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I. INTRODUCTION 

 As a branch of electronics, vacuum electronics is the science 

of studying the generation and control of charged particles, as 

well as the interaction with matters and electromagnetic fields in 

vacuum or gas [1]. Materials and technologies adapted to the 

working environment are the technical basis of vacuum elec-

tronics. Vacuum electron devices use the principles of electro-

static and electromagnetic control, electron bunching exciting 

high-frequency field, high electric conductivity ability of gas 

discharge, scanning of electron beam to realize rectification, RF 

oscillation and amplification, detection, photography, display, 

frequency control and photoelectric conversion in electronic 

instruments and equipment. Nowadays, vacuum electronics—

represented by high-frequency and high-power electron devices, 

including microwave, millimeter wave and terahertz power de-

vices—is a very active research field. 

In traditional vacuum electronics, a high vacuum environ-

ment with 10-7 Pa pressure is usually required to ensure the 

normal operation of devices. While with the rapid development 

of new nanomaterials, nanostructures and microfabrication 

technologies, vacuum can be viewed from another perspective, 

which is the essence of vacuum electronics: that is, the collision 

probability between the particles in the microstructure of the 

medium is quite small, or there is not any collision. In the case 

of nanoscale active regions of vacuum electron devices, high 

performance can be obtained with the significant reduction of 

strict requirements for vacuum. 

With the advance of integration capability, semiconductor 

materials for solid-state electron devices are also developing very 

fast. The new materials are expected to construct sparse chan- 
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Fig. 1. Scientific connotation of general vacuum electronics. 

 

nels in which electrons have high carrier mobility and long aver-

age free paths to realize fast, efficient and approximate ballistic 

transport of carriers in the channels with very short distances of 

nanometer scale. 

With various vacuum degrees, solid-state electron devices or 

vacuum electron devices are of no matter, as long as the charac-

teristic dimension of the channels for electrons inside the mate-

rial is comparable to or less than the electron average free path; 

that is, as long as electrons do not collide with other particles, or 

the collision probability is very small in the transport process, 

the devices can be theoretically regarded as general vacuum elec-

tron devices. These devices will inherit the properties of vacuum 

devices. Understanding vacuum electron devices from a micro-

cosmic perspective and understanding solid-state electron devic-

es from a vacuum perspective will promote the integration of 

the two devices, as well as the formation and development of 

general vacuum electronics (Fig. 1). 

II. GENERAL VACUUM ELECTRONICS IN THE  

ATMOSPHERE 

Vacuum electron devices are the active devices which can 

generate or amplify RF signals through the transmission of elec-

trons or ions between electrodes and their interactions with 

electromagnetic field in vacuum. The main characteristics of 

vacuum electron devices are as follows: the electrons can be ac-

celerated to very high velocities close to light speed in vacuum, 

so they have fast ON/OFF switch function and high kinetic 

energy; the electrons can work at very high voltage and current 

density by magnetic field confinement, so they can deliver high 

power RF output abstracted from the electron beams with high 

conversion efficiency. 

Vacuum electron devices have obvious advantages in high RF 

power applications, but they encounter great difficulties in min-

iaturization, low power and complex function applications. This 

is because the size and precision of traditional vacuum electron 

devices are limited by high temperature thermionic cathode and 

vacuum sealing requirements, and it is difficult to achieve device 

miniaturization or system integration. The comparison of vacu-

um electron devices and solid-state electron devices show that 

the present vacuum electron devices with advantages in opera-

tion principle are seriously hindered by their fabrication and 

processing methods. 

There are several major obstacles to the miniaturization, inte-

gration and realization of complex function of vacuum electron 

devices: mechanical manufacturing and manual assembly of 

discrete devices, thermal cathode power consumption and the 

integrating difficulty of heating components and the required 

high vacuum environment for device operation [2]. Two im-

portant technological breakthroughs in history have promoted 

the miniaturization process of vacuum electron devices: one is 

the emergence of microscale and nanoscale technologies of inte-

grated circuits, including nanomaterials, nanostructures and 

nanofabrications that are used for field emission cathodes and 

some key fundamental components, such as all integrated vacu-

um diodes and triodes [3–5]; the field emission cathodes have 

made impressive progress in their properties, with high current 

density of 100 A/cm2, and their applications in microwave tubes. 

The cold cathodes with field emitter arrays have been used in 

traveling wave tubes (TWTs) operating at C and X/Ku-band 

frequencies, offering coverage from 4 GHz to 18 GHz. The 

100 W C-band TWTs were operated at 5 GHz and 121 mA 

beam current, and the up-to-26 W X/Ku TWTs worked at 10 

GHz and 80 mA beam current. The tests demonstrated over 

1,000 hours operating time over four prototypes. There are 

hopes to operate towards millimeter wave frequency band with 

10 A/cm2 current density, which is the parameter regime not 

possible for long life thermionic cathodes [6]. Microelectrome-

chanical systems (MEMS) technology, a high aspect ratio 

(HAR) micro-fabrication process, is used in the micro-fabri-

cation of slow-wave structures, with dimensions around several 

tens of microns for high-frequency vacuum devices, also called 

high-frequency integrated vacuum electronics that promote the 

terahertz vacuum devices, the miniaturization and integration of 

devices [7, 8]. The MEMS technologies include UV-LIGA for 

copper parts fabrication and deep reactive ion etching (DRIE) 

for silicon etching with metal thin-film coating, which have 

been used in the terahertz vacuum power devices from 220 

GHz up to 1 THz with power from tens of milliwatts to over 

one hundred watts. 

In recent years, the rapid development of micro-fabrication 

technology has reduced the characteristic dimensions of the 

vacuum devices to microscale and nanoscale, which opens the 

way for the realization of micro/nano-vacuum devices. In 2012, 

the NASA Ames Research Center proposed the concept of an 
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air channel transistor with insulating gate structure by referring 

to field-effect transistors (FETs) and transverse vacuum triodes 

[9]. The insulating layer between the emitter and gate elimi-

nates the possibility of gate electron interception, and the very 

small distance ensures that the atmospheric environment be-

tween emitter and collector can be regarded as a vacuum chan-

nel, which is similar to the semiconductor electron transmission 

channel in a traditional transistor. The concept of an air channel 

transistor achieves the perfect combination of vacuum operation 

principles and device miniaturization. The distance between the 

electrodes is expected to be about 10 nm. The preliminary ex-

perimental device is realized by projection lithography and pho-

to resistant plasma-ashing technology. The collector is 120 nm 

away from the emitter, the working voltage is less than 10 V 

and the corresponding cut-off frequency is 0.46 THz. As a pre-

liminary attempt, the device still needs to be improved and op-

timized in the design and fabrication process, including im-

provements to emitter material, film thickness, electrode shape 

and position, so as to reduce the working voltage to about 1 V 

and achieve better device performance. 

Also in 2012, the University of Pittsburgh proposed the de-

sign of a vacuum channel metal oxide semiconductor (MOS) 

FET, which has a vertical field emission structure [10]. Unlike 

the traditional Spindt-type microtriode, the new device uses a 

thin film edge emitter other than a cone field emitter, and the 

distance between electrodes is controlled through the adjust-

ment of the insulator thin-film thickness other than the micro-

fabricated slot. The distance between emitter and gate is pre-

cisely limited to 20–30 nm, the working voltage of the device is 

as low as 0.5 V, and the current ratio of ON/OFF state is over 

500 at 2 V. In atmospheric environment, the thin-film edge 

emission current density is about 105 A/cm2 under the assump-

tion that all electrons are emitted from a thin film with 1 nm 

thickness. The transconductance of the structure is 20 nS/μm 

but is expected to be 2 μS/μm by increasing the anode electron 

collecting efficiency and optimizing the device structure. 

Recently, a nanoscale edge emission vacuum channel triode 

was realized in Beijing Vacuum Electronics Research Institute 

(BVERI), China. The structure and the characteristic dimen- 

sion of the device are similar to those of the device from the 
 

 

Fig. 2. Section diagram of nanoscale edge emission vacuum channel 

triode; and SEM image of a focused ion beam (FIB) etched 

vacuum channel (BVERI). 

University of Pittsburgh, but it has a molybdenum layer as the 

cathode instead of n-type silicon (Fig. 2). The turn-on voltage 

of the device is as low as several volts. The diode characteristics 

test between cathode and anode shows that the device can 

maintain working in a large range of vacuum environments. 

Although there are still sample destruction and failures in ab-

rupt vacuum changing, most devices can work with a stable 

emission current from 10-7 Pa up to atmosphere (Fig. 3). 

Researchers believe that the new vacuum nano-electron de-

vices may replace the existing MOS transistors to achieve high-

speed switching and signal amplification, and the vacuum inte-

grated circuits will also compete strongly with solid-state inte-

grated circuits [11–13]. Especially in space exploration field, 

vacuum nano-electron devices and vacuum integrated circuits 

have particular advantages. Due to the small size, light weight, 

high integration, high efficiency and no preheating warm-up 

time, solid-state electron devices have obvious advantages over 

vacuum electron devices in normal applications and are suitable 

for phase array systems and aerospace engineering. However, 

failure analysis in the manned spaceflight field in recent decades 

shows that the accumulation of space radiated particles can 

damage nanoscale solid-state electron devices, resulting in the 

decrease of ON-state current, the increase of leakage current or 

even the logic confusion of the circuits. Although the instanta-

neous and cumulative damage of this space environment can be  

 

(a) 
 

(b) 

Fig. 3. (a) I–V characteristics between cathode and anode and (b) 

emission stability test with different vacuum at anode bias 

of 10 V. 
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resisted and the data can be restored by system backup, there is 

no way to deal with some catastrophic damages. This kind of 

electronic failure of solid-state electron devices seriously hinders 

the progress of space exploration projects and even leads to the 

failure of missions. The vacuum channel nanostructure has basic 

functions similar to those of the traditional vacuum tube. Be-

cause both the device emitter and collector are in a vacuum state 

and there are not any properties from solid material, it will 

therefore not be damaged by space radiation. 

The novel vacuum nano-electron devices can be manufac-

tured by existing silicon-based process technologies to achieve 

good electrical properties with radiation-resistance and extreme 

temperature resistance, while further performance improve-

ments can also be expected by introducing advanced materials 

such as silicon carbide and graphene, etc. Many research institu-

tions have paid attention to the devices and technologies and 

have followed up to study the device principles, materials, and 

processes. 

Although these two devices are quite different in structures, 

they have two revolutionary common features: one is that the 

characteristic dimensions of the devices are all in nanometer 

scale and the other is that the operating voltages of the devices 

are all less than 10 V. Nanoscale characteristic dimension is nei-

ther the simple size decline nor the simple name transition from 

microdevice to nanodevice. Since the microfabricated distance 

between electrodes is close to or less than the molecules’ average 

free path in atmospheric state (about 60 nm), it means that even 

in atmospheric environment, electrons can transport between 

electrodes almost without colliding with gas molecules. In other 

word, the nanoscale atmospheric electron channel can be “re-

garded as vacuum”. Similarly, the working voltage decrease from 

several tens of volts or above 100 V to less than 10 V is not a 

simple digital decline. Because the 10 V keeps electrons’ energy 

less than the air molecules’ first ionization energy in their whole 

working process, it means that even if the electrons collide with 

the gas molecules, the gas will not be ionized. In other words, 

the very low working voltage nanoscale vacuum devices can “ex-

clude ionization”. 

This kind of micro/nano-vacuum device based on the most 

advanced microfabrication technology is gradually breaking 

through the traditional vacuum electron device mode and bring-

ing it into a new research field. The mode of normal operation 

in atmospheric environment based on the principle of tradition-

al vacuum devices can be called general vacuum electronics in 

the atmosphere. The theoretical essence of it is “regarded as 

vacuum” and “excluding ionization”; the core devices are vacu-

um micro/nano-electron devices represented by vacuum nano-

diodes and nanotriodes; and the ultimate goal is to achieve inte-

grated power sources or high-speed, radiation-resistant large-

scale vacuum integrated circuits. 

III. GENERAL VACUUM ELECTRONICS IN SOLID STATE 

In 1965, Moore's law proposed that the number of compo-

nents that can be accommodated on the integrated circuit (IC) 

doubles every 18 to 24 months, and the performance doubles 

accordingly [14, 15]. The improvement of IC integration on 

chips mainly depends on the improvement of microfabrication 

technology, represented by lithography and etching technology. 

In order to shrink the characteristic size that is normally indicat-

ed by the line width of the circuits, optical lithography with 

different wavelength light sources, as well as non-optical lithog-

raphy with shorter equivalent wavelength (including electron 

beam lithography, focused ion beam lithography and X-ray li-

thography), were developed. Meanwhile, many other etching 

methods, e.g., wet etching, reactive ion etching, ion milling and 

high ion density etching, as well as electron synchronous cyclo-

tron resonance and inductively coupled plasma etching tech-

niques, have also been developed. The rapid development of 

other related technologies, such as ultra-thin film growth and 

deposition, large beam current and low-energy ion implantation 

for precise doping, shallow junction ohmic contact and multi-

layer wiring for increasing the components’ density, have also 

greatly improved microfabrication technology. The typical pro-

cessing size gradually decreased from about 50 microns in the 

1960s to less than 0.2 microns in 2000, and the nanometer scale 

has been further developed recent years. However, according to 

the International Technology Roadmap for Semiconductors 

(ITRS), silicon complementary metal oxide semiconductor 

(CMOS) transistors will reach their physical limits in 2020 [16, 

17]. In 2015, Intel announced that it was abandoning silicon in 

7 nanometer technology nodes and looking for other materials 

for the channel to develop advanced integrated circuit technolo-

gy. 

In addition to microfabrication technologies, solid-state de-

vices are limited by the physics principle. In essence, carriers 

inside a solid can hardly avoid lattice and impurity scattering, 

leading to failure of ballistic transport. Thus, the structure and 

operating principles of solid-state devices restrict the develop-

ment of their output power and frequency. As semiconductor 

devices are near their material limits and as the shrinkage of 

microfabrication feature size becomes more difficult, significant 

improvements can hardly be made to performance. 

Therefore, how to develop new materials and explore novel 

principles based on existing manufacturing technologies to ob-

tain advanced solid-state electronic devices with characteristics 

of fewer particle collisions and lower energy consumption is 

quite a critical issue. This would help improve the existing solid-

state devices. More importantly, the field of traditional vacuum 

devices will also expand, since the channels of this kind of device 

are expected to have characteristics similar to those of the vacu-
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um channel. Thus, the related field can be called “generalized 

vacuum electronics in solids”, although microelectronic technol-

ogy has been adopted. In particular, spin semiconductor materi-

als, multiferroics and topological crystal insulators can be con-

sidered as the material of such generalized vacuum electronics. 

 

1. Spintronic Devices 

As a research direction of novel electronic devices, spintronics 

is a discipline that studies and utilizes the electron spin degrees 

of freedom to combine or replace charge degrees of freedom 

[18]. Its main research goal is to replace traditional transistors 

and realize spin transistors. 

Spintronic devices have good compatibility with the materials 

and microfabrication technology of traditional semiconductor 

electronic devices that are based on charge mechanisms. In the 

past 20 years, the research of semiconductor spintronics has 

made great progress in device design, experimental technology 

and theoretical methods. In 2009, the Datta-Das spin-FET was 

realized in the non-local spin valve structure of InAs quantum 

well [19]. The gate voltage is used to control the spatial preces-

sion of spin during the transport process, and the switch func-

tion was realized. Moreover, the structures of unipolar spin 

transistor [20, 21] and hot-electron spin transistor [22, 23] are 

also possible candidates of spin transistor. 

In traditional semiconductor devices, the charges’ characteris-

tics of carriers rather than electron spin is used to transmit in-

formation. The orientation of the electron spin is random, and 

they will not, then, carry any information. In contrast, spintron-

ic devices take advantage of electron spin to process information 

by manipulating the spins. Since the spin flip needs lower ener-

gy and shorter time compared to the carrier channel switch, 

lower energy consumption and higher speed can be achieved. 

From this aspect, spintronic devices can be considered as one 

kind of generalized vacuum electronic devices. 

New materials such as multiferroics, topological insulators 

and topological crystal insulators have been discovered and stud-

ied recently. These materials exhibit unique physical properties 

related to the spin whose electron transport properties are simi-

lar to those of the vacuum, which are the properties of electron 

ballistic motion. 

 

2. Novel Interface of Oxides 

In 2004, it was reported in Nature magazine that a quasi-

two-dimensional electron gas was found at the insulating oxide 

LaAlO3/SrTiO3 heterostructure interface [24] whose mobility 

was a very high reaching 10,000 cm2V-1s-1 at low temperature 

and whose carrier density was an order of magnitude higher 

than that of III–V semiconductor heterostructure. Based on this, 

the possibility of using this quasi-two-dimensional electron gas 

to build a FET with high electron mobility was explored in 

2006 [25]. It was found that when the thickness of LaAlO3 on 

the 1-mm-thick SrTiO3 substrate is larger than 3 unit cells, the 

electrical conductivity of the interface would significantly in-

crease by two orders of magnitude. In order to explore the influ-

ence of gate voltage on carrier transport characteristics of a 3-

unit-cells-thick sample, the curve of voltage and current was 

tested in the experiment, and the influence of temperature on 

the sheet resistance was studied. The results showed that the 

conductivity of two-dimensional electron gas could be changed 

by seven orders of magnitude by tuning gate voltage, indicating 

that oxides have great potential in establishing a FET. This 

would also provide an effective way to build channels similar to 

vacuum. 

It is considered that the discontinuity of polarity accounts for 

the existence of two-dimensional electron gas. In this way, a 

reversal of polarity would introduce greater polarity discontinui-

ties; thus, theoretically, it is also a possible structure to realize 

two-dimensional conductivity. In 2012, a variety of surface 

measurement methods were adopted to study the conductivity 

of polarity reversal interface of HoMnO3 ferroelectric materials 

(domain wall) [26]. The results showed that the domain walls 

are conductive, and it is necessary to further explore such struc-

tures. 

This research shows that when using the polarity discontinui-

ty of the heterostructure with ferroelectric material, the conduc-

tive channel with high conductivity and high carrier mobility 

can be constructed. Compared with the traditional semiconduc-

tor channel, they have greater advantages in conductivity and 

are closer to the electron transmission in vacuum with much less 

lattice scattering. 

 

3. Topological Insulator and Topological Crystal Insulator 

In addition to the oxide materials mentioned above, topologi-

cal insulators are also of wide concern to researchers, as they 

would result in the realization of electronic devices with low 

power consumption [27, 28]. Based on the concept of topologi-

cal insulators, the novel properties such as quantum spin Hall 

Effect, quantum anomalous Hall effect and Majorana fermion 

are expected to help realize the next generation of chips for 

computers. 

With the progress on topological insulators, another new ma-

terial system with topological properties—topological crystal 

insulators—was proposed in 2011 [29]. Topological crystal in-

sulators have more abundant physical properties, especially the 

quantum spin hall effect, which can be controlled by electric 

field. 

In 2014, the concept of a three-dimensional topological crys-

tal insulator was extended to two-dimensional, and a new topo-

logical phase of a two-dimensional insulator protected by mirror 

symmetry was proposed [30]. It was proved that this new phase 
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can be realized in SnTe (001) and PbxSn1-xSe (Te) (001) thin 

films. In this material, the band of bulk has band gap, but the 

edge state protected by (001) mirror symmetry is with spin filter 

property. More importantly, the mirror symmetry of the system 

can be destroyed by using the electric field perpendicular to the 

thin film, thereby creating an electric field-tuned band gap of 

the edge of the film, which is called edge state. Taking ad-

vantage of this singular property, the conduction of the film 

edge can be accomplished with no energy consumption when 

the band gap is tuned to zero; thus, a brand-new type of transis-

tor, called a topological transistor, was proposed.  

Transistors are the essential elements of all modern electronic 

systems. Traditional transistors are based on the P–N junctions, 

using P- and N-type semiconductors, while the ON/OFF states 

are realized through the recombination of electrons and holes. 

During these processes, a large amount of heat is generated, 

which is a waste of energy and affects the integration density of 

the electronic devices. In addition, the velocities of electrons and 

holes within semiconductor materials are quite limited, which 

causes the applications of traditional transistors to be limited, 

especially in much higher frequency regions. 

The principle of a topological transistor is completely differ-

ent from that of a traditional transistor. In a topological transis-

tor, charge transport and spin transport are strongly entangled, 

and high switching speed and low energy consumption can be 

achieved. Therefore, this is also a new way to build conductive 

channels with vacuum characteristics, which is very important in 

spintronics and in the information superhighway. 

However, in topological transistors, the carrier transport and 

spin transport are strongly entangled together, and they can be 

controlled by the external electric field. The principle of the 

topological transistor is completely different from that of tradi-

tional transistors, and their ON/OFF states do not rely on the 

combination of N-type electrons and P-type holes. Instead, they 

rely on the tunable band gap of the edge state, and thereby the 

tunable conduction of the film edge. Therefore, rather high 

switch speed and low energy cost can be realized. Thus, this is 

also a completely new way to construct a conductive channel 

with characteristics similar to those of vacuum, and topological 

transistors will play great roles in the next generation of the in-

formation highway and topological quantum computing. 

IV. CONCLUSION 

Several electron devices, including microfabricated vacuum 

nano-electron devices, solid-state electron devices with spin 

semiconductor materials and multiferroics or topological crystal 

insulators are introduced. Each distinct device has similar elec-

tron characteristics and can be defined as general vacuum elec-

tron devices. The definition promotes the formation of general 

vacuum electronics and opens up a new research area. 
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I. INTRODUCTION 

Wireless power transmission (WPT) technologies have been 

increasingly employed in a variety of applications such as medical 

devices [1], mobile phones [2], and vehicle systems [3]. Micro-

wave power transmission (MPT), which is one of the WPT 

technologies, has the advantage of being able to transmit power 

at middle and long distances [4]. This MPT method uses array 

antennas for both transmitting and receiving systems, and mi-

crostrip patch antennas are generally employed due to their high 

directivity with low-profile characteristics [5, 6]. Many previous 

studies, such as optimization of the array configuration, efficient 

feed network design, and techniques using retrodirective beam-

forming, have focused on the improving transmission efficiency 

[710]. However, these array antennas still exhibit the perfor- 

mance degradation caused by the mutual coupling between adja-

cent elements. Moreover, in-depth studies on the optimization 

of the element number in a limited small space is not sufficient 

yet.  

In this paper, we propose the design of a small aperture array 

antenna for an MPT system, which is advantageous for high 

power transmission with a small sized array aperture. The prob-

lem of the increased mutual coupling between array elements is 

examined when more elements are used for a high input power 

of the array. We employ a 64-element array in a small space of 

12 cm × 12 cm, and thus the input power of each element which 

causes the high mutual coupling and the low efficiency of the RF 

circuit can be minimized. The proposed array element is com-

posed of a square loop printed on a high-dielectric substrate and 

an extended cavity structure enclosing the substrate. The high- 
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dielectric substrate and loop resonator are used for miniaturiza-

tion to mount multiple elements in a limited space, which enables 

to maximize the transmission power. The mutual coupling be-

tween adjacent elements is reduced by inserting an extended cav-

ity structure, and the input power per each element is lowered to 

enhance the efficiency of the RF circuit by increasing the number 

of array elements. We derive the optimal number of elements in 

a limited space, taking into account the input power on each ele-

ment, fabrication cost, and aperture efficiency of the system. To 

verify the performance of the optimized array for the MPT sys-

tem, a 2 × 2 downscaled array antenna is fabricated and meas-

ured. The results demonstrate that the proposed antenna with the 

extended cavity structure is suitable for use as an MPT array ele-

ment for high power transmission with a small sized aperture.  

II. PROPOSED ARRAY ANTENNA ELEMENT 

Fig. 1 shows the geometry of the proposed MPT antenna 

element. The element consists of a rectangular loop and an ex-

tended cavity structure printed on a high-dielectric ceramic sub-

strate (r = 10, tan = 0.004) with a thickness of h1, which is equal 

to the thickness of the cavity (hc). The square loop is designed 

with the external and internal diameters of l1 and l2, respectively, 

and it is directly connected to the feed structure, which is denoted 

as (fx, fy). The extended cavity structure resides above the ground 

plane and surrounds the entire lateral surfaces of the ceramic 

substrate. This proposed structure can help to decrease the mu- 

tual coupling between adjacent elements by reducing the  

 

 

(a) 

(b) 

Fig. 1. Geometry of the proposed array element: (a) perspective view 

and (b) side view. 

Table 1. Optimized values of the proposed array element 

Parameter Value

g 15 mm

h1 3.14 mm

hc 3.14 mm

l1 6.8 mm

l2 1.5 mm

(fx, fy) (0, 2.1)

 

leakage field from the antenna substrate. The detailed design pa-

rameters are optimized by a genetic algorithm [11] and listed in 

Table 1. 

The antenna characteristics of a fabricated element, such as the 

bore-sight gain and reflection coefficient, are measured in a full 

anechoic chamber. The measured and simulated bore-sight gains 

of the element are shown in Fig. 2. The dashed line indicates the 

simulated values, and the measured data are specified by the “ ” 

symbol.  

Both results show a good agreement with the simulated value 

of 3.3 dBi at 5.8 GHz and 3.6 dBi of the measured value. The 

low gain of the small aperture element is resolved by increasing 

the number of small aperture elements (64-element in this work). 

For a given total array space of 12 cm × 12 cm, as we increase the 

number of elements, the array gain approaches the ideal gain con-

sidering the array aperture size. 

Fig. 3 presents the simulated reflection coefficient compared 

with the measured data. The simulated and measured values are 

less than –10 dB from 5.73 GHz to 5.9 GHz, and the values are 

18.5 dB and 14.9 dB at 5.8 GHz, respectively. The slight 

difference between the simulation and measurement at 5.9 GHz 

is due to the fabrication tolerance, such as effective dielectric 

permittivity, and the loss tangent of the antenna substrate. The 

high-Q behavior of the antenna element with a narrow band-

width may be appropriate when a single antenna is used for a  

 

 
Fig. 2. Bore-sight gain of the proposed array element. 
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Fig. 3. Reflection coefficient of the proposed array element. 

 

WPT system. However, the performance of the high-Q anten- 

na can be easily degraded by an unwanted frequency shift when 

the elements are closely arranged for a small aperture array. This 

performance degradation can be minimized by using the antenna 

element with an appropriate Q value for a WPT system. 

Fig. 4 shows the radiation patterns of the antenna in the zx-  
 

 

(a) 

 

(b) 

Fig. 4. Radiation patterns of the proposed array element at 5.8 GHz: 

(a) zx-plane and (b) zy-plane. 

 
Fig. 5. Average mutual coupling according to the extended cavity 

height (hc). 

 

plane and zy-plane at 5.8 GHz. The measured half-power beam-

widths (HPBWs) in the zx- and zy-planes are 120 and 115, 
respectively. As can be seen, the proposed antenna element does 

not have any serious pattern distortion in the upper hemisphere. 

To confirm the effectiveness of the proposed extended cavity 

structure on the isolation characteristic, we analyze the average 

mutual coupling of the 4-element planar array according to the 

distance of the physical separation (d) from 0 mm to 12 mm as 

presented in Fig. 5. The antennas with and without the extended 

cavity structure have an identical value of 25 dB at d = 12 mm. 

The mutual coupling of the proposed antenna increases up to 

12.5 dB as d becomes zero, whereas that of the antenna without 

the extended cavity goes up to 10.4 dB. The difference in the 

mutual coupling strength of the antenna with and without the 

extended cavity is greater than 2 dB, indicating that the proposed 

structure can enhance the isolation characteristic.  

III. PROPOSED ARRAY ANTENNA  

The proposed element is now applied to the transmission array 

antenna for an MPT system. We limit the aperture size of the 

array to 12 cm to verify the feasibility of the proposed antenna 

with a very small aperture size. The received power is calculated 

using the Friis equation [12]. We assume a scenario in which the 

receive antenna is a 2 × 2 array with a gain of 7.6 dBi, and a 

received power of 0.2 W is required at a distance of 1 m. The 

optimal number of elements is derived by considering the input 

power for each element, fabrication cost, and aperture efficiency 

of the array. The input power for each element is restricted to 

under 0.5 W considering the efficiency and the manufacturing 

cost of the RF circuits.  

Fig. 6 provides a parametric study of the input power for each 

element (Pi.e) to satisfy the received power of 0.2 W. The cost is 
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Fig. 6. Input power and cost according to the number of array ele-

ments. 

 

the approximated total fabrication cost of the array antenna when 

normalizing the manufacturing cost of one antenna element to 

cost = 1. The element number is required to be 64 or more to 

reduce the input power per element to less than 0.5 W, which 

satisfies the scenario. 

Fig. 7 presents the comparison of the bore-sight gain with and 

without the extended cavity structure according to the number of 

array elements. The feed structure of the power divider is not 

considered because we assume that there is no insertion loss of 

the power divider. The reason for examining the performance 

from a small element number to a large number of elements is to 

find the optimum number of array elements for maximizing the 

array performance in a limited space of 12 cm × 12 cm. The 

gain of the array according to the number of array elements con-

verges to about 17.7 dBi when the array number becomes 64 or 

more. The reason for the convergence is that the aperture size of 

the array is limited to 12 cm × 12 cm. The maximum gain is 

determined by the total aperture size and aperture efficiency, and 

the ideal gain achievable from the aperture size is about 18.3 

 

 
Fig. 7. Bore-sight gain according to the number of array elements. 

 
Fig. 8. Electric surface current variance and aperture efficiency ac-

cording to the number of array elements. 

 

dBi with an efficiency of 1. We also compare the gain of the array 

without an extended cavity structure to confirm the performance 

enhancement by using the proposed array with an extended cavity 

structure. The array without an extended cavity structure has a 

reduced gain of 17.2 dBi when the array number becomes 121 

due to the strong mutual coupling.  

To verify the performance of the proposed optimal number of 

elements, we analyze the aperture efficiency and electric surface 

current variance as shown in Fig. 8. The aperture efficiency is 

proportional to the antenna gain and converges to about 77% 

when the number of array elements is 64. The variance for the 

amplitude of the electric surface current near the aperture (600 

mm  x, y  600 mm, z = 5 mm) is examined using the Eq. (1). 

The variance is minimized to 20 when the aperture efficiency 

converges to its maximum value. 
 

  2

1

1
( ) ( ) , :

n
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i
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n 
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Fig. 9(a) presents the geometry of the proposed 64-element 

array with an aperture size of 12 cm × 12 cm, and the simulated 

gains of the zx- and zy-planes are shown in Fig. 9(b). The pro-

posed each antenna element has a radiator with dimensions of 

6.8 mm × 6.8 mm, and thus the antenna size is 15 mm × 15 

mm including the extended cavity structure. The feed to feed 

distances are set to be 15 mm, and the total array aperture size is 

120 mm × 120 mm with the 8 × 8 array configuration. There-

fore, a size reduction of about 0.1 is obtained compared with a 

conventional 0.5 distance array structure (413 mm × 413 mm). 

The simulated bore-sight gain (θ = 0) is 17.68 dBi at 5.8 GHz, 

and the HPBW in the zx- and zy-planes are 21.28 and 21.56, 
respectively. The proposed array has a 5.6% transmission effi-

ciency at a distance of 1 m when the proposed array is applied to 

both transmitting and receiving antennas. The transmission  
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(a) 

(b) 

Fig. 9. Geometry and gain of the proposed 8 × 8 array: (a) geometry 

and (b) simulated gain. 

 

efficiency of 5.6% is the antenna to antenna transmission effi-

ciency calculated using the Friis equation. In the efficiency calcu-

lation method, we assume that there is no insertion loss in the 

power divider and the other RF circuits. However, the efficiency 

using the Friis equation may not be accurate since the analysis 

distance is slightly less than the far field distance. We also added 

the near-field simulation results of S12 which including both the 

transmitting array antenna and the receiving array antenna in the 

simulation as listed in Table 2. The near-field simulated transmis-

sion efficiency of the proposed MPT system is 2.1% at a distance 

of 1 m. The Friis equation and the fully simulated S12 results grad-

ually show an agreement when the distance approaches to the far-

field region. 

To verify the feasibility of the proposed 64-element array, a   

2 × 2 downscaled array is fabricated and measured in a full- 
 

Table 2. Transmission efficiency according to the distance 

Distance (m) 
Transmission efficiency (%)

Friis equation S12

1 5.6 2.1

1.5 2.5 1.4

2 1.4 1.1

2.5 0.9 0.8

3 0.6 0.6

 

(a) 

 

(b) 

 

(c) 

Fig. 10. Photograph of the fabricated 2 × 2 array: (a) perspective 

view, (b) bottom view, and (c) power divider. 

 

anechoic chamber. Fig. 10(a) and (b) show the perspective and 

bottom views of the fabricated 2 × 2 downscaled array, respec-

tively. Each array element is fed by a SMA connector, and these 

4 ports are connected to a 1 × 4 power divider printed on a FR4 

(r = 4.3, tan = 0.0035) substrate of 33 mm × 29 mm × 1.6 

mm. The measured and simulated radiation patterns of the fab-

ricated array in zx- and zy-planes are indicated by the solid and 

dashed lines as shown in Fig. 11(a) and (b), respectively. As can 

be seen, the measured values agree well with the simulated results, 

and the array does not have any significant pattern distortion in 

the upper hemisphere. The transmission efficiency of the fabri-

cated 2 × 2 array is 1% at a distance of 1 m when the 2 × 2 array 

is employed to both transmitting and receiving antennas. 

IV. CONCLUSION 

The design of a small array antenna with an extended cavity 

structure for WPT applications was investigated. The isolation 

characteristic was improved to more than 2 dB by inserting the 

extended cavity structure compared with the antenna without the 

cavity. The optimum element number of the array considering 

the input power for each element, fabrication cost, and aperture 

efficiency was determined to be 64. When the proposed array 

was applied to both transmitting and receiving antennas, a  
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(a) 

(b) 

Fig. 11. Gain of the 2 × 2 downscaled array: (a) zx-plane and (b) 

zy-plane. 

 

transmission efficiency of about 1% was observed at a distance of 

2 m. The results demonstrate that the proposed small array with 

an extended cavity structure is suitable for wireless power trans-

mission applications. 
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I. INTRODUCTION 

Wireless power transfer (WPT) using resonance through 

magnetic couplings has been actively studied since it was pro-

posed by Soljacic in 2007 [1]. Efficiency analysis of a one-

transmitter (Tx) and one-receiver (Rx) system facing each other 

has been sufficiently performed, and related products can be 

found in the market. However, the degree of freedom of the 

receiver positions and postures is still limited. Some studies have 

been conducted to solve the misalignment problems occurring 

between Tx and Rx. The misalignment can be divided into two 

types: axial and angular. A theoretical research on multiple-

input single-output (MISO) systems was conducted in [2]. In 

[3], an energy-efficient and adaptive design method for wireless 

power transfer in electric vehicles was proposed to alleviate the 

axial misalignment problem using multiple transmitters. To  

maximize the power transfer efficiency, the Tx phases and Rx 

loads were simultaneously optimized based on the same Tx 

magnitudes. In [4], the solution for the Tx voltages was pre-

sented assuming a fixed Rx load. In [5], a plurality of repeaters 

was attached to the Tx and Rx to solve the misalignment prob-

lem. In [6], the three Tx sources with phase differences were 

used to stably transfer power to an Rx. Through the phase con-

trol of orthogonally arranged Tx’s, the direction of the magnetic 

field was controlled to solve the angular problem [7, 8]. The 

solutions for the excitation voltage magnitudes and phases for a 

two-Tx MISO system were numerically found to maximize the 

efficiency [9]. 

In this paper, we propose a more general MISO WPT sys-

tem, the excitation magnitudes and phases and the Rx load of 

which are simultaneously optimized to achieve maximum effi-

ciencies despite these misalignments. Besides, we obtain the 

 

Optimization of Excitation Magnitudes and Phases for 

Maximum Efficiencies in a MISO Wireless  

Power Transfer System 
Hyeongwook Lee · Seunghyun Boo · Gunyoung Kim · Bomson Lee* 

 

 
   

Abstract 
 

This paper presents a method for solving receiver misalignment (axial or angular) problems in wireless power transfer systems using a 

multiple-input single-output system. The optimum magnitudes and phases of the transmitter voltages and receiver load for maximum 

efficiency are derived in convenient analytical forms when negligible mutual couplings between transmitters. These solutions are validated 

by genetic algorithm optimization and electromagnetic-simulation results for a design ex-ample of two transmitters and one rotating re-

ceiver. 

Key Words: Maximum Efficiency, Misalignment, Optimum Input Voltage, Optimum load, Wireless Power Transfer.   

 

 

Manuscript received July 16, 2019 ; Revised August 21, 2019 ; Accepted September 19, 2019. (ID No. 20190716-056J)  

Department of Electronic Engineering, Kyung Hee University, Yongin, Korea. 
*Corresponding Author: Bomson Lee (e-mail: bomson@khu.ac.kr)   
 

 

This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0) which permits 

unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. 

ⓒ Copyright The Korean Institute of Electromagnetic Engineering and Science. All Rights Reserved. 



LEE et al.: OPTIMIZATION OF EXCITATION MAGNITUDES AND PHASES FOR MAXIMUM EFFICIENCIES IN A MISO WIRELESS POWER TRANSFER …  

17 

  
 

closed-form solution of the excitation voltages for the case of 

negligible mutual couplings between the Tx’s. In Section II, we 

briefly summarize the formulas for single-input single-output 

(SISO) systems and describe the typical two situations in which 

the power transfer efficiencies become zero. In Section III, 

based on the derived analytic solution of a two-Tx example, we 

deduce the solutions of multiple Tx excitation magnitudes and 

phases for maximum efficiency in a general MISO system. 

They are validated with the results based on a generic algorithm 

(GA) and electromagnetic (EM) simulations. The paper is con-

cluded in Section IV. 

II. OPTIMIZATION OF A MISO SYSTEM FOR  

MAXIMUM EFFICIENCY 

A SISO system is briefly reviewed to develop formulations 

for MISO systems. Fig. 1 shows the SISO systems in which 

axial and angular misalignments occur. In Fig. 1, k is the cou-

pling coefficient [10, 11]. A positive k means the same magnetic 

flux direction crossing the Tx and Rx loops. A negative k means 

that the magnetic flux originating from the Tx loop flows into 

the Rx loop in an opposite direction. A circle is located above 

the Tx loop where k is zero or very small. Based on the equiva-

lent circuit analysis in [11], efficiency (η) can be expressed as 
 

2
2

21

2
2 2

11
1 1(1 1 )(1 1 )

L

in

SP F

P Sb F F
b

   
   

.

      (1) 
 

In (1), Pin is the total input power, PL is the power supplied to 

the load with RL, and b is the normalized load resistance defined  
 

 
(a) 

 
(b) 

Fig. 1. Misalignment problem in a SISO system: (a) axial misa-

lignment and (b) angular misalignment. 

Fig. 2. MISO system with multiple transmitters and one receiver. 

 

by b = RL/RL,opt, where RL,opt = R0
21 F and F is the figure 

of merit given by F = k 1 2Q Q . It is obvious that when b = 1, 

the efficiency touches an upper bound (maximum). When b > 1 

or b < 1, the system becomes under-coupled or over-coupled, 

respectively, and the efficiencies fall lower than the maximum. 

Fig. 2 shows a general MISO system with one Rx loop. The 

Rx loop is randomly oriented with a tilted angle θ as shown. For 

the MISO WPT system in Fig. 2, a circuit equation can be 

written as 
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  (2) 

 

where the principal diagonal elements of the Z matrix at the 

resonant design frequency are   
 

 

00 0 LZ R R                      (3) 
 

and 
 

 ( 1,2,3, , )ii iZ R i N   .                (4) 
 

In (3) and (4), Ri’s are the loss resistances of the loops, and RL 

is the load resistance of the receiver. The remaining elements of 

[Z], mutual impedances, are given by 
 

 

0

0 (  for , 0,1,2, , )

ij ij i j

ij

Z j k L L

j M i j i j N





 

    
       (5) 

 

where kij is the coupling coefficient, Li is the self-inductance of 

the loops (or coils), and Mij is the mutual inductance. The col-

umn matrix [I] can be obtained by [Z]-1[V]. The total input 

power and the received power at the load resistance are 
 

*
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1
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                       (6) 

 

and 
 

2

0

1

2L LP I R ,                     (7) 
 

respectively. Efficiency is expressed as the ratio of (6) and (7): 
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                (8) 
 

To maximize the efficiency (8), we have to optimize the Tx 

voltage (V1, V2, …, VN) magnitudes and phases and RL. Finding 

their analytical solutions considering all the system details given 

in (2) is usually difficult. Thus, some GA techniques, which are 

not easily available in industries, must be used to maximize the 

system efficiency in practice. However, in the case of small mu-

tual impedances or inductances between Tx’s, some convenient 

solutions for a maximum efficiency can be found. 

We start with a simple two-Tx system (N = 2) under the as-

sumption of a negligible coupling between them. For this sys-

tem, the current flowing on the Rx loop can be analytically ob-

tained as 

 1 1 2 2 2 1

0

0 1 2

j FV R F V R
I

R R R


 , 

              (9) 

where Fi = 0 0i ik Q Q , 2 2
1 21 F F     , and β = RL / R0. 

The current flowing on each Tx loop at the resonant freuency 

can be expressed as 
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and 
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where Mi (= 0 0i ik L L ) is the mutual inductance. The input 

power of each Tx is obtained as 
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where ϕ is the difference in the excitation phase (ϕ1 - ϕ2). The 

total input power and received power are given by 
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and 
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respectively. Now, efficiency is expressed as 
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(16) 

 

Defining m = |V2/V1|, efficiency (16) is clearly a function of 

three variables (m, 𝜙, and β) given by 
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The maximum of (17) occurs in which   
 

0
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0







,                       (19) 

 

and  
 

 0







                         (20) 

 

are simultaneously satisfied. After some algebraic arrangements, 

the solutions are obtained as 
 

2 2
1 21 optF F     ,               (21) 

2 2 20 22 2
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and 
 

  
1 2

1 2

0 ( 0)

180 ( 0)

F F

F F


  
 



  .               (23) 

 

Consequently, (22) and (23) can be combined into one equa-

tion given by 
 

2 2 20 22 2

1 11 1 10 1

F R k LV M
m

V MF R k L
    .

             (24) 
 

As indicated, m is a real number. Maximum efficiency is 

mostly not obtained with the use of 1 2V V , which is usually 

applied in practice. When inserting these solutions into (17), 

the maximum efficiency is expressed as 
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Fig. 3. Power transfer efficiency as a function of m and β. 
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where  
 

2 2 2 2 2 2
1 2 1 2 1 21 1 1opt optF F F F F F           .  (26) 

 

After further algebraic simplification, (24) results in 
 

2 2 2 2 2
1 2 1 2

max 2 22 2 2 2 2
1 2 1 2

1 1

1 1 1 1 1 1

F F F F F

F F F F F


   
  

                (27) 
 

where F( 2 2
1 2F F  ) is defined as the figure of merit for a  

MISO system (N = 2). For a MISO system with N transmitters,  

we define the system figure of merit as 2

1

N

n
n

F F


  . Clearly,  

(27) has the same form as (1) with b = 1. However, note that 

this is true only when the couplings between the Tx’s are negli-

gible. 

In Fig. 3, we plot the efficiency (17) as a function of m and β 

for the case of F1 = 10, F2 = 100, and R0 = R1 = R2 = 0.01 Ω. 

Fig. 3 shows that m and β must have specific values to achieve 

maximum efficiency. When the voltage ratio m = V2/V1 = 10 

and the normalized load impedance β = 
2 2

1 21 F F  = 100.1, 

as shown in (21) and (24), respectively, efficiency is shown to 

become maximum (92%). The common practice of using the 

same Tx voltages (V2 = V1) in a MISO may result in a much 

lower efficiency than the achievable maximum.  

III. CIRCUIT AND ELECTROMAGNETIC SIMULATIONS  

To validate the theory in Section II, circuit and EM simula-

tions are performed for the case of r1 = r2 = 6 cm, r0 = 5 cm, d = 

10 cm, c = 0 cm, and g = 20 cm in Fig. 4. The Tx and Rx loops 

are made of copper rings with a radius of 1 mm. In this case, R1  

(a) 

(b) 

Fig. 4. MISO (N = 2) WPT system with an angular misalignment 

angle θ (g = distance between the center of two Tx’s, d = 

vertical distance between the origin and Rx0): (a) overall 

view and (b) front view. 

 
= R2 = 0.0408 Ω, R0 = 0.034 Ω, L1 = L2 = 0.335 μH, and L0 = 

0.266 μH. We choose C1 = C2 = 1.65 nF and C0 = 2.07 nF for 

resonance at 6.78 MHz. The quality factors Q1 (or Q2) and Q0 

are 348.6 and 334.2, respectively. The coupling coefficient (k21) 

[11] between the two Tx’s is –0.0064. The minus sign implies 

that the magnetic flux generated from one Tx loop crosses the 

other in an opposite direction. Thus, the figure of merit F12 =   

–2.23. The GA in MATLAB (optimization toolbox) is applied 

to find the optimum magnitude and phase of V2/V1 and the Rx 

load resistance (RL) through which the efficiency reaches a max-

imum. EM simulation was performed by ANSYS HFSS using 

copper loops and lumped C components for resonance. From 

the EM simulation, we obtain the scattering matrix and cou-

pling coefficients between all copper loops. 

Fig. 5(a) presents the figures of merit (F1, F2) and optimum 

load resistances using the GA and Eq. (21) as a function of the 

misalignment angle θ at 0°–90°. While F1 ( 10 1 0k Q Q ) gradu-

ally increases from 2.9 to 5.3, F2 ( 20 2 0k Q Q ) decreases from 

2.9 to –5.3 crossing zero at θ = 30°. The negative F2 comes 

from the downward magnetic flux on Rx0 when θ > 30°. The 

magnitude of F12 is shown to be smaller than that of F1. F2 

changing sign from positive to negative at θ = 30° (F2 = 0) can 

be understood by observing the direction of the magnetic flux. 

The optimum load resistance (RL,opt) (21) is almost the same as  
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(a) 

(b) 

Fig. 5. MISO (N = 2) system parameters, optimized loads, and 

input voltage ratio (V2/V1) as a function of the misalignment 

angle θ for the case of r1 = r2 = 6 cm, r0 = 5 cm, d = 10 cm, c 

= 0 cm, and g = 20 cm in Fig. 4: (a) figures of merit (F1 and 

F2) and optimum load, and (b) magnitude and phase of m 

(= V2/V1). 

 

the result obtained from the GA even though F12 (= -2.23) is 

not considered in (21). 

Fig. 5(b) shows the optimized magnitude and phase of the 

voltage ratio (m = V2/V1) as a function of the misalignment an-

gle   using the GA and (24). The magnitudes and phases of 

V2/V1 using the GA and (24) are in agreement except at around 

θ = 30°. The discrepancies around θ = 30° comes from the fact 

that, while the assumption made for (24) is the smaller mutual 

coupling (|F1| > |F12|) and |F2| > |F12|), |F2| is much smaller 

than |F12| at around θ = 30°.  

In Fig. 6, the efficiencies based on the GA, Eqs. (21, 24, 8), 

Eq. (27), and EM-simulation are plotted as a function of the 

misalignment angle for the same system. The efficiencies for the 

SISO systems using only Tx1 or Tx2 are also included for com-

parison. The MISO (21, 24, 8) is calculated by inserting Eqs. 

(21, 24) into (8). The MISO (27) and MISO (GA) are shown 

to be in excellent agreement. The EM-simulated efficiency 

MISO (EM) using |V2/V1| (GA) and ∠V2/V1 (GA) in Fig. 5(b) 

also agrees with them. These efficiencies are shown to be higher 

than those of the SISO systems. The MISO (21, 24, 8) is also  

Fig. 6. MISO (N = 2) and SISO system transfer efficiencies as a 

function of the misalignment angle . 

 

shown to be higher than the SISO in which |F12| (= 2.23) is 

roughly smaller than the system figure of merit F. As |F12| > F, 

near θ = 30°, we need to optimize the system parameters con-

sidering the mutual couplings. However, the evaluation of the 

maximum MISO efficiency is shown to have been exactly con-

ducted with (27) not depending on the information of mutual 

coupling. The common practice of using the same Tx voltages 

(V2 = V1) is against the solution (22) and leads to much lower 

efficiencies than the achievable maximum as shown by MISO 

(V2/V1 = 1) in Fig. 6. 

IV. CONCLUSION 

The misalignment problems have been shown to be always 

solved by MISO through the numerical optimization of Tx 

excitations (magnitudes and phases). They have been analytical-

ly obtained and provided in this study when the mutual induct-

ances are relatively small. Further research is needed to fabricate 

the proposed MISO system and validate the theory with exper-

imental results. 
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I. INTRODUCTION 

As the demand for the antennas in several wireless applica-

tions, such as Wi-Fi, Wi-MAX, and wireless local area network 

(WLAN), is increasing rapidly, there is an urgent need for mul-

ti-band-operated antennas that are manufactured at low-cost 

and smaller in size. This multi-band performance can be 

achieved using several techniques such as slots [1], fractals [2], 

various feeding techniques [3–6], and reactively loading the 

monopole antennas [7]. The use of metamaterial (MTM) load-

ing in antennas has emerged because of its unique characteristics. 

MTMs possess a simultaneously negative electric permittivity (ε) 

and magnetic permeability (μ), and thus, a negative refractive 

index (NRI), which gives them some superior characteristics 

compared with conventional antennas. Mu-negative MTMs  

have negative magnetic permeability and are called left-handed 

materials [8] according to Veselago [9]. Although these materi-

als are not found in nature, their properties can be obtained 

from their structures rather than their composition. 

One of the methods of obtaining NRI, as discussed by 

Eleftheriades et al. [10], is based on reactively loaded transmis-

sion lines. The advantages of using MTM structures are as fol-

lows: (1) beam squint at a particular frequency can be reduced 

by using MTM loading [11], and (2) NRI provides excitation 

in the phase for all the monopoles, in a four-element array [12, 

13]. 

A design approach for MTM loading called the mesh-grid 

approach, which is built on a ceramic substrate, is proposed in 

[14], and a unidirectional loop antenna loaded with μ-negative 

MMT unit-cells and arc-shaped directors is presented in [15]. 

The introduction of a gap between transmission conductors and 

vias to obtain inductive and capacitive loading is presented in 
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A compact, wide dual-band antenna designed to resonate at 2.25 GHz and 5.4 GHz is proposed in this paper. The proposed antenna is a 
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[16]. In this paper, an L-shaped slot antenna with MTM reac-

tive loading is introduced for WLAN and Wi-MAX applica-

tions. It is based on a single MTM unit cell integrated into the 

monopole. In this monopole mode, the ground plane does not 

act as a radiator and thus the effective radiating area decreases to 

a large extent. 

In this letter, a micro-strip fed monopole antenna for 2.5 

GHz Wi-MAX, 5 GHz and 5.9 GHz WLAN applications are 

proposed. With the aid of MTM-inspired reactive loading and 

interdigital capacitance (IDC), the antenna effectively covers the 

required frequency bands for WLAN and Wi-MAX applica-

tions. Section II describes the geometrical structure of the pro-

posed antenna, and Section III presents the results and discus-

sions. Section IV that concludes the paper with the inclusion of 

possible wireless applications.  

II. ANTENNA DESIGN  

The design of the proposed antenna is illustrated in Fig. 1. 

The antenna has a monopole with an inverted L-slot and an 

IDC above the inverted L-slot. It is designed on an FR4 sub-

strate with a relative permittivity 𝜀  = 4.4, loss tangent of 0.02, 

and thickness of 1.6 mm. The High Frequency Structure simu-

lator (HFSS ver. 17.0) is used to simulate and optimize the de-

signed antenna. 

The evolution of the designed antenna is presented in Fig. 2. 

Ant 1 has a basic monopole structure, Ant 2 has a monopole 

with an inverted an L-slot, Ant 3 has a rectangular patch on top 

of the monopole, and, the proposed antenna, Ant 4, is modified 

by introduction of a meander structure on top of the monopole. 

The basic monopole is designed to resonate at 5.0 GHz. The 

insertion of the L-slot produces a second resonance at 3.2 GHz 

in addition to 5.1 GHz. By adding the rectangular patch above 

the monopole, Ant 3 introduces an additional frequency of 2.4 

GHz. A wide-band characteristic is observed in the third reso-

nant band. Ant 4 resonates at 2.3 GHz and 5.26 GHz as shown 

in Fig. 1(c), producing an additional resonant frequency at 6.0 

GHz in the same wide bandwidth as Ant 3. 

The proposed antenna consists of a 6.5 mm × 8.5 mm rec-

tangular patch with an inverted L-shaped slot inserted into it as 

shown in Fig. 2. A top rectangular patch (Patch I) with a size of 

6.5 mm × 4 mm placed above the basic rectangular patch at a 

gap distance of 0.4 mm and a bottom rectangular patch (Patch 

II) with the same size placed on the ground plane along with a 

thin strip are added to the basic structure to produce a resonance 

at 2.3 GHz and 5.2 GHz. 

Series capacitance is formed between Patch I and Patch II. 

Shunt inductance is formed by the thin short-circuited strip 

constituting the single-cell, MTM-inspired reactive load, the 

produced resonance of which is 2.3 GHz and 5.2 GHz.  

 

    (a) (b)
 

 

(c) 

(d) 

Fig. 1. Geometrical configuration of the proposed MTM antenna 

(Ant 4): (a) top view, (b) bottom view, (c) dimensions of the 

top view in detail, and (d) dimensions of the bottom view in 

detail. 
 

(a) (b) (c) (d) 

Fig. 2. Design evolution of the proposed antenna: (a) monopole 

antenna (Ant 1), (b) monopole with inverted L-slot (Ant 

2), (c) a rectangular patch introduced to (b) (Ant 3), and (d) 

ground plate of (a), (b), and (c). 
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A meander line-shaped slot is etched on Patch I similar to 

the IDC, to produce the final proposed antenna structure (Ant 

4) as shown in Fig. 1. The original frequencies centered at 2.4 

GHz and 5.6 GHz are maintained by covering the 2.3/2.4 

GHz Wi-Fi and 5.2/5.8 GHz WLAN bands. The resonance 

produced by the inverted-L slot at around 3.1 GHz merges 

with the 2.3 GHz band, resulting in a wide bandwidth from 2.1 

GHz to 3.6 GHz. An additional resonance at around 6 GHz 

occurs, again resulting in a wide bandwidth from 4.96 GHz to 

6.4 GHz. 

The geometry of the proposed antenna is illustrated in Fig. 1. 

The antenna is a single MTM cell with reactive loading. Its 

overall area covering the ground plane is 40 mm × 45 mm, and 

the radiation element area is 12.9 mm × 6.5 mm. A 50-Ω 

transmission line, a monopole with an inverted-L slot, and a 

rectangular patch (Patch I) as an IDC are placed on the top of 

the substrate, and a second rectangular patch (Patch II) and a 

short-circuited inductive strip are located on the bottom side of 

the substrate, producing the inductive reactive loading. Patch I 

and Patch II collectively produce a capacitor-like effect. 

A capacitive reactive loading is created by an equivalent me-

ander-shaped IDC. This capacitor effect is observed between 

rectangular Patch I on the ground plane and rectangular Patch 

II on the top side of the substrate. The optimized dimensions of 

the antenna are as follows (in mm): W = 40, L = 45, Lf = Lg = 

30, Wf = 1.9, Wg = 18, W1 = 4, W2 = 2, W3 = 6.5, W4 = 0.3, L1 

= 7, L2 = 1.3, L3 = 4, L4 = 8.9, g1 = g4 = 0.5, g2 = 0.2, g3 = 0.4, 

and d = 1.5. 

III. SIMULATED RESULTS AND DISCUSSIONS  

To analyze the performance of the antenna, the results are 

obtained by simulating the design in HFSS ver.17.0. The re- 

sults are as follows. 

 
 

 
Fig. 3. Reflection coefficient of the antennas shown in Fig. 2.  

1. Frequency Characteristics 

To understand the frequency characteristics of the proposed 

antenna, the return loss and current distributions are observed 

and presented below. 

• Return Loss: Fig. 3 shows the reflection coefficients of the 

proposed antenna in comparison with other antennas 

shown in Fig. 2. Fig. 4 presents the simulated return loss of 

the proposed antenna. The simulated return loss is pre-

sented in Fig. 4. The simulated antenna presents a –10 dB 

impedance bandwidth of 1.41 GHz from 2.1 GHz to 3.6 

GHz (60.63%) and 1.46 GHz from 4.96 to 6.0 GHz 

(27.18%) covering the WLAN and Wi-MAX applications. 

• Current Distribution: To obtain a deep insight into the 

working principle of the proposed antenna, the current dis-

tributions of the antenna at 2.4, 3.06, 5.2, and 6.0 GHz are 

presented in Fig. 5. The figure shows that the currents at 6 

GHz mainly concentrate on the Patch I, those at 3.06 

GHz, radiate from a longer branch of the monopole to the 

center of the monopole, and those at 5.26 GHz shift to the 

shorter monopole. At 2.33 GHz, the waves reach the 

MTM loading through the EM coupling, thus forming an 

energy loop and enabling effective radiation. 

• Radiation Pattern: The simulated radiation patterns in the 

elevation (xz- and yz-planes) and azimuth (xy-plane) 

planes are shown in Fig. 6. Fig. 7 illustrates the simulated 

3D radiation pattern plots of the proposed antenna. An 

omnidirectional radiation pattern is obtained in the xy-

plane at the dominant resonant frequency band. As the 

resonant frequencies increase, the radiation patterns change 

because of the effects of high-order modes. 
 

2. Measured Results 

To measure the performance of the proposed antenna, the 

prototype is fabricated, and the results are obtained. Fig. 8 

shows a photograph of the prototype.  

 

 
Fig. 4. Reflection coefficient of the proposed antenna. 
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(a) (b) 

 

(c) (d) 

 

(e) (f) 

 

(g) (h) 

Fig. 5. Surface current distributions at (a) 2.33 GHz (top view), (b) 2.33 GHz (bottom view), (c) 3.06 GHz (top view), (d) 3.06 GHz 

(bottom view), (e) 5.26 GHz (top view), (f) 5.26 GHz (bottom view), (g) 6 GHz (top view), and (h) 6 GHz (bottom view).
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Fig. 8. Photograph of the fabricated MTM-loaded antenna.

 

2.1 Return loss 

The measured return loss is depicted in Fig. 9. A –10 dB im-

pedance band of 1.8 GHz (2.1–3.9 GHz, 80.3%) and 1.4 GHz 

(5.01–6.4 GHz, 26.4%) is observed. The variations between the 

simulated and measured return losses are presented in Figs. 4 

and 7. These variations may have due to fabrication imperfec-

tions, substrate losses, and measurement circumstances. The 

measurements are performed using the Agilent N5230A Net-

work Analyzer. 
 

2.2 Radiation characteristics 

 

To understand the measured radiation characteristics of the  

proposed antenna, the radiation patterns and gain plots are plot-

ted and shown in Figs. 10 and 11. 

• Radiation pattern: Fig. 10(a)–(d) show the measured azi- 

 

 

Fig. 9. Measured return loss of the proposed MTM-loaded anten-

na. 

 
(a) (b) 

 
(c) (d) 

Fig. 6. Simulated radiation patterns in the elevation plane (left side) and azimuth plane (right side) at 2.33 GHz (a), 3.06 GHz (b), 5.26 

GHz (c), and 6.0 GHz (d). 

 

 

 

(a) (b) (c) (d) 

Fig. 7. Simulated 3D radiation patterns at 2.33 GHz (a), 3.06 GHz (b), 5.26 GHz (c), and 6.0 GHz (d). 
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(a) (b) 

 

(c) (d) 

Fig. 10. Measured radiation pattern of the proposed antenna.  

Azimuthal radiation pattern (in the xy-plane) at 2.33 

GHz (a), 3.06 GHz (b), 5.26 GHz (c), and 6.0 GHz (d). 

 

muthal plots in the horizontal and vertical planes of the de-

signed antenna at 2.33, 3.06, 5.26, and 6.0 GHz. 

• Gain: Fig. 11 presents the gain versus frequency graph of 

the proposed MTM-loaded antenna. The simulated gain 

is above 2 dB over the entire -10 dB impedance bandwidth, 

satisfying the minimum gain condition for using the an-

tenna for commercial applications such as WLAN and 

Wi-MAX. 

 
Fig. 11. Simulated gain compared with the measured gain. 

 

This study is compared with some of the dual band works in 

the literature, and the comparison is presented in Table 1. As 

shown in Table 1, a wide impedance bandwidth is achieved 

with a small radiating element occupying a lesser area compared 

with the existing multiband antennas. 

IV. CONCLUSION 

A dual-band, MTM-loaded antenna with a wideband char-

acteristic is designed and analyzed in this paper. The developed 

antenna resonates at 2.25 GHz, which includes 3.06 GHz reso-

nance, and 5.37 GHz, which includes 6 GHz, thus forming a 

wide band with a –10 dB impedance bandwidth of 80.3% and 

26.4% at the first and second resonant frequencies, respectively. 

The proposed antenna exhibits a dipole-like (figure-eight shape) 

radiation pattern in 2D planes with a maximum gain of 3.5 dB 

at 2.3 GHz, and a good gain of above 2 dB is observed at the 

remaining frequencies (except 6.0 GHz). The advantage of the 

 

Table 1. Comparison of the proposed work 

Ref. Antenna area (mm2) Operating frequencies (GHz) Operating bandwidth (GHz) 

Proposed 0.0989 λ  × 0.0498 λ  2.33 

5.26 

2.1–3.6 (60.63%) 

4.96–6 (27.18%) 

[5] 3.6 λ  × 3.0 λ  5.0 

6.1 

4.8–5.18 (7.6%) 

5.8–6.8 (15.9%) 

[7] 0.105 λ  × 0.05 λ  2.44 

5.5 

2.34  

5–6.6 

[12] 0.1  λ  × 0.1 λ  3.1 0.53 (1.7%) 

[14] 3.92 λ  × 3.13 λ  2.35 

2.73 

0.1 (4.25%) 

0.1 (3.66%) 

[15] 0.25 λ  × 0.29 λ  0.9 34% 
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MMT loading on the basic rectangular patch in obtaining a 

wide impedance bandwidth of 80.3% is clearly demonstrated in 

this paper. The proposed antenna fulfills the bandwidth re-

quirements of commercial wireless applications, such as IEEE 

802.11 WLAN 2.4 GHz (2.4–2.484 GHz), 5 GHz (5.15–5.35 

GHz/5.725–5.825 GHz), IEEE 802.16 Wi-MAX 2.5 GHz 

(2.5–2.69 GHz), and 3.5/5.5 GHz Wi-MAX (3.4–3.69 GHz, 

5.25–5.85 GHz) applications. 

REFERENCES 

[1] Y. J. Chen, T. W. Liu, and W. H. Tu, "CPW-fed penta-band 

Slot dipole antenna based on comb-like metal sheets," 

IEEE Antennas and Wireless Propagation Letters, vol. 16, pp. 

202-205, 2017. 

[2] W. C. Weng and C. L. Hung, "An H-fractal antenna for 

multiband applications," IEEE Antennas and Wireless Propa-

gation Letters, vol. 13, pp. 1705-1708, 2014. 

[3] S. Long and W. Walton, "A dual-frequency stacked mi-

crostrip circular-disc antenna," IEEE Transactions on Anten-

nas and Propagation, vol. 27, no. 2, pp. 270-273, 1979. 

[4] J. Anguera, G. Font, C. Puente, C. Borja, and J. Soler, "Multi 

frequency microstrip patch antenna using multiple stacked 

elements," IEEE Microwave and Wireless Components Letters, 

vol. 13, no. 3, pp. 123-124, 2003. 

[5] K. F. Lee, S. L. S. Yang, and A. A. Kishk, "Dual- and multi-

band U-slot patch antennas," IEEE Antennas Wireless Prop-

agation Letters, vol. 7, pp. 645-648, 2008.  

[6] K. F. Lee, K. M. Luk, K. M. Mak, and S. L. S. Yang, "On the 

use of U-slots in the design of dual- and triple-band patch 

antennas," IEEE Antennas and Propagation Magazine, vol. 

53, no. 3, pp. 60-74, 2011. 

[7] H. Huang, Y. Liu, S. Zhang, and S. Gong, "Multi-band met-

amaterial-loaded monopole antenna for WLAN/WiMAX 

applications," IEEE Antennas and Wireless Propagation Let-

ters, vol. 14, pp. 662-665, 2015. 

[8] T. F. Khanum and S. Amit, "A compact wideband Sierpinski  

 

 

 

 

 

 

 

 

 

 

 

 

 

antenna loaded with metamaterial," in Proceedings of the In-

ternational Conference on Electrical, Electronics, and Optimiza-

tion Techniques, Chennai, India, 2016, pp. 348-351, 2016. 

[9] V. Veselago, "The electrodynamics of substances with simul-

taneously negative values of ε and μ," Soviet Physics Uspekhi, 

vol. 10, pp. 509-514, 1968. 

[10] G. V. Eleftheriades, A. K. Iyer, and P. C. Kremer, "Planar 

negative refractive index media using periodically LC load-

ed transmission lines," IEEE Transactions on Microwave 

Theory Techniques, vol. 50, no. 12, pp. 2702-2712, 2002. 

[11] M. A. Antoniades and G. V. Eleftheriades, "A metamateri-

al series-fed linear dipole array with reduced beam squint-

ing," in Proceedings of the IEEE Antennas and Propagation 

Society International Symposium, Albuquerque, NM, 2006, 

pp. 4125-4128. 

[12] M. A. Antoniades and G. V. Eleftheriades, "A folded-

monopole model for electrically small NRI-TL metamate-

rial antennas," IEEE Antennas and Wireless Propagation 

Letters, vol. 7, pp. 425-428, 2008. 

[13] F. Qureshi, M. A. Antoniades, and G. V. Eleftheriades, "A 

compact and low-profile metamaterial ring antenna with 

vertical polarization," IEEE Antennas and Wireless Propaga-

tion Letters, vol. 4, pp. 333-336, 2005. 

[14] C. G. M. Ryan and G. V. Eleftheriades, "Single- and dual-

band transparent circularly polarized patch antennas with 

metamaterial loading," IEEE Antennas and Wireless Propa-

gation Letters, vol. 14, pp. 470-473, 2015. 

[15] S. Ahdi Rezaeieh, M. A. Antoniades, and A. M. Abbosh, 

"Gain enhancement of wideband metamaterial-loaded 

loop antenna with tightly coupled arc-shaped directors," 

IEEE Transactions on Antennas and Propagation, vol. 65 no. 

4, pp. 2090-2095, 2017. 

[16] S. Jamilan, M. A. Antoniades, J. Nourinia, and M. N. 

Azarmanesh, "A compact multiband printed dipole anten-

na loaded with two unequal parallel NRI-TL metamaterial 

unit cells," IEEE Transactions on Antennas and Propagation, 

vol. 63, no. 9, pp. 4244-4250, 2015. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 



JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 20, NO. 1, JAN. 2020 

30 
   

  

Sulakshana Chilukuri  
received her bachelor’s degree in electronics and 

communication engineering from the G. Naraya-

namma Institute of Technology and Science, Hyder-

abad, India, in 2007, her master’s degree in electron-

ics and communication engineering with communi-

cation systems specialization from the National In-

stitute of Technology, Tiruchirappalli, Tamilnadu, 

India, in 2010, and her Ph.D. in electronics and 

communication engineering from the National Institute of Technology 

Warangal, Telengana, India, in 2016. She worked as a post-doc research 

fellow at the University of West of Scotland, UK, in 2017. From 2015 to 

2016, she worked as an assistant professor at the G. Narayanamma Insti-

tute of Technology and Science, Hyderabad, India. She is currently work-

ing as an associate professor in Vardhaman College of Engineering. Her 

field of study is reconfigurable antennas, and her other areas of interest are 

microwave engineering, electromagnetics and transmission lines, wireless 

communication systems, and MIMO antennas. She has published her 

works in 11 peer-reviewed international journals, and 20 international con-

ferences. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Srividya Gundappagari  
graduated from the Vardhaman College of Engi-

neering, Hyderabad, India in 2018. Her areas of 

interests include antennas and microwave engineer-

ing. She has presented a paper in the IEEE Indian 

Conference on Antenna and Propagation - 2018 

held in Hyderabad, India.  

 

 

 

 

 



JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 20, NO. 1, 31~38, JAN. 2020 

https://doi.org/10.26866/jees.2020.20.1.31  

ISSN 2671-7263 (Online) ∙ ISSN 2671-7255 (Print) 

31 

     

 

I. INTRODUCTION 

In the last decade, electromagnetic (EM) simulation has con-

firmed its presence in the field of the analysis and design of mi-

crowave and RF integrated circuits to generate a big library for 

simulators with a huge number of elements that are geometri-

cally complex and sensible. The study of complex planar circuits 

seems to be an inexhaustible source of studies and inventions, 

which have had a significant influence on EM simulation, 

among other fields [1-6]. 

Today, involved in EM simulation takes larger and complex 

shapes that can affect the notion of libraries. An introduction of 

additional restrictions in the elaboration of models and parame-

ters can be a good strategy to account for the topology of the 

implantations [7, 8]. The complexity related to the number of 

these parameters tends to reach high levels due to the attitude of 

“simulate all”. In addition, while the data gleaned from experi-

mental measurements are invaluable, the entire process can be  
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Abstract 
 

The art of benchmarking study has improved at an astonishing rate the scientific research in all areas but mainly in microwave engineer-

ing domain, and in particular, the field of microwave (MW) and radiofrequency (RF) integrated circuit design. Moreover, the fast simula-

tion of complex MF/RF structures is considered a big challenge for the simulators, mainly in light of the continuous information and 

communication technology (ICT) development. In this context, the present paper sets out to present two important numerical electro-

magnetic (EM) methods, the method of moments (MOM) and our advanced transverse wave approach (A-TWA) for full-wave analysis 

of RF/MW structures. The computational complexity of these methods is evaluated. Two complex printed antennas working in the 

RF/MW range are selected and investigated. The EM problems that can be found in these circuits and that could not be solved analyti-

cally or by other numerical methods are discussed. The EM-validation of the studied structures using A-TWA and MOM is demonstrat-

ed and compared in the context of RF/MW applications. The obtained simulation results prove the efficiency and rapidity of our ap-

proach in comparison with the literature. 

Key Words: Advanced Transverse Wave Approach, Method of Moments, EM Validation, RF/Microwave Applications.   
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costly in terms of money and the manpower required for doing 

the required machine work, assembly, and measurements in the 

range. One of the fundamental drives behind reliable computa-

tional electromagnetics (CEM) algorithms is the ability to 

simulate the behavior of devices and systems before they are 

built. 

This led to reformulating and rectifying some CEM methods 

[9, 10]. Many powerful numerical analysis techniques have been 

developed in this area in the last decade. As the power of the 

computer continues to grow, so does the nature of the algo-

rithms applied, as well as the complexity and size of the prob-

lems that can be solved. In [11], the authors investigated geom-

etry-aware, high-performance domain decomposition (DD) 

solvers: These decompose the geometry and create algorithms 

that fit new mathematics to the geometry. This research enables 

integrated design and simulation in engineering applications via 

reconfigurable modeling and reusable simulation: By generating 

analysis-suitable models per component and independently ana-

lyzing individual components, one can hope to automatically 

assemble components to simulate a virtual prototype of an entire 

product. This work can overcome some key challenges in high-

fidelity design and analysis in microwave engineering, but it 

remains limited for some complexity problems. In addition, it is 

no secret that the placement analysis in complex antenna sce-

narios requires accurate CEM tools. A fundamental require-

ment to achieve truthful results is that the source antenna must 

be accurately modeled. However, in many practical cases, a full-

wave representation of the physical antenna is unfeasible or una-

vailable in the format required by the desired CEM solver. For 

this reason, the work presented in [12] described a procedure to 

derive, a computationally efficient, full-wave representation of 

an existing antenna for CEM solvers. The procedure is based on 

post-processing of the measured antenna pattern. The desired 

source antenna is measured while situated in a suitable envi-

ronment, of reduced complexity and size, which locally resem-

bles the final antenna environment. An appropriate selected 

source in this case can be a good solution for full-wave investi-

gation. 

The research presented in [13] examined the fabrication and 

characterization of radiofrequency (RF) and microwave passive 

structures on an air substrate using additive manufacturing 

(three-dimensional [3D] printing). The air substrate was real-

ized by 3D printing RF structures in two separate pieces and 

snapping them together face to face using a LEGO-like process. 

Spacers printed on the periphery provided the desired air sub-

strate thickness. Metal patterning on non-planar printed plastic 

structures was carried out using a damascene-like process. Vari-

ous RF structures, such as a low-dispersion transmission line, 

T-line resonator, high-gain patch antenna, slot antenna, and 

cavity resonator were demonstrated using this process. Despite 

the performance achieved, the simulation results stayed slow in 

terms of CPU time. These various limitations can be redressed 

using the method of moments (MOM) [14, 15] and an ad-

vanced transverse wave approach (A-TWA) [16, 17] in the 

context of the EM-simulation of RF/microwave applications. 

In this paper, the strengths and weaknesses of the applied 

CEM techniques are discussed. The performance in terms ac-

curacy, memory and computational time for specific applica-

tions will be evaluated using these numerical methods. This 

paper is organized as follows: Section II presents the theoretical 

foundations of MOM and A-TWA, as well as their features 

and limitations. The proposed planar structures for EM investi-

gation are explained in Section III. The next section evaluates 

and discusses the different simulation results for EM validation 

of the proposed structures.  

II. THEORETICAL BACKGROUND 

For most practical interest problems pertaining to EM radia-

tion and scattering, an analytic solution of integral equations 

formulating the problem cannot be found.  Therefore, scien-

tists and researchers frequently adopt a computational tech-

niques axis to obtain a solution. In this section, we briefly pre-

sent the mathematical background and theoretical foundations 

of the two well-known numerical EM methods, MOM and A-

TWA, as well as their main characteristics and strong points. 

 

1. Two-Dimensional MOM 

In computational EM, the 2D MOM is a numerical method 

designed to obtain a numerical solution by transforming integral 

equations into a linear system. 

We start from the general equation in the context of EM ap-

plications: 
 

𝑳 𝑓 𝑔,                       (1) 
 

where L is an integro-differential operator, f is the unknown 

function, and g is a known excitation source. 

Obviously, f can be expanded into a sum of N *M weighted 

basis functions, as follows: 
 

𝑓 ∑ ∑ 𝛼 𝑓 .           (2) 
 

Due to the linearity of L, (1) can be expressed as 
 

∑ 𝛼 𝐿 𝑓, 𝑔,               (3) 
 

where 𝛼  denote the unknown weighting coefficients. 

A judicious choice of basis functions is highly important for 

modeling the expected behavior of the unknown function 

throughout its domain. The basis functions can be either sub-
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sectional or global, according to whether they relate to local or 

entire-domain problems. 

By applying the inner product between testing basis functions 

𝑓  and (3), the entire problem can be reduced to 
 

∑ ∑ 𝛼 𝑓 𝐿 𝑓 𝑓 𝑔 .     (4) 
 

Relation (4) can be written as the well-known matrix equa-

tion: 
 

𝒁𝛼 𝛽,                         (5) 
 

where 
 

𝑍 𝑍 , , ; ,
 

    𝑓 𝐿 𝑓
, ; ,

,           (6)  

 

𝛼 𝛼 ; ,               (7) 
 

𝛽 𝛽 ; 𝑓 𝑔
;

.   (8) 
 

Referring to the system depicted in (5), it is clear that the 

computational complexity effort presented in 2D-MOM is im-

portant, since all matrix elements 𝑍 ,  should be computed 

and then explicitly stored in memory. To accelerate the solution 

of the MOM linear system, Heldring et al. [18] proposed a 

sparsified adaptive cross approximation (S-ACA) algorithm by 

substituting sub-blocks of the impedance matrix Z using “com-

pressed” approximations, which allowed for reduced storage and 

accelerated iterative solution. The obtained numerical experi-

ment reveals a computational complexity close to N log N.  

As mentioned above, to obtain a good solution for the prob-

lem, the choice of the testing function is decisive; this is mainly 

the case for the EM applications with high complexity problems. 

The Galerkin method was introduced to overcome this difficul-

ty, since the basis functions are used as the testing functions. 

This has the benefit of imposing the boundary conditions in the 

solution domain, in place of using discrete points, which is done 

in the point-matching technique [19, Section 3.7, pp. 58-60]. 

The Galerkin method is considered an efficient mathematical 

tool to solve many problems in several domains; this was pre-

sented in the approach developed by our research team in [20]. 
 

2. Two-Dimensional Transverse Wave Approach 

The 2D transverse wave approach (TWA) approach—a fast 

numerical method based on the iterative process and developed 

by our research team—is a subject of many recent publications 

[21, 22]. It has several potentialities that set it apart from other 

computational EM approaches. Indeed, there are no matrix 

inversion calculations in the TWA process, no constraints are 

required on the component forms, no numerical instabilities 

frequently arising from large matrices can be found, and the 

convergence is guaranteed independently of the interfaces of the 

studied planar structures. Below, we present a rapid theoretical 

background of TWA method. 

Starting by combining the solutions of the Maxwell’s equa-

tions and the translational invariance of the waveguide geometry 

in the z-direction, the field intensities E and H can be expressed 

as: 
 

𝐸 𝐸 𝑥, 𝑦 𝑒
𝐻 𝐻 𝑥, 𝑦 𝑒

                   (9) 

 

where    
 

γ= 𝛼⏟
Evanesent

 modes

𝑗𝛽
Propagating

 modes

                 (10) 

 

and the superscript T refers to the tangential components. 

The wave concept is introduced to ensure the conversion 

from integral formulations of the EM field to algebraic prob-

lems. Therefore, the linear combination between the transverse 

electric field 𝐸  and transverse magnetic field 𝐻 gener-

ates both incident and reflected waves from the discontinuity 

interface (see Fig. 1). 

The following general equation represents the key of our 

TWA approach: 
 

𝑊 , 𝐸 , 1 𝑍 𝐽 , ,           (11) 
 

where 𝑍  stands for the wave impedance of the homogeneous 

isotropic region i∈ 1,2  (Fig. 1), which is given by: 
 

𝑍 𝜂
𝜇

𝜀                (12) 
 

 

Here, 𝜂  is the intrinsic impedance of free space defined as 
 

𝜂 120𝜋 𝑜𝑟 377 Ω ohms          (13) 
 

𝜀 , 𝜇
,
 are the relative permittivity (capacitivity) and relative 

permeability (inductivity) of the medium i;  𝐽 𝐻 𝑣, with 

 

Fig. 1. Discontinuity interfaces. 
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𝑣 denoting the outgoing normal vector oriented towards region 

i; and τ is a Boolean parameter referring to the wave nature (i.e., 

τ = 0 for incident wave ([W = A] and τ = 1 for reflected wave 

[W = B]). 

Based on wave concept, the EM problem can be reduced to 

the following iterative scheme, avoiding any operator inversion 

process: 
 

𝐵 𝐵

𝐴 Γ𝐵
𝐵 S𝐴 𝐵

                

(14)

 

 

 

where  

𝐵  is wave excitation source;  

(n) is the iteration order and the underlined waves are pre-

sented in the spatial domain, the others in the modal domain; 

Γ and S are two linear operators in Hilbert space;  

Γ denotes the reflection operator in the modal domain; and  

S defines the diffraction operator in the spatial domain, de-

scribing the boundary conditions from the discontinuity surface 

. 

Let Δ𝑊  be the difference in terms of waves between two 

successive waves, 𝑊  and 𝑊 , as follows: 
 

Δ𝑊 𝑊 𝑊 ; ∀𝑛 ∈ ℕ∗.       (15) 
 

The system depicted in (14) can be rewritten in the following 

form:  
 

 
∆𝐵 𝑺𝜞

𝒏
𝐵

∆𝐴 𝜞𝑺
𝒏 𝟏

𝜞𝐵
                (16) 

 

Taking into account the losses, the spectral radius of S that 

is less than unity, and the unitarity of Γ demonstrates that the 

spectral radii of 𝜞𝑺  and 𝑺𝜞  are less than unity. Conse-

quently, the norms ∆𝐵 → 0 and ∆𝐴 → 0 and the 

convergence of (16) is reached. This proves the stability of our 

TWA approach. 

The detailed mathematical development of this method can 

be found in our work presented in [17]. 

The transformation between the modal and spatial domains 

is guaranteed by the 2D fast Fourier transform. Like MOM in 

its accelerated version, the presence of the sparsity problem, 

mainly in the analyzed structures with very high resolution, of-

fers the possibility to accelerate TWA by introducing the 2D 

non-uniform fast Fourier mode transform that was already suc-

cessfully developed by our research team in [23]. The time 

complexity effort of TWA is around N log N where N repre-

sents the total number of pixels chosen for the EM simulation 

of the studied structure. 

Table 1 highlights the difference between our TWA ap- 

Table 1. Comparison between MOM and our approach in RF and 

microwave integrated circuit design 

 

Numerical EM methods

MOM 

(conventional) 

TWA

(our approach) 

Software ADS Our tool

Storage requirement  

Space efficiency Θ(N3) Θ(N2)

Usage Large Moderate

CPU computation time  

Time efficiency Θ(N2) Θ(NlogN)

Usage Moderate Small

Meshing  

Type Triangular Rectangular

Density Moderate Small

Pre-processing Moderate Small

Generality Good Excellent

 

proach and the MOM method in terms of the storage require-

ments, CPU computation time, meshing and pre-processing in 

the context of RF and microwave integrated circuit design.   

III. PROPOSED STRUCTURES FOR EM INVESTIGATION 

This section sheds light on two different planar structures al-

ready presented and studied in [24] using ultra-thin flexible 

substrates. These antennas undergo full-wave investigations in 

the context of complex RF and microwave applications using 

both the advanced MOM and TWA methods. 
 

1. First Planar Structure: Printed Trapezoidal Monopole Anten-

na 

The antenna depicted below (Fig. 2) is geometrically sym-

metrical and composed of a trapezoidal radiating patch and co-

planar feeding line.  

To conduct these two parts, copper is introduced. This an-

tenna has many features that where presented in [24]. It is con-

sidered a judicious choice since it offers the possibility, in the 

context of RF/microwave circuit simulations, of defining a pla-

nar excitation source that will be considered as bilateral polar-

ized in the x-direction. 

 

2. Second Planar Structure: A Strip-Loaded Coplanar Waveguide 

Fed Pentagonal Antenna 

The second planar structure shown in Fig. 3 is geometrically 

asymmetrical and consists of a strip-loaded coplanar waveguide 

(CPW)-fed pentagonal antenna, already described in [24].  

This kind of antenna is highly useful in the context of GPS/  
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Fig. 2. Printed trapezoidal monopole antenna. 

 

 
Fig. 3. Strip-loaded CPW-fed pentagonal antenna. 

 

WiMAX/WLAN applications [6]. Like the previous antenna, 

it will be excited by a bilateral planar source polarized in the x-

direction. 

IV. SIMULATION RESULTS AND DISCUSSION 

The proposed planar structures’ antennas are simulated using 

the two numerical EM approaches, MOM and TWA, and 

compared with the obtained results in [24]. In the study [24], 

three state-of-the-art simulation tools were used to analyze the 

scattering parameter S11, and the results were then compared 

against accurate measurements obtained inside an anechoic 

chamber. These methods are the finite integration technique 

(FIT)-based time domain solver (TDS), finite element method 

(FEM)-based frequency domain solver (FDS) of CST micro-

wave technology, and the FEM-based High-Frequency Struc-

ture Simulator (HFSS) of ANSYS. For our simulation results, 

the well-known state-of-the-art simulation tool, the so-called 

Advanced Design System (ADS) Momentum, and our EM 

simulation tool, well-developed in [25], were used for the EM 

investigation. These tools were developed based on the MOM 

and TWA methods, respectively. Table 2 displays the different 

geometric and modeling simulation parameters for EM analysis 

of the aforementioned planar antennas presented in Figs. 2 and 

3. These parameters have been chosen judiciously to be much 

closer to the one chosen in [24]. 

We have noted that, in [24], a hexahedral mesh was applied 

in the TDS, and the tetrahedral mesh in the FDS and HFSS 

were mainly used for the substrate and feeding width/gaps; a 

total of 37,104,270 cells was used, for example, to provide 

enough representation of the trapezoidal antenna geometry.  

 

Table 2. Geometric and modeling simulation parameters 

 
1st planar 

antenna

2nd planar 

antenna

Geometric simulation parameters  

Meshing resolution 512 × 512 512 × 512

Dimension of box (mm) 51.2 51.2

Width of patch (mm) 16 18.2

Length of patch (mm) 15.9 33.3

Length of microstrip line (mm) 26.6 13.2

Width of microstrip line (mm) 2.7 3.6

Length 𝑙 (mm) 26.5 12.5

With 𝑤 (mm) 14.6 14.6

Dimension of source (mm)  

Length 3.1 4

Width 3.1 4

Form factor of source 1 1

Thickness of substrate (μm) 130 25

Modeling simulation parameters  

Nature of box Periodic walls

Type of polarization Bilateral in x-direction

Number of iterations (𝑁 ) 500

Value of surface impedance (𝑍  0

Permittivity of regions  

𝜀 1 1

𝜀 3.5 4.3

Waveband (GHz)  

𝐹 1 1

𝐹 8 8

𝑆𝑡𝑒𝑝_𝐹 0.1 0.1
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Moreover, we adopted a uniform and isotropic mesh in our 

simulations based on the TWA approach, with a total of 

262,144 cells. This represents only 0.7% of the resolution used 

in [24], and a huge difference can be observed in terms of the 

total number of cells that can affect at tremendous rate on the 

time complexity effort between numerical methods. 

Moreover, there is no doubt that the substrate should be in 

light of the initial design of the studied antennas, relative to the 

feeding structure; in fact, the effect of the substrate resistivity 

can be observed principally on the even modes’ attenuation 

and/or reduction apart from the slow-wave range, as described 

in [26]. 

The analysis of the scattering parameter, S11, of the two refer-

ence antennas underlines the EM validity in the context of 

EM-modeling of complex RF/microwave structures referring to 

the specific data mentioned above. Indeed, on the one hand, the 

simulation results for the trapezoidal antenna depicted in Fig. 4 

show two bands using MOM and TWA. The first MOM 

band appears from 2.79 GHz to 4.88 GHz, while the TWA 

band appears from 3.26 GHz to 4.73 GHz; the second band is 

detected from 5.84 GHz to7.43 GHz for MOM and from 5.65 

GHz to 6.12 GHz using TWA. On the other hand, for the 

strip-loaded CPW-fed pentagonal antenna, the results prove 

the presence of the different resonant bands with small shifting. 

These obtained simulation results, based either on the MOM or 

TWA method and as depicted in Figs. 4 and 5, respectively, are 

nearly identical to the results in [24]. The satisfactory agreement 

of these results demonstrates the potentialities of these ap-

proaches; nevertheless, TWA remains more flexible and effi-

cient than MOM owing to the minimum complexity effort 

pertaining to the fast iterative process of TWA. The fluctua-

tions observed in Fig. 5 are due to the presence of the periodic 

walls, which can be circumvented by setting the antenna as far 

as possible from the walls. This can be performed by increasing  

 

Fig. 4. Simulated S11 for the trapezoidal antenna based on MOM 

and TWA. 

 
Fig. 5. Simulated S11 for the strip-loaded, CPW-fed pentagonal 

antenna based on MOM and TWA. 

 

the input resolution, which can adversely affect the total CPU 

time for EM simulation. In this case, the anisotropic mesh 

technique (AMT) developed by our research team and already 

implemented in the advanced TWA approach can be a good 

solution for tackling this problem. 

V. CONCLUSION 

In this paper, the two numerical EM methods of MOM and 

TWA, with their advanced versions, were presented in the con-

text of complex RF/microwave applications. The benefits and 

limitations of these methods were exposed. Moreover, two dif-

ferent complex planar antennas were successfully presented, 

tested, and implemented using different solvers. The impact of 

the substrate resistivity on the EM simulation has been shown. 

A comparative study of our obtained simulations results with 

the literature proved the potentialities of these methods in terms 

of their simplicity and time complexity effort. The AMT tech-

nique can improve the TWA process to investigate planar struc-

tures at a high resolution, particularly those used in 5G technol-

ogy. 
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I. INTRODUCTION 

The microwave dielectric properties of materials have been 

widely used for understanding the behavior and the characteris-

tics of various materials [1]. The difference in dielectric materi-

als drives various losses and reflections for microwave frequen-

cies. The measurement of the permittivity of materials has been 

demanded in many fields such as the food industry [2] and 

medicine [3]. 

Various methods have examined the complex permittivity of 

materials as in [4]. Among such methods, the rectangular cavity 

resonator is widely used to accurately detect the complex per-

mittivity of low- and medium-loss materials [5–8]. However, 

the drawback of the conventional cavity resonator method is 

that the bandwidth of the measurement is quite narrow.  

In an effort to enhance the bandwidth of the measurement, 

previous works characterized permittivity in multiple odd 

TE , ,  resonant modes [8]. The cavity method requires the 

material under test (MUT) to be placed where an E-field is 

strongest to maximize the perturbation [9] for all the modes 

(even and odd). In the even modes, the MUT position should 

be adjusted for each mode, so that it is located at the maximum 

E-field. A small displacement of the MUT from the maximum 

E-field position may introduce errors in the permittivity charac-

terization. Conversely, in the odd modes, the maximum E-field 

always occurs at the center of the cavity. Therefore, the permit-

tivity is usually in the odd modes only [5–8], with the position 

of the MUT fixed at the center of the cavity. As a result, the 

sampling of permittivity is sparse.  

This study utilizes the multi-TE , ,  (both even and odd) 

modes for cavity perturbation to obtain complex permittivity 
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over broad bandwidth. By characterizing permittivity in the 

both even modes and odd modes, we increase the sampling 

density of the permittivity characterization within the frequency 

band. To suppress the displacement error in the even modes, 

this work proposes finding the maximum E-field spot directly 

from the 𝑆  response. A commercial electromagnetic simula-

tion and measurement results show that the complex permittivi-

ties of all the MUTs are observed with high accuracy in the odd 

and even TE , ,  modes across the broadband from 1 GHz to 

5 GHz. 

II. OVERALL SYSTEM STRUCTURE  

For the reflectivity study, an individual coaxial-to-waveguide 

transition is loaded into the cavity as illustrated in Fig. 1(a). A 
 

 
Fig. 1. (a) Schematic diagram of the structure. (b) Simulated reflec-

tion coefficient 𝑆  in the TE , , mode depending on the 

aperture width w, where the aperture height is 2 cm. Num-

bers under the curves indicate the w of each curve in centi-

meters. w = 13 cm shows critical coupling in the TE , ,   

mode, and it is chosen as the aperture width. 
 

Fig. 2. Simulated 𝑆   the curves in the odd modes for different 

materials and the field distributions inside the cavity (inset). 

Resonant frequencies of the TE , ,  mode at 1 GHz (a), 

TE , ,  mode at 2 GHz (b), TE , ,  mode at 4 GHz (c), 

and TE , ,  mode at 5 GHz (d).  

closed-circuited metallic waveguide is integrated into the metal-

lic cavity using an inductive aperture for the energy transaction. 

The system is designed to maximize power transfer to the cavity 

in the lowest mode by matching the impedance between the 

waveguide and the cavity with the essential aperture size in be-

tween [9] and [10]. As shown in Fig. 2(b), when the aperture 

height is fixed at 2 cm at 𝑓 , , , the aperture width w = 13 cm 

has a minimum reflection coefficient 𝑆  of the cavity. The 

height h and the width w of the rectangular aperture are accord-

ingly determined to be 2 cm and 13 cm, respectively. The en-

closed space inside the cavity is filled with air.  

III. CAVITY RESONATOR METHOD  

In this work, the cavity length d along the z-axis is designed 

to be longer than the other dimensions: (d = 55 cm) >> (a = 15 

cm) >> (b = 3 cm). This highly anisotropic design has a series of 

TE , ,  resonant modes in the frequency band of interest. As a 

result, the resonant frequency between 1 GHz and 5 GHz has a 

simple expression given in [5]: 
   

TE , , µ
, (1)

 

where 𝜖  and µ  are the permittivity and permeability of free 

space, respectively.  

The cavity resonator method deduces the complex permittivi-

ty of the MUT by measuring how much the resonant frequency 

is shifted. Eqs. (2), and (3) are used to determine the complex 

permittivity 𝜖  of materials [8]:  

 

where 𝜖  and 𝜖  are the real and imaginary part of complex 

permittivity, respectively, as 𝜖 𝜖′ 𝑖𝜖 ,  and 𝑉  and 𝑉  

are the volumes of the MUT and cavity, respectively. The 

MUT rod has a radius of 0.3 cm and height b. 𝑄  and 𝑄  are 

the 𝑄 factors of the unperturbed and perturbed cavities, re-

spectively. To maximize sensitivity, the MUT is placed where 

the E-field is strongest. In the odd modes, this location is al-

ways at the center of the cavity. The resonant frequency shifts 

with three different materials in the selected odd TE , ,   

modes are demonstrated in Fig. 2. 

To obtain a denser sampling of permittivity, the permittivity 

𝜖 1
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in the even modes should also be characterized. However, the 

location of the maximum E-field changes mode to mode in the 

even modes as shown in the inset of Fig. 3. Theoretically, the 

E-field of the TE , ,  mode has a maximum in every position 

of 𝑧 , 𝑑 2𝑖 1 /2𝑙, where 𝑖 is an integer between 1 

and 𝑙. Practically, the MUT position can be adjusted accord-

ingly by having several holes at various locations or a rail way 

along the length of the resonant cavity. Nevertheless, any small 

deviation of the MUT position from the maximum E-field po-

sition in practice directly brings about errors in permittivity 

measurements at the even modes. A method to minimize such 

errors is described as follows. 

The dielectric constant equation given by (2) is based on the 

fact that the MUT is placed where |E| is at maximum and that 

|E| distributes sinusoidally in the cavity. If the MUT is dis- 

placed from the maximum position by Δ𝑧, where |E|  

|E cos
 

 
|, the resonant frequency shift scales down ac- 

cording to the term | 𝑐𝑜𝑠
 

 
| as in the following equation 

[11]: 
 

𝑓 𝑓
𝑓

Δ𝜖 |𝐸 |dV 

2 𝜖 |𝐸 |dV

𝑉 Δ𝜖 𝑐𝑜𝑠
2𝜋Δz 

λ 
𝑉 𝜖

2

. 

 

 

 

(5) 
 

The above equation demonstrates that the frequency shift is  

 

 
Fig. 3. (a) In the even modes, the positions of the maximum E-

field can be found at the points where 𝑆   is maximally 

shifted. The shifted 𝑆  curves in the selected even modes 

due to various MUTs are shown. The dashed red curves 

show the 𝑆  curve with Teflon at arbitrary positions (emp-

ty dots). When Teflon is replaced at the position of the 

maximum E-field (filled dots), 𝑆   is maximally shi-  

fted (red curves). (b) The TE , ,   mode at 1 GHz, (c) 

TE , ,   mode at 2 GHz, and (d) TE , ,  mode at 3 

GHz. 

at maximum when 𝛥𝑧 0. This reduces the expression of (5) 

back to (2) as expected. In other words, the position of the max-

imum E-field can be found by finding the position where the 

frequency shift is at maximum. By re-positioning the MUT to 

the spot of the maximum frequency shift, the error due to dis-

placement is minimized. To illustrate the shifts of the resonant 

frequency for Teflon at TE , ,  , TE , ,  , and TE , ,   

are shown in Fig. 3 for the even modes. When Teflon is mis-

placed from the position of the maximum E-field, the resonant 

frequency shifts are scaled down. Once the position of the 

MUT is decided upon to yield the maximum frequency shift 

with one material, the permittivity of other materials, such as 

Plexiglas and Rogers RO3003, can be measured sequentially in 

the same position, facilitating the characterization process of 

multiple MUTs. 

IV. MEASUREMENT SETUP  

To validate the idea of the proposed cavity, the system is fab-

ricated. The proposed system walls are made with aluminum 

material that has a conductivity of σ  (σ  = 3.816 × 10 ). 

The walls are coated with a copper sheet to increase its conduc-

tivity as shown in the Fig. 4(a). The hole (rail way) is made in 

the proposed cavity starting from the center of the cavity to 

measure the complex permittivity of both modes (odd and even) 

as shown in Fig. 4(b). Fig. 4(c) illustrates the different MUTs 

used in the permittivity measurements of Plexiglas and fat 

phantom tissue. The unknown permittivity of MUTs can be 

calculated from Eqs. (2) and (3).  

The fat phantom tissue, the permittivity of which is frequency 

dependent, is made as describe in [12]. Recently, various studies 

 

(a) 

(b)                       (c) 

Fig. 4. (a) Setup of the measurements. (b) Hole size. (c) MUT 

samples. 
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have observed fat thickness in the human body using a 

RF/microwave biosensor [13]. Phantom tissue has been used in 

many studies to observe the efficacy of the RF/microwave bio-

sensor. Therefore, analyzing the permittivity of the fat phantom 

tissue, which should have a permittivity similar to that of the 

human fat, is essential. The fat phantom tissue is filled inside the 

empty tube to be inserted inside the proposed cavity to observe 

its permittivity. In the odd mode, the MUTs are placed at the 

center of the proposed cavity. However, in the even mode, the 

MUTs are inserted where the maximum shift occurs. The 

MUTs are moved through the hole of the rail as shown in Fig. 

4(b). Then, the remaining open area of the hole (rail way) is 

closed by a copper sheet to reduce the air gap and prevent any 

leakage, and to reduce the measurement errors of the complex 

permittivity. 

Prior to the measurements, an MS46122B vector network 

analyzer (VNA) is kept in calibration mode for one port. The 

entire setup is calibrated using three independent standards, 

namely open, short, and load, to reduce the effect of undesired 

losses and improves the accuracy of the measurement.  

V. RESULTS AND DISCUSSION 

In the case of simulation, from the 𝑆  responses of the odd 

and even modes, 𝑓 , ,  to 𝑓 , , , as in Figs. 2 and 3 for the 

MUTs, the resonant frequencies 𝑓  and 𝑓  are extracted to 

determine the real part of the permittivity. Then 𝑄  and 

𝑄  are considered to determine the imaginary part of permit-

tivity. The 𝑄 factor is calculated from the 3-dB bandwidth. 

While 𝑄  ranges from (4.7697 × 10  – 1.8061 × 10 , the 

𝑄  of Teflon, Plexiglas, and Rogers RO3003 are distributed as 

(4.7048 × 10  – 1.7160 × 10 ), (4.6778 × 10  – 1.6744 × 

10 ), and (4.6340 × 10  – 1.6150 × 10 ), respectively.  

Fig. 5 summarizes the real and imaginary parts of three per-

turbed MUTs obtained from a simulation over a series of 

TE , ,  modes. The complex permittivities of Teflon, Plexiglas,  

 

 
Fig. 5. Complex permittivity of MUTs. 

 
Fig. 6. Complex permittivity |𝜖 | error of materials. 

 

and Rogers RO3003 are originally set in the simulation as (2.1 

- 0.0021𝑖, 2.5 - 0.003𝑖, and 3.02 - 0.0048𝑖), respectively. The 

restored complex permittivities in Fig. 5 from the proposed 

method show |𝜖 | errors less than 1% for Teflon and less than 2  

% for Plexiglas and Rogers RO3003, as shown in Fig. 6. From 

the simulation, the mean values of the complex permittivities of 

Teflon, Plexiglas, and Rogers RO3003 at 1–5 GHz are (2.1000 

± 0.0015 – 0.002𝑖 ± 0.5088), (2.4805 ± 0.0045 – 0.0030𝑖 ± 

0.6009), and (2.9888 ± 0.0064 – 0.0047𝑖 ± 0.7238), respecti- 

vely. 

In the case of measurements, we examine the complex per-

mittivity of both odd and even modes at 𝑓 , , . To prove the 

concept, we observe the odd modes at 1, 3, and 5 GHz and the 

even modes at 2 and 4 GHz. In the first step, we study the com-

plex permittivity of Plexiglas rod, with Plexiglas being frequency 

independent. The Plexiglas rod has a height of b and a radius of 

0.3 cm. Fig. 7 illustrates the complex permittivity of the Plexi-

glas rod with a comparison with [14]. 

Next, we study the complex permittivity for the fat phantom 

tissue. Fig. 8 shows that the permittivity measurement of the fat 

phantom tissue has the same trend as in the literature over a 

wide bandwidth [12, 15]. The permittivity of the fat phantom 

tissue decreases by increasing the frequency. Therefore, the fat  

 

(a)                        (b) 

Fig. 7. The complex permittivity of Plexiglas. (a) The real part of 

the permittivity of Plexiglas. (b) The loss tangent of Plexi-

glas. 
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(a)                        (b) 

Fig. 8. Complex permittivity of fat phantom tissue. (a) Real part of 

the permittivity of the fat phantom tissue. (b) Loss tangent 

of the fat phantom tissue. 

 

phantom tissue can be used instead of real fat tissue for experi-

ments that require human/animal fat tissues. 

VI. CONCLUSION   

The proposed rectangular cavity resonator is presented to 

characterize the complex permittivity of low-loss materials in 

the range of 1–5 GHz for use in various applications. This 

method allows the accurate measurement of the permittivity of 

MUTs in a discrete, dense set of frequencies over a broad band-

width. 
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I. INTRODUCTION 

Modern society can be defined as hyper-connected society, 

and various network systems, such as the Internet of Thing (IoT) 

and machine to machine (M2M), propagation technology are 

being developed. Therefore, in this hyper-connected society, 

electromagnetic (EM) wave dependency has increased in major 

infrastructures such as telecommunications, transportation sys-

tems, and emergency/government services. As a result, threats 

from intentional or unintentional EM fields that interfere with 

the function of these critical infrastructures have also been in-

creasing [1]. However, since most of these important infrastruc-

tures are civilian facilities, they are not designed to be resistant to 

high frequency and high-power EM interference. Therefore, 

they are particularly vulnerable to intentional electromagnetic  

interference (IEMI) attacks. Particularly, IEMI might result in 

significant consequences, since it generates intentional and mali-

cious EM energy that confuses or damages the network system’s 

signals. Research related to this issue has been actively conduct-

ed using numerical analysis techniques such as finite-difference 

time-domain (FDTD), method of moment (MoM), and the ray 

tracing method. However, since most of the critical infrastruc-

tures are quite complex and large, there are also constraints 

caused by their greatly increased time consumption and required 

memory. 

 In this paper, we solve the above problem by linking elec-

tromagnetic topology (EMT) [2, 3] with the power balance 

(PWB) method. Using EMT, complex systems can be repre-

sented as simple topological diagrams. The PWB method was 

first proposed to solve the high frequency response in a single  
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structure [4]. This method is based on probability theory, and 

the most important assumption is that, if the considered is suffi-

ciently large compared to the wavelength, then the EM field 

will be evenly distributed at any point within the system. There-

fore, the mean EM environment can be viewed as pseudo-

homogeneous, and this system can be assumed to behave like a 

pseudo-mode stirred reverberation chamber (MSRC). Much 

research on the validation [5] and applicability [6–9] of this 

method has been conducted in the literature. In particular, in 

[9], electromagnetic wave analysis was performed in a real large 

structure, and shielding effectiveness (SE) was derived and 

compared with the measured results.  

In this paper, transmitting and receiving systems were in-

stalled and measured for a structurally simple rectangular paral-

lelepiped shield room. For the cross check, the actual measure-

ment environment was designed and analyzed using Wireless 

Insite, a commercially available simulation tool. In addition, the 

EM wave effect analysis in the shield room was carried out us-

ing a theoretical method, EMT/PWB method. Finally, the 

efficiency and accuracy of the theoretical method were verified 

by comparing the measurement, simulation, and theoretical 

method results. In Section II, we briefly introduce the theoreti-

cal methods, applying the theoretical method to the actual envi-

ronment. In Section III, the target shield room is described, and 

the transmitting/receiving systems are elucidated in detail. Then, 

we introduce the simulation tool that models the measurement 

environment and then derive the analysis results.  

II. THEORETICAL METHODS 

A system’s response at high frequencies is largely influenced 

by various variables, and it is unclear which components have 

dominant influences as well as the degree to which other com-

ponents are influenced. Therefore, a probabilistic analysis model 

is preferred for a high frequency response, and the probabilistic 

methods used in this paper are introduced. To verify the validity 

and accuracy of these methods, the high frequency response of 

the shield room is analyzed as shown in Fig. 1. 
 

1. Electromagnetic Topology 

The main concept of EMT, defined by Baum [2], is to divide 

all spaces of complex electromagnetic problems into energy lev-

els, including the space of interest [3]. This concept can be very 

useful in complex modern systems, because the complex EM 

interactions that occur inside the system can be simply expressed 

as topological diagrams. 
 

2. Power Balance Method   

The PWB method [4, 6, 7] is a probabilistic approach to EM 

interference phenomena in complex large systems. This method 

is based on the assumption that the EM field inside an electri- 

(a) 

 

 

 

(b) (c) 

Fig. 1. Geometry of the target structure: (a) shield room, (b) slot, 

and (c) antenna [11]. 
 

cally large system acts as a random variable, as in a mode-

stirring reverberation chamber (MSRC). 

As shown in [6, 7], the mean dissipated power in the cavity 

was calculated as the superposition of the mean power density 

obtained through the mean coupling cross-section (MCCS) of 

all the dissipated mechanisms existing in the cavity, expressed as 

Eq. (1). Also, it can be seen from Eq. (2) that the MCCS of the 

loss mechanism in the cavity is inversely related to the quality 

factor (Q), 
 

P 𝜎 𝑆  (1)

σ
2𝜋𝑉
𝜆𝑄

 (2)
 

where P  is the sum of all dissipated powers in the cavity,    

σ  is the mean coupling cross-section inside the cavity, 

S  is the power density incident in the cavity, 𝑉  is the 

volume of the cavity, and σ  is the MCCS of the individ-

ual losses. 

σ
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(5) 

 

To calculate the mean coupling cross-section, first, the loss 

factors inside the cavity must be defined, and the coupling 

cross-section of each element should be determined. In this 

paper, since the target is a shield room, only the losses due to 

the wall and aperture as well as each coupling cross-section 

could be calculated by Eq. (3) and (4) [10], where 𝑎  is the 

radius of the aperture, 𝑐 is the speed of light, 𝑆 is the surface 

of the shield room, 𝜇  and 𝜇  are the vacuum permeability 

and effective permeability, respectively and σ is the electrical 

conductivity of the wall. 

As shown in Fig. 2, the topological diagram was expressed 

considering the loss mechanisms of the shield room and EM 

interference path. The nodes correspond to the free space and 

interior of the shield room in which the loss occurs, and the 

aperture and metal wall correspond to the loss elements. The 

propagation path is represented by the arrows. To model the 

signal input into the actual shield room, the input signal model 

using a directional antenna expressed by Eq. (5) was used, where 

𝑃  is the received power, 𝑃  is the transmitted power, 𝐺  is the 

gain of the transmitting antenna, 𝐺  is the gain of the receiving  

antenna, and 𝑅 is the distance between the transmitter and 

receiver. 

III. MEASUREMENT AND SIMULATION 

1. Measurement Set-Ups 

 In this paper, the aim was to efficiently perform EM wave 

analysis on the shield room as shown in Fig. 3. As shown in Fig. 

1, the the size of the which was 3 m 2.5 m 2.5 m, and 

the material of which was metal (Fig. 2). On the front of the 

shield room, there was an aperture of 0.2 m 0.57 m on the 

front of the shield room. To verify the EMT and PWB method, 

 

Fig. 2. Topological diagram of the shield room. 

 
Fig. 3. Overview of the measurement. 

 

Table 1. Information for the employed transmitter/receiver 

Parameter Condition

Antenna HL040E Log-Periodic

Frequency 0.6–6 GHz

Polarization Horizontal/Vertical

Signal generator Keysight E8257

Spectrum analyzer Keysight N9918A

 

the shield room was placed in a semi-anechoic chamber. The 

target frequency was in the range of 0.6 GHz to 6 GHz, and 

the transmitted power was constant at 18 dBm. Measurements 

were performed in two manners, all of which use the same 

transmitting/receiving systems. The distance between the 

transmitting/receiving antennas was constant at 4.5 m. Details 

of the transmitting/receiving systems are shown in Table 1. 

1) The first measurement method (Step 1) was performed as 

shown in Fig. 4(a). In the case of this measurement method, it 

was performed to check and record the level of the referenced 

received power. An absorber was installed at the bottom be-

tween the transmitter and receiver to measure the line-of-sight 

(LoS) signal strength. 

2) The second measurement method (Step 2) was to main-

tain the same transmit/receive system and position, as in the first 

case, and install the shield room and a stirrer as shown in Fig. 

4(b). The stirrer was used to control the condition of the envi-

ronment inside the shield room in which the measurement was 

performed in accordance with the PWB method. During this 

measurement, the stirrer rotates at a constant speed, and the 

receiving antenna is installed facing the transmitting antenna. If 

the stirrer works properly, the EM waves propagated into the 

shield room are uniformly distributed in the shield room. The 

receiving system measures 20 samples per frequency and stores 

them in the computer. 

Fig. 5(a) shows the measurement results of the LoS, and Fig. 

5(b) and (c) show the results of the same polarization (Co-Pol.) 

and cross-polarization (Cross-Pol.) inside the target. As shown  
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(a) 
 

(b) 

Fig. 4. Measurement steps: (a) Step 1 (line-of-sight) and (b) Step 2. 

 

in Fig. 5(a), the results of the same polarization and cross-

polarization exhibited a difference of about 15 dB for all fre-

quencies. However, the measured result after installing the 

shield room and the stirrer revealed different tendencies accord-

ing to the frequency. As shown in Fig. 2(a), the aperture of the 

shield room was long and narrow. Therefore, the V-polarization 

wave exhibited a lower received power than the H-polarized 

wave in the relatively low frequency regions in which the length 

of the wavelength was longer than the aperture size. This was 

due to the shape of the aperture; however, in the relatively high 

frequency region, the wavelength was not electrically influenced 

by the shape of the aperture, because it was electrically suffi-

ciently shorter than the aperture. Therefore, the results of all the 

polarizations were similar, as shown in Fig. 5(b) and (c), in the 

high frequency region. 

 

2. Simulation 

For this research, we used Wireless Insite as a commercially 

available simulation tool, which predicts the effects of building 

and terrain on EM wave propagation and evaluates the impact 

of the position of the transmitter and receiver in the target area 

on signal strength. It is known that Wireless Insite generally 

models the irregular terrain and physical properties of urban 

buildings, performs EM calculations, and then evaluates signal 

propagation characteristics. The calculations are performed in a 

(a) 
 

(b) 
 

(c) 

Fig. 5. Measurement results: (a) line-of-sight result, (b) Co-Pol. 

result, and (c) Cross-Pol. result. 

 

manner that emits rays at the transmitter and propagates 

through the target’s shape. These rays interact with the geomet-

ric features and are directed to the receiver position. Ray inter- 
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(a) (b) 

Fig. 6. Geometry of shield room using Wireless Insite model: (a) 

3D-model and (B) 2D-model and dimension. 

 

actions include multiple reflections of the modeled surface, dif-

fraction around the edge of the structure, and transmission 

through the surface. At each receiver position, the contribution 

of the arriving light path is combined to determine the EM field 

strength, path loss, delay spread, arrival direction, and impulse 

response [12]. 

As shown in Fig. 6, the shield room is modeled using the 

commercially available simulation tool, and the receiver and 

transmitter are defined. The transmitting and receiving antennas 

set up in the simulation are modeled using information such as 

radiation pattern, VSWR (voltage standing wave ratio), and gain, 

which are the antenna information used for the actual meas-

urement. As physical phenomena of radio-wave propagation, 20 

reflections and three diffractions were counted to derive an effi-

cient simulation result. The major difference between measure-

ment and simulation modeling is the presence or absence of a 

stirrer. In this simulation tool, since the stirrer could not be 

modeled as with the measurements, additional points were add-

ed to the inside of the shield to produce a similar effect as the 

stirrer. All receivers obtained the simulation results from four 

directions (𝟎°, 𝟗𝟎°, 𝟏𝟖𝟎°, 𝟐𝟕𝟎°) per frequency based on the 

transmitter and calculated average received powers in four direc-

tions. The received powers are used as representative values in 

the shield room. Also, as shown in Fig. 6(b), in order to deter-

mine the influence of the position of the receiver located inside 

the shield room, the receiver was placed at intervals of 0.3 m in 

order to select three different measurement regions. The three 

measurement areas were 2.4 m × 1.9 m × 1.9 m (Stage 1), 2 m 

× 1.5 m × 1.5 m (Stage 2), 1.6 m × 0.9 m × 0.9 m (Stage 3), 

respectively. The results of all stages are showed in Fig 7. In the 

results, the influence of the position of the receiver inside the 

shield room was small and negligible. 

 

Fig. 7. Received powers inside the shield room calculated by Wire-

less Insite. 

IV. RESULTS 

In Fig. 8, the received powers obtained from the measure-

ment, the simulation, and the theoretical method are compared. 

Fig. 8(a) compares the measurement results of Step 1 with the 

results of the simulation tool and theoretical method. All three 

results show a similar tendency. Therefore, it can be seen that 

the signal model used for the input signal of the theoretical 

method and the parameter set in the simulation tool reliably 

reconstructed the measurement environment. Fig. 8(b) com-

pares the measured and calculated received power inside the 

shield room. The PWB method is based on an assumption that 

the environment is similar to the environment of the reverberant 

room because the mode increases exponentially in an electrically 

large structure compared to the target wavelength. The results 

shown in Fig. 8(b) reliably show the condition of the 

EMT/PWB method. The wavelength of the low frequency 

region is not sufficiently small compared to the size of the aper-

ture and shield room. Therefore, results in low frequency re-

gions do not provide accurate results, since they are inconsistent 

with the condition of the EMT/PWB method. In contrast, the 

shorter the wavelength near the high frequency region, the more 

the environment to the condition of the PWB method. There-

fore, it is predictable that all results in the high frequency region 

showed similar trends. It should be noted that it takes a consid-

erable amount of time to derive the results from Wireless Insite 

when compared to the PWB method, as this simulation tool 

does not provide a frequency sweep function. Also, it does not 

have the function to replace the stirrer. Therefore, it is necessary 

to derive the results for rotating the receiving antenna in four  

directions (0°, 90°, 180°, 270°) to obtain the effect of the stirrer.  

As the structure of the target is complex and electrically large, 

the calculation time increases, and these drawbacks in- 
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(a) 

(b) 

Fig. 8. Comparison of the results of the measurement, the simula-

tion and the theoretical method: (a) line-of-sight (LoS) and 

(b) received power inside shield room. 

 

crease the computation time of the simulation tool. In contrast, 

the algorithm of the PWB method consists of relatively simple 

linear combinations, and since the target is complex and electri-

cally larger, the approach becomes closer to creating an envi-

ronment in which this method can be applied well. Therefore, 

the PWB method can reduce computation time and increase 

accuracy despite the target being complex and electrically large. 

In fact, it takes about 6 hours to obtain results using Wireless 

Insite but only about 1 second using the PWB method. 

V. CONCLUSION 

In this paper, an efficient EM wave analysis study was carried 

out in a shielded room using a theoretical method. This theoret-

ical method represented the topology diagram of the enclosure 

using the EMT method as well as the results of EM analysis 

inside the enclosure using the PWB method. In order to verify 

the accuracy and validity of the theoretical method, we per-

formed the measurements in the shield room, and modeled the 

actual measurement environment using the commercially avail-

able simulation tool, Wireless Insite, and derived the re-

sults. Finally, the results of the theoretical method were com-

pared with other results. In comparing the results, the theoretical 

method was found less accurate in the low frequency range but 

more accurate in the high frequency region, the reason for which 

was that, in the high frequency region, it satisfied the condition 

of the theoretical method that the length of the wavelength 

should be electrically much shorter than the shield room. In 

addition, the results from the commercially available simulation 

tool were similar to the measurement results but had clear limi-

tations such as the large amount of data and consumption time 

as the target becomes more complicated and larger. On the oth-

er hand, the theoretical method has the advantages of using 

small amounts of data and computer resources, such as memory 

and consumption time. Therefore, the proposed theoretical 

method is capable of efficient EM wave analysis for electrically 

large and complex structures. 
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I. INTRODUCTION 

In recent years, many efforts have been dedicated to improv-

ing the operation of ultra-wideband (UWB) microstrip anten-

nas with regard to rapid advances in wireless communication [1, 

2]. The main requirements of a UWB microstrip antenna in-

clude impedance matching at a frequency bandwidth between 

3.1–10.6 GHz and a stable gain entirely the frequency band-

width [3]. To meet these requirements, several techniques have 

been suggested, such as utilizing defected microstrip structure 

(DMS), a dielectric substrate with high permittivity, defected  

ground structure (DGS) at the ground plane, metamaterial 

(MTM) loading, or a mixture of all these [4-6]. Antenna de-

signs with highly desirable features, such as compact size, high 

performance, low cost, and wide bandwidth, have become ever-

growing demands [7, 8]; however, while many frequency-

independent antenna designs provide these features, the current 

paper proposes that a printed, low profile array antenna design 

may be due to its ease of fabrication and robust overall struc-

ture. 

Artificial electromagnetic MTMs have properties that are not 

usually encountered in nature [7]. Thus, there has been much 

interest in using artificial electromagnetic MTMs in the design 
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of microstrip antennas over recent years [9–12]. Approaches to 

creating an MTM exist within two main categories: resonant 

and non-resonant [13]. Resonant approaches create an MTM 

by inducing magnetic and electric dipole moments to achieve 

negative permeability and permittivity, respectively. However, 

MTMs designed using this approach have narrow operating 

bandwidths due to the inherently high-quality factor of their 

resonant structures [3]. This paper presents a UWB MTM mi-

crostrip array antenna that consists of MTM radiation unit cells 

printed in a planar configuration. Additionally, the behavior of 

the MTM unit cells is based on the utilization of a resonant 

approach. 

Fractal geometry was introduced by B. B. Mandelbrot at 

1975 and was later further investigated by many researchers 

within the field of antenna design [14]. Koch, Sierpinski, and 

Minkowski shapes are the most well-known fractal structures 

that are most often used as wideband and multiband antenna 

designs due to their self-similarity feature. Another desirable 

fractal structure used in antenna design is a variety of fractal 

trees [15, 16]. In this study, a fractal MTM tree microstrip array 

antenna was investigated. By exchanging the geometry and 

number of branches of the fractal tree array structures, the an-

tenna specifications could be investigated [14, 17]. 

Leonard Fibonacci discovered a number sequence while con-

sidering a practical problem in the “Liber Abaci” involving the 

growth of a hypothetical population of rabbits based on ideal-

ized assumptions [14, 18]. He noted that, after each monthly 

generation, the number of pairs of rabbits increased from 1 to 2 

to 3 to 5 to 8 to 13, etc. and then identified how the sequence 

progressed by sum the two preceding terms (in mathematical 

terms, Fn = Fn-1 + Fn-2), a sequence which could, in theory, ex-

tend indefinitely. This is called the Fibonacci sequence: 0, 1, 1, 

2, 3, 5, 8, 13, etc. The Fibonacci sequence appears throughout 

nature, such as the spiral arrangements of plant leaves, the petals  

 

 
(a)                           (b) 

Fig. 1. Examples of Fibonacci and fractal geometries found in na-

ture, respectively: (a) Sneezewort and (b) Fern. 

of several flowers, pineapples, artichokes, pine cones, and ma-

ture sunflowers [14, 18]. The branch geometry of the proposed 

MTM microstrip array antenna was designed according to the 

Fibonacci number sequence and extends from the top of the an-

tenna to its base. Fig. 1 shows some examples of Fibonacci and 

fractal geometries found in nature. 

This paper presents a new family of UWB MTM microstrip 

array antennas that are based on both fractal and Fibonacci ge-

ometric patterns. Specifically, the radiating elements of the an-

tenna were made from left-handed (LH) MTM unit cells  

placed along one axis, in which each unit cell combines an im-

proved split-ring resonator (SRR) structure with capacitive 

loaded strips (CLS). 

II. METAMATERIAL UNIT CELL 

In this study, the prime MTM unit cell was based on SRR 

structure that includes a smaller loop within a bigger one, with 

slots incorporated onto each loop at each end. The SRR is a 

magnetically resonant structure that responds to a perpendicular 

magnetic field and can be used to obtain negative permeability. 

The resonant frequency of the SRR structure can be controlled 

by the slots added to the ring. The primary unit cell is the im-

proved rectangular SRR. This improvement consists of the clos-

ing of the loop on the outer ring, which decreases the series ca-

pacitance of the SRR. Also, closing the outer ring increases the 

coupling between the outer and inner ring, which provides a 

wide backward-wave passband. CLS added to the improved 

SRR unit cell can then bring the resonance frequency to within 

the UWB frequency range. The dimensions of the final MTM 

unit cell are as follows: W1 = 0.4 mm, W2 = 1.6 mm, W3 = 0.8 

mm, W4 = 3.2 mm, W5 = 0.5 mm, W6 = 3 mm, W7 = 4 mm, 

and W8 = 5 mm [3] (Fig. 2). 
 

 
Fig. 2. Layout of the MTM unit cell (SRR/CLS) [2]. 
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Fig. 3. Comparison between the dispersion diagrams of the impro-

ved SRR unit cells (red line) and improved SRR unit cells 

with CLS (blue line) for the left-handed (LH) mode [3]. 

 

The dispersion diagram shows a plot of the phase velocity (β) 

versus the eigenfrequency of the structure (f) used to specify the 

MTM unit cell resonance frequency and determine the areas in 

which the structure exhibits either right-handed (RH) or LH 

specifications by a positive or negative slope, respectively. As 

shown in Fig. 3, the dispersion diagrams of the improved SRR/ 

CLS and SRR structure are plotted in blue and red, respectively. 

It can be observed that the resonance frequency of the LH 

mode of the SRR/CLS structure is now within the UWB fre-

quency range [3]. 

All materials can be characterized electrically by their com-

plex permeability (μ) and permittivity (ε) in the frequency do-

main. These fundamental parameters specify the response of a 

material to electromagnetic radiation. In order to calculate the 

plots for the complex permeability and permittivity of the 

MTM unit cell, a retrieval method utilizing the S-parameters 

was employed. The S-parameters of the MTM unit cell were 

extracted via a HFSS simulator, which is a finite-element-

method (FEM)-based full-wave simulation [1, 19]. According 

to the periodic repetition of the MTM unit cell, the composi-

tion of the perfect magnetic conductor (PMC) and perfect elec-

tric conductor (PEC) boundary conditions simulated the peri-

odic boundary conditions using the symmetry inherited by the 

MTM, as shown in Fig. 4(a) and (b). When the periodic  
 

 
Fig. 4. The simulation of the MTM unit cell under the PEC-PMC 

boundary condition: (a) PEC boundaries, (b) PMC bound-

aries, and (c) wave ports (Port 1). 

 
Fig. 5. The S-parameter curves of the MTM unit cell. 

 

boundary conditions were determined, the excitation ports sim-

ulated the incident wave that propagated from the top to the 

bottom of the unit element, as shown in Fig. 4(c). The S-

parameter plots of the MTM unit cell extracted by HFSS are 

shown in Fig. 5. 
 

(a)

(b)

(c)

(d)

Fig. 6. (a) The real and (b) imaginary plots of permittivity and per-

meability. (c) The real and (d) imaginary plots of the refrac-

tive index and impedance. 
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Permeability (μ) and permittivity (ε) are related to the imped-

ance and refractive index through the following expressions [19]: 
 

𝑧  ,                  (1) 
 

𝑒  ,                    (2) 

𝑛
1

𝑘 𝑑
𝐼𝑚 𝑙𝑛 𝑒 2𝑚𝜋 𝑗 𝑅𝑒 𝑙𝑛 𝑒 , 

(3) 

𝜀  ,                         (4) 

𝜇 𝑛𝑧 ,                        (5) 
 

where z is the impedance, n is the refractive index, d is the max-

imum length of the unit element, k0 is the wave-number, and m 

is the branch due to the periodicity of the sinusoidal function. 

After the S-parameter results were extracted by HFSS, using 

a MATLAB script, which used the presented mathematical 

formulation, the complex permeability and permittivity plots 

were obtained [1, 18] (Fig. 6(a) and (b)). Also, the impedance 

and refractive index are shown in Fig. 6(c) and 6(d). As shown 

in Fig. 6, the MTM unit cell had a negative refractive index at 

approximately the resonance frequency. 

III. THE UWB MTM MICROSTRIP ARRAY ANTENNA 

MTM unit cells, due to the surface current that forms upon 

them, are radiating sources. This surface current is related to the 

electric and magnetic dipole moments of the CLS and SRR, 

respectively. When the MTM unit cell is excited by its eigen-

currents, it can be an efficient source of radiation. So, the capa-

bility to excite the eigenfrequencies of a MTM unit cell will 

enable its application as an effective radiating source.  

Thus, the MTM unit cell was used to create a two-element 

microstrip array antenna, in which the two MTM unit cells 

were positioned in the x-direction, as shown in Fig. 7(a). In 

order to promote an even field distribution and the excitation of 

 

 
(a)                         (b) 

Fig. 7. The layout of the MTM microstrip two-element array an-

tenna: (a) top layer and (b) bottom layer. 

 
Fig. 8. Simulated return loss of the UWB MTM microstrip two-

element array antenna. 

 

the MTM unit cells, a dual-shaped feed was used in the anten-

na structure. The top layer footprint of the antenna is 21 mm × 

22mm, and the other dimensions of the antenna structure la-

beled in Fig. 7(a) are as follows: d = 9.2 mm, W9 = 1 mm, W10 

= 2 mm, W11 = 3.5 mm, W12 = 11.2 mm, W13 = 10.5 mm, and 

W14 = 3 mm. 

Low energy storage structures have a higher Q factor and 

thus their bandwidths are wider. Therefore, a partial ground 

plane with WGP = 7.5 mm was used to improve matching and 

increase the bandwidth of the antenna. Also, in order to obtain 

greater improvements, a rectangular slot with length LS = 5 mm 

and width WS = 3 mm was introduced to the center of the par-

tial ground plane. The optimization of WS and LS helped 

achieve the wideband matching. The bottom layer of the array 

antenna structure is shown in Fig. 7(b). 

The UWB MTM two-element array antenna structure was 

analyzed using the HFSS software. The substrate is FR4 with a 

dielectric constant εr = 4.3, thickness h = 1.6 mm, and a loss 

tangent tan δ of about 0.025. As shown in Fig. 8, the -10 dB 

impedance bandwidth of the UWB MTM array antenna 

ranged from 3.37 GHz to 9.207 GHz under simulation. 

IV. THE PROPOSED UWB MTM MICROSTRIP  

ARRAY ANTENNA 

In this study, the theory and design of a new family of UWB 

MTM microstrip array antennas, based on fractal and Fibonacci 

geometric patterns, were investigated. It was found there is a 

relationship between the electromagnetic behavior of an anten-

na and the properties of fractal geometry. In recent years, many 

two- and three-dimensional fractal tree antennas, which have 

similar forms and uniform branch length ratios, have been used 

in antenna design. Moreover, the number of branches in a frac-

tal tree array antenna increase with respect to the number se-

quence 1, 2, 4, 8, 16, 32, etc. from the top of the antenna to its 

bottom, and the branch length ratio is 1/2, as shown in Fig. 9(a). 

As shown in Fig. 9(b), whenever the number of branches in- 
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(a)                  (b)                  (c) 

Fig. 9. The configuration of the proposed array antenna: (a) fractal 

tree, (b) Fibonacci tree, and (c) Dream tree. 

 

creases with respect to the Fibonacci number sequence, the 

complexity of the fractal tree array antenna decreases. So, the 

Fibonacci tree array antenna with a same iteration exhibits less 

complexity due to its reduced number of branches. Determining 

the number of branches using the Fibonacci sequence leads to 

non-uniform branch ratios in the tree antenna. As shown in Fig. 

9(c), another tree configuration was generated by changing the 

number of branches based on the modified Fibonacci sequence: 

1, 2, 3, 5, 8, 13, etc. This is called the Dream tree, which shows 

the growth of the rabbit population mentioned in the introduc-

tion. 

The fractal UWB MTM array antenna was generated by ap-

plying an iterative procedure to the MTM two-element array 

antenna. Upon the first iteration, each MTM element of the 

two-element array was split into two branches at a 1/2 ratio. 

The iterative process then continues to generate second- and 

third-order fractal MTM array antennas. These antennas have 

closed structures, as shown in Fig. 10. The number of branches 

increased according to the number sequence 1, 2, 4, 8, 16, 32, 

etc. from the top of the antenna to its base. Also, their branch 

area ratios are 1/2, which are also uniform. 

The special proposed array antenna, designed using the Fibo-

nacci number sequence is called the Fibonacci UWB MTM 

microstrip array antenna and is obtained in a similar way as the 

previous proposed array antenna which was based on fractal 

geometry. Upon the first iteration of the Fibonacci proposed 

array, one of the MTM two-element array branches was split 

into two branches at a 1/2 ratio, through the left or right branch. 

The other branch was positioned in the same direction as the 

previous branch ratio, as shown in Fig. 11(a). The iterative pro-

cess continues on to generate second- and third-iteration Fibo-

nacci MTM array antennas similar to the dream tree, as shown 

in Fig. 11(b) and (c). The branch numbers increase according to  

 

               
          (a)            (b)           (c) 

Fig. 10. The proposed layout of the fractal UWB MTM microstrip array antenna: (a) first-iteration, (b) second-iteration, (c) third-itera- 

tion.  

 

                     

 
(a) 

       

 
(b)

      

      
(c) 

Fig. 11. The proposed layout of the Fibonacci UWB MTM microstrip array antenna: (a) first-iteration, (b) second-iteration, (c) third-

iteration.  
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the number sequence 1, 2, 3, 5, 8, 13, etc., from the top of the 

antenna to its base. Also, the branches of the Fibonacci array 

have non-uniform area ratios due to non-uniform geometry of 

the Fibonacci tree.  

The proposed fractal and Fibonacci structures were analyzed 

via a HFSS simulator using the same two-element MTM array 

antenna substrate in order to compare the return loss results. 

Table 1 shows their simulated return loss and metal areas. It can 

also be seen that the frequency bandwidth of the proposed 

third-iteration fractal and Fibonacci structures yields an imped-

ance bandwidth of about 961 MHz and 770 MHz more than 

the two-element MTM array antenna bandwidth, respectively. 

The proposed array antennas have a greater number of MTM 

radiation elements that are closer to each other in comparison 

with the two-element array antenna. So, mutual coupling be-

tween these elements more greatly affect the near fields of the 

antenna. According to this fact, the input impedance of an an-

tenna is affected by the near and far fields can lead to an im-

provement of the impedance bandwidth of the proposed array 

antenna. However, from another point of view, as the iteration 

order of the proposed array antennas increases, greater metal 

area reduction results. This metal area reduction decreases the 

capacitance of the patch array antennas, which, in turn, leads to 

quality factor reduction in the equal circuit of the proposed an-

tenna and, thus, the impedance bandwidth improves.  

Fig. 12 shows a comparison between the return loss simula-

tion results of the two-element and proposed UWB MTM ar-

ray antennas. Also, the fractal and Fibonacci third-iteration 

array antennas have lower radar cross-section (RCS) due to 4.95 

% and 4.02% metal area reductions, respectively.  

The simulated E-plane and H-plane radiation patterns of the 

two-element UWB MTM microstrip array antenna (Antenna 

1), the proposed first-iteration fractal UWB MTM microstrip 

array antenna (Antenna 2), and the proposed first-iteration Fib-

onacci UWB MTM microstrip array antenna (Antenna 3) at 

7.3 GHz are shown in Fig. 13. As shown, the radiation patterns 

of Antennas 2 and 3 are similar to that of Antenna 1. The ra-

diation elements added at a higher iteration are smaller and fed 

by appropriate amplitude and phase feed. Thus, Antennas 2 and 

3 only yield a slight improvement in antenna directivity, while  

  

(a) (b) 

Fig. 12. Comparisons between the return losses of (a) the proposed fractal UWB MTM array antenna and (b) the proposed Fibonacci UWB 

MTM array antenna and the two-element MTM array antenna.

Table 1. The return loss simulation results of the fractal and Fibonacci UWB MTM microstrip array antennas in comparison with the two-

element MTM array antenna 

Antenna type Bandwidth (GHz) 
Metal area 

(mm2) 

Bandwidth en-

hancement (MHz)

Metal area reduc-

tion (mm2) 

Fractional 

bandwidth 

(%)

Two-element MTM array antenna 3.37–9.207 (5.8365) 173.25709 - - 92.81 

Fractal UWB MTM array antenna      

Iteration 1 3.456–9.8856 (6.4296) 168.251402 593 5.005688 (2.88%) 102.20

Iteration 2 3.51–10.2 (6.6901) 165.82206 853 7.43503 (4.29%) 106.39

Iteration 3 3.551–10.349 (6.7986) 164.68089 961 8.5762 (4.949%) 108.11

Fibonacci UWB MTM array antenna   

Iteration 1 3.394–9.6058 (6.2118) 170.75424 375 2.50285 (1.44%) 98.78

Iteration 2 3.477–9.9058 (6.4288) 167.64406 592 5.61303 (3.24%) 102.23

Iteration 3 3.5–10.1064 (6.6064) 166.28675 770 6.97034 (4.02%) 105.05
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   (a)                    (b)                   (c) 
 

   (d)                    (e)                   (f)

Fig. 13. Simulated radiation patterns at 7.3 GHz: (a) E-plane and 

(d) H-plane of Antenna 1, (b) E-plane and (e) H-plane of 

Antenna 2, and (c) E-plane and (f) H-plane of Antenna 3. 

 

the shape of the radiation pattern does not change. Moreover, 

the gain of the proposed antennas is slightly improved. Specifi-

cally, this increase in proposed array antenna gain is due to the 

presence of a greater number of MTM radiation elements. 

In order to compare the maximum gain of the proposed frac-

tal and Fibonacci structures with the two-element MTM array 

antenna, the gain versus the frequency curves was extracted via 

HFSS frequency domain simulation. As shown in Fig. 14, the 

simulated results indicate that the maximum gain occurs at a 

frequency near 7.3 GHz for the all the antennas. Specifically, 

the maximum gains of Antenna 1, 2, and 3 are 2.58, 2.69, and 

2.61 dBi, respectively. 

The results of a parametric study on the distance between the 

branches (d = 4–13 mm parametric sweep) of Antenna 3 is 

shown in Fig. 15. In the first choice, d = 7 mm (red line) is the 

optimum distance due to the maximum frequency bandwidth 

result, but it can be seen that the simulated return loss of the 

antenna around 8 GHz is slightly less than -10 dB. So, in this 

study, d = 10 mm (yellow line) was chosen as the optimum dis- 

 

 
Fig. 14. Simulated gain versus frequency curve comparison between 

the three antennas. 

 
Fig. 15. The result of a parametric study on the distance between 

the branches (d) of Antenna 3 (d = 4–13 mm parametric 

sweep). 

 

tance due to its wide and safe bandwidth in comparison with all 

the distances. 

V. MEASUREMENT RESULTS AND DISCUSSION 

Antennas 1–3 were fabricated using the FR4 substrate with a 

thickness of 1.6 mm and a relative permittivity of εr = 4.6, as 

shown in Fig. 16. The return loss of all three antennas was 

measured via network analyzer Agilent 8722ES, as shown in 

Fig. 17. Fig. 18 shows the measured return loss results of the 

three antennas at the 1–16 GHz frequency band. As shown in 

Fig. 18, Antennas 2 and 3 have broader frequency bandwidths. 

Due to the small size of the antennas and their wide bandwidth 

at high frequencies, manufacturing error, fabrication accuracy, 

and measuring device calibration all contributed to the differ-

ence between the simulation and measured results. 

The co-pol and cross-pol radiation patterns of the fabricated 

antennas ere measured at the E-plane and H-plane at a 7.3 

 

(a) 

(b) 

(c) 

Fig. 16. Fabricated antennas using FR4: (a) Antenna 1, (b) Anten-

na 2, and (c) Antenna 3. 
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Fig. 17. Return loss measurement for the three fabricated antennas. 

 

 

 
Fig. 18. Measured return loss of the three fabricated antennas. 

 

GHz frequency. Fig. 19 shows the measurement of the co-pol 

and cross-pol radiation patterns in a tapered anechoic chamber 

of ITRC (Iran Telecommunication Research Center). Figs. 20–

22 show the measured radiation pattern results of the fabricated 

antennas. Additionally, the gain of the fabricated antennas was 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                        (a)                                  (b)  

Fig. 19. Radiation pattern measurement of the three antennas: (a) co-pol measurement and (b) cross-pol measurement. 

 

   (a)                        (b)                       (c)                       (d) 

Fig. 20. Measured radiation pattern of Antenna 1 at a frequency of 7.3 GHz: (a) E-plane co-pol, (b) E-plane cross-pol, (c) H-plane co-pol, 

and (d) H-plane cross-pol. 

 

 (a)                       (b)                      (c)                       (d) 

Fig. 21. Measured radiation pattern of Antenna 2 at a frequency of 7.3 GHz: (a) E-plane co-pol, (b) E-plane cross-pol, (c) H-plane co-pol, 

and (d) H-plane cross-pol. 
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Table 2. Measured gain results of the fabricated antennas 

Frequency 

(GHz) 

Measured gain (dBi) 

Antenna 1 Antenna 2 Antenna 3

4 -0.63 0.80 1.92

6 0.44 1.51 3.32

7.3 0.83  2.07  3.97 

8 0.31 2.04 3.77

 

 
Fig. 23. Measured gain of the fabricated antennas in the main lobe 

direction within the tapered anechoic chamber of the ITRC. 

 

measured in the main lobe direction at four frequencies. Table 2 

and Fig. 23 show the measured gain results of the fabricated 

antennas. It can be seen from Table 2 that the maximum gains 

of Antennas 2 and 3 improved by 1.24 dBi and 3.14 dBi, re-

spectively, in comparison with Antenna 1 at a 7.3 GHz fre-

quency. 

In practice, due to the small size of the antennas, there was 

no possibility of measuring the RCS in the anechoic chamber; 

thus, there is no data on the RCS measurements. However, as 

shown in Fig. 24, the RCS simulation results show that Anten-

na 2 and Antenna 3 have lower RCS of about 1–1.2 dB due to 

2.88% and 1.44% metal area reductions, respectively.  

VI. CONCLUSION 

A new family of the UWB MTM microstrip array antenna 

has been proposed. The proposed antenna design consists of  
 

 

 

 

 
Fig. 24. Simulated RCS versus frequency curve comparison of the 

three antennas. 

 

MTM unit cells that comprise an improved SRR structure with 

CLS. The left-handedness of the unit cells was demonstrated 

via a dispersion diagram and permittivity and permeability cur-

ves. Fractal and Fibonacci geometric patterns were used to de-

sign a new prototype of MTM array antennas. For comprehen-

sive study, the first iteration of the fractal and proposed Fibo-

nacci antennas were designed, fabricated, and measured. Nu-

merical and experimental results both confirmed that the fre-

quency bandwidth of the proposed antennas increased, while 

their RCS decreased due to metal area reduction. The proposed 

antenna also exhibited omni-directional radiation specifications 

in the H-plane at the frequency bands of interest, a requirement 

for wireless applications. In all, the proposed antenna is suitable 

for use in wireless applications due to its low cost, compactness, 

low profile, low RCS, and wide bandwidth. 
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I. INTRODUCTION 

Electromagnetic surveying systems are widely used for envi-

ronmental and engineering studies [1, 2]. In the electromagnet-

ic method, a source is used to produce an incident wave, where 

interaction between the wave and the investigated object leads 

to generation of a scattered wave. Data are gathered at the re-

ceiver to obtain information to predict the physical properties of 

the investigated configuration through solving the inverse scat-

tering problem [3]. 

Inverse scattering problems have several applications in re-

search areas such as archeology, geophysical prospecting, and 

medical imaging [4, 5]. These types of problems suffer from a 

limited amount of information about the variables to be esti-

mated [6, 7]. However, solutions to such problems must be ac-

curate to get a reasonable estimate, and a reasonable estimate is  

mainly affected by the efficiency of the forward problem formu-

lation. Several techniques are available for forward problem 

formulation, such as the finite-difference and finite-element 

methods [8, 9] and the boundary element method [10]. How-

ever, such conventional numerical methods have limitations, 

including numerical polarization and dispersion [11, 12], inac-

curate representation of decaying fields, and integrals with sin-

gularity or hyper-singularity [13, 14]. Thus, one of the objec-

tives of this paper is to provide an accurate forward modeling 

method that overcomes some of these limitations and difficul-

ties. 

Another objective of this paper is to develop an inversion 

methodology that benefits from the optimal setting of the for-

ward formulation to solve both two- and three-dimensional (2D 

and 3D) electromagnetic inverse scattering problems in inho-

mogeneous media. In our approach, the inverse problem is 

treated as a sampling problem using the simulated annealing 

 

An Efficient Technique for Solving Inhomogeneous  

Electromagnetic Inverse Scattering Problems 
Mohamed Elkattan* 

 

 
   

Abstract 
 

The electromagnetic inverse scattering approach seeks to obtain the electric characteristics of a scatterer using information about the 

source and the scattered data. The inverse scattering problem usually suffers from limited knowledge about the scatterer used, which 

makes its solution more challenging than the forward problem. This paper presents an inversion approach to estimating the unknown 

electric properties of a two- and three-dimensional inhomogeneous scatterer. The presented approach considers the inverse scattering 

problem as a global minimization problem with a meshless forward formulation for the computation of the scattered electromagnetic 

field. Various simulated annealing cooling schedules are applied and assessed to solve the problem, and the results of several case studies 

are presented for both two- and three-dimensional electromagnetic inverse scattering problems. 

Key Words: Electromagnetic, Forward Problem, Inhomogeneous Scatterer, Inversion, Meshless.    

 

 

Manuscript received April 19, 2019 ; Revised August 6, 2019 ; Accepted December 2, 2019. (ID No. 20190419-022J)  

Department of Electronics, Nuclear Materials Authority, Cairo, Egypt. 
*Corresponding Author: Mohamed Elkattan (e-mail: emtiazegf@hotmail.com)   
 

 

This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0) which permits 

unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. 

ⓒ Copyright The Korean Institute of Electromagnetic Engineering and Science. All Rights Reserved. 



ELKATTAN: AN EFFICIENT TECHNIQUE FOR SOLVING INHOMOGENEOUS ELECTROMAGNETIC INVERSE SCATTERING PROBLEMS  

65 

  
 

method without affecting the nonlinear nature of the problem. 

Moreover, several simulated annealing algorithms were de-

signed and compared with different case studies to ensure the 

approach’s efficiency in terms of estimation error. 

II. FORWARD FORMULATION  

An efficient forward algorithm for calculating scattered fields 

from input model parameters (i.e., permittivity and conductivity) 

is required to solve an inversion problem [8]. Most inversion 

approaches have a link between the forward and inverse prob-

lems in order to evaluate the fitness of the predicted parameters 

for the proposed model [9]. 

Forward problem techniques are always based on a previously 

selected configuration, and the effectiveness of the forward con-

figuration strongly influences the efficiency of the inversion ap-

proach. Approaches used for modeling electromagnetic forward 

problems fall into two main categories: mesh-based and mesh-

less approaches [15]. 

Most commercial simulators use mesh-based approaches to 

solve forward problems. Mesh-based approaches have several 

limitations because they must truncate the domain of computa-

tion, which introduces unphysical nonreflecting boundaries [16, 

17]. They also create a large grid with too many cells to get an 

accurate solution, especially if the structure is lossy and contain 

evanescent fields [18]. These limitations mean that these ap-

proaches suffer from long simulation times [19]. 

Meshless approaches can be used for the forward formulation 

of Maxwell’s equations through the expansion of fields using 

Fourier transform or Gauss-Hermite functions [20]. However, 

these approaches involve many integrals that have to be evaluat-

ed numerically, so they are computationally expensive. In this 

paper, a meshless approach will be adopted that avoids such 

integrals; therefore, reducing the computational complexity of 

the solution, and that locates accurate estimates of the model 

with a reasonable error margin. 
 

1. Two-Dimensional Problem  

In this paper, we will consider the 2D model shown in Fig. 1, 

where an object of permittivity 𝜖  and conductivity 𝜎  is 
 

 

Fig. 1. General model of the 2D electromagnetic inverse scattering 

problem considered in this paper. 

buried inside a slab with permittivity 𝜖  and conductivity 𝜎 . 

For the 2D problem, the electric polarization current can be 

represented as [21]: 
 

𝐽 𝑥, 𝑧 𝑄 𝑥, 𝑧 𝐸 𝑥, 𝑧 𝐺 𝑥, 𝑧, 𝑥 , 𝑧  𝐽 𝑥 , 𝑧  𝑑𝑧 𝑑𝑥 , 

∞ 𝑥, 𝑥 ∞, 𝐿 𝑧, 𝑧 0 

(1) 
 

where 𝐸 𝑥, 𝑧  is the incident electric field, 𝑥,  𝑧  is the Car-

tesian coordinate of an observation point, (𝑥 ,  𝑧 ) is the Carte-

sian coordinate of the polarization current, and L is the slab 

thickness.  𝐺  𝐻 𝑥, 𝑧, 𝑥 , 𝑧 ,  where 𝐻 .  is the 

Hankel function of the first type and zeroth order. 𝑄 𝑥, 𝑧  can 

be expanded to be written as [22]: 
 

            𝑄 𝑥, 𝑧 𝑖𝑤𝜇 𝑄 𝑥, 𝑧 ,              (2) 
 

where 
 

    𝑄 𝑥, 𝑧 𝑖𝑤 𝜖 𝑥, 𝑧 𝜖  𝜎 𝑥, 𝑧      (3) 
 

For the 2D case of one-layer slab with an object inside it, we 

can write 𝑄 𝑥, 𝑧  as: 
 

 𝑄 𝑥, 𝑧 𝑄 𝑠𝑙𝑎𝑏 𝑄 𝑠𝑙𝑎𝑏 𝑄 𝑜𝑏𝑗𝑒𝑐𝑡 Ω 𝑠     (4) 
 

where Ω 𝑠  is the indicator to classify the object from the slab. 

Ω 𝑠 0 indicates the slab while Ω 𝑠 1 indicates the 

object, and 
 

            𝑄 𝑠𝑙𝑎𝑏 𝑘 𝑘                 (5) 

           𝑄 𝑜𝑏𝑗𝑒𝑐𝑡 𝑘 𝑘               (6) 
 

where 𝑘 𝑤 𝜇 𝜖  is the background medium. Hence, 
 

  𝑘 𝑥, 𝑧 𝑤 𝜇 𝜖 𝜖 𝑠𝑙𝑎𝑏 𝑖𝑤𝜇 𝜎 𝑠𝑙𝑎𝑏      (7) 

𝑘 𝑥, 𝑧 𝑤 𝜇 𝜖 𝜖 𝑜𝑏𝑗𝑒𝑐𝑡 𝑖𝑤𝜇 𝜎 𝑜𝑏𝑗𝑒𝑐𝑡 .  (8) 
 

One approach to solve this problem is to use Fourier trans-

form and 𝜓  orthogonality properties [23], but by this repre-

sentation, overlap integrals in 𝑘  and n are required. These 

integrals have a very high computational cost. To avoid this cost, 

we propose another approach that avoids all overlap integrals: 

the point-by-point approach. In this approach, we get the scat-

terer’s polarization of current expansion coefficients 𝑎 𝑘  in 

the form of: 
 

𝑑𝑘  exp 𝑖 𝑘 𝑥  𝑎 𝑘 𝜓 𝑧, 𝑘

𝑄 𝑥, 𝑧 𝐸 𝑥, 𝑧

𝑄 𝑥, 𝑧  𝑑𝑘  
𝑖

2𝑘
exp 𝑖 𝑘 𝑥  𝑎 𝑘 𝜆 𝑘 𝜓 𝑧, 𝑘  

(9) 
 

where 𝑘 𝑘 𝑘  stands for the 2D case,  𝜆 𝑘  st-
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ands for eigenvalue, and 𝜓 𝑧, 𝑘  represents a complete set. 

Here, the estimated current expansion coefficients are 𝑎 𝑘  

at 𝑎 𝑛𝑘 , 1  values, that is, 𝑁   𝐾   . 

We therefore need to identify O × P points of z and x direc-

tions, which can be selected within the scatterer. Once defined, 

the current expansion coefficient equation can be rewritten as:  
 

𝑒𝑥𝑝 𝑖𝑘 𝑥  𝑎 𝑘 𝜓 𝑧 , 𝑘

1
𝛿𝑘

 𝑄 𝑥 , 𝑧  𝐸 𝑥 , 𝑧      

𝑄 𝑥 , 𝑧
𝑖

2𝑘
𝑒𝑥𝑝 𝑖𝑘 𝑥  𝑎 𝑘  𝜆 𝑘  𝜓 𝑧 , 𝑘    

∀ 𝑜, 𝑝 
(10) 

 

Here, integrals are approximated to 𝛴 with a step 𝛿𝑘 . 

Now we can define a linear system to get the estimated current 

expansion coefficients to be: 
  

𝑀 𝑜𝑝 , 𝑛𝑘 𝑎 𝑛𝑘 , 1
𝑐 𝑜𝑝 , 1  𝑀 𝑜𝑝 , 𝑛𝑘  𝑎 𝑛𝑘 , 1  

                                                     

(11) 

where 
 

 𝑀 𝑜𝑝 , 𝑛𝑘 𝑒𝑥𝑝 𝑖𝑘 𝑥  𝜓 𝑧 , 𝑘 ,    (12) 
 

and 
 

 𝑀 𝑜𝑝 , 𝑛𝑘  

            𝑄 𝑥 , 𝑧  𝑒𝑥𝑝 𝑖𝑘 𝑥  𝜆 𝑘  𝜓 𝑧 , 𝑘 , 

(13) 
 

and 
 

𝑐 𝑜𝑝 , 1  𝑄 𝑥 , 𝑧  𝐸 𝑥 , 𝑧 .       (14) 
 

Current expansion coefficients a can then be computed as:  
 

              𝑀 𝑀  𝑎 𝑐.                (15)                 
 

Once we compute the coefficients 𝑎 𝑘 , the scattered 

electric field’s distribution is obtained at the receiver for a giv-

en 𝑘  as: 
 

𝐸 𝑘 , 0 𝑖𝜔𝜇  ∑ 𝑎 𝑘 𝜆 𝑘  𝜓 0, 𝑘 . (16) 
 

The 2D problem was modeled by frequency domain finite el-

ement analysis using the COMSOL Multiphysics software 

package. The incident field was a linearly polarized plane wave  

normalized by   at one megahertz under a scattering  

boundary condition for the structure shown in Fig. 1, with 

𝜖 8, 𝜖 4 and 𝜎 0.002, 𝜎 0.005. The calcu-

lated (using Eq. (16)) and the simulated (using COMSOL) 

scattered electric field results were compared at 11 wavenumbers 

(𝑘 0, 0.11 𝑘 , 0.22 𝑘 , … . , 1.1 𝑘 ), and the results are 

presented in Fig. 2. The diamonds and circles in the figure rep- 

 
Fig. 2. Calculated (using Eq. (16)) and simulated (using COM-

SOL) scattered electric field results at 11 wavenumbers for 

the 2D problem. 
 

resent the field computations of the proposed method and the 

finite element simulation. As shown in Fig. 2, the solution of 

the proposed approach is very close to the finite element analysis 

solution. 
 

2. Three-Dimensional Problem  

In order to extend the proposed solution to the 3D case, the 

model used in this paper is presented in Fig. 3, where a sphere 

of permittivity 𝜖  and conductivity 𝜎  is buried inside a box 

with permittivity 𝜖 and conductivity 𝜎 . Here, the scatterer 

polarization current expansion coefficients 𝑎 𝑘 , 𝑘  can be 

written in the form of [24]: 
 

𝑑𝑘  𝑑𝑘  exp 𝑖 𝑘 𝑥 exp 𝑖𝑘 𝑦 𝑎 𝑘 , 𝑘 𝜓 𝑧, 𝑘 , 𝑘

𝑄 𝑥, 𝑦, 𝑧 𝐸 𝑥, 𝑦, 𝑧

 𝑄 𝑥, 𝑦, 𝑧  𝑑𝑘 𝑑𝑘  
𝑖

2𝑘
exp 𝑖 𝑘 𝑥  exp 𝑖𝑘 𝑦  

         𝑎 𝑘 , 𝑘 𝜆 𝑘 , 𝑘 𝜓 𝑧, 𝑘 , 𝑘   

(17) 

where 𝑘 𝑘 𝑘 𝑘  stands for the 3D case, 𝜆  

𝑘 , 𝑘  stands for eigenvalue, and  𝜓 𝑧, 𝑘 , 𝑘  represents 

a complete set. Here, the estimated current expansion coeffi-

cients are 𝑎 𝑘 , 𝑘  at 𝑎 𝑛𝑘 𝑘 , 1  value  𝑁  
𝐾𝑥    𝐾𝑦  . Here, we need to  
 

 

Fig. 3. General model of the 3D electromagnetic inverse scattering 

problem considered in this paper. 
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identify O  F  P points of z, y, and x directions, which can 

be selected within the scatterer all together. Once defined, the 

current expansion coefficient equation can be rewritten as: 
 

exp 𝑖𝑘 𝑥 exp 𝑖𝑘 𝑦 𝑎 𝑘 , 𝑘 𝜓 𝑧 , 𝑘 , 𝑘

1
𝛿𝑘 𝛿𝑘

 𝑄 𝑥 , 𝑦 , 𝑧  𝐸 𝑥 , 𝑦 , 𝑧

𝑄 𝑥 , 𝑦 , 𝑧
𝑖

2𝑘
exp 𝑖𝑘 𝑥  exp 𝑖𝑘 𝑦 𝑎 𝑘 , 𝑘  

                       𝜆 𝑘 , 𝑘  𝜓 𝑧 , 𝑘 , 𝑘    ∀ 𝑜, 𝑝, 𝑓                         
         

(18) 
 

where integrals are approximated to Σ with steps 𝛿𝑘  and 

𝛿𝑘 . By this representation, all overlap integrals in 𝑘 , 𝑘 , and 

n are avoided. This reduces the computational cost dramatically. 

Now we can define a linear system to get the estimated cur-

rent expansion coefficients to be: 
 

𝑀 𝑜𝑝𝑓 , 𝑛𝑘 𝑘 𝑎 𝑛𝑘 𝑘 , 1  

𝑐 𝑜𝑝𝑓 , 1 𝑀 𝑜𝑝𝑓 , 𝑛𝑘 𝑘  𝑎 𝑛𝑘 𝑘 , 1   

(19) 
 

where 
 

 𝑀 𝑜𝑝𝑓 , 𝑛𝑘 𝑘   

 exp 𝑖𝑘 𝑥  exp 𝑖𝑘 𝑦  𝜓 𝑧 , 𝑘 , 𝑘     (20) 
 

  𝑀 𝑜𝑝𝑓 , 𝑛𝑘 𝑘   

𝑄 𝑥 , 𝑦 , 𝑧
𝑖

2𝑘
 exp 𝑖𝑘 𝑥 exp 𝑖𝑘 𝑦       

𝜆 𝑘 , 𝑘  𝜓 𝑧 , 𝑘 , 𝑘          (21) 
 

𝑐 𝑜𝑝𝑓 , 1  𝑄 𝑥 , 𝑦 , 𝑧  𝐸 𝑥 , 𝑦 , 𝑧    (22) 
 

Then the current expansion coefficient, 𝑎, can be computed 

as:  
 

              𝑀 𝑀  𝑎 𝑐.                 (23) 
 

Once we compute the coefficients 𝑎 𝑘 , 𝑘 , the scat-

tered electric field’s distribution is obtained at the receiver for a 

given 𝑘  and 𝑘  as: 
 

 𝐸 𝑘 , 𝑘 , 0 𝑖𝜔𝜇  
𝑖

2𝑘
𝑎 𝑘 , 𝑘 𝜆 𝑘 , 𝑘  𝜓 0,

 

𝑘 , 𝑘  

(24) 
 

The 3D problem was modeled by frequency domain finite el-

ement analysis using the COMSOL Multiphysics software with 

the same conditions and structure shown in Fig. 3. The calcu-

lated (using Eq. (24)) and the simulated (using COMSOL) 

scattered electric field results were compared at 11 wavenumbers 

(𝑘 0, 0.11 𝑘 , … . , 1.1 𝑘  𝑎𝑛𝑑 𝑘  0, 0.11 𝑘 , … 1.1 𝑘  ).  

The results are presented in Fig. 4; the diamonds and circles  

 
Fig. 4. Calculated (using Eq. (24)) and simulated (using COM-

SOL) scattered electric field results at 11 wavenumbers for 

the 2D problem. 

 

represent the field computations of the proposed method and 

the finite element simulation. As shown in Fig. 4, the solution 

of the proposed approach is very close to the finite element 

analysis solution.    

III. INVERSION APPROACH  

The inversion technique aims to estimate the physical varia-

bles that tolerably fit the scattered data [25]. In electromagnetic 

problems, responses from the model in the form of a scattered 

electric field are nonlinear functions of the proper model’s phys-

ical variables [26]. The physical variables of the model used can 

be predicted using nonlinearized or linearized inversion algo-

rithms [27]. In this paper, the inversion approach uses the de-

veloped forward solver repetitively as an integral part of the in-

verse technique. 

The proposed approach rearranges the nonlinear inversion 

process to find a solution of a set of linear equations. However, 

the final inversion equation is still nonlinear. This is done by 

modeling the electromagnetic inverse problem as a global opti-

mization problem, where the multivariable function of the 

problem is iteratively minimized using the simulated annealing 

technique [28, 29].  

Using simulated annealing in the inversion methodology al-

lows for a straightforward insertion of the a priori information 

into the forward model. Furthermore, the proposed inversion 

approach does not require the starting solutions to represent 

good estimates of the exact configuration of the structure. In 

this paper, optimization of the unknown electrical variables is 

conducted through an objective function, Ob, in the form of: 
 

            𝑂𝑏 ∑ |𝐸 𝐸 |                   (25) 
 

where 𝐸  is the measured electrical field collected at the kth 

wavenumber, for a total of K wavenumbers, and 𝐸  is the elec-

tric field computed at those wavenumbers based on what the 

2M material properties might be (the permittivities and conduc-
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tivities in our case). The objective function is therefore 2M-

dimensional: 
 

𝑂𝑏 ℱ 𝜀 , 𝜎 , 𝑚 1: 𝑀           (26) 
 

where 𝜀  and 𝜎  are the relative dielectric constant and 

conductivity of the mth object. The simulated annealing  

algorithm starts with initial estimates for the object’s electrical 

properties, driven by a priori knowledge of the possible range of 

the model’s physical parameters; this is called the current esti-

mates. 

The algorithm then generates new estimates with a random 

distance from the current estimates in the search space. This 

distance is selected by a probability distribution with a scale de-

pending on the current temperature. Afterwards, the algorithm 

determines whether the new estimates are better or worse than 

the current estimates by evaluating the objective function, Ob, 

for both the current and the new estimates.  

If the objective function value of the new estimates is less 

than that of the current estimates, the new estimates are accept-

ed in place of the current estimates. However, to avoid being 

trapped in the local minima, the algorithm can still accept new 

estimates that raise the value of the objective function in place of 

the current estimates. Thus, the new estimate of the object’s 

electrical properties is accepted either if it is better than the cur-

rent estimate or if it is worse than the current estimates but with 

a certain probability value. This probability is controlled by two 

main factors: the temperature and the difference between the 

current value and the new value of the objective function, and it 

can be defined by an acceptance function: 
 

            𝐹   ,            (27) 

 

where 𝑂𝑏  is the objective function value of the new esti-

mates, 𝑂𝑏  is the objective function value of the current 

estimates, and T is the current temperature. By accepting worse 

estimates based on an acceptance function, the algorithm will be 

able to explore globally for more possible solutions. However, 

during the algorithm iterations to find the best estimate, the 

simulated annealing algorithm systematically decreases the pro-

bability of accepting worse estimates by applying the designed 

cooling schedule 𝑇 , wherein the temperature decreases, leading 

to a lesser acceptance probability. In this paper, three simulated 

annealing cooling schedules are designed, implemented, and 

compared for performance. The first is exponential, where the 

cooling schedule is given by [30]: 
 

                 𝑇 𝑎  𝑇                      (28) 
   

where c = 1, 2, 3 . . . is the iteration number, T0 is the initial 

temperature, and a is the cooling rate. The second is called the 

fast cooling schedule and is given by: 

               𝑇                         (29) 
 

The third is called the Boltzmann cooling schedule, and is 

given by: 

                   𝑇 .                     (30) 

                                                          

Here we use 𝑇 100oC and a = 0.95 for the three cooling 

schedules. In this paper, the different simulated annealing tech-

niques were used to minimize the error between the predicted 

and computed electrical variables, aiming to reach an optimum 

error of 0%. However, if the algorithm cannot reach that goal, 

stopping criteria of 10,000 iterations is implied. After the stop-

ping criterion is achieved, the algorithm outputs the results that 

realize the value nearest to the optimum. 

IV. RESULTS AND DISCUSSION   

In this paper, for both the 2D and 3D problems, we selected 

10 possible structures from which to construct 10 case studies. 

Table 1 summarizes the possible permittivity and conductivity 

ranges of these structures. To measure the efficiency of the pro-

posed inversion technique, we identify a wideness factor that 

quantifies the wideness of each physical parameter range around 

the average. The wideness factor represents a priori knowledge  

 

Table 1. Physical properties of the 10 structures used in this paper 

along with their wideness factors 

Case study no.
Structure 

no. 

Relative  

permittivity, εr 
Conductivity, σ

1 Slab/box 1 5 0.0008

Object 2 10 0.0013

2 Slab/box 4 12 0.04

Object 3 7 0.008

3 Slab/box 3 6 0.004

Object 5 2.10 0.0025

4 Slab/box 3 10 0.0033

Object 1 7 0.0000125

5 Slab/box 3 11 0.001

Object 6 20 0.02

6 Slab/box 6 25 0.1

Object 8 5 0.0005

7 Slab/box 7 60 2.2 × 10–4

Object 6 40 0.0166

8 Slab/box 7 90 4 × 10–4

Object 9 25 1.6667 × 10–4

9 Slab/box 7 80 3.33 × 10–4

Object 8 4 1.11 × 10–4

10 Slab/box 10 30 0.01

Object 2 15 0.002



ELKATTAN: AN EFFICIENT TECHNIQUE FOR SOLVING INHOMOGENEOUS ELECTROMAGNETIC INVERSE SCATTERING PROBLEMS  

69 

  
 

Table 2. Physical properties of the ten forward case studies used in 

this paper 

Struc-

ture 

no. 

Relative 

permittivity, 

εr 

εr wide-

ness fac-

tor (%) 

Conductivity, σ 

σ wide-

ness fac-

tor (%)

1 4 to 8 66.66 1 × 10–5 to  

1 × 10–3 

180.95 

2 4.8 to 18.9 118.98 0.001 to 0.005 133.33

3 4.7 to 12 87.42 0.001 to 0.025 155.55

4 3.9 to 29.4 153.15 0.01 to 0.02 66.66

5 2.07 to 2.14 3.32 0.0013 to 0.25 197.93

6 7 to 43 144.00 0.01 to 1 196.00

7 50 to 105 70.96 0.0002 to 0.002 163.63

8 4 to 8 66.66 0.0001 to 0.002 180.90

9 5 to 30 142.80 0.000125 to 

0.001 

155.50

10 10 to 50 133.30 0.00001 to 0.1 199.90

 

for each structure and can be defined as: 
 

wideness %  
     

    
 100. 

(31) 
 

To test the inversion approach in terms of efficiency, values of 

the relative permittivity and conductivity of 10 structures were 

selected to reflect relatively large wideness factors. The inversion 

approach was then applied to the 10 case studies constructed 

from the available 10 structures. The case studies are summa-

rized in Table 2. To analyze the results of the inversion ap-

proach in terms of error, we defined a term for relative percent-

age error 𝑒  as follows: 
 

 𝑒 𝑎𝑏𝑠  
    

  
 100. 

(32) 
 

In order to evaluate the performance of different cooling 

schedules in terms of error, we calculated the error margin over 

100 times for each physical parameter for each cooling schedule 

as follows: 
 

             𝑒  = 
∑

, 𝑡 1,2, … . .100.            (33) 

 

1. The Two-Dimensional Problem  

Fig. 5. The 2D model considered in this paper. 

Fig. 5 illustrates the 2D inhomogeneous media used in this 

paper. The electromagnetic transmitter and receiver are posi-

tioned at the same point just above the top of the media with a 

frequency of one megahertz. For forward problem calculations, 

circles in Fig. 5 represent an indication of selected points within 

the slab, while the Xs represent an indication of the selected 

points inside the object. The inversion problem is formulated to 

estimate four electrical properties of both the slab and the object 

(i.e., 𝜀 , 𝜎 , 𝜀 , 𝜎  given the measured scattered electromag-

netic fields at K wavenumbers, with K = 11. The three proposed 

simulated annealing algorithms were evaluated for the ten 2D 

case studies, and an error margin, 𝑒 , against each case study is 

shown in Fig. 6 where a comparison is made between each cool-

ing schedule per electrical parameter. 

Results in Fig. 6 show that, among the three implemented 

cooling schedules, the Boltzmann cooling schedule achieves 

𝑒  25% as the worst value of the tested case studies. On the 

other hand, the fast and exponential cooling schedules provide 

𝑒  > 40%, in some tested case studies, although they achieve 

lower 𝑒  values than the Boltzmann cooling schedule in other 

cases. From the obtained results, it can be concluded that using 

the Boltzmann cooling schedule within the inversion method-

ology provides a relatively low error margin for most of the es-

timated parameters compared with the other cooling schedules. 

Also, as the 𝑒 % resulting from the Boltzmann cooling sched-

ule are far lower than the wideness factors of the physical pa-

rameters, it can be concluded that the inversion methodology 

achieves better a posteriori knowledge about each physical pa-

rameter than the a priori knowledge. The estimated physical 

parameters can therefore be interpreted correctly after applying 

the proposed inversion methodology as its estimated values are 

within its specified range.  

 

2. The Three-Dimensional Problem 

Fig. 7 illustrates the 3D inhomogeneous media presented in 

this paper. For forward problem calculations, spheres represent 

an indication of selected points within the box, while pyramids 

represent an indication of the selected points inside the object. 

Here, the transmitter and receiver are located at the same place 

on top of the media with a frequency of 1 MHz. The inversion 

problem is formulated to estimate four electrical properties for 

both the object and the box (i.e., 𝜀 , 𝜎 , 𝜀 , 𝜎 ) given the 

measured scattered electromagnetic fields at K wavenumbers, 

with K = 11. For the presented inversion approach, three simu-

lated annealing cooling schedules were assessed for the 10 pro-

posed 3D case studies. An error margin, 𝑒 , for each case 

study is presented and compared in Fig. 8, where a compa-  

rison is made between each cooling schedule per electrical pa-

rameter. 
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Fig. 7. The 3D model considered in this paper. 

 

Results reveal that 𝑒  for the Boltzmann cooling schedule 

does not exceed 30% in the worst case among the investigated 

case studies. The exponential and fast cooling schedules result in 

a higher 𝑒  of > 50% in the worst-case although they may give 

a lower 𝑒   than the Boltzmann cooling schedule in other cas-

es. It can therefore be concluded that, for the 3D problem, ap-

plying the Boltzmann cooling schedule within the inversion 

methodology provides better a posteriori knowledge than a priori 

knowledge. This is due to the relatively low 𝑒  of the estimated 

value compared to the wideness factor of the physical parame-

ters, which in turn results in the correct interpretation of the 

investigated parameters. 

V. CONCLUSION  

In this paper, an inversion scheme using the simulated an-

nealing technique has been presented to solve both 2D and 3D 

inhomogeneous nonlinear inverse scattering problems. First, a 

forward model was developed using a meshless formulation to 

solve Maxwell’s equations. The proposed forward model was 

designed to reduce computational complexity, compared with 

conventional methods, and therefore to take less time to per-

form repetitive computations. Second, an inversion approach 

was proposed to estimate the electric properties of the investi-

gated 2D and 3D scatterers using information about the elec-

tromagnetic source and scattered data. Three simulated anneal-

ing cooling schedules were evaluated against 2D and 3D case 

studies. The results show that using the Boltzmann cooling 

schedule gives a worst-case error of 25% for the 2D case studies 

and 30% for the 3D case studies. The posterior knowledge of 

the electric properties of the investigated scatterer is far better 

than the prior knowledge. These results reveal the efficiency of 

the presented inversion approach in providing relatively good 

estimates about the investigated electric properties of the scat-

terer within their natural range, taking into account the non- 

 

(a) (b) 

   

(c) (d) 

Fig. 6. Error margins in the 2D problem using exponential, fast, and Boltzmann cooling schedules for the 10 case studies: (a) relative 

permittivity and (b) conductivity values of the slab; (c) relative permittivity and (b) conductivity values of the object. 
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uniqueness nature of such problems. The proposed approach 

can be used to solve the inverse scattering problem for inhomo-

geneous media in different areas of research.  
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I. INTRODUCTION 

The propagation of electromagnetic waves in dispersive me-

dia can be characterized by abnormal phases, group delays, and 

velocities [1, 2]. In a specific frequency band of an anomalous 

dispersion, the abnormal group delay velocity is observed to be 

greater than the speed of light in vacuum or even a negative 

value [3]; this occurrence is defined as superluminal group ve-

locity or negative group delay (NGD). NGD and NGD veloci-

ty are associated with each other. That is, the peak of the pulse 

envelope emerges from the medium at an instant before the 

peak of the pulse enters the medium.  

Such a seemingly anti-causal phenomenon does not violate 

the principle of causality as the turn-on and turn-off points of 

the wave packet propagate with a positive delay in agreement  

with the causality requirements [4]. Theoretical and experi-

mental investigations in the fields of electronic and microwave 

engineering have confirmed that different active and passive 

circuit topologies can generate the NGD phenomenon [5–13]. 

Moreover, researchers have been trying to find applications for 

NGD or the superluminal effect in various electronic circuits 

including enhancing the efficiency of a feed-forward amplifier, 

shortening delay lines, realizing non-Foster reactive elements, 

and minimizing beam-squint problems in series-fed antenna 

array systems [13–17]. 

As NGD can be generated within a limited frequency band 

under a signal attenuation condition, various RLC resonator-

based NGD circuits have been presented in the literature [6–9]. 

However, these conventional circuits have a fixed NGD. Efforts 

have been made to design a reflective-type reconfigurable NGD 

circuit using a 3-dB hybrid and RLC resonator [18–20], which  
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suffers from high insertion loss (IL). The IL in these works can 

be improved by increasing the characteristic impedance of the 

resonators and decreasing the value of R for the required NGD. 

However, the improvement of IL is limited because practically, 

implementing a high characteristic impedance (>130 Ω) mi-

crostrip line in PCB technology is difficult. A transmissive-type 

reconfigurable NGD circuit based on an open radial stub patch 

and a short-circuited stub with PIN diode is presented in [20]. 

To make a symmetrical structure, two units of NGD circuits are 

cascaded back to back, which increasing overall size and IL.  

In this paper, a transmissive-type reconfigurable NGD circuit 

with low IL is demonstrated using a short-circuited coupled line 

and a PIN diode. Analytical design equations are derived to 

obtain the predefined NGD and IL.  

II. ANALYTICAL ANALYSIS 

Fig. 1 shows the proposed structure of the reconfigurable 

NGD circuit, which consists of series transmission lines (TLs) 

and a shunt short-circuited coupled line where the isolation port 

is terminated with a variable resistor R. The characteristic im-

pedance and electrical length of the series TLs are denoted as Z0 

and θ0/2, respectively. The even- and odd-mode impedances of 

the coupled line are represented as Z0e and Z0o, respectively. Z0e 

and Z0o  are expressed in terms of the characteristic impedance 

Zc and the coupling coefficient C of the short-circuited coupled 

line as (1).  
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Using circuit theory, the overall S-parameters of the proposed 

circuit are derived as (2). 
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Fig. 1. Proposed reconfigurable NGD circuit with low IL. 
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Moreover, f and f0 are the operating and design center fre-

quencies, respectively. Using the phase of S21, the group delay 

(GD) of the proposed circuit can be derived as (4).  
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Finally, the S-parameters and GD at f = f0 of the proposed 

circuit are simplified as (6).  
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From (6c), the proposed circuit can generate NGD (GD < 0 

ns) if R is given as (7).  
 

 2 2 2
0 0 0 0 0 0 0

0

4c c cZ Z C Z Z C Z CZ Z
R

Z

    


  


     (7) 
 

To validate the analysis, the calculated circuit parameters of 

the proposed reconfigurable NGD circuit are shown in Fig. 2 
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Fig. 2. Calculated group delay, |S21|, and |S11| according to Zc and 

R with f0 = 2.14 GHz, C = -16 dB, and θ0 = 70o.  

 

 
Fig. 3. Calculated group delay, |S21|, and |S11| according to C and R 

with f0 = 2.14 GHz, Zc = 400 Ω, and θ0 = 70o.  

 

with different Zc and R. As observed in Fig. 2, the NGD and 

IL increased as R increases. Moreover, the proposed circuit can 

provide a low IL with the same NGD tuning range with high 

Zc, but the range of R is high for the same NGD. Fig. 3 shows 

the calculated NGD, IL, and input/output return losses 

according to the coupling coefficient (C) of the coupled line. As 

shown in Fig. 3, a higher NGD with the same IL and 

input/output return losses can be achieved by decreasing C. 

Fig. 4 shows the calculated S-parameters and GD response of 

the proposed circuit. As shown in Fig. 4, the NGD is reconfig- 

ured from -0.5 ns to -2 ns at f0 = 2.14 GHz when R is 

 

Fig. 4. Calculated S-parameters and GD with Zc = 400 Ω, C = -18 

dB, and θ0/2 = 35o.  
 

 
(a) 

 

 
(b) 

Fig. 5. (a) Equivalent circuit model and (b) measured reflection 

coefficient of the PIN diode HSMP-4810 at f0 = 2.14 

GHz. The parasitic components are Rs = 3 Ω, Ls = 1 nH, 

and Cj = 0.35 pF.    

 

changed from 1.50 kΩ to 2.91 kΩ. The IL and input/output 

return losses vary from 1.829 dB to 3.27 dB and 14.43 to 10.6 

dB at f0 = 2.14 GHz, respectively.   

To implement the proposed reconfigurable NGD circuit, R 

should be applied with the PIN diode, which functions as a 

current-controlled variable resistor at microwave frequencies. In 

this work, the PIN diode HSMP-4810 from Avago was used. 

Fig. 5(a) shows the equivalent circuit model of the PIN diode. 

The input impedance of the PIN diode HSMP-4810 is not 

purely resistance as shown in Fig. 5(b), because of the parasitic 

components, which degrade the NGD performance of the re-

configurable NGD circuit at f0.  
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(a)                       (b) 

Fig. 6. (a) A short-circuited coupled line terminated with the ideal 

R and (b) a parasitic compensated PIN diode with Rs = 3 Ω, 

Ls = 1 nH, and Cj = 0.35 pF.   

 

To obtain reconfigurable NGD results consistent with the 

analytical circuit analysis, the parasitic components of the PIN 

diode is compensated using TL (Z1, θ1) as shown in Fig. 6 [18]. 

To validate the proposed parasitic compensation method, the 

input impedances of the short-circuited coupled line with the 

ideal R and TL terminated with the PIN diode are shown in 

Fig. 7. As shown in the figures, the imaginary part of the input 

impedances (Fig. 6) at f0 = 2.14 GHz are maintained at around 

zero, and reconfigurable real part of the input impedances is the  

 

 
Fig. 7. Input impedance of a short-circuited coupled line terminat-

ed with the ideal R and a parasitic compensated PIN diode 

with Zc = 400 Ω, C = -18 dB, R1 = 1,480 Ω, Z1 = 120 Ω, 

and θ1 = 83.5o 

 

 
Fig. 8. Group delay with the ideal R and a parasitic compensated 

PIN diode with Zc = 400 Ω, C = -18 dB, R1 = 1,480 Ω, Z1 

= 120 Ω, θ1 = 83.5o, Rs = 3 Ω, Ls = 1 nH, and Cj = 0.35 pF. 

same as the short-circuited couple line terminated with the ideal 

R. 

Fig. 8 shows the GD responses of the proposed reconfigura-

ble NGD circuit with the ideal R and parasitic compensated 

PIN diode. The GD of the parasitic compensated PIN diode is 

almost the same as the analytical calculated results using (4).    

III. SIMULATION AND MEASUREMENT 

For experimental validation, the proposed circuit is designed, 

fabricated, and measured at f0 = 2.14 GHz using the substrate 

RT/duroid 5880 with a dielectric constant of 2.2 and thickness 

of 0.787 mm. The goals are to achieve the GD variation of -0.5 

ns to -2 ns and input/output return losses higher than 10 dB at 

f0. Based on the above design specification, the calculated circuit 

parameters are determined as Zc = 400 Ω, C = -17 dB, Z0e = 

65.80 Ω, Z0o = 49.51 Ω, θ0 = 70o
, Z0 = 50 Ω, and R = 1.57 to 

3.14 kΩ. The physical layout with the dimensions and a photo-

graph of the fabricated circuit are shown Fig. 9.   

Fig. 10 illustrates the simulated and measured GD and |S21| 

results. The measurement results agreed well with the simula-

tion results. From the measurement, the GD is reconfigured 

from -0.49 ns to -2.02 ns with an IL variation of 2.08 to 3.60 

dB at f0 = 2.14 GHz when the bias voltage varies from 0.779 V 

to 0.66 V. The NGD bandwidths (bandwidth of GD < 0 ns) 

are achieved from 90 MHz to 50 MHz for the overall tuning 

range of GD. Fig. 11 shows the measured |S11| and |S22|, which 

vary from -14.12 to -10.01 dB for the overall GD range. Ta-

ble 1 shows the performance comparison of the proposed circuit 

with the state-of-the-art. As shown in Table 1, the proposed 

work has an IL of 3.60 dB when the GD is equal to -2 ns. 

However, the ILs—28.60 dB in [18], 19.50 dB in [19], and 

4.50 dB in [20]—are higher than that of the proposed work for 

the same GD (e.g., GD = -2 ns). Therefore, the proposed  

 

 
      (a)                            (b) 

Fig. 9. (a) Physical layout and (b) photograph of the fabricated 

reconfigurable NGD circuit. Physical dimensions: R1 = 1.5 

kΩ, Cdc = 18 pF, L0 = 16, W0 = 2.4, Wc = 1.8, gc = 0.8, Lc = 

25, W1 = 0.5, L1 = 3.7, L2 = 5.6, L3 = 3.70, L4 = 3, L5 = 4.4, 

and L6 = 6 (unit: mm). 
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(a) 

(b) 

Fig. 10. Simulated and measured results of the proposed reconfigu-

rable NGD circuit: (a) group delay and (b) |S21|.  
 

 
Fig. 11. Measured |S11| and |S22|. 

 

circuit provides a reconfigurable NGD with a low IL compared 

with the state-of-the-art [18–20]. 

IV. CONCLUSION 

This paper demonstrates a reconfigurable NGD circuit with a 

low IL using a coupled line and a parasitic compensated PIN 

diode. Both the analytical and experimental results validate the 

proposed circuit. To obtain consistent results with the analytical 

analysis, the parasitic components are compensated by using the 

Table 1. Performances comparison of proposed NGD circuit with 

state-of-the-arts 

Ref.
f0 

(GHz)

GD 

(ns) 

IL 

(dB) 

NGD BW 

(MHz) 
A 

[6] 0.45 -1.52 14.5* 103 N 

[7] 2.14 -1.76 16 60 N 

[8] 1.96 -6.5 21.20 200 N 

[9] 1.96 -5.90 39.25 140 N 

[18] 2.14 -2 to -20 28.6–46.1 80–40 Y 

[19] 2.14 -2 to -20 19.5–41.5 80–40 Y 

[20] 1.73 -2 to -10 4.50–9.30 40–30 Y 

This 

work

2.14 -0.5 to  

-2.02 

2.08–3.60 90–50 Y 

A = NGD tenability, NGD BW = bandwidth of GD < 0 ns, * = 

active NGD circuit. 

 

TL terminated PIN diode. The measurement results agreed 

well with the analytically predicated and simulation results. The 

proposed circuit is expected to apply in various applications of 

microwave communication systems.    
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In the paper entitled “Panel Misalignment Effects on the Radiation Pattern from a Solid Surface Deployable Antenna (Jour-
nal of Electromagnetic Engineering and Science, vol. 19, no. 4, pp. 253–258, 2019)”, a typographical error occurred in equa-
tion (8). The correct equation follows: 
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