuracy due to which it is easy for designer to 

calculate antenna performance parameters like Gain, Bandwidth, VSWR and radiation 

patterns etc. But for complex and mm – wave based high frequency antenna 

structures, the current densities are difficult to analyze, so simulation tools which can 

support at very high frequency are required to analyze antenna performance. 

Commercially, various electromagnetic solver antenna design tools are available to 

analyze the performance. Mainly, techniques used are Finite Difference Time Domain 

(FDTD), Method of Moments (MoM), and finite element method (FEM). The basic 

difference of these techniques is discussed as below: 

The Method of Moment (MoM) operation is performed on the basis of linear partial 

differential equations (PDEs), which are formulated as integral equations (IEs). This 

technique solves for surface currents which are further helpful to analyse radiation 

patterns.  
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Finite difference time domain (FDTD) uses full-wave solving technique partial-

differential versions of Maxwell’s equations. This differential time-domain method 

solves for the electric field and then the magnetic field. 

The Finite Element Method (FEM) uses adaptive meshing, numerical solving by 

subdividing a large system into smaller, simpler parts that are called finite element. 

Finally, it recombines all sets of component equations into a overall system of 

equations for the concluding computation. 

2.5 SIMULATION TOOL USED 
 

2.5.1 HFSS (HIGH FREQUENCY STRUCTURED SIMULATOR) 

 
HFSS is an elite full-wave electromagnetic (EM) solver field test system for a self-

assertive 3D volumetric latent gadget displaying that exploits the natural Microsoft 

Windows GUI (Graphical User Interface). The electromagnetic solver integrates 

simulation process by doing calculations at the back end and visualization of 

simulation process at the front end in an easy learning environment and EM solutions 

can accurately be obtained. The ANSYS HFSS 15.0 is used for scheming and 

recreating high recurrence electronic designs like antennas, RF and microwave 

segments filters, connectors and printed circuits boards to use in communication 

systems, Satellites, Radar systems, Internet of things (IoT) and other digital devices. It 

contains versatile solvers and GUI (Graphical User Interface). 

 Apart from the design of antenna systems HFSS gives a influential and whole 

Multiphysics investigation of electronics components through interaction with Ansys 

thermal, structural and fluid dynamics tools to ensure their thermal and structural 

reliability. It is the Electromagnetic tool used for research and development and 

virtual prototype designing. It is standard tool used for 3D modelling for high 

frequency design. Professor Zoltan Cendes developed it initially developed with his 

students at Carnegie Mellon University in year 1990. This tool consists of 

combination of simulation, visualization, automation and solid modelling. This 

software uses Finite Element Method (FEM), excellent graphics and meshing to 

provide good performance. Users have the flexibility to choose the solver as per their 

design requirements. High Frequency Structure Simulator (HFSS) is a 3D 

electromagnetic field solver simulation tool used to design a extensive range of high 

frequency antennas, filters, and IC packages. 

https://en.wikipedia.org/wiki/Carnegie_Mellon_University
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Electromagnetic solvers are based on finite elements and other IE methods supported 

by high performance technology that enables to perform quick and truthful design of 

high-frequency and electronic components. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Ansys HFSS simulation procedure for Antenna designing 

2.5.1.1 Structure Designing Process 

 

The flow chart in Figure 2.1 illustrates the step by step process to prepare antenna 

design and analyse its performance using HFSS tool. Initially by selecting the 

modeler type designer can design the geometric model. Afterword’s, proper dielectric 

material is assigned to designed antenna structure like FR4 Epoxy, Rogers RT Duroid 

5880 with desired thickness and dielectric constant. In the next steps, source (port line 

lumped and wave port) assigning and boundary conditions are provided like perfect E 

to patch, ground and Radiations to Radiation box.  

In HFSS simulator, after defining the boundary condition to all sheets and solids, a 

port either wave or lump is required to excite antenna structure. After structure 

modelling and validation check, the structure solution is setup. After that solution 

Open the design and select the model type 

Assign suitable material and draw the antenna parametric 

design  

Assign the boundary and excitations to the antenna 

Add solution frequency in Analysis set up 

Are all 

parameters 

valid? 

Run the Simulation  

Calculate results and analyze the performance 

Yes 

No 
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frequency is assigned and frequency sweep is added to generate the solution 

frequency across the desired frequency range. Far field setup is added to calculate far 

field parameters like antenna gain and radiation patterns. After analysing the design, 

antenna performance parameters can be calculated in terms of S11, VSWR, Gain, 2D-

3D Radiation patterns and Directivity etc. in graphical, table or smith chart form.  

2.5.1.2 Antenna Design steps:  

1. Create the ground plane 

2. Create the substrate and assign dimensions after calculating with mathematical 

expressions 

3. Assign dielectric material  

4. Create the patch and assign dimensions 

5. Create feed line with proper dimensions 

6. Unite the structure i.e. Patch with feed-line 

7. Assign perfect E boundary conditions to patch, ground plane 

8. Assign port (Lumped or Wave) to antenna structure to couple electromagnetic 

energy 

9. Create radiation box and assign Radiation boundary to radiation box. 

 

2.5.1.3 Simulation and Analysis of Antenna  

 To analyse the different parameters of designed antenna, the analysis setup is 

created first and desired solution frequency is assigned.  

 Go to HFSS design-Analysis-Right Click-Add Solution Setup-Assign 

Solution frequency-provide maximum number of passes 

 After assigning the solution frequency, the next step is to add the frequency 

sweep which is used to generate the solution frequency across the frequency 

ranges.  

 

 Go to HFSS design-Analysis-Right Click on Setup-Add frequency Sweep-

Select Sweep Type (Discrete)-Assign Start and stop frequency with 

desired step size 

 

 After that far field radiation setup is used to analyse the gain and radiation pattern 

of designed antenna.  
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 Go to HFSS design-Radiation-Right Click on Radiation-Insert far field 

setup-Infinite Sphere-Enter start and stop values for Phi and Theta in 

degrees. 

Execute analysis setup and compute results in terms of antenna 

parameters as follows: 

 

S11 / Reflection Co-efficient parameters:  

Go to HFSS Design-Results-Right Click-Create Modal Solution Data Report-

Rectangular Report-Select S11 parameters in dB 

 

VSWR: 

Go to HFSS Design-Results-Right Click-Create Modal Solution Data Report-

Rectangular Report-Select VSWR parameters in dB 

 

Gain: 

Go to HFSS Design-Results-Right Click-Create Far field report-Rectangular 

Report-Gain-Gain Total (dB) 

 

Radiation Efficiency: 

Go to HFSS Design-Results-Right Click-Create Far field report-Rectangular 

Report-Antenna Parameters-Radiation Efficiency 

 

2.5.2 VECTOR NETWORK ANALYZER 

Vector Network Analyzer is used to measure the frequency response of active or 

passive components or networks or it is sensitive and costly electronic instrument that 

is used to measure the frequency dependent properties of device under Test (DUT) as 

shown in Figure 2.2. This measurement can be carried over a range of frequencies 

starting from a few kilohertz to hundreds of gigahertz. 
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Figure 2.2: Practical two port Vector Network Analyzer 

VNA measures then power going into and reflected back from a component and 

network at high frequencies. A signal electrical property can be analysed in terms of 

incident, reflected and transmitted signals, so, impedance of DUT can be calculated. 

The ratio of incident and reflected waves are defined in form of S parameters, also 

called S-Matrix or scattering parameters. Using VNA, both amplitude and phase of 

frequency signals can be measured at each frequency point. Also, insertion loss and 

return loss of device under test can be visualized by computer used in VNA in 

different formats like real and imaginary, magnitude and phase and Smith chart. For 

S11 parameter measurement following setup as given in Figure 2.3 is considered using 

2-port VNA to measure S-Parameters of DUT. 

 

Figure 2.3: Setup for S-Parameter Measurement of DUT 

Before performing measurement of device under test in VNA, it should be calibrated. 

Calibration means, all the undesired signal reflections, those will occur due to 

connecting cables and end terminals of connectors C1 and C2 as shown in Figure, 
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must be considered and nullify. After calibration, measurement can be done. When 

Port1 can be used as source for RF and a1 is considered as incident voltage wave on 

DUT than b1 and b2 will be the reflected waves and transmitted waves through DUT 

respectively.  Incident wave propagates from analyzer to DUT and reflected wave 

travels in opposite direction from DUT to analyzer. Also, phase and amplitude of a1 is 

known, phase and amplitude of b1 and b2 can be measured using VNA. S-parameters 

give very accurate representation of the linear characteristics of device under test 

under ambient temperature conditions. It basically describes how the device interacts 

with other devices when cascaded with them. Reflection co-efficient (Γ) or S11 is 

given as follows in Figure 2.4: 
 

 

Figure 2.4: S11 co-efficient representation for 2-port network 

 

   = 
  

  
|           =  

  

  
|      

   = 
  

  
|        =   

  

  
|      

                                          S11 (Reflection co-efficient) = 
  

  
                 (2.1) 

and  Transmission co-efficient (T) or S21 = 
  

  
                 (2.2) 

 

2.6 SUMMARY 

In this chapter, antenna designing, simulation and testing tools are explained. Antenna 

structure can be designed using High Frequency Software Simulator (HFSS) and 

antenna designing steps are represented using flow diagram. Steps are explained to 

analyse designed antenna performance in terms of return loss, gain, radiation 

efficiency using 2-D and 3-D plots. Also, antenna testing tools are used to measure 

antenna return loss performance, VSWR, gain and radiation efficiency working 

principle, features and types are also explained in detail. 



38 

 

CHAPTER -3 

WIDE BAND mm- WAVE ANTENNA DESIGN  

3.1 INTRODUCTION 

With the constant growth of data traffic due to the usage of handheld and other digital 

devices and therefore requirements of spectrum globally, there is requirement of 

communicating devices like antenna is also noteworthy requirement in today’s 

research scenario. Also, the nearby wireless communication networks suffer from 

latency, network load, severe infrastructure and other several network related issues. 

The massive frequency range like mm-wave spectrum may be optimum resolution to 

handle this necessarily trend of data growth and channel capacity [3, 80]. Therefore, 

WRC [2] constantly recommended for the setting up of the mm-wave spectrum for 

majority of applications from time to time. Recently, a variety of microstrip antennas 

[97–112] were reported to cover these mm-wave range applications. Jilani et.al [97] 

proposed a wearable Polyethylene Terephthalate (PET) based substrate compact 

inkjet flexible antenna to achieve Ka–band spectrum. Kao et.al [98] and Tighezza 

et.al [99] reported mm-wave antennas by using flexible diverse substrate in order to 

attain wider bandwidth. However, the elevated gain was also be achieved by 

deploying arrays having switchable beam scanning [100–103]. Also, fourth 

generation (4G) and fifth generation (5G) convenient supporting array antennas were 

designed in [104, 105] in order to achieve pertinent gain and radiation efficiency. 

Furthermore, apart from array and sub arrays, Multi Input and Multi Output (MIMO), 

Dielectric Resonator antennas (DRA) compatible techniques [106–110] were also 

reported to accomplish high gain for 5G applications. Correspondingly, antennas 

reported in [111, 112] were designed to acquire the moderate gain by using single and 

dual feeding techniques. Conversely, the antennas discussed in [97–112] were state of 

art structures to augment bandwidth and gain in mm-wave or 5G applications by 

utilizing diverse methodologies, though none of them covers lower 5G band from 

5GHz to mm–wave applications i.e. 40GHz. Also, the reported antennas were large in 

size and have moderate gain.  

In this chapter, a compact antenna of dimension 27.5 × 20 mm
2
 is designed to achieve 

wide bandwidth of 5.86–38.3GHz and gain–bandwidth of 27–39.54GHz with peak 

gain of 10.8 dBi. The three Ka–bands namely 28 GHz (27.50–28.35GHz) n261–band 
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and 37 GHz (37–38.6GHz) and 39 GHz (38.6–40GHz) n260–bands with a peak-gain 

of 8.76 dBi, 10.8 dBi and 9.92 dBi respectively have been achieved successfully. The 

massive bandwidth has been achieved by etching two symmetrical slots at a tangential 

angle α = 15
0
 for efficiently diverting the elliptical periphery current to the central 

portion of the antenna. Due to this smoothly diversion of current, the electrical 

dimensions of antenna are lengthened that resultant the improvement in radiation 

phenomena.  

3.2 CLASSIFICATION OF mm-WAVE BANDS 

Table 3.1: mm-Wave bands classification 

S.No Name of the 

band 

Range  Applications  

1.  X 10 – 12 Device to Device Communication, 

Medical Imaging, Security and 

Healthcare, Internet of Things (IoT) 

2.  Ku 12 – 18 Aircraft, Spacecraft and Satellite-based 

Communication Systems 

3.  K 18 – 26 Radar and Satellite communications 

4.  Ka 26.5 – 40  Radar, Cellular and Satellite 

Communication and Internet of Things 

(IoT) 

5.  Q 33 – 50 Radar, Cellular and Satellite 

Communication and Internet of Things 

(IoT) 

6.  60 GHz 57 – 64  WPAN / WLAN  

(IEEE 802.15.3c, 802.11ad / ay) 

7.  V  40 – 75  Wireless local area network  (WLAN) 

802.11aj, WiGig unlicensed band, 

802.15, 802.11 ad 

8.  W 75 – 110 Automotive Radar, Point to Point 

Licensed communication links, 1.25Gbps 

to 10Gbps (Planned), Imaging Radar, 

Airport ground control 
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3.3 HIGH GAIN ANTENNA AND ENHANCEMENT IN BANDWIDTH FOR 

mm-WAVE BANDS FOR PATCH ANTENNA  

3.3.1 ANTENNA DESIGN METHODOLOGY 

The basic (i.e. Ant 1) and modified designs (i.e. Ant 2) of microstrip printed antenna 

are shown in Figure 3.1. This basic design has formed on rectangular radiating patch 

(RRP), partial ground plane (PGP), microstrip tapered feeding line printed on (Flame 

Redundant) FR4 substrate having relative permittivity (εr ) of 4.4, tangent loss (tan 

(δ)) of 0.02 and height (h) of 1.6 mm as illustrated in Figure 3.1(a). The basic 

dimensions of rectangular radiating patch (RRP) are of length (Lp) mm and width 

(Wp) mm are considered according to [113–116]. The partial ground plane (PGP) is 

constructed by merging a rectangle with three (3) point semi-arc. The Ant 1 offers 

bandwidth of 3.57–10.68GHz that covers complete C–band, however near to X–band. 

Therefore, the inferior edges of rectangular radiating patch (RRP) are progressively 

clipped away to improve the impedance matching with the aim of appreciably extend 

the bandwidth towards higher frequency range. The progressively clipping of inferior 

corners of rectangular radiating patch (RRP) and tapered microstrip line gives smooth 

flow of current and modified design is said to be Ant 2. Therefore, due to this extract, 

the impedance bandwidth of Ant 2 is improved to 10.77 GHz (3.43–14.20GHz) from 

7.11 GHz of Ant 1 as illustrated in Figure 3.2. It is obvious that Ant 2 provides 3.66 

GHz additional bandwidth than Ant 1 and it covers entire C– and X–band 

applications. 

 

Figure 3.1: Antenna designs (a) Ant 1 (b) Ant 2. 
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Figure 3.2: Simulated reflection co–efficient of Ant 1 and Ant 2. 

 The main purpose of this chapter is to expand the bandwidth of examination 

antenna from C–band to mm–wave spectrum. Consequently, in order to widen the 

bandwidth in mm–wave range, the Ant 2 is further customized by embedding two 

tilted slots at an angle α in patch. To understand the phenomenon of the embedding 

tilted slots, current distribution of the Ant 2 is studied as depicted in Figure 3.3. As 

per the literature study [117] the current is mostly intense on the surrounding area of 

elliptical antenna as compared to the interior central portion. Therefore, any change in 

the edges of patch will appreciably influence the impedance bandwidth. As per 

previous contemplation, the gradually clipping of lower corners in Ant 2, makes the 

antenna design nearly elliptical at lower corners. Henceforth, the current is largely 

disseminated on the vicinity of Ant 2 as shown in Figure 3.3. To utilize the peripheral 

current of Ant 2 and significantly participation of central patch in radiations, two 

tilted slots at an angle α = 15
0
 are embedded at vertical edges of the Ant 2. These slots 

will divert vicinity current towards central portion of the patch abundantly. 
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Figure 3.3: Simulated current distribution of Ant 2 at (a) 4 GHz (b) 7 GHz (c) 10 GHz (d) 13.5 GHz. 

Due to this diversion a noteworthy effect on performance of antenna in terms of gain 

and bandwidth is observed. In addition, the upper corners of Ant 2 are triangularly 

clipped away at an angle β = 45
0
 in order to smooth flow of current in the upper 

portion of the antenna. The extracting of upper corners significantly improves the 

peak–gain and gain–bandwidth due to the copper losses minimization. Consequential 

antenna is said to be Ant 3 as illustrated Figure 3.4 in and the final dimensions are 

publicized in Table 3.2. 

 

 

 

 

 

 

                Figure 3.4: The antenna design Ant 3 
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Table 3.2: The dimensions of final Ant 3. (in mm) 

Ls 
27.5 Wp1 8 Lp1 2 Lf2 7 

Ws 20 Wp2 7.81 Lp2 2 Wf1 1.5 

Cp1 9.13 Wp3 8.25 Lg 5 Wf2 3 

Cp2 8.32 Wp4 3.25 Lf1 5.55 Wg 20 

 

 

      Figure 3.5: Designed Prototypes (a) Front End (b) Back End 

Figure 3.5 shows the front and back sides of prototype of Ant 3. A 50 Ω female type 

2.92 mm end launch co-axial or K-type connector is soldered to microstrip line for 

feeding purpose. It is here required to be mentioned here that SMA connector cannot 

be used while measuring any parameter for mm-wave antennas as it will not support 

the high frequency measurement and as result losses will be more as compared to the 

desired results.  

However, the front and back side of the connector is perfectly soldered, the variation 

in simulated and measured results may be observed due to differ in the practical 

measuring condition, minor change in dimensions during fabrication, connection 

point etc. from the ideal simulations modal. 

The component of current distribution of Ant 3 is also studied to clarify the diversion 

of current on the patch. Therefore, from Figure 3.6, it can be noticed that the two 
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embedded tilted slots at an angle α efficiently redirect the current towards central 

portion of the patch; as a result strength of current at vicinity is consistently 

disseminated over central and upper portion of the patch. Hence, the overall patch is 

participating in radiation phenomenon.  

As a result input impedance is considerably improved as well as additional resonance 

modes of frequency are excited, which in turns, overall wider impedance bandwidth 

in mm–wave is achieved. This improvement covers especially upper 5G frequency 

bands such as 28 GHz, 32 GHz and 38 GHz bands of mm–wave as per discussed in 

WRC–19 [3]. 

            

   

                     (a)                                       (b)                                         (c)     

     

                     (d)                                        (e)                                        (f) 

 

Figure 3.6: Simulated Vector current distribution of Ant 3 at (a) 5 GHz (b) 8 GHz (c) 15 GHz (d) 21 

GHz (e) 25 GHz (f) 35 GHz 
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3.4 SIMULATED AND MEASURED ANTENNA RESULTS 

Figure 3.7 compares the real and imaginary impedance parts of Ant 1 and Ant 2. It is 

depicted that both parts are oscillating about the preferred values of 50 Ω and 0 Ω 

respectively w.r.t frequency. For Ant 2, it is also observed that the values of both parts 

are oscillating more closely to the desired wide range of frequency as compared to the 

Ant 1. Therefore, it can easily be observed that gradually extracting of lower corners 

improves the impedance matching for wider range. 

 

Figure 3.7: Simulated impedance of Ant 1 and Ant 2. 

 

Figure 3.8: Simulated gain of Ant 1 and Ant 2 
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 Figure 3.8 compares the simulated gain of Ant 1 and Ant 2. It is noticed here that 

the peak–gain of Ant 1 and Ant 2 is 5.26 dBi and 5.95 dBi at 8.26 GHz and 8.5 GHz 

respectively. It is also depicted that gain–bandwidth of Ant 2 is 12.36 GHz (i.e.1.79–

14.157GHz) excluding a narrow band of 10.23–10.89GHz and gain–bandwidth of Ant 

1 is 8.04 GHz (i.e. 1.79–9.83GHz).  

 

Figure 3.9: Simulated and Measured reflection co–efficient of Ant 3. 

 

Figure 3.9 demonstrates the simulated and measured S11 of Ant 3. It is also found that 

wide impedance bandwidth of 38.44 GHz in the band of 5.86–38.3GHz is achieved. 

The designed prototype antenna covers lower 5G frequency spectrum to wide mm–

wave range of applications. Further, it is also noticed that a band of 3.94–5.86GHz is 

attenuated due to destructive interference, and therefore current is stored in both the 

interior and exterior portions of the embedded slots for the defined frequency 

spectrum. In addition to above, it is also observed that the frequency gets lowered due 

to the increase in electrical dimensions of the antenna due to inclusion of slots in the 

patch.  

A narrow frequency band of 1.92 GHz (3.14–3.94GHz) is also obtained for the same 

antenna structure. Furthermore, a good agreement in simulated and measured results 

for reflection co–efficient of the Ant 3 is observed. The resonating values are different 

in simulated and measured reflection co-efficient due to its ideal and varying practical 

testing conditions. The designed prototype covers lower and upper mm-wave bands 

namely C–, X–, Ku–, K– and Ka–band with majority of suitable diverse applications. 
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3.5 PARAMETRIC ANALYSIS 

The parametric analysis is performed on dimensions of Ant 3 in order to find that with 

which specific shape and dimension the widest mm-wave impedance bandwidth can 

be achieved. From this analysis, the dimensions of antenna structure are optimized to 

final design (i.e. Ant 3). The various designs are demonstrated in Figure 3.10 and their 

comparative results are depicted in Figure 3.11 and Figure 3.12. 

 

          (a)                                                        (b) 

 

          (c)                                                        (d)  

Figure 3.10: The antenna designs (a) Ant 3.1 (b) Ant 3.2 (c) Ant 3.3 (d) Ant 3.4 



48 

 

 

Figure 3.11: Simulated reflection co–efficient of Ant 3.1 and Ant 3.2. 

 

Figure 3.11 and 3.12 demonstrates the reflection co-efficient with the variation of 

width of the tilted slits with the step size of 0.1mm of Ant 3.1, Ant 3.2, Ant 3.3 and 

Ant 3.4 and it is observed that the values of S11 are also above - 10 dB around 15 

GHz. 

 

Figure 3.12: Simulated reflection co–efficient of Ant 3.3 and Ant 3.4 

 Figure 3.13 illustrates the impedance characteristics of Ant 3. It is observed that 

the real and imaginary parts of impedance are oscillating about 50 Ω and 0 Ω 

respectively. The high mismatching is also observed at 3.94–5.86GHz band due to 
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destructive interference of tilted slots in patch. For complete range of 5.86–38.3GHz, 

the real and imaginary parts are oscillating about 50 Ω and 0 Ω respectively. 

 

 

Figure 3.13: Simulated impedance characteristics of Ant 3 

  Figure 3.14 illustrates the zero (0) dBi gain of the final prototype Ant 3. It is 

seen that the gain–bandwidth of 27–39.54GHz is obtained from Ant 3. There are 

numerous peak gains i.e. 10.8 dBi at 37.75 GHz, 11 dBi at 30.5 GHz are depicted in 

figure. 

 

Figure 3.14: Simulated S11 plots and gain characteristics of Ant 3 for n261–band (27.50-28.35 GHz) 
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Figure 3.15: Simulated S11 plots and gain characteristics of Ant 3 for n260– band (38.6 – 40GHz) 

         

Figure 3.16: Simulated Radiation pattern (a) X-Z Direction (b) Y-Z Direction at 6 GHz 

           

Figure 3.17: Simulated Radiation pattern (a) X-Z Direction (b) Y-Z Direction at 8 GHz 
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Figure 3.16 and 3.17 illustrates the radiation patterns both in X-Z and Y-Z directions 

at 6 and 8 GHz. The relevant broadside patterns are observed in both the planes at 

such higher frequencies.  

Table 3.3: The comparison of proposed Ant 3 with other mm–wave based antennas. 

# Size (mm2) 
Bandwidth 

(GHz) 

Bandwidth 

(%age) 

Gain 

(dBi) 
Substrate used  

Loss 

Tangent 
Category 

97 12 × 12 25.1–37.5 39.62 10.6 Rogers RT Duroid 5880 0.0009 Expensive 

98 13.2 × 4.2 26–33 23.73 6.2 Liquid Crystal Polymer 0.005 Expensive 

99 60 × 75 7–13 60 5 
Polyethylene 

Terephthalate 
0.022 Expensive 

100 110 × 55 21–22 4.65 10 Nelco N9000  0.0009 Expensive 

101 19.9 × 30 27.2–28.7 5.37 7.41 Taconic TLY–5 - - - Expensive 

102 40 × 19.22 26.04–30.63 16.20 11.24 Rogers RT Duroid 5880 0.0009 Expensive 

104 110 × 75 24.4–29.3 18.25 10.29 Rogers RTDuroid 5880 0.0009 Expensive 

105 70 × 50 25–30 18.18 15 RO–5880 0.0009 Expensive 

106 16 × 16 26–40 42.42 7.44 
Polyethylene 

Terephthalate 
0.022 Expensive 

108 20 × 20 27.25–28.59 4.80 -- Rogers RT Duroid 5880 0.0009 Expensive 

109 11.5 × 11.5 25.1–26.6 5.80 7.9 Rogers RT Duroid 5880 0.002 Expensive 

111 36 × 36 8.95–19 71.91 6.9 Rogers RT Duroid 5880 0.0009 Expensive 

This 

Work 
27.5 × 20 5.86–40 148.89 10.8 FR4 0.02 Inexpensive 

 

The other high cost materials are available in the market. However, the low cost FR4 

is intentionally selected in order to keep the overall cost of communication system 

low.   

In Table 3.3, the proposed antenna is compared with the state of art antennas. It can 

be clearly observed that the Ant 3 provides widest impedance bandwidth among the 

references cited above. It is also observed that the Ant 3 is compact in size as 

compared to [99–102, 104, 105, and 111]. However, antennas shown in [97, 98, 106, 
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108, and 109] are more compact than the Ant 3, though it provides less wide 

bandwidth and peak gain than Ant 3. 

3.6 SUMMARY 

A low cost compact mm-wave antenna is proposed to cover the C–band to mm-wave 

applications. The enormous bandwidth of 5.86 – 38.3GHz is achieved by diverting the 

patch peripheral current to the central portion of the radiating patch. Diversion is done 

by placing two slits at an angle α = 15
0
. With these techniques the current is uniformly 

distributed and hence enhanced the radiations in mm-wave range as a result, gain–

bandwidth of 27–39.54GHz and peak–gain of 10.8 dBi is successfully achieved. The 

proposed antenna is suitable for Ka- band applications. 
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CHAPTER – 4 

mm-WAVE ANTENNA DESIGN FOR UPPER 5G BAND 

APPLICATIONS  

4.1 INTRODUCTION 

These frequency spectrums have approximately no interference with the VHF and 

UHF bands and will be used in the world for many applications like satellite 

communications, radar services and earth observations [2]. Therefore, with the 

endless demand of high speed wireless communication systems, the mm–wave 

systems are likely to solve problems of limited bandwidth, gain and other network 

related issues which are being faced by the current 4G networks [3, 97]. Experimental 

results in [99] suggested wearable flexible printed antennas that cover the scope in 

area of biomedical applications for the lower 5G spectrum. The mm–wave will 

anticipate the 5G communication systems that by fulfilling the demand of high speed, 

negligible congestion rate and high gain as the lower 5G available bandwidth was 

already promoted by the various countries [118]. In order to achieve the higher 

bandwidth and other essential parameters, researchers from the industry, academia has 

shown more interest for the development of appropriate applications convention in 

mm–wave communication spectrum [119]. Therefore, it becomes necessary to 

introduce such devices that can handle and support the mm–wave networks. Wide–

band microstrip antennas are promising candidates to play a vital role for these 

networks. These antennas can provide wide impedance bandwidth with low 15 profile 

and high stable gain [120].World radio communications (WRC–19) and Federal 

communication commission (FCC) [6] has jointly proposed upper 5G cellular bands 

for many countries within the range of 24–42.5GHz. Therefore, such developments 

and usage of communication systems and its prototype will create a positive potential 

impact on the economies, equipment development in entire world. Thus, mm–wave 

microstrip antenna has a potential to compete with the 5G communication network 

challenges due to its attractive features such as low profile and cost, easy to fabricate 

and light weight [2, 112].  

In recent years, several studies on mm–wave microstrip antenna have been carried out 

due to its merits like low profile structure and cost efficient nature. In the associated 
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literature for 5G applications based on antenna design, planar log– periodic antennas 

based on poly strata process with 3 stages which 30 covers 2–110GHz bandwidth 

forming 11 layers with the impedance of 160 Ω. A dual band antenna has also been 

urbanized which covers K–Q and W– band with the viable gain of 9 and 8 dBi 

respectively [121]. However, these antennas appear to be of very large size and 

complex. The authors of [122, 123, and 124] specify the application of upper band 

mm–wave for the cellular communication, handsets which efficiently deploy the 

antenna arrays, MIMO technique and packages respectively. The printed flexible 

antenna array based on sintering technique for mm–wave with orthomorphic 

applications provides stable gain for the upper band throughout the range [125]. 

Authors of [133] have designed helical shaped wearable mm-wave antenna with 

moderate gain that partially covers Ka-band in an axial mode. Authors also claimed 

that the proposed antenna is handmade and a futuristic human body communication 

device. Two higher TE115 and TE119 modes were investigated to curb tolerance 

problem in fabrication for slot fed with mode operation in mm-wave dielectric 

resonator antenna (DRA) in [134]. In [135], an mm-wave dielectric resonator antenna 

(DRA) that covers partial dual bands namely K- and Ka-band was designed. Dielectric 

resonator that operates in diverse TE modes was also aimed to achieve the better 

matching of impedance and circular polarization. The mm-wave dual feed antenna 

(DFA) [136] focuses on the reduction of transmission losses in the 5G networks and 

efficiency improvement but failed to achieve the prospective gain. In [137], authors 

presented an integrated tapered slot multiband MIMO antenna which supports L and S 

band for 4G and Ka-band for 5G hand held prototypes. As the designed MIMO 

antenna is a multi band antenna with its good directive radiation patterns, but fails to 

achieve the throughout stable gain for its configured band. In [138], MIMO antenna 

was designed and optimized using CST and HFSS electromagnetic solvers to obtain 

dual band characteristics for Ka-band. However, the gain in the two bands i.e. 27 / 39 

GHz was 5 and 5.7dBi respectively. Therefore, keeping in view implementing for 

practical application where high gain is the major requirement in which MIMO 

antenna is lagging.  In [139], an integrated MIMO antenna with array for 4G and 5G 

handsets was proposed with the limitation of moderate gain and larger size.  A 

flexible 5G MIMO flexible reconfigurable antenna with switching technique for Ka- 

band was proposed for suitable wearable applications with the adoption of distinct 

modes feasible for multi channels [140].  Flexible substrates are also suitable for mm-
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wave applications due to its feasibility, compactness and these can be also be used on 

dissimilar surfaces. The paper [141] primarily focuses on the solution that a single 

handset can accommodate the multiple LTE and Ka- range frequency band without 

affecting each other’s performance. This simply increases the usage of smart phones 

in a commercial manner with assorted applications. However, to avoid complexity 

with larger array elements and handset size, gain of Vivaldi array antenna has been 

compromised. A dual polarized metallic phone comprises of antenna array design for 

partial Ka-band with restricted gain presented in [142]. In [143], the gravitational 

search algorithm (GSA) and particle swarm optimization (PSO) techniques were 

implemented to design array antenna of 32 elements with conical frustum 

configuration in order to control polarization and directivity for multi-beam patterns 

for dual bands of 5G.    

In this chapter, a novel design of microstrip line fed with partial ground plane is 

designed to suit the futuristic 5G communication applications. It offers high peak–

gain of 8.06 dBi, gain bandwidth of 20–36.5GHz and -10 dB impedance bandwidth of 

17.33–40GHz. Both are achieved by etching rectangular and circular shaped slots in 

the patch. Further, the parameters are enhanced by optimizing the dimensions of slots 

with pattern search technique. The fabricated prototype is soldered with a special edge 

mount 2.92 mm 50Ω coaxial type connector and results are measured by using Rohde 

and Schwarz (ZVA–40) Vector network Analyzer. 

4.2 ANTENNA DESIGN METHODOLOGY 

The proposed rectangular microstrip antenna is illustrated in Figure 4.1 (a), is printed 

on FR4 substrate (h = 1.6 mm, r = 4.4 and tan (δ) = 0.02) is fed by 50 Ω microstrip 

feeding line. The dimensions of the rectangular slot antenna are calculated according 

to [114]. Initially, basic antenna i.e. Ant 1 having partial ground plane and rectangular 

patch is designed and performance is examined by simulating it. Figure 4.1 (b) 

demonstrates voltage standing wave ratio (VSWR) on left y-axis and gain of Ant 1 on 

right y-axis and it is seen that Ant 1 excites the multiple resonances for a wide 

bandwidth of 30.68–40GHz. This shows that the lower 5G spectrum is not included in 

the resulted frequency range. It can also be observed that the gain–plot with the peak 

gain of 1.31 dBi at 34.05 GHz and 0 dBi gain-bandwidth of 2.78 GHz for Ant1 is 

impractical for the utilization of mm–wave applications. Therefore, various 
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modifications are performed on the antenna patch in order to include the bandwidth 

for lower 5G spectrum by embedding H–shaped slots in it. The optimization is also 

carried out to adjust the dimensions and positions of the embedded slots for 

enhancement of bandwidth and gain. Henceforth, the modified Ant 1 is said to be Ant 

2.  

 

             (a) 

 

                                                                     (b) 

Figure 4.1: (a) Antenna Design Ant 1 (b) Simulated VSWR and Gain of Ant 1 

From the previous contemplation [115, 116, 126, 127], it has been seen that additional 

resonances can be excited by embedding various slots in the patch. Therefore, two 

triangular slots are clipped away on lower sides of the rectangular patch. Also, 2-
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armed H–shaped slots (2-AHSS) are symmetrically embedded on the upper portion of 

it as illustrated in Figure 4.2. These H–shaped slots excite new resonance frequencies 

for lower mm–wave spectrum i.e. 25.7–30.5GHz in addition to Spectrum of Ant 1. 

Consequently, the bandwidth is enhanced to 25.53–40GHz for Ant 2 as illustrated in 

Figure 4.3 and it is 5.15 GHz more than that of Ant 1 and covers the complete Ka–

band (26.5–40GHz). 

 

Figure 4.2: Antenna design Ant 2 with 3-AHSS slot. 

Another observation can be made that with the etching of 3 armed H-shaped slots (3-

AHSS) in the patch and without changing the physical dimensions; the electrical 

dimensions of antenna are increased thereby increasing the path of surface current on 

the patch which in turn lowers the values of VSWR at lower edge of the spectrum. 

Thus, the modification from Ant 1 to Ant 2 depicts that embedding of H–shaped slots 

excites new mode of resonance. 

 

Figure 4.3: Simulated VSWR on left y-axis and Gain on right y-axis of Ant 2. 
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Figure 4.3 demonstrates the gain performance of Ant 2 in the band of 25.3–40 GHz. It 

is also observed that the peak value of gain obtained is 4.7 dBi respectively.  

 

Figure 4.4: Antenna design Ant 3 with 3-AHSS and ITSS 

Hereafter, an inverted T–shaped slot (ITSS) with circular edges is also embedded at 

center of patch as exhibited in Figure 4.4. Henceforth, now onward Ant 2 with 

improved bandwidth is said to be Ant 3. The geometrical parameters and position of 

embedded patch slots are optimized by Genetic Algorithm by keeping the step size of 

0.1 mm. 

 

Figure 4.5:  Simulated VSWR–plot of Ant 3 and gain-plots of Ant 2 and Ant 3 
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Figure 4.5 compares the gain of Ant 2 and Ant 3 on the right y-axis and VSWR plot 

on the left y -axis. It depicts that by etching of inverted T–shaped slot (ITSS) on patch 

enhances additional spectrum of 6.34 GHz to Ant 2 and 19.19–40GHz bandwidth is 

achieved by Ant 3. This etching of slot nearby feeding point of patch lengthened the 

electrical dimensions of Ant 3. Therefore, resonant frequency is lowered to widen the 

bandwidth. It is noticed that Ant 3 covers complete K– and Ka–band [1]. From figure 

4.5 for Ant 3, improvement in gain is observed over Ant 2 in terms of 3dBi and 5dBi 

with the gain bandwidth of 9.72 GHz and 5.21 GHz respectively. Also, peak-gain of 

0.7 dBi is enhanced over Ant 2. 

 

Figure 4.6: Ant 4 Configuration etched with 3-AHSS, ITSS and 4 rectangular small slits 

Furthermore, in order to improve the gain, there is need to suppress the horizontal 

component of current by smooth transition of it from feeding location to overall 

structure of patch. To achieve the said characteristics, small multiple slits (here 4 in 

number) are embedded at the lower portion of inverted T– shaped slot (ITSS). 

Consequently, the vertical component of current is improved to contribute the 

radiation phenomenon. Moreover, a thin rectangular strip is also etched to the base of 

inverted T–shaped slot (ITSS) in order to divert the concentrated current at upper 

portion of patch back to the center of it. Therefore, with these arrangements of 

multiple strips and thin rectangular strip, the uniform distribution of current on patch 

is achieved and this effectively improves radiation phenomena. The final dimensions 

of Ant 4 are shown in Table 4.1. The results of Ant 4 are illustrated in figure 4.18. 
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Table 4.1: Dimensions and optimized Parameters of the Proposed Antenna (in mm) 

 

Ls 37 Sp 4.375 W1 10 

Ws 15 L1 6.5 W2 5 

Lg1 26 L2 0.5 W3 3.06 

Lp1 7.875 L3 1 W4 0.56 

Wp1 15 L4 1 W5 1 

Wp2 3 L5 1 W6 0.5 

Wp3 2.69 d1 1 d2 3 
 

4.3 CURRENT DISTRIBUTION 

The phenomenon of radiating mechanism has been influenced by the patch as it is an 

integral part of an antenna. These elements determine the behavior of radiation which 

further determines the effect on bandwidth enhancement and high stable gain. The 

simulated surface current distributions of the radiating element at different 

frequencies are illustrated in Figure 4.7 and 4.8. 

   

             (a) 30 GHz              (b) 32 GHz      (c) 34GHz    

 

              (d) 36 GHz            (e) 38 GHz              (f) 40GHz 

Figure 4.7: Simulated Current distribution of Ant 1 (a) 30 GHz (b) 32 GHz (c) 34 GHz (d) 36 GHz (e) 

38 GHz (f) 40 GHz 
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    (a) 30 GHz                  (b) 32 GHz                      (c) 34GHz    

  

          (d) 36 GHz                       (e) 38 GHz                 (f) 40 GHz 

Figure 4.8: Simulated Current distribution of Ant 2 (a) 30 GHz (b) 32 GHz (c) 34 GHz (d) 36 GHz (e) 

38 GHz (f) 40 GHz.  

Figure 4.7 and 4.8 depicts the current distribution of Ant 1 and Ant 2 at 30 GHz, 32 

GHz, 34 GHz, 36 GHz, 38 GHz and 40 GHz. It can be clearly observed that the 

surface current path of patch is increased in Ant 2 when compared with Ant 1.The 

significant improvement in the enhancement of bandwidth and gain is based on the 

phenomenon of embedding the rectangular 3 armed H- shaped slots (3-AHSS). 

Therefore, with the embedment of these slots, surface currents are diverted exactly 

towards the middle of these slots thereby balancing the horizontal and vertical 

currents on the patch. 
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4.4 PARAMETRIC ANALYSIS 

 

(a)                                                (b) 

 

                   (c)                                                     (d) 

Figure 4.9: Ant 2 with various etchings of (a) I–shaped slots (b) T–shaped slots (c) 2–AHSS (d) 3- 

AHSS 

To obtain the desired results which is suitable for the mm-wave antenna applications, 

parametric analysis is done with different shapes and sizes of slots on the patch. 

Therefore, etching of slots on patch is selected with diverse shapes like I–, T–, 2–

armed H–shaped slots (2– AHSS) and 3–AHSS as shown in Figure 4.9.  

Further, in order to achieve the better gain and impedance bandwidth, the dimensions 

of the 3-armed H shaped slots on the patch are finalized after the optimization 

parameters like L0, d2 and W1. Figure 4.10(a) and 4.10(b) illustrates the comparison 

between the VSWR– and gain plots of the above said optimization parameters 

respectively. It can be observed from the figure 4.10(a and b) that for I-shaped slot, 

performance of the VSWR degraded approximately at 30.4 GHz but gain degrades 

throughout the bandwidth. For T-shaped slot, impedance matching is improved 

whereas gain remains still inadequate for the mm-wave applications. The 

improvement in both the parameters can be observed for 2 and 3–AHSS in the 

bandwidth of 25–30GHz. Also, it is noticed that the electrical dimensions are more 

lengthened for 3-AHSS than 2-AHSS. As a result, Ant 2 also covers the complete Ka- 

band. From figure 4.10 (b), it is exhibited that for 2 and 3-AHSS, 3 dBi gain-

bandwidth is obtained within the multiple bands such as in (27.18–29.96GHz) and 

(25.81–34.60GHz) is peak-gains of 5.01 dBi and 7.26 dBi are obtained respectively. 
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Also, the gain-bandwidth for 5dBi within the band of (27.20–31.20GHz) is also 

obtained for etched 3–AHSS. This shows that with the etched slots of 3–armed H 

shaped offers suitable and high gain-bandwidth and peak-gain for mm-wave 

applications. 

  

                                      (a)                                                                                               

 

       (b) 

Figure 4.10: Simulated plots of Ant 2 as function of etched I–, T–, 2–AHSS and 3–AHSS (a) VSWR–

plots (b) gain plots. 
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                 (a)                                                                                          

 

(b) 

Figure 4.11: Ant 2 etched with 3–AHSS (a) Simulated VSWR–plots as function of d2 (b) 

Simulated Gain-plots as function of d2. 
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Figure 4.11 (a and b) demonstrates the optimized effect of varying parameter distance 

(d2) for 3–AHSS on VSWR– and gain-plots respectively. It can be noticed that with 

the high value of d2, impedance matching and gain gets deteriorated, however both 

optimized parameters have insignificant effect at lower values of d2 i.e. d2 = 5 mm. 

 

(a) 

 

(b) 

Figure 4.12:  Ant 2 etched with 3–AHSS (a) Simulated VSWR-plots as function of L0 (b) 

Simulated Gain-plots as function of L0. 



66 

 

Figure 4.12 exhibits that for both VSWR– and gain-plots are function of L0 

optimization parameter for 3–AHSS from bottom edge of patch respectively. It is 

illustrated that with the increase in value of L0 from 3 mm to 5 mm, the VSWR is 

significantly improved and tends to its ideal value of 1.22; however, gain is not 

varying as much it was required. The noteworthy gain is obtained at L0 = 4 mm. 

 

(a) 

 

(b) 

Figure 4.13: Ant 2 with etched 3–AHSS (a) Simulated VSWR–plots as function of W1 (b) Simulated 

Gain-plots as function of W1. 
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Figure 4.13 demonstrates the effect of optimized variations of width (W1) for one arm 

of both 3–AHSS on VSWR– and gain-plots respectively. It is observed that with the 

increase in value of W1 results in gain deterioration.  

 

(a) 

 

(b) 

Figure 4.14: The plots of Ant 3 as function of etched 3–AHSS and ITSS with and without edge circles 

(a) Simulated VSWR–plots (b) Simulated Gain-plots. 

The geometrical parameters L1, L2 and W2 and position of ITSS on patch is selected 

after optimization process. The Genetic Algorithm with step size of 0.1 mm is used 

for parametric analysis. The comparison of the above said parameters of etched ITSS 

on patch is also analyzed for with and without circles at edges as demonstrated in 

Figure 4.14. It is also observed that the values of gain-bandwidth remains almost 
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identical, however, gain values deteriorates significantly for spectrum of 29–34GHz 

due to abrupt changes in surface currents of antenna. The VSWR remains ineffective 

for entire range. 

 

 

 

 

 

 

          (a) 

Figure 4.15 illustrates the impact of variation in L2 on VSWR– and gain-plots. It is 

observed that impedance matching get inferior at perpendicular positions of L2 = 1 

mm and L2 = 3 mm, conversely, matching of impedance is good at L2 = 2.5 mm as 

depicted in Figure 4.15 (a). It can also be observed from Figure 4.15 (b) that if L2 

increases from 1 mm to 3 mm, the peak-gain of antenna decreases. The 3 dBi gain-

bandwidth also depreciates at upper and lower range of frequencies. The optimal 

peak-gain and 3 dBi gain-bandwidth is achieved at L2 = 2.5 mm. 

 

(b) 

Figure 4.15: Ant 3 etched with 3–AHSS and ITSS (a) Simulated VSWR–plots as function of L2 (b) 

Simulated Gain plots as function of L2. 
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(a) 

 

(b) 

Figure 4.16: Ant 3 etched with 3–AHSS and ITSS (a) Simulated VSWR–plots as function of W2 (b) 

Simulated Gain plots as function of W2. 

Figure 4.16 depicts the outcome of W2 variation on VSWR– and gain-plots w.r.t 

frequency. From Figure 4.16 (b), it can be easily observed that with increment in W2, 

the gain is improved for the bandwidth of 30–40GHz. The additional noteworthy 

improvement in gain is experienced with increment in value of W2 from 4 mm to 8 
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mm and furthermore, approximately at 25 GHz the values of gain deteriorates with 

increase in W2 from 8 mm to 12 mm. 

4.5 ANTENNA FABRICATION 

Figure 4.17 shows the fabricated prototype with front patch and ground at opposite 

side of Ant 4. A specific female 2.92 mm end launch coaxial connector of 50 Ω is also 

soldered to microstrip line for feeding purpose. It is here particular that K–type edge 

mount connector supports measurement for mm–wave configured antennas. It is 

worth to be mentioned here that SMA connector doesn’t support measurements 

because these are available at frequencies upto 12 GHz and not available for very high 

frequencies such as mm-wave. Therefore, for higher frequencies more accurate 

2.92mm K-type connector is used in this case. However, the measured results may 

vary from the simulated due to practical fabrication methodology, soldering of high 

frequency supporting connector and measuring conditions which are superlatively 

different from the simulation scenario. 

 

                  Figure 4.17: The fabricated structure of Ant 4 (a) Front end (b) Back End 
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4.6 SIMULATED AND MEASUREDANTENNA RESULTS 

 

Figure 4.18: Simulated and measured VSWR–plots of Ant 4 on left y–axis and comparison of gain-

plots of Ant 3 and Ant 4 on right y–axis. 

Figure 4.18 demonstrates the simulated results of VSWR and gain of the optimized 

Ant 4 prototype is measured by using Rohde and Schwarz ZVA–40 vector network 

analyzer (VNA). The results appeared to be in the good agreement of measured 

VSWR–plots with simulated one. The Ant 4 offers wide impedance bandwidth of 

17.33–40GHz that covers complete K– and Ka–bands and mm–wave spectrum of 30–

40GHz.  

Figure 4.18 depicts the simulated gain-plots of Ant 3 and Ant 4 on the right hand side 

of y–axis. The peak-gain of Ant 4 is enhanced by 1.12 dBi when compared to Ant 3 

and its value is 9.08 dBi. Also, due to the reduction in copper losses and vertical 

component improvement in surface current, 3 dBi and 5 dBi gain-bandwidth is 

augmented to 14.01 GHz (22.45–36.46GHz) and 9.08 GHz (26.77–35.85GHz) 

respectively. With the huge augmentation in 3 dBi and 5 dBi gain-bandwidth the final 

Ant 4 can be used for indoor applications in Ka- band.  

 

Figure 4.19: Simulated Gain-plots of Ant 4 as function of etched 2–AHSS, 3–AHSS and without upper slit. 
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Figure 4.19 provides the comparative analysis of the gain-plots of Ant 4 with etching 

of 2–AHSS, 3–AHS and without a thin rectangular strip of width W3. It is therefore 

observed that there is a huge augmentation in peak-gain and gain-bandwidth for 

etching of 3–AHSS in place of 2–AHSS for the final optimized design Ant 4. Thus, it 

can be concluded that the peak-gain and overall impedance bandwidth is much wider 

with etched 3–AHSS. Also, the 5 dBi gain-bandwidth is lowered at approximately 34 

GHz without a thin rectangular strip of width W3 of etched ITSS. 

      

Figure 4.20: Simulated Radiation pattern (a) X-Z Direction (b) Y-Z Direction at 22.5 GHz 

        

Figure 4.21: Simulated Radiation pattern (a) X-Z Direction (b) Y-Z Direction at 36 GHz 

Figure 4.20 and 4.21 illustrates the radiation patterns both in X-Z and Y-Z directions 

at 22.5 and 36 GHz. The broadside patterns are observed in both the planes at such 

higher frequencies.  

4.7 MIMO ANTENNA DESIGN 

In order to enhance the performance of the designed antenna in terms of gain and the 

practical utilization for the 5G wireless applications without suffering any major 

signal losses for indoor applications, MIMO antenna array is designed. Initially the 



73 

 

proposed design of the MIMO antenna array is optimized for 2 elements as shown in 

figure 4.22.   

 

Figure 4.22: Two element MIMO antenna array 

Figure 4.22 depicts the 1x 2 MIMO antenna array on the same substrate. The two 

antennas are therefore placed parallel to each other in order to increase the gain. 

However, the overall size is increased. The comparative performance of the various 

parameters such as VSWR, Gain and ECC are shown in figure 4.24, 4.25 and 4.26 

respectively. 

 

Figure 4.23: Four element MIMO antenna array 

In order to compensate the indoor communication losses, the antenna with 

configuration of 4 elements (1 x4) is designed on the same substrate with overall 

increase in size. All antennas are placed at the distance of 0.5mm to avoid mutual 

coupling as shown in figure 4.23.    
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Figure 4.24 demonstrates the simulated VSWR of single, two and four elements of the 

antenna. It can be observed that the antenna for VSWR shows almost the identical 

behavior for all the elements. Single and MIMO antenna for both the configurations 

(2 and 4 elements) covers the impedance bandwidth of 17.33 – 40 GHz which 

confirms the low mutual coupling among all the elements and high isolation.    

 

 

Figure 4.24:  Simulated VSWR comparison of 1, 2 and 4 elements MIMO antenna 

 

 

Figure 4.25: Simulated Gain comparison of 1, 2 and 4 elements MIMO antenna 
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Figure 4.25 illustrates the simulated gain for single, two (1 x 2) and four (1 x 4) 

elements of the antenna. Huge augmentation in peak gain for optimized 1 x 4 MIMO 

array is observed as compared to 1 x 2 and single element antenna. After optimization 

1 x 4 MIMO antenna array provides peak gain of 13.69 dBi as compared to 1 x 2 

(10.3 dBi) and 9.08dBi for single element antenna. It is also observed that for 1 x 4 

element MIMO array provides 17 GHz (19 GHz – 36GHz) 5 dBi gain-bandwidth as 

compared to 9GHz (22 GHz -31 GHz) for 1 x 2 element MIMO array and 4 GHz 

(28GHz – 32 GHz). Thus, it can be concluded that with the implementation of 1 x 4 

elements MIMO antenna array, huge augmentation is observed for both gain and 

gain-bandwidth.        

 

Figure 4.26: Simulated ECC of 2 and 4 elements MIMO antenna array 

 

Figure 4.26 illustrates the simulated comparative analysis of envelope correlation 

coefficient (ECC) for the 2 and 4 elements of the MIMO antenna array in order to 

examine the individual port performance w.r.t. the frequency.  It is calculated on the 

basis of several parameters such as VSWR, phase, polarization and far field radiation 

between two MIMO elements for diversity performance. It is preferred that the value 

of ECC should be < 0.5. 
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Table 4.2: Comparison of mm–wave antennas with the proposed antenna  

# 

 

Dimensio

ns (mm2) 
Configuration 

Bandwidt

h (GHz) 

Fractio

nal BW 

(%) 

Peak-

Gain 

(dBi) 

Gain 

bandwidth 

>3dBi 

Substrate Cost 

124 20 x 20 
Array [16 

elements] 
26–36 32.26 3.8 

30–31.25 

GHz 
Copper 

Moder

ate 

133 20 x 20 Single Element 25–33 27.59 5.5 
28–35 

GHz 
Copper 

Moder

ate 

134 20 x 20 
Dielectric 

Resonator 

23.9– 

24.75 
--- 6.3 

23 – 24.75 

GHz 
Duroid High 

135 14.3 x 25 
Dielectric 

Resonator 
26.1–30.4 15.2 8.7 

27.4–28.8 

GHz 

Rogers 

3010 + 

Rogers 

5880 

High 

136 30 x 30 Dual Feed 34 – 44 24.64 2.9 Nil RO3003 High 

137 25 x 12 MIMO 25 – 40 --- 7.2 
27.5 – 28 

GHz 

RT/Duroid

–5880 
High 

138 26 x 11 MIMO 27 / 39 --- 5/5.7 
25–29, 37 

– 41 GHz 

Rogers 

4003C 
High 

139 60 x 100 Array [2 x4] 26.8–28.4 5.80 3.86 / 9 ---- RO3003 High 

140 11 x 25.4 MIMO [1 x 2] 27.3–40 37.74 6.2 
30–34 

GHz 

Polyethylen

e 

Terephthala

te (PET) 

High 

141 23 x 7 Array [1 x4] 25–30 18.18 7 ---- 
Rogers 

RO4350B 
High 

142 3.5 x 20 Array 28–33 16.39 6 ---- 
Rogers 

4350B 
High 

143 7 x 16 
Array [32 

Elements] 
28 / 38 ---- 8.17 

27–31  

and 

34 – 40 

GHz 

RT/Duroid

–5880 
High 

This 

Work 

37 x 15 
Single 

Element 
17.33–40 79.26 9.08 

22-37 

GHz 
FR4 Low 

37 x 15 
MIMO 

 [1 x 4] 
17.14 - 40 80.04 13.69 

17.7 – 

36.37 

GHz 

FR4 Low 
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4.8 SUMMARY 

A compact printed antenna is proposed for K– and Ka–band applications with 3dBi 

gain- bandwidth > 14 GHz with peak gain > 9 dBi for single element antenna and 

>18GHz with peak gain > 13dBi for four element MIMO antenna array. Single 

element and four element antennas have also achieved critical 5dBi bandwidth > 9 

dBi within the gain bandwidth of 30-30.96 GHz and 5dBi bandwidth > 13dBi within 

the gain bandwidth of 20.5 -35.9 GHz respectively. The improvement in 5dBi gain 

bandwidth is specially suited for mm-wave range applications. This improvement is 

achieved by etching of 3-AHSS and ITSS in the rectangular radiating patch with the 

uniform distribution of current on it. Also, the copper losses are minimized with these 

etched slots. Therefore, the proposed antenna is suitable for local multiple point 

distribution applications (LMDS, 5G cellular communication systems). 
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CHAPTER -5 

mm–WAVE PATCH ANTENNA FOR HIGH DATA RATE 

COMMUNICATION APPLICATIONS  

5.1 INTRODUCTION 

With the constant increase in demand of such devices which can support and handle 

high data rate communication applications, millimeter wave (mm–wave) spectrum is 

greatly in demand in the current telecomm industry [3]. This requirement therefore 

leads to the foreword of compact mm- wave antennas which can support the latest 5G 

spectrum applications that had been suggested by the International Mobile 

Telecommunications Union’s (IMT) in the World Radio–communication Conference 

WRC–19 [2]. However, in order to reduce the limitations of the bandwidth constraints 

of the current 4G network scenario and also to improve the performance in terms of 

data traffic and several other parameters, the upcoming 5G network infrastructure for 

the support of diversified data is greatly in demand to meet the network performance 

issues and also these type of global challenges. Several diverse techniques for the 

designing of antennas have been adopted to develop these prototypes such as array, 

Multi Input and Multi output (MIMO), Massive MIMO; defected ground structures 

(DGS) and beam forming to satisfy the above said mm–wave applications [76]. For 

applications such as commercial and defense which requires high data rate, the 

selection of low tangent loss suitable material is the most challenging task. Most of 

the antenna design researchers have selected to work on the suggested Ka–band 

spectrum and its applications as per the WRC–19 [2, 76, 88, and 98,130,131]. The 

high peak gain and spectral radiation efficiency requirement for Ka–band can be 

increased with MIMO / MU-MIMO antenna along with DGS configuration 

throughout the range [106].  

Designs of antenna with diverse materials, printing techniques negotiates with low 

and high bandwidth for fifth generation based applications [99], [125]. From the 

previous contemplation, it has been learnt that several antennas which includes arrays 

[1, 76, 88, 98, and 99,106,125,130,131] have been developed and research is still 

going on to support the mm–wave spectrum heterogeneity. Many other techniques 

have been reported for the enhancement of gain bandwidth and depth of return loss 

[115,116,132]. In [98,125,130,131,144,145] the intended antennas for mm–wave were 
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bigger in size and also not covering the much wider impedance, gain and gain 

bandwidth.  

With the day to day advancement in latest technology the communication devices are 

becoming handier and compact. Therefore, there is a need to miniaturize the overall 

size more compact and also improvement in impedance, gain bandwidth and radiation 

efficiency.  

In this chapter, a compact broadband mm–wave antenna is designed to cover most of 

Ka–band and Partial Q–band applications. The inexpensive FR4 material is used to 

achieve impedance bandwidth and 3 dBi gain–bandwidth of 30.77–45.91GHz and 

peak gain of 7.9 dBi. 

5.2 ANTENNA DESIGN METHODOLOGY 

The proposed compact mm–wave antenna is designed on an inexpensive FR4 epoxy 

substrate having relative permittivity (εr) = 4.4, tangent loss (δ) = 0.02 and height (h) 

= 1.6 mm comprises of small symmetric patch and partial ground plane. The 

optimized parameters of the structured antenna are LP, WP, GL, FW, SW, SL1, SL2, SL3, 

SL4, SW1, SW2, and SW3 discussed in Table 5.1. Initially, the structure of antenna is 

evolutionary from antenna (i.e. Ant1) having substrate dimensions of 10 × 10 mm
2
 

and small rectangular patch of 5.7 × 10 mm
2
 and partial ground plane of 4 × 10 mm

2
 . 

A reasonable gap of 0.3 mm is also initiated to achieve the mm –wave spectrum along 

with partial ground plane. The rectangular patch of Ant1 is fed with 50 Ω microstrip 

feeding line of width FW as shown in Figure 5.1(a). Therefore, in order to enhance the 

impedance bandwidth of Ant1, a horizontal E–formed slot is engraved at the centre of 

radiating patch as illustrated in Figure 5.1(b).  

Further, the three semi–circular slots with small radius are etched at the finishing ends 

of each finger of horizontal E- shaped slot. Figure 5.2, illustrates the comparison of 

reflection co–efficient of Ant1 and Ant2 at θ = 90
0
 and φ = 90

0
. From figure, it can 

also be observed that Ant1 and Ant2 provide the impedance bandwidth of 32.8–

38GHz and 30.4–37.75GHz respectively. Thus, it is evident that Ant2 provides 2.15 

GHz additional impedance bandwidth than Ant1. Figure 5.3 illustrates the comparison 

of gain of Ant1 and Ant2. It can be noticed that the simulated peak–gain of these 

antennas are 5.36 dBi and 6.78 dBi respectively. The 3 dBi gain bandwidth of Ant1 

are pragmatic in the two spectrums of 30.7–35.25GHz and 36.84–41.65GHz for 

designed frequency spectrum of 30.77–45.91GHz and similarly for Ant2 is 30.7–
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40.8GHz.  Thus, it is observed that the improvement in gain–bandwidth of Ant2 is in 

terms of distinct spectrum in place of two in Ant1. However, the peak–gain and 

impedance–bandwidth of Ant2 got improved by 0.6 dBi and 2.15 GHz over Ant1, 

even–though the 3 dBi gain–bandwidth of Ant2 is not covering the absolute preferred 

mm–wave spectrum of 30.77–45.91GHz.  

Therefore, Ant2 is further modified to Ant3 as illustrated in Figure 5.4. For this the 

two slots which are of dumble shape are further etched at the center of the radiating 

patch and upper central segment of the radiating patch is also hyperbolically clipped 

in such a manner to reduce the copper losses. With this modification in Ant2 results in 

enhancement in the gain and gain-bandwidth manifolded and therefore new modified 

antenna is considered to be Ant3. The utilization of partial ground plane has been 

done to achieve the wider spectrum for mm-wave applications. The final parameters 

of Ant3 are demonstrated in Table 5.2. 

 

(a) 

 

(b) 

Figure 5.1: Antenna designs (a) Ant 1 (b) Ant 2 
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Figure 5.2: Simulated reflection co–efficient of Ant 1 and Ant 2 at θ = 90
0
 and φ = 90

0 

 

 

Figure 5.3: Simulated gain of Ant 1 and Ant 2 at θ = 90
0
 and φ = 90

0
 

 



82 

 

 

Figure 5.4: The antenna design Ant 3 

Table 5.1: Dimensions of the proposed Patch Antenna (in mm) 

LP 10 SW 7 WP 10 

GL 4 SL2 0.95 FW 3 

SL4 0.65 SW1 3.15 SW2 1.24 

SL1 2.05 SL3 0.9 SW3 7 

 

5.3 CURRENT DISTRIBUTION 

       

     (a)                       (b) 
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             (c)                           (d) 

Figure 5.5: Simulated Current Distribution at (a) 30GHz (b) 34 GHz (c) 36 GHz (d) 40 GHz 

    

                          (a)                                                                         (b) 

 

                (c)                                                           (d) 

Figure 5.6: Simulated Vector Current Distribution (a) 30GHz (b) 34 GHz (c) 36 GHz (d) 40 GHz 
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Figure 5.5 and 5.6 depicts the distribution of the current in the magnitude and in 

vector manner. It can be observed from the figure 5.5 that the intensity of the current 

distribution at different frequencies both in magnitude and in vector manner.    

5.4 PARAMETRIC ANALYSIS 

The parametric analysis has been done by varying the parameters of slot lengths such 

as SL2, SL3, SL4 and radius of the inner circular slot.  

 

Figure 5.7: Simulated Parametric Analysis of reflection coefficient 

Figure 5.7 depicts the impact on reflection coefficient by varying slot lengths (SL2, 

SL3 and SL4).  It can be observed that slot length in blue line is greater than -10dB 

and slot lengths on red line have no impact on the reflection coefficient. 

 

 

 

 

 

 

 

Figure 5.8: Simulated Parametric Analysis of Gain 
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Figure 5.8 depicts the impact on gain by varying slot lengths (SL2, SL3 and SL4).  It 

can be observed that slot lengths in blue line is having peak gain of 6.2 dBi whereas 

variation in slot lengths in red line is having peak gain of 7.8 dBi 

5.5 SIMULATED ANTENNA RESULTS 

The Figure 5.9 illustrates the reflection coefficient of Ant2 and Ant3 at θ = 90
0
 and φ 

= 90
0
. It is depicted from the above said figure that Ant3 provides the impedance 

bandwidth spectrum of 15.14 GHz (30.77–45.91GHz) and it is 7.79 GHz 

supplementary than Ant2. It can be observed clearly that by integrating the two 

dumble slots on extended central E–shaped slit, the higher and additional resonant 

frequencies got excited; hence additional impedance bandwidth is achieved than that 

of Ant2. It is also observed that with the shifting of the lower cut off frequency of 

Ant3 is to higher value than Ant2 due to lengthen of electric current path at surface of 

patch. 

Figure 5.10 compares the gain of an Ant2 and Ant3. From figure, it is evident that 

gain is enhanced due to removal effect of non–participant copper material at radiating 

patch in radiations, the copper losses are minimized. It is also depicted that the peak–

gain of 7.91 dBi is achieved at 40 GHz for Ant 3. It is also observed that the 3 dBi 

gain–bandwidth in the range of 30.77–45.91GHz has been achieved successfully, 

which can cover a majority of mm–wave applications which are in the specific range. 

 

Figure 5.9: Simulated reflection co–efficient of Ant 2 and Ant 3 at θ = 90
0
 and φ = 90

0
. 
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The gain bandwidth of Ant3 is 5.11 GHz more than Ant2. It can also be observed that 

the values of gain at the particular frequency are improved for Ant3 in the desired 

spectrum, when it is compared with gain values of Ant2. 

Figure 5.11 illustrates the enhancement in radiation efficiency of Ant3 as compared to 

Ant1 and Ant2. It is also observed that the radiation efficiency of Ant3 is reasonably 

enhanced for 30.7–45.91GHz spectrum and more enhancements are also observed 

beyond 36 GHz to 45.91 GHz. The average radiation efficiency of Ant3 is 82.83% 

compared to 78.8% of Ant2. Also, the improvement in radiation efficiency of Ant2 is 

observed over Ant1 beyond 37 GHz. From Figure 5.9 – 5.11and Table 5.2, it is 

clearly observed that Ant3 is most appropriate for Ka–band and partial Q – band [1] 

applications like radar communication, satellite communication, cellular 

communication and mm–wave Integrated circuits 5G applications. 

 

Figure 5.10: Simulated gain of Ant 2 and Ant 3 at θ = 90
0
 and φ = 90

0
. 

 

Figure 5.11: Simulated radiation efficiency of Ant 2 and Ant 3 at θ = 90
0
 and φ = 90

0
. 
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Figure 5.11 depicts the radiation efficiency of Ant 2 and Ant 3. The radiation 

efficiency of the antenna design throughout the whole band varies from 74 to 85%. In 

HFSS go to Results section, then go to create far field, then go to rectangular plot, 

then go to antenna parameters and finally in the radiation efficiency section with 

absolute parameter. Finally, export the result and calculate the average in .csv / excel 

file.  

      

Figure 5.12: Simulated Radiation pattern (a) X-Z Direction (b) Y-Z Direction at 41 GHz 

       

Figure 5.13: Simulated Radiation pattern (a) X-Z Direction (b) Y-Z Direction at 45 GHz 

Figure 5.12 and 5.13 illustrates the radiation patterns both in X-Z and Y-Z directions 

at 41 and 45 GHz. The broadside patterns are observed in both the planes at such 

higher frequencies.  
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Table 5.2: The comparison of parameters of Ant1, Ant2 and Ant3 

Designs Bandwidth 

(GHz) 

Peak Gain 

(dBi) 

Gain Bandwidth 

(>3dBi) 

Average Radiation 

Efficiency (%) 

Ant 1 5.21 5.36 4.7 79.87 

Ant 2 7.3 6.78 9.7 81.08 

Ant 3 14.2 7.9 13.15 82.83 
 

Table 5.3 compares the already designed prototypes with proposed prototype i.e. 

Ant3. It can be clearly observed that Ant3 is better than already available designed 

prototypes in terms of its size, impedance bandwidth, gain bandwidth, peak gain and 

also average radiation efficiency. 

Table 5.3: The comparison of Previous Designs with Recent Antenna 

# Size 

(mm
2
) 

S11 Gain 

Bandwidth 

(GHz) 

Peak Gain 

(dBi) 

Radiation 

Efficiency Range 

(%) 

98 -- 26.5-33.0 7.5 6 -- 

125 11 x 12  26 – 40 14 8.7 63 

130 20 x 11 26.9-30.6 3.7 7.9 -- 

131 7.5 x 12.8 22- 40 25 8.2 20 – 90 

This 

Work 

10 x 10 30.77- 46 15.1 7.9 83.6 - 85.12 

 

5.6 SUMMARY 

In this chapter, a low profile compact mm–wave rectangular antenna having 5G upper 

wide–bands for Ka– and partial Q–band applications has been attained and discussed 

in detail. From the results it can be observed that impedance bandwidth has been 

enhanced with etching of extended E–shaped slots on the radiating patch. It can also 

be observed that by etching two dumble shaped slots in the radiating patch, the high 

stable gain and average radiation efficiency above 83% is achieved. The proposed 

antenna with wide impedance and gain bandwidth of 16 GHz proved to be a potential 

candidate for the upcoming 5G applications. 
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CHAPTER -6 

CONCLUSION AND FUTURE SCOPE 

With the constant growth and evolution   in wireless technology, wideband mm-

wave microstrip antenna becomes the most emerging research topic of interest now 

days. Wideband mm-wave antenna fulfills the lower and upper fifth generation (5G) 

wireless communication application requirements raging from above 30 GHz over 

differently specified frequency band of operation. Wideband mm-wave antennas with 

partial ground planes (PGP) microstrip patch antennas are designed for wide range of 

5G wireless communication applications. Antennas are designed, simulated and 

optimized on high frequency structures (HFSS) simulator. Two antenna prototypes 

with different shapes and sizes are designed, optimized and tested based on partial 

ground planes to obtain wide impedance bandwidth characteristics. First antenna is 

designed with a partial ground plane with 3-point semi-circle arc for the smooth flow 

of current. The lower corners of the radiating patch are gradually clipped away so as 

to make the radiating patch shape close to elliptical. Further, in order to achieve the 

mm-wave range the two tilted slots at an angle α = 15
0
 are etched at the edges. These 

slots are responsible for the diversion of the peripheral current of the semi elliptical 

patch towards center portion of antenna by ensuring the participation in radiation of 

the central inner portion of radiating patch. Further to reduce the copper losses and 

smooth flow of current the upper corners of the radiating patch are also clipped away. 

A low-cost compact wideband mm-wave microstrip antenna is also proposed to cover 

the C–band to mm-wave applications. The massive impedance bandwidth of 5.86–

40GHz (148.89 %) is achieved by diverting the radiating patch peripheral current with 

to the central portion of the radiating patch. With these techniques the current is 

uniformly distributed and hence augment the bandwidth in mm-wave range. The high 

gain is provided by the proposed structure in three bands Ka–bands i.e. 28 GHz 

(27.50–28.35GHz) n261–band and 37 GHz (37–38.6GHz) and 39 GHz (38.6–40GHz) 

n260–bands and have peak–gain of 8.76 dBi, 10.8 dBi and 9.92 dBi in their respective 

bands. The simulated and measured results show the good agreement in the values for 

entire range. 

Second, a compact two–armed H– and inverted T– shaped slot antenna with the 

partial ground plane is simulated and fabricated on an inexpensive FR4 dielectric 
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substrate. Thus, compact antenna is proposed for K– and Ka–band applications. The 

Proposed structure shows good agreement between simulated and fabricated results in 

terms of S11, VSWR. It covers zero dBi gain bandwidth of 20–36.5GHz and 3 dBi of 

26.15–36.20GHz and provides high peak gain of 9.06 dBi at 30.6 GHz without array 

design. Further, design is also optimized for 1 x 4 MIMO antenna array with the 

achievement of 13.69 dBi gain and ECC < 0.5. The slots are optimized and etched in 

such a manner that the current is uniformly distributed over the radiating patch. The 

proposed antenna is suitable for indoor and 5G cellular communication system 

applications. 

Third design of the antenna refers to the simulated and optimized one which can be 

practically utilized for high data rate communication applications. The proposed 

design covers Ka- band and partial Q-band applications. The improved wide 

impedance bandwidth gain bandwidth and radiation efficiency has been achieved 

successfully by properly etching of E- shaped and dumble shaped slots on the 

radiating patch. The proposed antenna with 16 GHz gain bandwidth is a potential and 

suitable candidate for the futuristic 5G applications.    

6.1 FUTURE SCOPE 

Wideband mm-wave microstrip patch antenna in various shapes and sizes with 

suitable techniques has gained much attention due to fulfilling the demands of wide 

range of wireless communication applications. Microstrip patch antenna also suffers 

from certain short comings like less peak gain, gain bandwidth, impedance bandwidth 

and its size. Therefore, in this thesis, research work is carried out to enhance peak 

gain, gain bandwidth >3dBi and 5dBi, and impedance bandwidth of the microstrip 

patch antenna using concept of different partial ground plane techniques in these 

structures to achieve high peak gain, impedance bandwidth, gain bandwidth and its 

compact size. This part explains the work that can be extended for future research 

work. 

 In this thesis, research work is carried out on antenna gain, gain-bandwidth, 

impedance bandwidth, radiation efficiency with compact size using different 

partial ground plane geometries. In future, further gain can be enhanced using 

concept of Arrays for wireless applications. 
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 Antenna prototypes can be simulated, optimized and tested for frequencies up 

to and beyond 40 GHz with its performance which can be analyzed in terms of 

Radiation pattern and Gain. 

 Proposed mm-wave antennas covers K- and Ka- bands and their frequencies 

and further these can be done for the future mobile handsets for the Specific 

Absorption Rate (SAR). 
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APPENDIX A 

A.1 CONNECTORS CONFIGURATION  

To achieve the mm-wave frequency range, normal SMA connectors will not work for 

the designed antennas. Therefore, the female end launch coaxial connectors of 

2.92mm have been used to achieve the mm-wave frequency range. The two 

connectors have been purchased and imported from the Mouser Electronics, USA. 

The details of the connectors are as shown in the table below: 

Table A.1: Connectors configuration and Attributes 

S.No Attribute  Value  

1 Company Mouser Electronics, USA 

2  Part Number RF Connectors/coaxial connectors / 2.92 mm 

End Launch 0.062 in thick solder 

530- 145-0701-841 

3 Item Body Brass / Gold / Nickel 

4 Impedance 50 Ω 

5 Frequency Range 0 – 40 GHz 

6 VSWR 1.5 

7 Operating Temperature -40 to 85
0
 C 

8 Cost per connector 2684.99/-  (Without Taxes and shipping 

Charges) 

9 Total Connectors 

Imported 

02 
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Figure A.1: Technical Datasheet of the Coaxial Connectors 
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Figure A.2: Coaxial Connectors and part no description 
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A.2 MoU BETWEEN LPU AND DEPARTMENT OF SPACE (DoS), SCL, 

MOHALI 

 

Figure A.3: Antenna Testing Permission Letter 
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Figure A.4: MoU between LPU and DoS, Mohali 
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A.3 ANTENNA TEST PROCEDURE 

A.3.1 MEASUREMENT OF RETURN LOSS USING VNA (ZVA-40) 

A.3.1.1 ANTENNA FABRICATION 

The process of antenna design is carried out in Antenna design and simulation 

software i.e. high frequency structured simulator (HFSS). After the simulated and 

optimized design, convert the corresponding antenna design HFSS file into gerber file 

and converting it into a film which is the initial step from where the antenna 

fabrication process starts. For Microstrip patch antenna, printed circuit board (PCB) 

fabrication technology is used. With the enhancement in fabrication demands of 

electronics components on boards as per the required application, there is a boost-up 

the need of PCB fabrication technology. PCB is a hard board that provides the 

relevant mechanical strength to components and provides connectivity between them 

through copper tracks for suitable communication. PCB can be single layer, but with 

double layer or multi-layer boards for antenna design it is known as substrate 

integrated waveguide (SIW). Major components of PCB for the antenna design for the 

suitable application are Substrate with required dielectric material. Specific dielectric 

material must be selected in order to achieve the desired characteristics of the antenna. 

Also, selection of dielectric constant material depends on applications and the 

methodology which is to be applied.  

Dielectric materials with thick substrate and low dielectric constant provide high 

bandwidth and better antenna efficiency but leads to large size structures. On 

contrary, material with high dielectric constant give rise to more surface waves and 

less bandwidth is achieved due to this.  

For the proposed antenna designs, an inexpensive FR4 dielectric substrate is selected 

with dielectric constant of 0.02 and thickness of 1.6mm with partial ground plane to 

enhanced bandwidth, high stable gain and good antenna efficiency. FR4 material is 

also available with other dielectric constant values also. As the most commonly used 

material is FR-4 Epoxy and it is a lossy material also but with the partial ground plane 

technique and other etched slots desired results have been achieved. 

 For PCB fabrication some steps and followed. Initially, design is prepared on HFSS 

software than Gerber files are created. Gerber files are created with the help of 
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software. It provides the complete information related to copper layers, solder mask 

and component notation etc. It creates a film of design also called photo negative. 

Next step is to print the PCB design using special printers called plotters. After 

preparing the blueprint of design, it is printed on the PCB and heated for some time. 

After some time wanted copper is kept and unwanted copper is removed. This process 

is called etching and in PCB designing Ferric chloride material is used for etching 

process. After removing the unwanted copper, PCB is washed with alkaline solution 

to further remove any leftover copper and dried. Figure A.1 shows the complete PCB 

designing process: 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

  

 

 
   Figure A.5: PCB Fabrication process 
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A.3.2 ANTENNA TEST PROCEDURE 

After the desired fabrication of the antenna using PCB, its performance is tested / 

analyzed on the vector network analyzer for impedance bandwidth, Impedance 

matching and voltage standing wave ratio (VSWR). Antenna Return loss and VSWR 

measurement can be done using VNA. For these measurements vector network is 

used and its model is specified in table A.2. 

Table A.2: Apparatus used for Antenna parameter measurement 

Antenna Parameters Apparatus used Model 

Return loss (S11) VNA ZVA - 40 

VSWR VNA ZVA - 40 

 

For testing proposed antenna prototype, instruments used are given in following Table 

A.2 with specification.  

Table A.3: Antenna testing devices used for proposed antenna Measurement 

S. No. Instrument Name 

 

Company 

Name 

Model No Specification 

1 
Vector Network  

Analyzer 

Rohde and 

Schwarz 
ZVA- 40 10 MHz – 40 GHz 

 

A.3.2.1 Return loss/VSWR measurement using VNA (ZVA-40) 

VNA used for antenna return loss and VSWR measurement is of Rohde and Schwarz 

whose model is specified as ZVA- 40. It is high performance microwave network 

analyzer that covers frequency range of 10MHz to 40GHz. VNA can have two ports 

or four ports for connection of DUT (Device under test). Before antenna 

measurement, VNA should be calibrated properly using calibration kit. Following 

steps are taken to measure VSWR for proposed antenna. 

A.3.2.1.1 Return loss Test procedure 

1. Connect the test equipment. 

2. Switch on the Vector Network Analyzer and set the desired band of frequency 

means set the start frequency i.e. 5GHz and Stop frequency that is 40GHz for 

Ant1 and 15GHz start and 40 GHz for Ant2. 
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3. Select S11 parameter for VSWR. Calibrate the Network Analyzer by 

connecting calibration module. Set the network analyzer for S11/ VSWR. 

4. Connect the other end of the feeder cable to the Antenna under test (AUT) 

5. Read the response in VNA over the band, which is the VSWR of the antenna 

6. Note the Value of S11/VSWR. 

 

Figure A.6: Test setup for VSWR measurement 

VNA port calibration can be done for frequency range between 5GHz to 40GHz using 

different methods like standard open, short and match load. Calibration means offset 

line after switching ON VNA should be aligned with Zero. After, this calibrated VNA 

has to connect with AUT (Antenna under Test) with cable on VNA S11 port. 

Fabricated antenna Return loss (S11) characteristics can be obtained by making 

connection of antenna with any one port of calibrated network analyzer and operating 

VNA in S11 or S22 mode. The graph which is display on VNA display is observed and 

the frequency for which S11 value is lowest means a sharp dip is achieved on the S11 

graph is called resonant frequency of cut of frequency. Return loss graph also 

provides information about antenna bandwidth of operation, range of frequencies for 

which return loss value is less than -10dB is mainly considered as antenna bandwidth. 

Antenna bandwidth is the range of high frequency cut off frequency and low cut off 

frequency below-10dB and calculated using following formula in percentage. 

 

Bandwidth (%age) = 
      

  
 x 100        (A.1) 

 

Where,    represents the higher -10dB point on graph,    denotes the lowest -10dB 

point on graph and fc is the cut of frequency with minimum return loss value, 
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APPENDIX B 

B.1 ANTENNA DESIGN EQUATIONS 

1. To calculate effective length of the antenna: 

Leff = L + 2∆L 

              L is the length of the substrate 

  ∆L is the change in length of the substrate 

2. To calculate Width of the antenna  : 

  
  

   
√

 

    
 

           Where w is the width of the substrate 

                      fr is the resonant frequency 

                      εr  is the dielectric constant of the substrate 

            V0 is the velocity of light 

3. Effective dielectric constant: 

 reff =
    

 
 

    

 
[    

 

 
]  

 ⁄     
 

  
   

              Where h is the height 

 ε reff is the effective dielectric constant 

4. Change in length (∆L): 
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5. Length of the antenna: 
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