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CHAPTER  

                                 1 

Introduction and Literature Survey 

 

1.1 Introduction 

 

In the modern era of communication, transmitting and receiving the signal through 

wireless has become prominent. With the development of the latest technologies such 

as   Internet of Things (IoT), wireless sensor networks (WSN) these type of wireless 

technologies becomes essential. For data to transmit in wireless mode the system 

requires an antenna which is capable of transmitting and receiving Radio Frequency 

signals. Depending on the design aspects, antennas can be designed for the applications 

such as sensing application in the range of few meters to satellite applications ranging 

thousands of kilo meters. Design of Antennas for such varying range of applications 

is an important task. The operating frequency of antenna is a very important parameter 

in antenna design for different applications. The operating frequency of antenna 

depends on antenna geometry, which decreases with increase in the antenna size. 

Antennas have been constructed with a wide variety of forms over the years, 

including aperture antennas, wire antennas, loop antennas, planar patch (Microstrip) 

antennas, and slot antennas. The demand for smaller as well as planar antennas grows 

with the advent modern wireless underground sensor networks or IoT applications. 

Furthermore, the mobility of wireless devices has become critical, necessitating the 

development of antennas suitable with miniaturised handheld devices. This imposes 

the use of antennas that are small in weight, low in profile, compact, and inexpensive. 

In this scenario, a microstrip antenna is found to be most suitable option for meeting 

most of the criteria of today's wireless world. 

Microstrip antenna as a kilomegacycle range transmission technology is 

introduced by Greig and Engleman  in 1952 and as a radiator was first percived by 

Deschamps in 1953[1]-[2]. The Microstrip antenna and its application is first patented 
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in 1955 by Gutton and Bassinot [3]. Various prospectives of stripline discontunities 

and radition were reported between 1955 to 1969 by different reserachers [4]-[7]. 

However, for the next five years, until 1975, researchers such as Byron, Howell, 

Munson, and others pioneered research in the fields of printed antennas or microstrip 

antennas by analysing the radiation of a conducting stripline like copper clads with 

dielectric substrate of few wavelengths in between [8]-[15]. Due to the advantageous 

features of micristrip antenna its usage has become prominent in the missile  satellite 

industry and airborne systems [16]-[21]. The developments in microstrip antenna 

various geometries and analysis were drafted by in 1980 by Bahl and Bhartia [22]. The 

parametric studies and analysis of microstrip antenna are elobarated  in book of James, 

Hall and Wood [23] in 1981.Another book released in 1981 by James et al [23] 

expanded the analyses and designs to incorporate parametric investigations. A well-

reviewed study by Carver and Mink [24] also spelled forth the key characteristics and 

aspects of microstrip antennas, to which reference is still made. The fundamental and 

significant expressions of input impedance, radiation resistance, and radiation fields 

were expressed [25], but they were only applicable to centre fed patches and so could 

not be used in many real antenna configurations. 

Lo et al. [26]-[29] presented a more generalised expression based on modal-

expansion techniques for different geometries such as rectangular, triangular, circular, 

semicircular, and so on. Advanced analysis and techniques were also presented by 

Shen [30], Carver and Coffey [31]-[34], and it focused on calculating the mutual and 

self impedance and limations of microstrip antenna when integrated to form array 

antenna.Different authors and researchers have reported on different approaches of 

analysis, such as the aperture field model [35], vector potential approach [36], wire 

grid model [37], Dyadic Green's function (DGF) techniques [38], and so on, to describe 

the radiation characteristics.  

From the 1980s through the year 2000, the second phase of printed antenna 

development took place. During this period, the basic radiation process was studied 

and realised utilising cavity model analysis. This research is widely reported in the 

literature, including [39]-[40]. The growing interest in printed antennas has resulted in 

the creation of small, wideband antennas for novel wireless applications. The latest 
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publications [41]-[42] reflect this. contemporary handbooks and collections [43]-[45] 

on printed antenna design have included modern innovations, including CAD-based 

approaches. These efforts are laying the groundwork for today's commercial and 

academic research and development. 

Moving on to the third and most recent phase, breakthroughs in material 

technology and exotic material fabrication have permitted the development of 

sophisticated microstrip antennas. Among the most notable are (a) antennas with 

metamaterials [46]-[52], (b) Defected ground structures for printed antennas [53]-[60], 

and (c) Defected patch structures using AI-generated forms. (d) Electrically 

miniaturised antennas for mobile communication [61-69], and (e) printed antennas for 

RFID systems [70]-[77] etc, both with and without active power. 

1.2   Basic structure of Microstrip Patch Antenna 

Microstrip patch antenna of Length (L) and width (W) lying on a height (h) 

substrate. The co-ordinate axis is chosen so that the length runs along the x axis, the 

width runs along the y axis, and the height runs along the z axis. With the length of the 

patch nearing to the ½ wavelength then patch radiates at the desired frequency. 

Fig.1.1. Basic geometry of coaxial fed Microstrip patch antenna (a) top view (b) side view 

Basic Microstrip antenna with coaxial feed is depicted in Fig.1.1. The fundamental 

mode of the rectangular patch antenna is TM10 mode, and the patch to operate at that 

mode the length should be approximately equal to λ /2 where λ is the wavelength which 

can be determined by free space wavelength λo as λo/εreff  where    εreff is the relative 

dielectric constant of the medium. This TM10 mode indicates the field variation along 

the patch length varies with one λ/2 per cycle. Various regular geometries of patch 
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such as circular, triangular, square, annular ring, semi-circular etc are used. Different 

shapes of the patch are depicted in Fig.1.2. 

 

Fig.1.2. Different geometries of patch (a) circular (b) semi-circular (c) square (d)annular ring (e) 

square ring (f) triangular (g) right angle triangle (h) hexagonal (i) rectangular 

 

To function in the fundamental TM10 mode, the patch length must be slightly less 

than λ/2 where λ is the dielectric medium wavelength. The TM10 mode suggests that 

the field fluctuates one λ/2 cycle along its length but not along its patch width. The 

microstrip patch antenna is shown in Fig. 1.3 by two slots separated by a transmission 

line of length L and open circuited at both ends. Because of the open ends, the voltage 

is highest along the width of the patch and the current is lowest. The fields at the edge 

can be divided into normal and tangential components with respect to the ground plane.  
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Because the patch is λ/2 long, the normal components of the electric field at the 

two edges along the width are in different directions and hence out of phase, and thus 

cancel each other in the broadside direction. Because the tangential components are in 

phase, the resultant fields combine to generate the greatest radiated field normal to the 

structure's surface. As a result, the width's edges may be represented as two radiating 

slots that are λ/2 apart, excited in phase, and radiate in the half space above the ground 

plane.   The fringing fields throughout the width will be treated as radiating slots, and 

the patch of the microstrip antenna appears larger than its physical dimensions 

electronically. The patch's dimensions throughout its length have now been stretched 

by a distance ΔL on either end, as illustrated in Fig. 1.3. 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1.3. Fringing field extension of RMA along the length 

 

1.3 Feeding Techniques for Microstrip Patch Antenna 

For microstrip patch antennas, many feeding mechanisms have been employed. 

Feeding strategies are classified as contact or non-contacting. Radio Frequency power 

is provided directly to the patches in the contact type feeding. The categories that come 
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under contact feed are line feed and coaxial feed. Non-contact feeds, on the other hand, 

use field coupling methods to transmit power. This category includes aperture and 

proximity couples. The location of the feed on the patch is critical for obtaining 

adequate impedance matching between the patch and feed. The following are some 

examples of feeding strategies. 

Coaxial feed 

This is also referred to as probe feed. The inner conductor is routed through the 

dielectirc substare and to the patch using this technique. This inner wire is shielded by 

an exterior conductor connected to the antenna ground plane. Fig. 1.4 shows a 

schematic illustration of coaxial feed. 

(a)                                                                                    (b) 

                            Fig.1.4. Coaxial fed rectangular patch antenna 

 

Microstrip line feed 

 As illustrated in Fig. 1.5 a conducting strip is linked directly to the border of the 

Microstrip patch. The patch extends beyond the conducting strip. As a result, the feed 

can be etched on the same substrate, resulting in a planar structure. 
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Fig.1.5. Types of line feeding techniques (a) inset feed (b) edge feed (c) quarter wave transformer 

Aperture coupled feed 

By using two dielectric substrates separated by a ground plane, an aperture 

coupled antenna avoids the direct electrical connection between the feed and radiating 

conductors. As illustrated in Fig.1.6, the signal is connected to the patch via an aperture 

in the ground plane. This enables for independent optimisation of the microstrip 

transmission line feed as well as the radiating pattern. 

 

 

 

 

 

 

 

 

 

 Fig.1.6. Aperture Coupled fed patch antenna 

Proximity coupled feed 

The electromagnetic coupling strategy is another name for the proximity linked 

feed technology. The feed line is located between the two dielectric substrates, and the 

radiating patch is located on top of the upper substrate. Two substrates with varying 

dielectric constants are used in this method of feeding as illustrated in Fig.1.7. 
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Fig.1.7 Proximity Coupled fed patch antenna 

 

1.4 Applications of Low frequency Microstrip patch antenna 

The shape and size of the patch determine the frequency of operation and 

performance of the antenna. The most common geometries viz. rectangular and 

circular geometries are extremely useful for industries and modern applications. 

Nevertheless, for low frequency, these patch antennas are typically larger in size. In 

spite of their several shortcomings, these antennas are very useful because of its planar 

form and ease of conformality with the surfaces of aeroplanes, spacecraft, satellites, 

missiles, and even portable mobile devices. 

Microstrip patch antennas are used in a variety of wireless communication. For 

example, in Satellite communication, we need circularly polarised radiation patterns, 

which may be produced using either a square or circular patch microstrip antenna. The 

Circularly polarised microstrip antennas are employed in global positioning satellite 

(GPS) systems. Microstrip antennas with 2.45 GHz are used in telemedicine 

applications. Typically, an antenna with a gain of 6.7 dB, a front-to-back ratio of 11.7 

dB, and a resonant frequency of 2.45 GHz is appropriate for telemedicine applications. 

RFID (radio frequency identification), mobile communication employs different types 

of microstrip antennas.  A type of Wearable microstrip antennas are appropriate for 

wireless body area networks. Microstrip antennas are used in WiMax communication 

equipment, Radio altimeters, command and control systems, remote sensing and 
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environmental instrumentation, feed elements in complex antennae, satellite 

navigation receivers, mobile radio, integrated antennae, biomedical radiators and 

intruder alarms. 

Patch antennas have become more important in sensing applications since the 

introduction of the internet of things. The frequency of operation of the antenna is 

dictated by the application. Ad hoc wireless sensor networks (WSN) are often utilised 

for short-range sensing applications. This thesis focuses on the design of planar 

antennas for underground Electromagnetic propagation. These are also known as 

Wireless underground sensor networks (WUSN).  

A wireless sensor network (WSN) is a collection of spatially distributed sensor 

nodes that are interconnected by wireless communication. The sensor nodes are 

deployed in an ad-hoc manner to monitor the physical or environmental conditions of 

a particular area. Each sensor node has a processor, a memory, a transceiver, and one 

or more sensors. The sensor nodes collect data from the environment and transmit it 

to the base station, which is a central node that processes and stores the data. The base 

station can also be connected to the internet to share the data with other systems. 

Applications of WSN:  

 Internet of Things (IoT) 

 Agriculture 

 Environmental temperature, humidity, and air pressure 

 Landslide Detection 

 Medical applications like patient monitoring 

 Surveillance and Monitoring for security, threat detection. 

 

1.4.1. Wireless Underground sensor networks (WUSN) 

Wireless underground sensor networks (WUSNs) are a promising application of 

communication for the cutting-edge technology compared to the other applications 

stated in the earlier section. The design of antenna for WUSN is less explored topic. 

Also, this topic is very challenging because of the application and its inherent 

restriction of low frequency operation. This WUSNs are a specialized type of WSN 
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that focus on using sensors in the underground region of the soil. For a long time, this 

region has been used to bury sensors for irrigation and environmental monitoring 

applications, but without wireless communication capabilities. WUSNs promise to fill 

this gap and provide the infrastructure for new applications. The main difference 

between WUSNs and terrestrial WSNs is the communication medium. The 

propagation of electromagnetic (EM) waves in soil is significantly different from that 

in air, so a complete characterization of the underground wireless channel was only 

recently developed. Despite the potential advantages of WUSNs, there are several 

challenges that need to be addressed before they can be widely deployed. The main 

challenge is the realization of efficient and reliable underground wireless 

communication between buried sensors. This is because the underground environment 

has significant impact on communication performance. For example, changes in 

temperature, weather, soil moisture, soil composition, depth, distance etc. can affect 

underground communication. The characterization of the wireless underground 

channel is essential for the development of antennas for WUSNs. By understanding 

how EM waves propagate in soil, we can design antennas that are more efficient and 

reliable. Some specific examples of applications for WUSNs are Precision agriculture, 

Structural health monitoring, Natural disaster monitoring etc. Wireless underground 

sensor networks is an emerging application as stated above and has been explored 

extensively [78]-[119]. Amongst them [109]-[119] is very much prominent for the 

present investigation to design planar microstrip antenna for such cutting edge 

WUSN/WIoT application. The determination of design frequency is critically 

dependent in soil properties. Experiments are performed to determine the dielectric 

behavior of wet soil [78]-[79] at the range of 1.4 to 18 GHz. Real and imaginary parts 

of relative dielectric constants of soils for the frequency range of 0.3-1.3 GHz range is 

presented in[80]-[83]. Single ended monopole antenna is designed with appropriate 

efficiency and wide range for different soil moisture measurement at frequency of 869 

MHz in [84]. Electromagnetic wave transmission and effect of dielectric 

characteristics of soil on the signal propagation are shown in [93]. Communication 

issues and the appropriate channel modelling due to various types of material present 

in the soil environment are shown in [94]-[95]. Application of sensor networks for 

measurement of soil water content and various channelization techniques are 
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elaborated in [96]-[101]. Application of sensor networks in oil reservoirs, water saving 

and automated precision agriculture is depicted in [102]-[107]. Capacity profile of 

underground wireless channel is determined with empirical return loss from the 

antenna and frequency responses for channel for different types of soil for Internet of 

Underground things in [108]. Diversity in the reception along with antenna 

beamforming approach and energy aware routing in WUSN has been investigated in 

[109]-[111]. Measurement of received signal strength and antenna such as dipole, 

MIMO and other application of sensor networks in field of Wireless internet of things 

are elaborated in [112]-[119]. 

1.5   Antenna design for wireless underground propagation  

Low frequency antennas are becoming more popular due to their wide range of 

applications, including underground sensing, mining, smart agriculture, and 

environmental monitoring. Because high frequencies are absorbed by the earth's 

surface, low frequency signal transmission is critical in underground environments.  A 

comprehensive description of wireless underground communication is provided in 

[120]. Influence of various soil factors on received signal intensity at various 

frequencies is elaborated in [121]. Investigation of pattern reconfigurable antennas to 

enhance communication connectivity in mines is described in [123]. Furthermore, 

because the size of the antenna increases as the operating frequency decreases, 

miniaturization is required for low frequency antenna design in order to make it small. 

Miniaturized dipole antenna for low frequency ground penetrating radar is proposed 

in [124]. miniaturized antennas for applications such as card size indoor readers and 

meander printed circuit board antennas operating at 433 MHz are explored in [125]-

[126]. In [127], another low frequency antenna at 430 MHz is created for digestive 

system surveillance. The gain and other parameters of the antenna are affected by 

miniaturization. The issues in miniaturizing antennas for personal communication 

systems, as well as gain considerations, are discussed in [128]-[129]. 

A sort of meta material known as Artificial Magnetic Conductor (AMC) can be 

used to improve the gain and other features of low frequency antennas. An AMC is a 

composite material with an electronic band gap (EBG) structure and in phase reflection 
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capabilities. developments in the EBG structure and its potential in the construction of 

microstrip patch antennas are discussed in [130]. The design and analysis of an AMC 

unit cell are reported in [131]. An overview of the use of AMC for various antenna 

applications is provided in [132]. the practical validation of AMC performance using 

dipole antennas are reported in [133] the use of AMC for low profile and low frequency 

antenna applications are described in [134]-[135]. 

1.6 Conclusion 

The fundamentals of microstrip antennas are presented in the literature review 

firstly. Following that, contemporary advances in antenna design for wireless sensor 

networks and wireless underground sensor networks are discussed. The issues related 

with low frequency antenna design has been documented in elaborate manner to 

facilitate the planar antenna design for recent applications. According to the current 

literature, developing planar antennas for low frequencies is a difficult issue with a 

wide range of possibilities for design and implementation. Hence in this thesis planar 

antennas operating at low frequencies suitable for underground sensor networks with 

good gain are designed and analyzed. At the same time, miniaturization techniques are 

incorporated to make the proposed antenna compatible with portable devices. 

The organization of thesis is as follows 

 In Chapter 2 an analysis of electromagnetic wave propagation in various media 

is carried out, including simulation and practical validation.  Received signal strength 

analysis is carried out for three different distances practically in the air medium and 

underground medium. The results indicate the feasibility of low frequency for 

different medium. 

In Chapter 3 miniaturization technique using shorting vias for patch antenna is 

thoroughly investigated. This patch is termed as quarter wave patch. The variation in 

the operating frequency with different positions and number of shorting vias are 

analysed and presented. This shorting vias technique considered as miniaturization 

technique to design the antennas for low frequencies. 
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In Chapter 4 the quarter wave patch gain is enhanced by utilizing artificial 

magnetic conductor (AMC) as composite substrate. The position of AMC is 

judiciously placed so that the in-phase reflections from it will enhance the overall 

gain of the proposed antenna. Along with gain enhancement further miniaturization 

of QWP is obtained with the use of AMC. 

In Chapter 5 the AMC has been utilized in patch and ground plane to form 

AMC patch and AMC ground plane. The structure of AMC is designed in such a way 

the dual periodicity exists once the array is formed. These dual periodic AMC array 

when incorporated in the patch and ground plane forms a dual band Transverse 

Electric (TE) mode exited antenna. This TE antenna is dual of the conventional 

Transverse magnetic (TM) antenna that is formed with PEC ground and PEC patch. 

The characteristics the TE antenna is further enhanced by incorporating four 

dielectric strips at the corners of the patch. Complete analysis of the TE antenna is 

presented mathematically and practically. 

Finally, a conclusion and future scope of this research work has been 

documented. 
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CHAPTER  

                                 2 

Experimental Investigation on Determination of 

Frequency for Wireless Underground Sensor 

Networks 

 

 

2.1    Introduction 

Electromagnetic waves may travel across all media, including air, water, and 

underground (soil). Each media has various dielectric characteristics and, as a result, 

varied relative permittivity (ɛr). The propagation of an electromagnetic wave is 

affected by various factors, one of which is the dielectric constant of the medium. To 

analyze the effect of frequency with varying dielectric constants of the experiments 

are carried out using EM simulation software, in the laboratory and underground 

experimental set up in this chapter. In all the cases intensity of received signal strengths 

are observed and plotted. Received signal strength is observed in following cases(a)By 

simulation of underground environment using two antenna model (b)Experimental 

measurement of received signal in air medium and (c) Experimental measurement of 

received signals strength in the Undergound environment 

2.2. Simulation of Underground Environment using two antenna model 

For performing the simulation, a simple Rectangular microstrip antenna (RMA) 

with coaxial feed is employed. The key advantage of this sort of feeding technique is 

that the feed may be positioned anywhere inside the patch to achieve impedance 

matching. This feed mechanism is simple to fabricate and produces little spurious 

radiation. As seen in Fig.2.1, the RMA are made up of a metallic ground plane, a 

dielectric substrate, and a metallic patch. 
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Fig.2.1. Conventional Rectangular Microstrip antenna with coaxial feed 

 

For simulating different conditions two antennas are constructed facing each other 

so that each antenna can transmit and receive the signal between them. A box is placed 

such that the two antennas are within the box to facilitate different soil conditions. The 

simulation setup with two antennas inside the box is depicted in Fig.2.2. 

 

Fig. 2.2.  Two antennas with layer for underground environment simulation 

Relative permittivity of different soils ranging from 3 to 40 [136] are assigned to 

the box to simulate different soil conditions between the two antennas. Then, each 
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antenna is tuned to operate at different frequencies ranging from 300 MHz to 2000 

MHz’s to check effect of frequency on antenna performance under soil.  

The received signal intensity (S12) is observed and recorded in each case as 

indicated in Table.2.1. 

Table 2.1.  

  Received signal for different frequencies at different value of relative permittivity (ɛr) 

Frequency 

in MHz 

Received signal S12 by varying the Relative permittivity of layer 

ɛr = 3 ɛr = 5 ɛr = 15 ɛr = 25 ɛr = 35 ɛr = 40 

2000 -6.5 -7.5 -10.6 -11.7 -10.3 -9.4 

1000 -5.1 -6.9 -6.02 -7 -9.4 -9.6 

900 -5.0 -5.4 -5.8 -6.2 -7.9 -8.5 

800 -4.9 -5.3 -5.6 -6.0 -6.6 -6.9 

700 -4.8 -5.1 -5.5 -5.8 -6.4 -6.7 

600 -4.3 -5.0 -5.4 -5.6 -6.0 -6.2 

500 -4.0 -4.6 -5.0 -5.4 -5.7 -6.0 

400 -3.9 -4.3 -4.8 -5.3 -5.2 -5.7 

300 -3.3 -4.0 -4.7 -5.0 -4.6 -5.4 

 

 

Fig.2.3.  Variation in Received signal (S12) with   frequency 
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Fig.2.4.  Variation in Received signal (S12) for different permittivity values 

The variation in S12 with frequency for various values of ɛr is seen in Fig.2.3. It 

can be shown that for all relative permittivity levels, the best values are attained at 

lower frequencies. In Fig. 2.4, the same data is displayed between received signal 

intensity and relative permittivity for four distinct frequencies, indicating that at lower 

frequencies, signal strength almost constant for different values of permittivity 

compared to higher frequencies. 

2.3 Experimental verification of received signal strength (air medium) 

Experiment is performed to determine the received signal strength of antenna in 

the air. Two antennas are used for these experiments (i) Three element Yagi-Uda 

antenna as transmitter and (ii) Folded dipole antenna as receiver. The experiment is 

carried out by making both the antennas to operating at different frequency ranges and 

observing the received signal strength in each case. The experiment is carried out with 

three different distances between the transmitting and receiving antenna. These 

distances are 118 cm ,204 cm and 270 cm respectively. These distances are selected in 

such a way to compare the effect of the same in the underground propagation as 

explained in next section. The transmitting and receiving antenna pictures are shown 

in Fig.2.4 
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Fig.2.5. Transmitting and receiving antennas used for experiment (a) 3 element Yagi-Uda (b) Folded 

dipole 

The experimental setup for observing the received signal strength of antenna in 

the air medium with three different distances are shown in the Figs.2.5(a) (b) and (c). 

The Amitec ATS-10 wireless and mobile communication analyzer is used to feed the 

antenna and to measure the signal strength. 
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Fig.2.6. Experimental setup for measurement of received signal strength in the air medium at 

distances (a)118 cm (b)204cm (c)270 cm 

Table.2.2 depicts the value of received signal strength in the air with three 

different distances of 118 cm ,204 cm and 270 cm. Experiment is performed by varying 

the operating frequency from 300 MHz to 660 MHz. The frequency ranges are selected 

based on the available resources at Laboratory during the time of measurement. For 

each frequency received signal strength for the three distances are measured and noted. 

The received signal strength is measured in dBm. The variations in the received signal 

strength with respect of frequency is depicted in Fig.2.6 
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Table.2.2 

Received signal strength in the air medium for different distances 

Distance (cm) Frequency (MHz) Received Signal strength (dBm) 

 

 

 

118 

300 72 

320 70 

380 69 

440 75 

540 70 

580 65 

600 62 

660 60 

 

 

204 

300 67 

320 64 

380 63 

440 61 

540 60 

580 56 

600 55 

660 52 

 

 

 

 

270 

300 60 

320 58 

380 56 

440 54 

540 53 

580 52 

600 48 

660 45 
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Fig.2.7 Variation in received signal strength(dBm) with frequency in air medium 

 

  From the Fig. 2.7 it is observed that lower frequency shows better performance 

as compared with higher frequency in the air medium for the different distances 

between transmitting and receiving antennas. 

2.4 Experimental verification of received signal strength in underground (soil 

medium) 

Three holes of two feet depth were dug at the Department of Electronics and 

Communication Engineering, Mizoram University. The holes were dug in such a way 

that three different distances of 118 cm, 204 cm, and 270 cm could be obtained 

between them. The same experimental setup that was used to measure signal strength 

in air (as mentioned in Section 2.3) was used for the underground measurement. The 

overall experimental setup for performing underground received signal strength 

analysis is depicted in Fig.2.8. The transmitting antenna (transmitter) was placed in 

the Hole #1. The distances between the transmitter and receiver were varied by moving 

the receiver (Receiving antenna) to the second Hole #2   and Hole #3. This covers the 

distance of 204 cm and 270 cm between the antenna. 
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Fig.2.8. Experimental setup for measurement of received signal strength in the underground 

Then the transmitting antenna is kept in the second hole and receiving antenna at 

third hole so that the distance between them is 118 cm. The received signal strength 

was measured for different frequency between 300MHz to660 MHz. The variation of 

frequency is restricted between 300 MHz to 660 MHz due to the limitation of available 

system in the laboratory at that time of measurement.     The results of the experiments 

showed that the received signal strength decreased as the distance between the 

transmitter and receiver increased. This is because the soil absorbs electromagnetic 

radiation, which reduces the strength of the signal as it travels through the soil. The 

results of this experiment provide experimental verification of the theoretical models 

that have been developed to predict the received signal strength in soil. 
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Table.2.3 

Received signal strength in the underground for different distances 

Distance (cm) Frequency (MHz) Received Signal strength (dBm) 

 

 

 

118 

300 65 

320 62 

380 60 

440 63 

540 59 

580 55 

600 61 

660 58 

 

 

 

 

204 

300 60 

320 58 

380 55 

440 56 

540 53 

580 50 

600 56 

660 53 

 

 

 

 

270 

300 58 

320 53 

380 53 

440 50 

540 52 

580 49 

600 42 

660 40 
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These results can be used to design wireless sensor networks that are deployed 

underground. Similar procedure performed in the section 2.3 for the air medium for 

received signal strength is repeated for underground environment.  

The values are noted by varying the frequency similar to the air medium. Table.2.3 

depicts the values of received signal strength for each frequency and for the various 

distances. Variation in the received signal strength for different frequencies with 

distances in the underground is depicted in Fig.2.8. From the Fig.2.8 it can be observed 

that the signal strength received in the underground is less compared to that of air.   

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2.9. Variation in received signal strength(dBm) with frequency in soil (underground) medium 

This is due to the different permittivity values of soil compared to that of air. It is 

also found that lower frequency has better signal reception as compared with higher 

frequency under same soil condition during the measurement.  

2.5. Conclusion 

  The propagation of electromagnetic waves in three different scenarios is 

investigated and the results are reported. Two antennas are simulated by altering the 

relative dielectric medium between them. Experimental validation of received signal 
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intensity in air for three distances and measured the received signal strength in soil 

(underground) for three distances same as in air.  

Based on the results, it can be inferred that low frequency signal strength in the 

order of MHz is good enough compared to higher frequencies, and that for lower 

frequencies, the signal strength remains almost constant for changes in relative 

permittivity values. The results indicate the importance of low frequencies for   

underground propagation. It is also evident from the results that at low frequencies the 

received signal strength remains constant with change in the relative permittivity 

values.  
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CHAPTER  

                                 3 

An investigation on low frequency miniaturized 

printed antenna design for Wireless Underground 

Sensor Networks 

 

 

3.1    Introduction 

Wireless Underground Sensor Networks (WUSNs) are important for monitoring 

soil, habitats, oil, and other underground components. However, electromagnetic 

waves at high frequencies are absorbed by the Earth's surface and are not useful for 

underground propagation. Therefore, lower frequencies in the megahertz (MHz) range 

are preferred. Designing a Rectangular microstrip patch antenna (RMA) at such low 

frequencies is a challenge, as the antenna size becomes larger. Miniaturization 

techniques can be used to reduce the size of RMA. Use of wireless underground sensor 

for oil refinery and its limitations are briefed in [137]. A compact and broadband RMA 

with shorted patch, stacked shorted patch, and slot loading patch is presented in [138]. 

Several works have reported the use of shorting techniques to reduce the size of MPAs. 

In [139], miniaturization techniques such as material loading, reshaping the antenna, 

shorting and folding techniques, slots, and defected ground structure are reported. In 

[140], a simple folding operation of a wall shorted patch resulting in a stacked shorted 

patch is designed for the industrial, scientific, and medical (ISM) band. Specifically, 

in [141], dielectric loading technique is used to reduce the patch size that produces 

circular polarization for a CubeSat payload operating at 436 MHz. In [142], an H-

shaped microstrip antenna is studied through a transmission line model and analysed 

using the method of moments. Miniaturization and tuning of a patch antenna using a 

stacked superstrate layer is reported in [143]-[145], where short circuit posts are used 

for miniaturization. In this chapter, shorting vias are explored in terms of number and 

position on the patch for low frequency applications in the P band. 
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3.2. Antenna design with shorting vias 

The resonance frequency of a microstrip patch antenna (MPA) is inversely related 

to the length of the patch. Conventionally, MPA with a length of 396 mm and a width 

of 410 mm on air substrate of 10 mm thickness is required to resonate at 365 MHz. 

However, such a big antenna is not feasible for the majority of applications due to 

constraint of space. In this chapter, we see about how shorting vias may be used to 

miniaturise MPA. Shorting vias are tiny holes carved into the antenna's ground plane 

that link the patch to the ground plane. When shorting vias are placed in proper 

positions, they can efficiently decrease the patch size without compromising the 

electric field distribution. When the patch antenna is shorted at the end, the current at 

the end is no longer compelled to be zero. As a result, the current-voltage distribution 

of this antenna is identical to that of a half-wave patch antenna. However, the radiation-

causing fringing fields are shorted at the far end, so only the fields closest to the 

transmission line radiate. As a result, the antenna gain is lowered, but the patch antenna 

has the same basic features as a half-wavelength patch while being 50% smaller in 

area. As a result, we may design MPAs that are much smaller than conventional MPAs 

of the same frequency. The shorting vias can be thought of as a parallel inductance to 

the reference model of the patch. A number of approaches, including the method of 

moments, may be used to estimate this inductance.  The simulation results indicate that 

miniaturised MPAs perform at an acceptable level. One of the probable options for 

miniaturising MPAs for low-frequency applications appears to be shorting vias. This 

chapter discusses a thorough examination with the number and position of sorting vias 

in the quarter wave patch (QWP). 

3.2.1. Study of Frequency variation with number of shorting vias 

Initially, a patch with dimensions Lp × Wp =155 mm × 186 mm on a ground plane 

with dimensions L × W = 225 mm × 286 mm is being investigated. The dimensions 

are computed in such a way that the lowest operating frequency of 365 MHz is 

obtained. To make patch to QWP, shorting vias of dimension D =2mm and length of 

10 mm are integrated at the patch's edge, as illustrated in Fig.3.1. The antenna's design 

specifications are shown in Table 3.1.   The number of shorting vias on the patch are 
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varied from 24 to 3 as depicted in the Fig.3.2 and the variation in the resonant 

frequencies is observed for each case. 

 

 

 

Fig.3.1.  Quarter Wave Patch (QWP) with shorting vias 

 

Table 3.1.   

Design Parameters used in QWP(Fig.3.1) 

L 

(mm) 

W 

(mm) 

Lp 

(mm) 

Wp 

(mm) 

D 

(mm) 

225 286 155 186 2 
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(a) 
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(c) 

 

 

 

 

 

 

 

 

 

 

 

(d) 

Fig.3.2.  QWP with various number of shorting vias (a) 24 shorting vias (b)12 shorting vias (c) 6 

shotting vias and (d) 3 shorting vias 
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Table 3.2. 

Frequency Vs Number of shorting vias 

Number of storing 

vias 

Operating 

Frequency (MHz) 

3 362 

6 414 

12 425 

24 440 

Resonant frequency in all the cases by varying the number of shorting vias 

position at the edge of patch is observed. It is clearly evident from the Fig.3.3 that as 

the number of shorting vias decreases resonant frequency decreases.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3.3. Variation in resonant frequency of QWP with number of shorting vias  

As shown in Table 3.2, the simulation results show a noticeable frequency shift 

from 440 MHz to 362 MHz when the number of shorting vias is reduced from 24 to 3. 

Figure 3.3 depicts a graphical illustration of the same. The results show that changing 

the number of shorting greatly changes the operating frequency of the QWP. 

Furthermore, effects of resonant frequency by varying of shorting via position are 

studied in the next section. 
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 3.2.2. Study of Frequency variation with position of shorting vias 

With varying number of shorting vias at particular position of patch varies the 

operating frequency of the patch as discussed in the previous section. Another factor 

that the frequency of shorted QWP is varying with positions of the shorting vias. In 

this section miniaturized version with three shorting vias is further discussed for the 

frequency variation by varying the position of the shorting vias as shown in Fig.3.4. 

 

Fig.3.4. Quarter wave patch with varying shorting vias position (p) from the edge of the patch 

Simulations are performed with varying the position of shorting vias (p). The 

values of p are varied from 0mm to 20 mm. In all the positions the frequency of the 

patch is observed and the S11 plots are depicted in Fig.3.5. 
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Fig.3.5. Variation in resonant frequency of QWP with position (p) of shorting vias from the radiating 

edge 

Table:3.3. 

Frequency   Vs Position of shorting vias 

Position of shorting vias from 

edge of the patch  

(mm) 

Operating Frequency  

(MHz) 

0 (edge) 362 

5 374 

10 383 

15 397 

20 410 

The operating frequency increases when the position of the shorting vias are 

shifted towards the center of the patch as shown in Fig.3.5. This rise in frequency with 

changing location is tabulated in Table3.3. When one of the patch's radiating edges is 

shorted with vias, the shorted edge does not radiate. As the point is shifted below the 

patch's edge, as seen in Fig.3.4, the shorted edge begins to radiate. The strength of 

radiation rises as the position of the vias is lowered downward. Because of the increase 
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in radiation from the shorted edge caused by the shift of the vias location, the patch 

resonates at a high frequency. The pattern of electric field from the shorting vias are 

depicted in the Fig 3.6. 

 

(a) 

 

(b) 

Fig. 3.6. Electric filed vector at the shorted edges of the patch (a) slots at p =0 mm (b) slots at p = 20 

mm 
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As illustrated in Fig.3.6, repositioning the shorting vias causes an increase in the 

electric field at the patch's shorted edge, which raises the frequency of the patch. Figure 

3.7 depicts the overall shifts of the frequency with the number and position of the 

shoring vias. 

 

 

 

 

 

 

 

 

Fig.3.7. Frequency variation of QWP with number and position of shorting vias 

The gain pattern of the QWP with shorting vias are also observed. The gain profile of 

QWP with different number of shorting vias at the position p=0 is depicted in the 

Fig.3.8 
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(b) 

 

 

 

 

 

 

 

 

 

 

 

(c) 
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(d) 

 

Fig. 3.8. Radiation pattern   QWP for vias at p = 0 (a) 24 shorting vias (b) 12 shorting vias (c) 6 

shorting vias(d) 3 shorting vias 

The gains for different shorting vias at different positions are depicted in the 

Fig.3.9. The gain pattern shows that QWP yields lower gain than the traditional 

antenna at the same frequency. From the Fig. 3.9 it is evident that the gain of QWP for 

different combinations of vias position and number yields the gains ranging from -

2.5dBi to 2.5dBi 
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Fig. 3.9.  Gains Vs Shorting positions for different numbers of vias 

3.3. Conclusion 

The observation described in this chapter involves changing the position and the 

number of shorting vias on a Quarter Wave patch. The simulation results indicate that 

a Quarter Wave patch may be made to work at different frequencies by altering the 

number and position of shorting vias. A miniaturization can be produced as a result of 

the previously described Quarter Wave patch concept. Aside from compactness, the 

gain of QWP is lower when compared to conventional antennas. As a result of this 

observation, we can infer that QWP with shorting vias is one of the miniaturization 

approaches used to minimize patch size. Further investigation is done to improve gain 

characteristics for these structure by incorporating a meta material having in phase 

reflection properties known as an Artificial Magnetic Conductor (AMC) is implanted 

with this QWP to achieve better gain.   
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CHAPTER  

                                4 

 Theoretical and Experimental investigation on Air-

Artificial Magnetic Conductor composite substrate 

for Wireless Underground Sensor Network 

Application 
 

4.1    Introduction 

Designing a miniaturized antenna for Wireless Underground Sensor Network 

(WUSN) or ground penetrating radar (GPR) is a challenging task for antenna 

researchers. These antennas typically operate in the range of 250 MHz to 900 MHz 

[86],[95],[119], specifically those in the P band that usually exhibit negative gains and 

low efficiency. In [84],[148]-[151], different antennas are reported for low frequency 

(above 500 MHz) underground applications such as simple monopole with Defected 

Ground Structure [84], Vivaldi antennas [148], a concrete-backed ground plane and a 

concrete superstrate loaded rectangular microstrip antenna (RMA) and extended slot 

loaded RMA [149] yielding very poor gain from -1 dBi to -12.9 dBi. Notably, fewer 

efforts were investigated with Rectangular Microstrip Antenna design below 500 

MHz. Designing a compact size antenna for WUSN below 430MHz is very promising 

as the classical miniaturization techniques such as slot-loading or quarter-wave patch 

(QWP) severely degrades the gain. Notably, the antennas operating at 433 MHz for 

WUSN applications such as helical [152] and square spiral [153] usually suffer from 

negative gain of -5 dBi and -13 dBi. Investigations with planar meander line antennas 

operating at 433 MHz have also been reported in [154]-[156]. Amid these designs, 

[154] and [155] have reported a slightly modified meander line printed monopole that 

is suitable for WUSN application in the Mica2 (commercially available sensor node 

for WUSN) sensor node. Here, the utilization of trans-receiver box and modified 

feeding position is used to attain -4.4 dBi gain. To enhance the antenna gain, a similar 

antenna with a double-layer capacitive strip cut with inter-digital slots is reported in 
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[155], yielding1.2 dBi gain. In [156], similar antenna with a capacitive strip is designed 

via feed battery pad, but a distorted radiation pattern with poor gain (-1 to -0.7 dBi) 

was obtained.  

To address the lacunae of earlier studies, in the present investigation, a 

Rectangular Microstrip Antenna with 4 shorting pins loaded along with a composite 

substrate (air dielectric-AMC) is employed to yield positive gain and better efficiency 

at frequency < 430 MHz. In another report RMA with shorting pins are widely used 

to achieve 38% miniaturization with dual band operation, low gain (1 dBi with 28% 

efficiency) [157] and for circular polarization with better gain [158]-[160]. Shorting 

vias for wideband and to attain polarization purity are reported in [161]-[163]. AMC 

as ground plane has been used to enhance bandwidth, multi-band operation, 

miniaturization and high gain [164]-[167]. Nevertheless, the aforementioned RMA 

with shorting pins or AMC ground plane is designed for frequencies above 1 GHz. 

Therefore, neither any attempt is made to design an RMA below 430 MHz nor has 

AMC been used as a composite substrate.  Notably, the use of AMC as a part of the 

composite substrate in an RMA is a completely new technique that is adopted in the 

present investigation.  

In this chapter a simple miniaturized patch is designed on a composite substrate 

(dielectric-Artificial Magnetic Conductor (AMC)), in which an air gap is introduced 

as the dielectric. To achieve compact size for the proposed antenna, thoughtful choices 

of number of shorting vias and their placement is done based on the investigation done 

in chapter 3. Initially three shorting vias at the edge of the patch is taken for the QWP 

and simulation is performed and it yields a gain of 1.3 dBi at 385 MHz. This structure 

is altered such that number of vias is made to four and moved down 5mm from the 

edge so that the structure is operating at 413 MHz with a peak gain of 3.1 dBi. 
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4.2.  Simulation based investigation of placement of sorting position and air-

AMC composite substrate 

A quarter wave patch with three shorting vias as discussed in chapter 3 is initially 

considered as shown in Fig.4.1. The dimensions of the QWP are selected in such that 

the it resonates at frequency of 454 MHz with a gain of 0.7 dBi. The dimensions of 

QWP is Lc×Wc=120 mm × 150 mm on a ground plane of Lg×Wg=350mm × 350 mm. 

The structure of QWP its resonant frequency and gain plots are depicted in Figs.4.1, 

4.2 and 4.3 respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.1. Quarter wave patch at 453 MHz 

 

 

 

 

 

 

 

Fig.4.2. Reflection coefficient of the QWP antenna at 454 MHz 
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Fig.4.3.  Gain of QWP antenna at 454 MHz 

This QWP provides the miniaturized structure as discussed in the chapter 3. To 

increase the gain of this QWP, air-AMC composite substrate is embedded into it. An 

AMC unit cell of Lamc × Lamc= 100 mm×100 mm is built on a Slamc× Slamc =104 

mm×104 mm. ground plane. A 3.2 mm thick substrate with a relative permittivity of 

r=10.2 is put on top of this PEC ground plane. This AMC unit cell and its reflection 

coefficient at 453 MHz is shown in Fig.4.4, which corresponds to the frequency of the 

antenna designed. 

 

 

 

 

 

Fig.4.4.AMC structure at 453 MHz (a) unit cell (b) reflection coefficient 
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This AMC is made as 2×3 array to accommodate the patch size and form a 

composite substrate.  With the integration of AMC, the antenna resonates at 385 MHz. 

The proposed antenna at 385 MHz is shown in the Fig.4.5.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.5. Schematic of Air -AMC Antenna at 385 MHz 

By incorporation of Shorting vias and air-AMC composite substrate this structure 

is made to operate at 385 MHz where in general conventional RMA requires a 

dimension of 250 mm × 300 mm patch size for same operating frequency. The 

reflection coefficient of this antenna depicted in Fig 4.6 confirms the resonance at 385 

MHz 

 

 

 

 

 

 

 

Fig.4.6. Reflection Coefficient of antenna resonation at 385 MHz 
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Incorporation of AMC as composite substrate enhances its gain from 0.7 dBi to 1.3 

dBi and reduces frequency from 454 MHz to 385 MHz as depicted in the Fig.4.7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.7. Gain of antenna at 385 MHz 

Hence a QWP with air AMC composite substrate operating at 385 MHz is 

proposed and designed. The gain of this structure is 1.3 dBi, is useful for the low gain 

applications. However, for lossy ground for combating attenuation it would be better 

to have antenna gain more than at least 2dBi.Analogous structure with close 

resemblance is further analyzed by changing the shorting vias number and position to 

yield more better radiation performance. Through and  methodical investigation has 

been carried out and documented in the next section 

4.3 Antenna design   

A simple miniaturized patch (smaller than classical QWP) is designed on a 

composite substrate (dielectric-Artificial Magnetic Conductor (AMC)), in which an 

air gap is applied as the dielectric, as shown in Fig. 4.8. To achieve compact size for 

the proposed antenna, thoughtful choices of shorting vias numbers and their 

corresponding placement positions are important as initially investigated in earlier 

chapter 3. 
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(a) 

 

 

 

 

 

 

 

 

                                                                     (b) 

Fig.4.8. Proposed antenna at 413 MHz (PA) structure (a) Top view (b) Side view. 

To further miniaturize the proposed antenna, a composite substrate (partial AMC) 

is incorporated, and the proposed antenna size can be reduced to 0.16λ0 × 0.20λ0 × 

0.01λ0 (fabricated on a 0.47λ0 × 0.47λ0 ground plane). Where λ0 is free space operating 

wave length.  The proposed antenna can be useful not only for WUSN applications but 

also for other underground wireless applications and space applications in the range of 

300 MHz to 1 GHz. 
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4.4 Evolution Analysis 

4.4.1 AMC Unit Cell and Array: 

An AMC unit cell in the form of high impedance surface (HIS) is initially 

designed by using a simple single square patch of side length L1 = 84 mm (≈ λeff/2), 

and it is printed on an alumina substrate of size D×D = 88×88 mm2 and thickness (h1) 

= 3.0 mm, permittivity (εr) = 10.0, as shown in Fig. 4.9 (a). The unit cell is designed 

at a slightly higher frequency of f = 530 MHz, followed by extending it into an array 

type, in which a 2×3 AMC array is realized at the same frequency with a periodicity 

of 86 mm. The gap (g) of 2 mm between the AMC patches is maintained at, and the 

overall AMC substrate dimension is 260×176 mm2. Fig. 4.9(b) shows the 2×3 AMC 

array structure (at slightly higher frequency) with a view to attaining the desired 

resonant frequency below 430 MHz.  The simulation study shows that the introduction 

of AMC as a substrate will lead to patch size miniaturization, and hence decreases the 

resonant frequency. As such, AMC as HIS presents both the high input resistance and 

reactance at its resonant frequency that obstructs electric currents to flow through it. 

In the present investigation, alumina with very low loss-tangent (tan δ=0.0001) is used 

as the AMC substrate. For the lossless structure, the resonance condition can be 

defined by the frequency at which the AMC-HIS surface has ideally infinite reactance 

or zero susceptance [168]. 

              (a)                                                                (b)         

Fig. 4.9. (a) AMC unit cell, (b) 2×3 AMC array. 
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4.4.2 AMC resonance 

The objective of the AMC unit cell and the 2×3 AMC array (at slightly higher 

frequency) is to eventually achieve a desired resonant frequency of below 430 MHz. 

For the lossless structure, the resonance condition can be defined by the frequency at 

which the AMC-HIS surface has ideally infinite reactance or zero susceptance [168]. 

This AMC array can be modeled by applying a series R-L-C resonant circuit backed 

by a grounded dielectric substrate. The complete AMC equivalent circuit is shown in 

Fig. 4.10 where Zd is the input impedance of the grounded dielectric substrate, and it 

is parallel to the series R-L-C circuit. The input susceptance of the grounded dielectric 

substrate may be written as, 

𝐵𝑑 =
1

𝑍𝑑
= (

𝜂0

√𝜀𝑟
[𝑡𝑎𝑛(𝑘0ℎ1√𝜀𝑟𝑒𝑓𝑓)])

−1

=    
𝜂0

√𝜀𝑟
    ([𝑡𝑎𝑛 (𝑘0ℎ1√

𝜀𝑟+1

2
)])

−1

                            (4.1)

   

 

   and using the equations of inductance (L) and Capacitance of AMC (CAMC) from 

[168]-[169], the susceptance of the series R-L-C circuit of the AMC floor (Frequency 

Selective Surface) can be written as, 

                  𝐵𝐹𝑆𝑆 =
1

𝑋𝐹𝑆𝑆
= [

1−𝜔2𝐿𝐶𝐴𝑀𝐶
(𝜀𝑟+1)

2⁄

𝜔𝐶𝐴𝑀𝐶
(𝜀𝑟+1)

2⁄
]

−1

                  

(4.2) 

   

 

 

 

 

 

 

 

 

Fig. 4.10. Equivalent circuit of AMC 
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The equivalent susceptance of the AMC terminal (BAMC) is a parallel combination 

of both Bd, BFSS and at resonance, 

                  𝐵𝐴𝑀𝐶 =
1

𝑋𝐴𝑀𝐶
= 𝐵𝑑 + 𝐵𝐹𝑆𝑆 → 0

                       (4.3) 

 

 

 

 

 

 

 

 

 

 

 

 

 

                         

 

(a) 

                         

 

 

 

 

 

 

 

 

 

 

 

      

(b) 

Fig. 4.11. (a) Susceptance of AMC array as a function of frequency, (b) Reflection phase angle of unit 

cell and array. 
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The resonance of AMC array obtained from equation (4.3) and that obtained 

from the simulated reflection phase characteristics is shown in Fig. 4.11 (a) and (b) 

respectively. Both the figures show close agreement amongst the predicted circuit 

model and the simulated result. 

4.4.3 Stand Alone Antenna (Reference Antenna): 

A conventional RMA (290 mm ×400 mm) with a square PEC ground plane of size 

600 x 600 mm2 suspended (10 mm) over air substrate resonates at f = 530 MHz is 

initially investigated from simulation. However, the dimension of this RMA is not 

feasible for any applications. Further investigation from the simulation has shown that 

if 68 shorting vias (diameter of 2 mm) are to be loaded along the central line of the 

patch, the patch size can be reduced to almost halve (160 mm ×200 mm). 

Consequently, a much smaller ground plane of size 400 x 400 mm2 can be attained, 

with the antenna resonating at f = 500 MHz.  

                                                                    Table 4.1  
Performances comparison of proposed antenna with references 

 

Structure 
Structures and patch size 

L×W (mm × mm) 

Frequency in 

MHz 

 

290x400 

(Conventional RMA) 
530 

 

160x200 

(Classical QWP with 68 

shorting vias) 

500 

 

160x200 

(Compact QWP with 4 

shorting vias) 

460 

 

120x150 

(RA) 
520 
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This Quarter Wave Patch (QWP) is made more compact and inductive by reducing 

the numbers of shorting vias to 4, and then antenna is resonating at 460 MHz. Hence, 

to match the antenna frequency with the AMC, the length and width of the patch are 

shortened to LC = 120 mm and WC = 150 mm, respectively and the shorting vias are 

moved 5 mm toward centre from the edge of the QWP as shown in Fig.4.8.  

This antenna structure is now denoted as reference antenna (RA) or standalone 

RA, and it has a smaller ground plane size of 350×350 mm2.The step-by-step antenna 

structure design evaluation and the resonant frequencies are shown in Table:4.1. Here, 

the resulting RA structure resonates at 520 MHz as per the simulation. The equivalent 

circuit for RA with shorting vias is shown in Fig. 4.12.  

 

 

 

 

 

 

Fig. 4.12. Equivalent circuit of standalone reference antenna (RA) with shorting vias 

To induce a resonance, the inductive reactance should be the same as the 

capacitive reactance of the patch. The inductive reactance (Lp1) and capacitive 

reactance (Cp) of RMA obtained from [169], [40] comes in parallel to 4 shorting posts 

with inductance (Ls) results in the total inductive reactance of RA  

                                           
𝐿𝑃 =

𝐿𝑃1𝐿𝑆

(𝐿𝑃1+𝐿𝑆)
                                                     (4.4)

 

Where Ls can be written as [162] 

                                               𝐿𝑆 =
𝜂0

4√𝜀𝑟
𝑡𝑎𝑛 [

2𝜋ℎ

𝜆0
]                                                   (4.5) 

and the condition for resonance 

                                                   𝜔𝐿𝑃 =
1

𝜔𝐶𝑃
.                                                          (4.6) 
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The solution of equation (4.6) reveals that, the antenna is resonating at f = 514 

MHz, which is in good agreement with the simulated result (f = 520 MHz). 

4.5 Proposed Antenna on Air-AMC Composite Substrate  

The proposed patch is suspended on a composite air-AMC substrate, in which the 

equivalent circuit of the AMC is parallel to the anti-resonant circuit of the patch. As 

the placement of air-AMC composite substrate presents different static capacitance in 

the anti-resonant circuit of the patch, the operating frequency of the Proposed Antenna 

(PA) structure is changed from 514 MHz to 414 MHz (as expected) [166] detail 

calculation is shown below, and its corresponding equivalent circuit is presented in 

Fig. 4.13.  

 

 

 

 

 

 

 

 

Fig. 4.13. Equivalent circuit of proposed antenna (PA). 

From the present antenna structure shown in Fig. 4.8(a), the AMC is placed l1 = 

15 mm below the upper edge of the top patch. Therefore, in the specific region beneath 

the patch, there will be two series capacitances, namely, C01 (between the patch and 

AMC) and C0AMC (AMC part beneath the patch) that are parallel to another capacitance 

(C0P) which is developed for the portion of the patch with full air substrate. Here, 

𝐶0𝑃 =
𝜀0𝑙1𝑊𝐶

2ℎ
 

                                                  𝐶01 =
𝜀0(𝐿𝑐−𝑙1)𝑊𝐶

2(ℎ−ℎ1)             (4.7)                                                    

and                                              𝐶0𝐴𝑀𝐶 =
𝜀0𝜀𝑟(𝐿𝑐−𝑙1)𝑊𝐶

2ℎ1  

and the modified patch capacitance (CP1) becomes, 
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𝐶𝑃1 =

𝐶01𝐶0𝐴𝑀𝐶

(𝐶01+𝐶𝐴𝑀𝐶)
+ 𝐶𝑜𝑝                                   (4.8)

 
                            

From close inspection of the AMC reactance (XAMC), one can see that it is 

highly inductive at 414 MHz. Therefore, this AMC inductance (XAMC) is also in parallel 

to the shorted patch inductance (LP), as denoted in equation (4.4), and the resulting 

antenna structure possesses the inductance of,  

                                                 𝐿𝑃2 =
𝐿𝑃𝑋𝐴𝑀𝐶

(𝐿𝑃1+𝑋𝐴𝑀𝐶)
                              

(4.9) 

  

 

                                                                                       

 

 

 

 

 

(a) 

          

 

 

 

 

 

 

 

                                                                             

(b) 

Fig. 4.14. (a) Plot of equation (4.10) to extract solution for frequency and simulated |S11| profile of PA, 

(b) Simulated reflection phase of AMC in complete structure. 
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From close inspection of the AMC reactance (XAMC), one can see that it is 

highly inductive at 414 MHz. Therefore, this AMC inductance (XAMC) is also in parallel 

to the shorted patch inductance (LP), as denoted in equation (4.4), and the resulting 

antenna structure possesses the inductance of,  

                                                 𝐿𝑃2 =
𝐿𝑃𝑋𝐴𝑀𝐶

(𝐿𝑃1+𝑋𝐴𝑀𝐶)
                                  

(4.9) 

Finally, the resonance of the final antenna structure is,  

                                                     𝜔𝐿𝑃2 =
1

𝜔𝐶𝑃1                                            
(4.10) 

The simulated |S11| profile of the PA indicating resonance at f = 414 MHz and the 

plots of Equation (4.10), depicted in Fig. 4.14(a), shows good agreement between the 

simulation and predicted results. Also, the designed AMC has a zero-reflection phase 

at the same frequency (Fig. 4.14(b)). 

The concept of zero reflection phase is further confirmed through zero tangential 

H field vector on AMC surface of PA at f = 414 MHz as depicted in Fig.4.15(a). The 

simulated radiation patterns and the fringing E field vectors at the patch radiating edge 

of the PA and RA are shown in Figs. 4.15(b),(c) and (d), respectively. 

The horizontal extension of fringing fields in PA in comparison with RA is due to 

the incorporation of AMC surface beneath the patch which in turn enhance the gain. 

Furthermore, the same phase image current strengthens the radiation field and results 

in higher gain of the PA 

 

 

 

 

 

 

 

.                                                           (a) 
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(b) 

 

              (c) 

 

                                            

 

 

 

  

 

 

(d) 

Fig.  4.15. (a) Simulated tangential H field magnitude on AMC surface of the PA, (b) Simulated 

radiation patterns of the RA and PA, (c) Simulated fringing E field vector at patch radiating edge for 

PA, (d) Simulated fringing E field vector at patch radiating edge for RA. [at f = 414 MHz for all 

cases] 
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The copolar radiation performance of PA, RA and traditional RMA of same 

frequency is presented in Fig.4.16. This depicts that around 2 dB of gain improvement 

with PA (gain 3.1 dBi) can be achieved in comparison with classical RMA (gain 1.1 

dBi).  

 
                  (a) 

 

               (b) 

 

Fig. 4.16. Comparison of radiation pattern of PA, RA and traditional RMA. (a) E plane, (b) H plane. 
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It is very clear that the PA can give much better performance in gain in comparison 

with RA and Traditional RMA. The bandwidth of the PA is found about 2%. The 

experimental validation of performance limit of small antenna is classically explained 

in [172]. Here, PA is the miniaturized antenna for underground communication with 

such good radiation performance and it well follows the fundamental limits predicted 

in [172]. Nevertheless, the less bandwidth of PA in comparison to traditional RMA is 

expected as the antenna is much miniaturized.  Notably, in spite of much 

miniaturization of patch, efficiency is good and that may be attributed to the use of 

AMC as composite substrate as discussed earlier. 

4.6. Results and Discussions 

The Fabricated prototype of the PA is shown in Fig.4.17. Notably, the PA with 

120×150 mm2 is much smaller than the RA (150×187 mm2) designed at the same 

frequency. 

  

(a)                                                           (b)                                                                   (c) 

Fig. 4.17. The fabricated prototype of the PA, (a) AMC array, (b) AMC array on the ground plane, (c) 

proposed antenna (PA) structure. 

Both the PA and RA are fed at 50 mm and 60 mm, respectively, from the patch 

center. The measured |S11| and efficiency of the PA and RA are depicted in Fig. 4.18 

(a) and Fig.4.18 (b), respectively. The PA resonating at 413 MHz has exhibited a -10 

dB impedance bandwidth from 408 to 416 MHz while the same for RA was from 402 

to 417 MHz. The high dielectric constant of AMC substrate will reduce the surface 

wave results in the reduction in bandwidth and enhancement of gain and efficiency in 

PA compared with RA. 

. 
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(a) 

                 

                                                            (b) 

Fig. 4.18. Results of PA and RA, (a) Measured |S11|, (b) Radiation efficiency. 
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It is also observed from Fig. 4.18 (b) that the measured radiation efficiency of the 

RA was 44%, while the same for PA was 75%. The complete radiation patterns 

observed from Fig.4.19, corroborates 2.05 dB of clear enhancement of PA gain from 

1.05 dBi to 3.1 dBi in comparison with RA.  

 

               (a) 

 
          (b) 

 

 
 

Fig. 4.19. Comparison of simulated and measured radiation pattern of RA and PA. (a) H-plane. (b) E-

plane. (Cross pole is not visible due to scale) 
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Table 4.2 shows the performances of the PA in comparison with relevant 

references. It is observed that the PA can resonate at the lowest frequency in 

comparison to others which is apt for underground communication. Even though the 

PA exhibits slightly larger size, it still maintains a low profile of 0.01λ0 with good 

positive gain with better efficiency in spite of maintaining good bandwidth of 2% at 

such low frequency in comparison with other antennas. 

Table 4.2 

Comparison of proposed antenna with other low frequency antennas 

Ref 
Size (λ0)3  

mm3 

Frequency 
(MHz) 

Gain 
(dBi) 

Band Width 
(%) 

Eff 

[148] 0.11×0.10×0.002 500 -13 2 - 

[153] 0.07×0.04×0.002 434 -13 1.1 <40% 

[154] 0.70×0.016×0.006 433 -4.3 1.3 - 

[155] 0.12×0.04×0.002 4334 1.2 0.9 60.8% 

[170] 0.20x0.20x0.05 410 0.4 - 50% 

[171] 0.13x0.05x0.001 435 -1 0.6 55% 

PA 0.16×0.20×0.01 413 3.1 2 75% 

 

4.7. Conclusion 

A simple shorted RMA with composite air-AMC substrate operating at relatively 

very low frequency 385 MHz is initially investigated. The impact of shorting vias on 

the frequency has been verified for two different structures. The structure operating at 

385 MHz produces a gain of 1.3dBi.  the same structure is made to operate at (413 

MHz) for WUSN and other underground communication yield   gain of 3.1 dBi as well 

as good radiation efficiency of 75% and has been successfully investigated   and 

presented in the later section. The novelties of the proposed antenna are listed as 

follows 

 The use of AMC as the substrate to yield composite substrate beneath the patch 

can improve the antenna performances such as miniaturization and higher gain. 
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 The proposed fabricated antenna that operates at 413 MHz is suitable for WUSN 

and other underground wireless applications. Furthermore, the miniaturization 

of the proposed antenna structure is better than that of the classical QWP. 

 Even though the proposed antenna is operating at a very low frequency with 

higher gain such as 3.1 dBi can be achieved by incorporating the AMC property 

as shown in comparison Table 4.2. 

 As far as the author’s knowledge is concerned, the use of AMC has not been 

attempted at such low frequency. Furthermore, a very simple AMC structure 

is applied with patch arrays. The proposed antenna is simple to design, easy to 

manufacture, and could be analysed by applying an appropriate equivalent 

circuit model.  
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CHAPTER  

                                 5 

 Design and Analysis of Transverse Electric mode 

excited Rectangular Microstrip Antenna for 

Wireless Underground Sensor Networks 

 

5.1   Introduction 

Artificial magnetic conductors (AMCs) are used in antennas to improve their 

performance as seen in previous chapter, where AMC was used as a composite 

substrate with air to enhance the gain of a low-frequency antennas. Conventionally 

Transverse Magnetic (TM) mode is excited by a perfect electric conductor (PEC) patch 

and ground plane. However, to generate Transverse Electric (TE) mode, a perfect 

magnetic conductor (PMC) patch and ground are required. As PMC materials are not 

available, AMC is used to create magnetic patch and ground that excite TE mode in 

the antenna. Embedding AMC in both the ground and patch makes the antenna operate 

in the TE mode instead of the TM mode. 

In the present era, the key challenge for a low frequency planar antenna applied 

to a wireless underground sensor network (WUSN) and other underground wireless 

communication is to achieve positive gain with good efficiency.  Besides that, a 

relatively wider bandwidth with more than one operating frequency is desirable for 

operational versatility. In the present chapter, a simple artificial magnetic conductor 

(AMC) integrated rectangular microstrip antenna (RMA) of size 0.28λ0×0.28λ0×0.07λ0 

is employed. By meticulously exploiting a dual periodic AMC along with dielectric 

strips (AMC radiating patch and AMC ground plane) and proper utilization of an L-

probe feed, two resonances at 572 MHz (low band) and 768 MHz (high band) can be 

yielded with a wide bandwidth of around 12% for both cases. Unlike the classical 

RMA design, a transverse electric mode (TE) excited RMA is proposed. The proposed 
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antenna can also achieve good positive gains of 4.3 dBi (572 MHz) and 6.1 dBi (768 

MHz) across both bands with an efficiency of 71% and 75%, respectively. 

Rapid development in underground sensing applications hankers the demand of 

designing a compact planar low frequency antenna for wireless Underground Sensor 

Networks (WUSN) (300-900 MHz) [86],[95],[119]. As such, in the era of the Wireless 

Internet of Things (WIOT), Cognitive Radio application (CRA), and Wireless 

Underground Sensor Networks (WUSN), multi-functional devices with compact 

planar antennas are very much essential. Indigenous antenna design with more than 

one operating frequency, improved bandwidth, and good positive gain is a thought-

provoking task for the antenna scientific community. Nevertheless, designing a low 

frequency (300-1000 MHz) dual-band antenna for underground wireless 

communication with augmented positive gain and wider bandwidth is definitely 

beneficial to the scientific community and undeniably a current state-of-the-art- 

research. Furthermore, in the case of WUSN, the dual-band antenna has more 

versatility to operate for two different soil conditions. The antennas for low frequency 

wireless underground applications have been reported in [152]-[153], and they have 

yielded negative gain with poor bandwidth. Other antenna designs with different 

planar structures, such as printed monopole [154] and meander line structures [155]-

[156] working at such a low frequency range, can attained a maximum gain of 1 dBi 

as per report. From the literature, it can be seen that very few efforts have been made 

to improve the gain and bandwidth of a planar rectangular microstrip antenna (RMA) 

design for low frequency underground wireless communication as far our knowledge. 

For example, the planar RMA with a concrete backing [150] has exhibited a low gain 

of -3 dBi to -6 dBi, while the slot loading planar RMA in [151] has displayed a low 

gain of 1 dBi. Besides showing low gain characteristics, both designs also have a 

narrow bandwidth of < 2% as well. 

Recently, metamaterial and artificial magnetic conductor (AMC) techniques have 

been implemented in an RMA design to realize low frequency planar antennas suitable 

for underground wireless communication. In [173], the metamaterial array structure 

(with vias and partial ground plane) is incorporated into a meandered line RMA with 

two layers of substrate, yielding 2 dBi gain with 2% bandwidth. To further improve 
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the gain to 3 dBi (with 2% bandwidth), has applied a new approach of using an air-

AMC composite substrate on the RMA design in previous chapter. However, despite 

all these attempts, it is challenging for such antenna designs to operate in more than 

one frequency band with higher bandwidth; as a consequence, it lacks the diversity 

requirement for the WUSN or WIOT applications, which may need to operate on two 

frequencies depending on the circumstances of the subterranean soil. Furthermore, all 

the earlier designs have failed to improve the bandwidth of the RMA by up to 10%.  

To alleviate the lacunae of earlier attempts, a relatively new approach is taken up 

in the present investigation. Here, instead of applying the classical RMA design that 

supports the TM10 mode, an AMC-integrated RMA design is proposed to support the 

TE mode instead of the transverse magnetic (TM) mode. The dominant mode of the 

proposed AMC-integrated RMA (referred to as TE-RMA) is TE10 mode. As such, the 

TE-RMA is hardly explored, and only two reports have been found in the open 

literature [174]-[175]. The possibility of TE mode excitation in RMA has been shown 

in [174]. Following [174], a proper realization of TE RMA has been documented in 

[175]. However, in [175], TE RMA has been designed and it’s characteristics have 

been verified based on duality. Further, the structure is single band (6% bandwidth) 

with lower gain than classical patch. Therefore, a more extensive investigation on such 

TE-RMA design is imminent to identify its advantages over classical RMA design. In 

the present work novel dual wideband TE-RMA design with good gain characteristics 

is investigated to achieve good positive gain along with dual wideband operations (of 

>10%) working in the wireless underground communication band and also in other 

cognitive radio, WUSN, or WIOT frequencies. 

5.2 AMC for possible multiband resonance 

Three cases are investigated, namely, zero strip (full metallic patch of size 48 mm 

× 48 mm), 5 strips (size of each strip is 48 mm × 10 mm), and 12 strips (size of each 

strip is 48 mm × 2 mm). By further observing the simulated electric surface current 

magnitude in Figs.5.1(a) and Fig.5. 1(b), one can see that the surface of the final AMC 

unit cell design with 12 strips compared with a simple square metallic AMC unit cell 

with zero strip becomes more magnetic. It is evident with near zero electric surface 
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current for 12 strips (deep blue) compared to that of simple metallic AMC (less blue) 

in the Fig 5.1 (a) and 5.1 (b). The reflection phase characteristics of the AMC unit cell 

(or metallic patch) with different strip numbers are shown in Fig. 5.1 (c). In this figure, 

besides revealing that the AMC is resonating near 800–900 MHz, as the strip number 

increased from zero to 12, the bandwidth of the AMC unit cell is slightly enhanced 

from 4% to 7.7%, and the frequency (at zero degrees reflection phase) is shifted to 

near 900 MHz.  

(a) 
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(b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(c) 

Fig. 5.1 (a) Magnitude of electric surface current on simple square metallic AMC unit cell with zero 

strip, and (b) Magnitude of electric surface current on proposed AMC unit cell with 12 strips 

(c)Reflections phase characteristics of AMC unit cells with different strips (zero, 5, and 12) 

Interestingly, due to the dual periodic nature due to intercell and intracell spacings 

which is discussed in the next section, the reflection phase characteristics of the array 

structure (with a unit cell of 12 strips) may evolve the possibility of exciting two 
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resonances. As depicted in Figs.5.2(a) and Fig.5. 2(b), the 3×3 AMC array (with a unit 

cell of 12 strips) has dual resonances at 800 MHz and 860 MHz. This 3×3 AMC array 

is used as patch for the proposed antenna. This forms a patch of 150 mm × 150 mm.  

 
(a) 

 

 

Fig. 5.2 A 3×3 AMC patch (a) Top view(b) Reflections phase characteristics  

(b) 
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The ground plane is formed with a 5× 5 AMC array with a size of 250 mm × 250 

mm. The ground plane size is selected optimally to suffice the patch dimensions and 

to obtain better antenna performance. The top view of proposed 5× 5 AMC ground 

and its reflection is shown in Fig.5.3 (a) and Fig 5.3 (b) respectively. It can be observed 

from this figures that the 5× 5 Array ground also possess similar dual periodic property 

as that of the patch. 

 

(a) 

 

(b) 

Fig. 5.3 A 5×5AMC ground (a) Top view(b) Reflections phase characteristics  
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5.3  Antenna structure 

 The proposed TE antenna structure shown in Fig.5.4 mainly composed of three 

different sections, namely, AMC radiating patch, AMC ground plane, and an L-shaped 

feeding probe (or L-probe). The AMC radiating patch is 3-dimensional structure 

consisting of top metal sheet (0.5 mm thickness), alumina substrate (with a substrate 

thickness of hAMC = 3.2 mm, and dielectric constant of εr = 10.2), and array of 3×3 unit 

cells of metal-dielectric repeating structure. The planar dimension of AMC radiating 

patch is a 0.5 λg, 150 mm (L) × 150 mm (W).   Here, each array element of this 3×3 

AMC has a size of 48 mm × 48 mm, so as to resonate at around 850 MHz. By further 

observing the unit cells of AMC specifically, the metal dielectric repeating surface, it 

comprises of 12 copper strips (each with length 48 mm and width ws = 2 mm) with 

intra-cell strip-to-strip gap of g1 = 2 mm, and the inter-cell gap of g2 = 4 mm. The main 

reason for such design (with gap g1 and g2) and array arrangement is to attain wider 

operational bandwidth and dual-band operation. In addition, it enhances the magnetic 

property of AMC, which will be discussed in the next section. It may be noted that, 

with the final AMC unit cell of 12 strips, its corresponding array structure will give 

rise to a dual periodic nature due to (a) cell periodicity (where, gap g2 between unit 

cells is 0.012 λ0) and (b) intra-cell periodicity (where, gap g1 between the strips is 0.006 

λ0). By further observing Fig.5.1, the AMC ground plane has a planar size of 250 mm 

× 250 mm. It is also 3-dimensional structure like radiating patch as discussed above 

with 5×5 AMC array. To firmly attach the AMC radiating patch right in the middle 

above the AMC ground plane with an air substrate height of hAIR = 30 mm 

(approximately 0.07λ0), four dielectric strips (alumina substrate) with height hS = 34.2 

mm and a cross-sectional area of SW × SL (5 mm × 3.2 mm) are applied to the four 

corners of the AMC radiating patch. Besides attaining structural rigidity, incorporating 

the four dielectric strips can also aid in achieving better impedance matching and 

higher gain. Finally, to excite the proposed antenna with good impedance matching, 

an L-shaped feeding probe is applied [176]-[177], in which this L-probe (of diameter 

Ø = 1.25 mm) is optimally positioned (offset from center) with a vertical height (Lv) 

of 28.3 mm and horizontal length (Lh) of 44.3 mm. Notably the horizontal section of 

this  



69 

 

 

 

Fig. 5.4. Schematic representation of proposed antenna. (a) Top view, (b) side view (c) Bottom view. 

ws = 2, g1 = 2 , g2 = 4, hSUB = 30, hAMC = 3.2, SW = 5, SL = 3.2, Lv = 28.3, Lh = 44.3, W = 150, L = 150. 

Unit: mm. 
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L-probe (aligned along the y-axis) is to combine the radiation modes of both the 

AMC patch and L-probe. 

5.4   AMC Integrated Antenna 

A classical RMA with TM mode excitation is a lossy cavity resonator with PEC 

top and bottom walls and PMC side walls. In contrast, a TE patch is created by making 

the ground and patch PMC material, which makes the side walls PEC. This TE patch 

supports TE modes instead of TM modes, as is the case with a classical patch. The TE 

patch is the dual of the TM patch, and the field equations can be obtained using the 

duality theorem. The TE patch has more losses than the TM patch due to the use of 

AMC, but it has a wider bandwidth and lower directive gain. The dominant mode of 

the TE patch is TE10 mode, where the magnetic fields are vertical between the AMC 

patch and ground, while the electric fields form loops around the magnetic fields. The 

electric fields are entirely transverse to the z-direction, resulting in TEz mode 

excitation. The magnetic fields oscillate back and forth along the patch length, and the 

radiation fields can be calculated using the electric current J̄s=n̂×H̄ at the radiating slot 

aperture where J̄s is the surface current, n̂ is unit vector normal to the surface and H̄ is 

the magnetic field. 

5.4.1   Frequency Impact of AMC Integrated Antenna  

When an artificial magnetic conductor (AMC) is integrated with a patch antenna, 

the wavelength of operation becomes  𝜆0 √𝜖𝑟𝜇𝑟⁄   instead of 𝜆0 √𝜀𝑟⁄  . This is because 

the AMC patch is closer to the AMC ground, which creates a region of high magnetic 

field between them. This region resonates at a particular frequency, and at this 

frequency, the air within the patch cavity becomes weakly paramagnetic, with a 

permeability µr ≥ 1. As a result, the antenna patch becomes electrically larger in size, 

which reduces the overall frequency of the AMC-integrated antenna. The proposed 

AMC array design can excite two resonances at approximately 800 MHz and 860 

MHz. When this AMC array is integrated with a patch antenna, the operating 

frequency may shift (or detune). The influence of the AMC resonance due to the patch 

cavity where patch cavity makes the AMC resonant at that frequency has been 
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elaborated in previous chapter. As a result, the dual-band properties of the stand-alone 

AMC are shifted to the lower spectrum. 

5.4.2     Evolution of Dual Band 

A TE-RMA is constructed with dual periodic AMC patch and ground plane of size of 

150 mm × 150 mm and 250 mm × 250 mm respectively with air substrate of height 30 

mm. This dual band AMC is used to design the TE patch, top and bottom boundaries 

of patch cavity resemble magnetic properties at two frequencies. 

 
(a) 

 

(b) 

Fig.5.5. (a) Reflection coefficient (S11) profile of the AMC integrated TE patch. (b) Resonant 

frequency variations of the AMC integrated TE patch as a function of the patch width W (from 100 

mm to 350 mm), while parameter L is kept constant at 150 mm. 
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This   can excite a frequency of f1 =517 MHz with a 10-dB impedance bandwidth 

of 10.4% (492–546 MHz). In addition to the frequency f1 these TE-RMA has tendency 

to excite a second frequency at the f2 = 778 MHz as depicted in the Fig. 5.5(a). It can 

be observed from the Fig 5.3(a) that these second frequency at f2 = 778 MHz is exited 

but with undesirable impedance matching. Furthermore, this TE-RMA has been 

thoroughly examined for various Lengths (L) and widths (W) of the patch. Interestingly 

it is observed that the resonant frequency (fr ) not only depends on the Length but also 

width of the patch. This effect of width on resonant frequency variation is in fact, due 

to the loss of TE property outside the cavity. Here, it is interesting to realize that in 

every case, two bands are found and the ratio of f2 to f1 is rather stable at approximately 

1.5. In fact, the lower frequency f1 is exited due to the full patch width W and the higher 

frequency f2 is due to the reduced patch width Wr.  The variation of both the frequencies 

are studied as a function of the width W of the patch and is presented in Fig.5.5(b). 

The physical insight into the formation of two cavities with widths W and Wr is 

elaborately explained in the section 5.4.3 

5.4.3    Evolution of dual width cavity 

The present antenna has been designed in such a way that it germinates two 

cavities of different widths from a single patch and thereby evolving two frequencies 

f1 and f2. As the frequency shifts from lower to higher spectrum AMC loses its 

properties. This perturbs the boundary walls of the resonant cavity. Therefore, with in 

the two resonances f1 and f2 the top and bottom walls of cavity are no longer PMC 

which consequently making the four side walls of cavity no longer a PEC.  

These perturbed PEC side walls fluster the adjacent sections of top and bottom 

boundaries of the cavity with are along the width of cavity. The H field vector 

distribution along the surface of the 3×3 AMC at bottom side of AMC patch is 

depicted in Fig. 5.6 which elaborately corroborates the conjecture. It can be observed 

from the Fig.5.6 (a) that at the frequency f1 = 517 MHz full cavity width (W) under 

the patch is acting as AMC whereas at frequency f2 = 778 MHz as depicted in Fig 

5.6(b) only fraction of width (Wr) of the cavity under the patch is acting as AMC. As 

explained earlies this introduces perturbation in the patch cavity. 
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Fig.5. 6. (a) Approximately zero Magnetic field vector distribution on the entire 3×3 AMC surface at 

f1 = 517 MHz, indicating the entire patch is having AMC properties. (b) Approximately zero Magnetic 

field vector distribution on the central section of the 3×3 AMC surface at f2 = 778 MHz, indicating the 

central portion of the patch retains the AMC property.  (c) Physical illustrations of upper radiating 

edge magnetic field vector at f1 = 517 MHz, (d) same as (c) at f2 = 778 MHz, (e) simulated fringing 
magnetic field vector at radiating edge at f1 = 517 MHz, (f) same as (e) at  f2 = 778 MHz 
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 This perturbation of cavity changes the boundary condition, which is manifested 

as a smaller Electric field loop as shown in Figs.5.6 (c) and 5.6(d). This makes central 

part of radiating edge densely populated with magnetic field components which are 

vertical between top-bottom PMC walls. It may be noted that,  

                                              �̄� • �̄� = 𝜌𝑚 𝜇⁄                                                                                (5.1) 

                                             �̄� × �̄� = �̄� + 𝜇 𝜕�̄� 𝜕𝑡⁄                                                                 (5.2)
 

is valid
 
only between two PMC walls. The conditions mentioned in equations (5.1) and (5.2) 

are maintained at the central section of the cavity, as depicted in Figs. 5.4 (e) and 5.4 (f). 

Hence, two cavities have been formed with  L×W  and  L×Wr corresponds to two different 

frequencies f1 and f2. 

The resonance condition for a TE patch as indicated in [13] can be represented as 

                                            𝑊 = 𝐿
1.5⁄    and  𝐿 = 0.5𝜆0                                                     (5.3) 

The proposed TE-RMA is thoroughly investigated by keeping the length fixed at 

L = 0.5 λ0, and varying the width W of the patch. The resonance frequency significantly 

changes as depicted in Fig.5. 5(b). Hence the resonant frequency as a function of width 

W can be approximated as 

                                              𝑓1 ≅
𝑐

2𝑊√𝜀𝑟𝜇𝑟
                                                                      (5.4)                           

Therefore, judicious selection of patch geometry plays a crucial role in the present 

antenna structure to yield dual-band operation. As the proposed antenna’s geometry is 

square, it becomes advantageous to support dual-band characteristics. Here, low 

frequency resonance f1 is excited due to L = W = 0.5 λ0, and high frequency resonance 

f2 is induced due to W = L/1.5, and can be denoted as 

                        𝑓2 =
𝑐

2(𝐿
1.5⁄ )√𝜀𝑟𝜇𝑟

= 1.5
𝑐

2𝑊√𝜀𝑟𝜇𝑟
= 1.5𝑓1                             (5.5) 

These two resonances at  f1 = 517 MHz and f2 = 778 MHz maintains the ratio of1.5 which 

is confirmed from Fig. 5.5(b).  

5.5    Dual Band Impedance Matching 

In general Impedance matching in the case of TE antenna is a tedious task as it is 

made up of artificial magnetic ground and patch (AMC) instead of perfect magnetic 
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patch and ground (PMC). The impedance matching critically depends on the design of 

AMC structure and its periodicity that forms TE antenna. Furthermore, AMC design 

structures, its periodicity vary from one design to another. In conventional TM patch 

impedance matching can be obtained by offsetting the probe position along the length 

of the patch. This will not be applicable in the case of TE antenna for the 

aforementioned reasons in design of AMC. 

In the present structure the of L-probe is judiciously adjusted longitudinally and 

laterally to attain the impedance matching at the lower frequency f1=517 MHz. This 

position of L- probe is unable to provide impedance matching at the higher frequency 

f2 = 778 MHz. This is observed from the S11 profile depicted in Fig. 5.5(a). This 

impedance mismatching is due to the fact that the capacitive effects near the L-probe 

feed enhances at f2 = 778 MHz. This capacitive effect is compensated by careful 

modulation the magnetic fields in the cavity by placing four corner dielectric strips of 

alumina substrate εr = 10.2 of height 30 mm with a cross-sectional area of SL × SW = 

3.2 mm × 5 mm, as shown in Fig. 5.4. at the corners of the patch. 

The simulated effects on the proposed TE-RMA, with and without four dielectric 

strips are depicted in Fig. 5.7. With the incorporation of corner dielectric strips, it is 

observed from Fig. 5.7(a) that the frequency f1 is shifted from 517 MHz to 569 MHz 

and f2 from 778 MHz to 782 MHz with good impedance matching. The shift in the 

frequency at higher frequency f2 is slightly affected compared to that of frequency f1. 

 
(a) 
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(b) 

       

(c) 

Fig. 5.7. Simulated results of the proposed TE-RMA with and without loading the four corner 

dielectric strips, (a) reflection coefficient, (b) magnetic-field (H-field) distribution under the 3×3 

AMC patch cavity at higher frequency band (f2) for TE-RMA without corner dielectric strips, (c) 

magnetic-field (H-field) distribution under the 3×3 AMC patch cavity Proposed TE-RMA with corner 

dielectric strips at higher frequency band (f2). 

The modulation of the electric field loop locus at higher frequency f2 enhances 

with the loading of these four corner dielectric strips which is depicted in Figs.5.7(b) 

and 5.7(c). This pushes the H field towards the centre of patch cavity and hence field 

redistribution occurs. This in fact, enhances the magnetic energy near the L-probe feed 
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as is evident from Figs. 5.7(b) and (c) for the TE-RMA. To comprehend the above 

phenomenon smith charts with and without dielectric strips are plotted as shown in 

Figs. 5.8(a) and 5.8(b), respectively 

 

(a) 

 

(b) 

Fig. 5.8 Smith chart diagrams (a)without dielectric strips, and (b) with dielectric strips 
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5.6    Radiation Characteristics of TE RMA 

In this section the radiation characteristics of TE RMA with and without dielectric 

have thoroughly been studied. In both the cases, broadside radiations are observed at 

both the frequencies. However, it may be noted that, the gains for TE RMA without 

corner dielectric strips at f1= 517 MHz and   f2= 778 MHz are 2.6 dBi and 4.8 dBi while 

the same for proposed TE RMA with corner dielectric strips are 4.5 dBi and 6.5 dBi 

at f1p= 569 MHz and   f2p= 782 MHz respectively. As such, two-fold improvement is 

inferred with the incorporation of four corner dielectric strips. i.e. (i) Enhancement of 

impedance matching as well as gain improvement up to 6.5 dBi at higher frequency, 

(ii) Drastic improvement in antenna gains at lower frequency up to 4.5 dBi. 

 

(a) 
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(b) 

 

(c) 

Fig. 5.9. Simulated results of the proposed TE-RMA at low frequency (f1), (a) radiation patterns, with 

and without loading the four dielectric strips, (b) H-field distribution under the 3×3 AMC patch cavity 

without loading the four dielectric strips, (c) H-field distribution under the 3×3 AMC patch cavity 

with loading the four dielectric strips. 
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H-field magnitude at the substrate of TE RMA without and with dielectric strip is 

shown in Fig. 5.7(b) and (c) respectively. The modulation of the magnetic fringing 

field aperture at the patch's radiating edges due to the incorporation of corner dielectric 

strips causes an improvement in gain at both the frequencies. When we compare the 

magnetic fringing field aperture in the Fig 5.7(b) and Fig. 5.7(c) for high frequency 

and Fig 5.9(b) and Fig. 5.9(c) for low frequency, at both the frequencies for TE RMA 

with and without corner dielectric strips, the bulging of fringing fields at the radiating 

edges are observed and hence enhancing the fringing fields in the case of TE RMA 

with corner dielectric strips than in the case without corner dielectric strips. Notably, 

the inclusion of dielectric strips aids in higher frequency impedance matching too. 

The simulated radiation patterns of the proposed TE-RMA with dielectric strips 

at the two frequencies f1p = 569 MHz and f2p = 782 MHz are exhibiting good broadside 

gain of 4.5 dBi and 6.5 dBi, respectively as depicted in the Fig.5.10. 

 
Fig. 5.10. Simulated radiation patterns of the proposed antenna (TE-RMA) at low frequency f1p = 569 

MHz and high frequency f2p = 782 MHz 
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It is interesting to note that the resonance of magnetic field in case of present 

antenna happens along the x direction only at both the frequencies f1p= 569 MHz 

and f2p= 782 MHz.  Therefore, the fringing Hx along with Ey produces power (Ey×Hx) 

at broadside direction at both the frequencies. Hence, at both the frequencies the 

polarization is linear as there is no Hy component or Ex component accompanied with 

broad side radiation at both the frequencies. The resonating magnetic field along the 

length (x direction) as shown in Fig 5.6(e) and Fig. 5.6(f) confirm the linear 

polarization from the proposed structure at both the frequencies. 

As discussed above, the radiation from the AMC radiating patch (of width W) at 

f1p = 569 MHz is due to the fundamental TE-RMA resonance (or TE10 mode). By 

further applying the duality theorem, the field pattern in E- and H-planes can be 

respectively computed from  

             𝐸𝜃|∅=90 = 2 (
2𝜋𝑊

𝜆
) cos 𝜃

sin(
𝑘0𝑊

2
) sin 𝜃 

(
𝑘0𝑊

2
) sin 𝜃

                                  (5.6) 

                         𝐸𝜙|∅=0 = 2 (
2𝜋𝑊

𝜆
) cos (

𝑘0𝐿

2
 𝑠𝑖𝑛𝜃 )

𝑠𝑖𝑛(
𝑘0ℎ

2
) 𝑠𝑖𝑛 𝜃 

(
𝑘0ℎ

2
) 𝑠𝑖𝑛 𝜃

                    (5.7)    

For f2p = 782 MHz, the 3×3 AMC patch cavity with reduced width Wr radiates as 

discussed above, and the contribution of the patch cavity radiation, in this case, can 

also be computed from equations (5.6) and (5.7), by substituting W with Wr. Notably, 

the two AMC structures namely, 3×3 AMC radiating patch (Top) and 5×5 AMC 

reflector (Bottom), will, in turn, creates images of the “horizontal section of the L-

probe feed” (now denoted as “HSLP”), which constitutes three elements in-phase non-

equidistant array of the array factor 

                                               𝐴𝐹 = 1 + 𝑒𝑗𝜑 + 𝑒𝑗𝜑1                                                            (5.8)       

were 

                                              𝜑 =
2𝜋

𝜆
 𝑑 𝑐𝑜𝑠𝜃  and  𝜑1 =

2𝜋

𝜆
 𝑑1𝑐𝑜𝑠𝜃                                       (5.9)        

Here, the parameter d is the image distance between the HSLP and the 3×3 AMC 

array, while parameter d1 is the image distance between the HSLP and the 5×5 AMC 

reflector (bottom). It is noteworthy that the two aforementioned image distances (d = 
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0.005 λ and d1 = 0.15 λ) are difficult to project and draw; thus, they cannot be shown 

using appropriate diagrams or figures. Consequently, the magnitude of the three 

elements (HSLP, and its images on 3×3 and 5×5 array) in-phase non-equidistant array 

is denoted as 

                                    |𝐴𝐹|=√(1 + cos 𝜑 + cos 𝜑1) 2 + (sin 𝜑 + sin 𝜑1) 2                    (5.10)    

As the radiation field profile from a quarter-wavelength L-probe feed can be written 

as  

                                                  𝐸𝛾 =
𝑐𝑜𝑠(

𝜋

2 
𝑐𝑜𝑠(𝛾))

𝑠𝑖𝑛(𝛾)
                                                                    (5.11) 

where, 

                                     cos 𝛾 = 𝑎�̂� . 𝑎�̂� = 𝑠𝑖𝑛𝜃 𝑠𝑖𝑛𝜑  and  sin 𝛾 = √1 − 𝑠𝑖𝑛2𝜃𝑠𝑖𝑛2∅            

As the L-probe feed (with a ratio of Lv/Lh = 0.63) may be considered aligned along 

the y-axis direction [176], and it radiates in patch mode. Therefore, the pattern factors 

in the E- and H-planes can be obtained from equation (5.11) as   

[𝐸𝛾
𝑃𝐿]

𝐸 𝑃𝑙𝑎𝑛𝑒
= 𝐾

𝑐𝑜𝑠 (
𝜋

2 
𝑐𝑜𝑠𝜃)

√1 − 𝑠𝑖𝑛2𝜃
 

                                                                                                                                                (5.12)  

[𝐸𝛾
𝑃𝐿]

𝐻 𝑃𝑙𝑎𝑛𝑒
= 𝐾 

 

where K is the constant factor. Therefore, from equations (5.10) and (5.12), the 

contribution in radiation from the array can be written as  

[𝐸𝛾
𝐴𝐿]

𝐸 𝑃𝑙𝑎𝑛𝑒
= [𝐸𝛾

𝑃𝐿]
𝐸 𝑃𝑙𝑎𝑛𝑒

×  |𝐴𝐹| 

                                                                                                                                               (5.13) 

[𝐸𝛾
𝐴𝐿]

𝐻 𝑃𝑙𝑎𝑛𝑒
= [𝐸𝛾

𝑃𝐿]
𝐻 𝑃𝑙𝑎𝑛𝑒

×  |𝐴𝐹| 

 

Now, the overall radiation profile (at f2p = 782 MHz) due to the AMC radiating 

patch, L-probe feed, and its image (dissimilar sources) may be obtained from below 
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𝐸𝐸 = [𝐸𝛾
𝐴𝐿]

𝐸 𝑃𝑙𝑎𝑛𝑒
+ [𝐸𝜃|∅=90]

𝑊=𝑊𝑟
 

  (5.14) 

𝐸𝐻 =  [𝐸𝛾
𝐴𝐿]

𝐻 𝑃𝑙𝑎𝑛𝑒
+ [𝐸𝜙|∅=0]

𝑊=𝑊𝑟
 

 

 

      (a) 

 

(b) 

 
Fig. 5.11. Computed radiation profile for E- and H-planes of the proposed antenna, (a) f1p = 569 MHz, 

and (b) f2p = 782 MHz. 
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Based on the above equations, the computed radiation profiles at broadside (upper 

hemisphere) for E- and H-planes at f1p = 569 and f2p = 782 MHz are depicted in Fig. 

5.11. Unlike the classical patch, here, for the TE patch, the H-plane beam is broader 

than the one plotted in the E-plane, and it is valid for both the frequency band. It is 

very interesting to note that, at lower frequency, the L probe (L wire monopole) 

length≈0.1λ0. In contrast, at higher frequency, the length of the same attains it’s proper 

resonant length i.e ≈0.25λ0. Therefore, although unexcited, the higher frequency (2nd 

band) produces quite good gain of 4.8 dBi. Hence, radiation from HSLP at higher 

frequency should not be omitted. Now, besides patch, HSLP along with its images can 

contribute in broadside radiation and can give much higher gain than obtained at higher 

frequency. This is due to the screening of radiation field at the top metal layer of AMC 

patch. Hence comparatively lower gain of 6.3 dBi is achieved at higher frequency 

which is quite good for underground WUSN communication. 

The effect of ground plane size on the radiation of the proposed antenna is also 

important. In general, the proposed TE RMA antenna produces wider H plane and 

narrower E plane pattern as is seen from Fig. 9 and also from [13]. It is observed that, 

as ground plane size increases, H plane and E plane beams become narrower and wider 

respectively and eventually attains symmetry while ground plane size is ≈ 0.8 λ0×0.8 

λ0. The observation is similar as indicated in [179]. 

5.7 Results and Discussion 

The pictures of the fabricated prototype of the proposed antenna are shown in 

Figs. 5.12(a) and 5.12(b). This prototype was used to measure its reflection coefficient 

(S11) and radiation characteristics. The simulated and measured reflection coefficients 

of the proposed antenna are depicted in Fig. 5.13.  In this figure, the measured dual 

resonances at f1 (572 MHz) and f2 (768 MHz) have demonstrated broad 10-dB 

bandwidths of 12.4% (543–615 MHz) and 12.7% (708–804 MHz), respectively. Both 

the simulation [147] and measurement results are in good agreement, and the slight 

discrepancy between the two results (especially for f2) may be attributed to slight 

fabrication tolerance. Therefore, the practicality of applying the proposed TE patch for 

low frequency WUSN antenna is evident from Fig. 5.13. 
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(a)                                                            (b) 

Fig. 5.12. Pictures of the fabricated prototype, (a) top view of proposed antenna, and (b) bottom view 

of 3×3 AMC (Top), revealing the 3×3 AMC patch structure. 

The simulated and measured radiation patterns across the E- and H-planes for the two 

frequencies (f1p and f2p) are depicted in Figs. 5.14(a) to 5.14(d), and the two results 

(simulated and measured) have shown good validations. 

 

 

 

 

 

 

 

 

 

 

Fig. 5.13. Simulated and measured reflection coefficient (S11) of the proposed antenna 

At both the frequency bands, one can see good positive gains (especially in the 

boresight direction) are achieved with wide H-plane and narrow E-plane beams, as is 

expected from duality. Here, desirable measured peak gains of 4.3 dBi and 6.1 dBi 

(with good boresight radiation) at 572 MHz and 768 MHz are observed. The measured 
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gain and efficiency of the proposed antenna as a function of frequency across the two 

operating bands are plotted in Figs. 5.15(a) and (b), respectively. In Fig. 5.15(a), it is 

noteworthy that the gain variation of the proposed antenna across the low frequency 

band (3.9–4.5 dBi) and high frequency band (5.2–6.3 dBi) is very small, with a 

variation of no more than 1 dB. As for its corresponding measured radiation efficiency, 

the efficiency variation across the low frequency band (68%–73%) and high frequency 

band (69%–78%) are also very small, with a variation of no more than 10%. 

Furthermore, the measured efficiency at f1 (572 MHz) was approximately 71%, and 

the one at f2 (768 MHz) was approximately 73%. 

 
(a) 

 

 
(b) 
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(c) 

 
(d) 

 
 

Fig. 5.14. Simulated and measured radiation patterns (co-pol and cross-pol) across the E- and H-

planes, where the simulated f1 = 570 MHz and f2 = 782 MHz, and the measured f1 = 572 MHz and f2 = 

768 MHz, (a) E-plane (f1), (b) H-plane (f1), (c) E-plane (f2), and (d) H-plane (f2). 
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(a) 

 

(b) 

Fig.5. 15. Variation of radiation performances of the proposed antenna across the two operating 

frequency bands (f1 and f2), (a) gain variation, and (b) efficiency variation. 
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These results confirm that the proposed antenna yields consistent good broadside 

radiations with good positive gain values and desirable efficiency.   

The novelties of present TE-RMA design are listed as follows 

 A dual-wideband TE-RMA configuration operating at a lower frequency band 

below 800 MHz for wireless underground communication is reported for the first time. 

Both operational bands achieve much higher gains than all previous designs for 

wireless underground communication, WUSN, or WIoT applications. 

 A novel AMC design structure with dual periodicity is used to excite a second 

operating band (higher frequency band) in the present antenna structure. 

 Efficient perturbation of the AMC radiating patch cavity walls is achieved by 

loading four dielectric strips at the four corners of the patch. This provides structural 

rigidity as well as better impedance matching at the high frequency band. Additionally, 

it can effectively modulate the fringing aperture, which in turn enhances the gain at 

the low frequency band. 

 Credible modulation of the fringing field aperture is achieved with the 

compression of the magnetic field within the 3x3 AMC patch cavity. By concurrently 

applying the two proposed AMC structures, carefully positioning the four dielectric 

strips, and properly optimizing the L-probe feed, the antenna structure is versatile and 

efficient for low-frequency underground communication. 

The reported works relevant to TE mode excited RMA is depicted in Table 5.1. 

The overall performance comparison of the present antenna with other reported 

structures usable for different low frequency wireless underground communication is 

presented in Table 5.2. Here, the structures operating between 500 MHz and 920 MHz 

are reported [148][171][178]. In [148], a compact Vivaldi antenna with a circular 

folded patch operates at 500 MHz for Ground Penetrating Radar (GPR) applications 

is proposed, but the peak gain is very low at -13 dBi. In [171], a CubeSat Antenna 

working at 435 MHz with a dipole-like radiation pattern is reported; however, besides 

showing a negative peak gain of -1 dBi, it has a very narrow bandwidth of 0.6%. A 

UHF RFID tag antenna (consisting of a parasitic patch and metal cavity) that can be 

embedded into a concrete floor is reported in [178].  
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Table 5.1 

Comparison Of Existing Reports of TE-MA 

Ref 
Freq 

(MHz) 

BW 

(%) 

No. of 

Bands 

L/W 

ratio 

PG 

(dBi) 
Remarks 

[174] 4200 6.2 1 1.5 8.7 

Use of single periodic AMC of complex 

structure to yield moderately higher gain 

and single wider band antenna following 

conventional design methodology of 

L/W=1.5. Primary analysis using duality is 

presented. Experimental validation for 

proof of concept is documented. [High 

frequency antenna: not compatible with 

underground communication] 

[175] 4100 12 1 1.3 8.5 

Use of single periodic simple square AMC 
to yield high gain single wider band 

antenna based on simulation study. [High 

frequency antenna: not compatible with 

underground communication] 

[179] 9800 6 1 1.5 6.2 

Use of single periodic simple square AMC 

to yield single wider band antenna based 

on simulation study following 

conventional design methodology of 

L/W=1.5. [High frequency antenna: not 

compatible with underground 

communication] 

PA 
f1: 572 

f2: 768 

12.4  

12.7 
2 1 

4.3 

6.1 

Use of dual periodic AMC with patch 

corner dielectric strips to yield dual wide 
banding with good gain and efficiency. 

Through and methodical analysis is 

presented which is validated through 

simulation and measurement. [Low 

frequency antenna: compatible for 

underground communication] 

 

Even though it has yielded a positive peak gain of 3.6 dBi at 919 MHz, it has 

yielded narrow bandwidth of 0.6 % and a low antenna efficiency of 49%. In 

comparison, the proposed antenna has yielded two operating bands with broad 

bandwidths (larger than 12%) and good positive gains (larger than 4.5 dBi). 

Furthermore, the two operating bands demonstrate a high antenna efficiency of >70%. 

Therefore, the proposed antenna confirms its versatility of operation for WUSN 

/WIOT or other wireless underground low frequency communication.  
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Table 5.2 

Performances Comparison of Proposed Antenna with Other Relevant Reports for Low Frequency 

Underground Communications 

 

Ref Size (λ0)
3; 

Frequency 

(MHz) 

PG 

(dBi) 

BW 

(%) 

Eff. 

(%) 

[150] 0.15×0.14×0.24, 900 -7 4.4 NA 

[173] 0.12×0.06×0.005 450 2.5 2 69 

Previous chapter 

Air-AMC (PA) 
0.16×0.20×0.01 413 3.1 2 75 

[148] 0.11×0.10×0.002 500 -13 2 NA 

[171] 0.13×0.05×0.001 435 -1 0.6 55 

[178] Ø0.35×0.123 919 3.6 0.7 49 

Proposed TE 

Antenna 
0.33×0.33×0.007 

f1: 572; 

f2: 768 

4.5 

6.3 

12.4 

12.7 

71 

73 

5.8 Conclusion 

A thorough, insightful investigation into a TE mode excited RMA has been 

successfully performed, and a new TE-RMA is proposed for dual wideband operation 

with high gain and efficiency. The AMC with dual periodicity embedded on patch and 

ground makes antenna operating at dual frequency and TE characteristics. The 

proposed antenna is constructed with two AMC array structures in both patch with 3x3 

arrays and ground plane with 5x5 arrays; The patch is fed by an L-probe feed. The 

proposed antenna is simple to manufacture and exhibits versatility in terms of 

frequency. This antenna works well below 1 GHz frequency range with a good 

bandwidth and high gain characteristics. The proposed structure works at 572 MHz 

and 768 MHz with bandwidth of 12.4% and 12.7% respectively. The gain of antenna 

at 572 MHz and 768 MHz are 4.5 dBi and 6.3 dBi respectively.  The high gain and 

larger bandwidth of proposed antenna at the two operating bands and its   analysis will 

surely benefit the scientific community who are looking for low frequency 

applications.  
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CHAPTER  

                                 6 

Conclusion and Scope  

for Future Studies 

 

 

In this research work a detailed study on low frequency underground sensor 

network antennas are presented. The proposed antennas work in the range of (300 -

1000 MHz) frequency that suits well for underground propagation.  

Initially simulation and experiments are conducted to determine the frequency 

range suitable for underground propagation. Simulation is conducted using two 

antenna model in Electromagnetic simulation software HFSS. The same has been 

verified by performing experiments in air medium and underground medium. The 

results depicts that low frequency is feasible for the underground Electromagnetic 

wave propagation for different condition of soil (different dielectric constant).  

The size of conventional antenna size becomes voluminous at the low operating 

frequency in Mega Hertz ranges. A miniaturization technique using shorting vias is 

thoroughly analyzed. The effect on the operating frequency with change in number 

and position of shorting vias are observed and concluded. With this technique we can 

obtain miniaturized antenna. 

To enhance the performance of the above miniaturized antenna a meta material 

called Artificial Magnetic Conductor (AMC) is embedded with the antenna. This 

AMC possess in phase reflection properties which enhance the gain if properly 

utilized. In this thesis AMC is utilized to make a composite substrate for the first 

time for the low frequency range. The antenna with air-AMC composite substrate has 

been designed, analyzed, fabricated and measured. This antenna is first of its kind to 

make use of AMC as composite substrate and producing overall gain of 3.1 dBi at 

frequency of 413 MHz.  
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A novel design of dual band Transverse Electric (TE) mode exited square patch 

antenna is designed. The dual band is obtained with incorporation of a dual periodic 

AMC design. The usage of dual periodic AMC array for attaining dual band 

frequency operation at the frequency below 1000 MHz is the first work to be 

reported as for the authors knowledge. A 3 × 3 AMC array is used to form a patch of 

size 150 mm × 150 mm and 5 × 5 array to form a ground plane of 250 mm × 250 mm 

for the proposed TE antenna. This proposed TE antenna is judiciously designed   to 

modulate the fringing fields to obtain the impedance matching, gain and radiation 

characteristics. This is achieved by incorporating four corner dielectric strips. 

proposed structure works at 572 MHz and 768 MHz with bandwidth of 12.4% and 

12.7% respectively. The gain of antenna at 572 MHz and 768 MHz are 4.5 dBi and 

6.3 dBi respectively.  The high gain and larger bandwidth of proposed antenna at the 

two operating bands and its   analysis will surely benefit the scientific community 

who are looking for low frequency applications.  

In future, the Low frequency planar antenna can be further exploit as it is 

relatively new field of research in antenna domain. The low frequency antennas are 

useful in many applications such as agriculture, landmine detection, defence and 

underwater. The scope of these antennas can be further extended to other fields such 

as space and satellite applications for exploration of surface property of Moon, Mars 

etc. The design aspects can be further explored for making the antennas more 

compact and higher gain.  

Other metamaterials can be embedded to enhance the antenna characteristics. 

Specifically, use of metamaterial as composite substrate has a lot of scope for further 

exploration. AMC with different shapes such as circle, triangle can be further 

explored to exploit its advantages in antenna performance. The effects of AMC to 

other shape of patch antenna can be investigated in future. The design of Transverse 

Electric (TE) patch antennas are very interesting and it is seldom explored. The 

antenna community may explore new structure of AMC in patch and ground plane 

for new design of TE patch antennas. The possibility of Multiband antennas may be 

explored with different periodic structure of AMC to meet the multiple application in 

versatile soil conditions. 
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ABSTRACT 

 

In the present era of Technology, the wireless communication is grabbing the 

importance and has become an interesting field of research. Wireless Sensing 

applications requires a sensor node that consists of a processing unit, memory and 

antenna (Transmitter and receiver) as important components.  These sensor nodes are 

useful in many applications for Internet of things. One of such application is wireless 

underground sensing.  

  Electromagnetic wave propagation depends on   parameter of the medium of in 

which they propagate.  For Underground environment factors such as volumetric 

water content of soil, rocks, roots of the tress and depth plays a key role. 

Determining the suitable frequency and designing suitable antennas for underground 

wireless communication is the main objective of this research work. It is found from 

the literature that low frequencies in the range of Mega Hertz (MHz) preferably in P 

–Band is suitable. This is due to the fact that higher frequency signal gets more 

attenuation in the underground.  Decrease in the operating   frequency of antenna 

effects the antenna parameter such as size, gain etc. The design of small size, good 

performance antenna for low frequency communication is one of challenges for 

antenna design.  In this research work the design and analysis of planar rectangular 

microstrip antennas for low frequency (below 1 GHz) with good performance is 

reported. 

The gain of a miniaturized patch antenna decreases dramatically as its size 

decreases. As a result, designing miniaturized high gain antennas is a difficult task. 

Various methods can be used to improve the gain of such miniaturized antennas, one 

of such methods is the usage of meta material backing. In order to maximize the 

benefits of metamaterials, their properties must be investigated so that these 

characteristics must be compatible for the gain enhancement of antenna. In this 

thesis, an artificial magnetic conductor (AMC) is embedded with the antenna to 

improve its performance. AMC is a meta material having in phase reflection 

properties that, the gain of an antenna can be increased when it utilized properly. 



 

 

This thesis investigates the suitable frequency for communication in 

underground environment using simulation and experimental validation. The 

findings obtained in all of the cases reveal that the received signal strength at low 

frequency is found to be better than high frequency. This initially validates the 

feasibility of low frequencies in MHz range for underground electromagnetic wave 

propagation.   

As the low frequencies are preferred, antenna size increases at such low 

frequencies. As a result, a miniaturization approach must be integrated into the 

antenna design in order to make it small. This work investigates the quarter wave 

patch (QWP) with shorting vias in depth. The effect of varying the number and 

position of shorting vias on operating frequency is explored. This QWP with shoring 

vias offers a more suitable alternative for miniaturized antenna structures. The 

miniaturized version is achieved by reducing the number of shorting vias to at the 

QWP's edge. The frequency of operation can also change by adjusting the position of 

the shorting vias from the edge of the QWP.  

Even if downsizing is achieved using QWP and shorting vias, the gain is 

substantially reduced. In the thesis four number of shorting vias are used to get our 

desired QWP structure. The inclusion of metamaterial with the aforementioned QWP 

improves antenna gain.  In the current study, an artificial magnetic conductor (AMC) 

having in phase reflection properties is used. The AMC is used as composite 

substrate in one of the proposed structures. Usage of AMC as composite substate to 

attain gain of 3.1 dBi at 413 MHz is probably the first work to be reported as per the 

authors knowledge.  

Soil conditions varies with different parameters such as location, climate, water 

content and depth. To perform multiple task, multi frequency antennas are preferred. 

In this work a dual band Transverse Electric (TE) mode Exited antenna is designed 

and analyzed. A dual periodic AMC array is integrated to form a 3× 3 AMC patch of 

size 150 mm × 150 mm and   5 × 5 AMC ground of size 250 mm × 250 mm 

respectively. Furthermore, the TE structure is modified by incorporating dielectric 

strips at the four corners of the patch. Because of incorporation of strips the fringing 

aperture modulation is obtained which make the antenna properly matched and also 



 

 

producing good gains in both the operating bands. This antenna operates at 

frequencies of 572 MHz and 768 MHz with gain of 4.5dBi and 6.3 dBi respectively. 

The bandwidth of the antenna at operating bands are 12.4 % and 12.7 % respectively. 

Finally, the thesis ended with a conclusion and future scopes. The significance 

of low frequency antenna applications is emphasized in the chapters wherever 

needed. This might aid researchers and scientists working on low frequency antenna 

designs for specific purposes. 
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