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Abstract ─ A novel design of surface plasmon (SP) 

photonic crystal fiber (PCF) for DNA hybridization 

detection is proposed and analyzed. The suggested 

biosensor relies on plasmonic D-shaped PCF 

configuration. Accordingly, the core guided mode in the 

silica core is coupled with the SP mode near the 

plasmonic layer. The resonance wavelength is sensitive 

to the DNA hybridization process. Therefore, the 

suggested bio-sensor is studied to maximize the DNA 

hybridization detection sensitivity by adjusting the 

structural geometrical parameters. The numerical results 

are obtained using full vectorial finite element method 

with perfectly matched layer boundary condition and 

non-uniform meshing capabilities. The reported D-

shaped PCF offers high wavelength sensitivity of 405.4 

nm/RIU with a corresponding amplitude sensitivity of 

5.65 RIU−1. Consequently, the applications based on 

DNA classification can be potentially implemented by 

the reported biosensor. 

 

Index Terms ─ D-shaped fiber, DNA hybridization, 

photonic crystal fiber, plasmonic biosensor. 
 

I. INTRODUCTION 
Photonic crystal fiber (PCF) [1] is one of the most 

reliable designs in the field of waveguides and optical 

sensors. PCFs are characterized by their high field 

confinement, low attenuation loss, high effective mode 

area and high design flexibility. Further, adding a 

plasmonic material to the PCF structure allows the 

coupling between the core guided modes and the surface 

plasmon (SP) modes. The coupling takes place when the 

real parts of the effective indices of the core and SP 

modes are the same. The plasmonic PCFs have been 

widely used for Glucose level monitoring [2] and cancer 

early detection [3]. However, it will be used in the 

current manuscript for DNA hybridization detection 

which has become of great importance. Through the 

DNA hybridization process, the single stranded DNA 

(ssDNA) is transformed into double stranded DNA 

(dsDNA) when the two complement ssDNA sequences 

are merged together. To detect the hybridization process, 

two techniques can be used, namely label free and label-

based. The label based mechanism requires a complex 

handling for the liquid along with labeling procedure 

with a long assay time. Therefore, the label-free 

procedure is highly needed for monitoring bimolecular 

interaction in real time without the labeling process. A 

slot-waveguide biosensor based on label-free mechanism 

for detecting DNA hybridization has been suggested 

with sensitivity of 856 nm/RIU and a corresponding 

detection-limit of 1.43 × 10−6 RIU [4].  In addition, Yin 

et al. [5] have investigated a thin-core fiber based modal 

interferometer DNA sensor. Such a sensor is based on 

layer-by-layer self-assembly where a sensitivity of 0.27 

nm/matched-base has been obtained at a concentration 

of 1 mM. Further, an interferometric reflectance imaging 

sensor has been suggested to quantify the mass density 

for DNA [6]. Furthermore, a sensitivity of 893.5 nm/RIU 

has been achieved using a horizontal slot waveguide 

biosensor with a ring resonator arrangement [7]. However, 

the analysis of the proposed designs in [4, 7] does not 

study the whole system with the suggested micro-ring 

resonator. Moreover, a microfiber Bragg grating (mFBG) 

was presented as a sensing probe for DNA hybridization 

detection with a surrounding refractive index (SRI) 

resolution up to 2.6 × 10−5 RIU [8]. Additionally, an in-

line fiber Michelson interferometer based optofluidic 

biosensor was proposed for the detection of DNA 

hybridization with a detection limit of 5 nano-Mole (nM) 
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[9]. Further, a microfiber Bragg grating (mFBG) based 

reflective fiber-optic biosensor has been investigated in 

[10] for DNA hybridization detection using layer-by-

layer self-assembly technology. Recently, PCF biosensor 

has been proposed with plasmonic rod for the detection 

of DNA hybridization with a sensitivity of 94.59 nm/RIU 

[11]. In addition, Kaye et al. [12] have used a localized 

SPR (LSPR) coupled fiber-optic (FO) nano-probe for the 

detection of DNA hybridization and DNA concentrations 

with detection limit of 10 fM. Moreover, a highly sensitive 

hybrid plasmonic slot-waveguide (HPSW) biosensor 

based on silicon-on-insulator was proposed by Hameed 

et al. [13] for DNA hybridization detection. Such a sensor 

[13] is characterized by sensitivity of 1890.4 nm/RIU 

and a detection-limit of 2.65 × 10−6 RIU. However, the 

HSPW has a complex structure for fabrication. 

In this paper, a D-shaped PCF biosensor is presented 

and analyzed for detecting DNA hybridization process. 

The proposed design achieves wavelength and amplitude 

sensitivities of 405.4 nm/RIU and 5.65 RIU−1, 

respectively. Further, the suggested D-shape design has 

the advantage of fabrication simplicity with higher 

sensitivity than 94.59 nm/RIU of that presented in [11]. 

Further, the reported sensor relies on the widely 

fabricated hexagonal PCF with a great capability for 

applications based on DNA classification.  
 

II. NUMERICAL TECHNIQUE 
In this study, full vectorial finite element method 

(FVFEM) [14, 15] is used for the modal analysis of  

the suggested DNA biosensor. Based on Maxwell’s 

equations, the following magnetic field based vector 

wave equation can be expressed as: 

          ∇  × (ε−1 ∇ ×  H) −  ω2μ0H =  0,              (1) 

where μ0 is the free space permeability and ω is the 

angular frequency. In addition, ε= ε0 εr is the waveguide 

material permittivity where εr is the relative permittivity 

and ε0 is the free space permittivity. By applying the 

standard finite element method to the wave equation, the 

following eigenvalue equation can be obtained:  

                          [K]{H}– β2[M]{H} =  {0},                    (2) 

where [H] is the global magnetic field vector, [M] and 

[K] are the global mass and stiffness matrices, β is  

the propagation constant and {0} is the null vector. By 

solving the eigenvalue equation, the eigenvalue β and  

the wave vector H can be determined. Moreover, the 

propagation constant β for a specific mode is used to 

calculate the effective index via neff = β/k, given that k is 

the wavenumber of free space. In this study, the FVFEM 

is used via Comsol Multiphysics 5.4 software package 

[16]. Through the modal analysis of the suggested 

biosensor, non-uniform meshing is used with minimum 

element size of 1.12 × 10−4 𝜇𝑚. Further, 399217 degrees 

of freedom are employed to maximize the calculation 

accuracy and save the computation cost. An AMD dual-

core computer processor at 2.9 GHz with 8.0 GB RAM 

and 64-bit operating system has been used to run the 

software with an average runtime of 120 seconds/run. 

 

III. DESIGN CONSIDERATIONS AND 

NUMERICAL RESULTS 
To justify our choice of the D-shape configuration, 

a complete ring–shaped PCF biosensor design will be 

first considered as shown in Fig. 1 (a). The  sensor is 

based on one ring of hexagonal lattice PCF with a solid 

core and silica background material. The proposed PCF 

biosensor has air holes diameter d and a hole pitch Λ 

while the silver layer has a thickness t. An additional air 

hole of diameter ds = 0.3d is also added at a distance 

dy =  0.65 Λ below the center to enhance the biosensor 

sensitivity. It may be seen from Fig. 1 (a) that the silver 

layer is deposited on the outer surface of the PCF 

followed by a linker layer which attracts the DNA 

strands. The linker layer consists of silane with 1 nm 

thickness and 1.42 index of refraction. Further, the DNA 

strands are added after the linker layer. According to [4], 

the thickness of the DNA layer before (ssDNA) and after 

(dsDNA) the hybridization process is the same value of 

8 nm. Moreover, the refractive indices of the ssDNA and 

dsDNA layers are equal to 1.456 and 1.53, respectively. 

Further a water layer of refractive index 1.33 is added 

where the DNA strands are inserted. Additionally, the 

computational domain is truncated by using PML layer.  

The relative permittivity of silica glass εs  is 

dependent on the wavelength λ in μm via [11]: 

            𝜀𝑠 = 1 +
𝐵1𝜆2

𝜆2 − 𝐶1
+

𝐵2𝜆2

𝜆2 − 𝐶2
+

𝐵3𝜆2

𝜆2 − 𝐶3
 ,          (3) 

where the constants B3, B2 and B1 have values of 

0.8974794, 0.4079426 and 0.6961663, respectively. On 

the other hand, C3, C2 and C1 are equal to 97.9340025 

μm2, 0.0135120631 μm2 and 0.00467914826 μm2, 

respectively. Additionally, the relative permittivity of 

the silver can be obtained using the following Drude-

Lorentz model [17]: 

  𝜀𝐴𝑔 = 1 −
Ω𝑝

2

𝜔(𝜔 − 𝑖Γ0)
+ ∑

𝑓𝑗𝜔𝑝
2

(𝜔𝑗
2 − 𝜔2) + 𝑖𝜔Γ𝑗

𝑘

𝑗=1

 ,   (4) 

where 𝜔𝑝 is the plasma frequency, k is the number of 

oscillators with frequency 𝜔𝑗, strength 𝑓𝑗, and lifetime 

1/Γ𝑗, while Ω𝑝  = √𝑓0𝜔𝑝 is the plasma frequency 

associated with intraband transitions with oscillator 

strength 𝑓0 and damping constant Γ0. 

Figure 1 (b) shows the wavelength dependence of 

the real parts of the effective index of the transverse 

magnetic (TM) SP mode and the TM core guided mode. 

Additionally, the confinement loss for the quasi TM core 

guided mode is also presented in Fig. 1 (b). The study is 

carried out at Λ = 1.2 μm, d = 0.56 μm, t = 70 nm and 
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ssDNA layer with index of refraction of 1.456. The inset 

of Fig. 1 (b) shows that at λ = 700 nm away from the 

coupling wavelength, the quasi TM core guided mode 

has a good confinement to the core region. Accordingly, 

the real parts of the effective index of both the core 

guided and the SP modes are away from each other and 

no coupling occurs. On the other hand, at λ = 745 nm, 

the real parts of the effective index of both the quasi TM 

core guided mode and SP mode are the same. As a result, 

the power transfer to the SP mode from the core mode is 

maximum where the quasi TM core guided mode is less 

confined in the core region as shown in the inset of Fig. 

1 (b). 
 

 
 

Fig. 1. (a) 3D schematic diagram of ring shaped DNA 

SPR PCF biosensor, and (b) Effective indices of the main 

component of the SP mode and the quasi TM core mode 

along with the confinement losses of the TM core mode 

as a function of the wavelength at nDNA = 1.456. The 

inset shows field plots of the SP mode and the 

fundamental components of the quasi TM core mode at 

wavelengths of 700 nm and 745 nm. 

 

The sensitivity of the suggested DNA sensor to the 

degree of hybridization is tested via the interrogation 

methods for both the wavelength and amplitude. The 

wavelength sensitivity can be calculated via the change 

in the resonance wavelength for the two DNA cases 

(n=1.456 for ssDNA and n=1.53 for dsDNA) [4] as 

follows [2]: 

          𝑆𝜆 =   𝜕𝜆0(𝑛𝐷𝑁𝐴) 𝜕𝑛𝐷𝑁𝐴⁄ , nm/RIU          (5) 

where λ0 is the resonance wavelength for a specific DNA  

refractive index 𝑛𝐷𝑁𝐴. Additionally, the amplitude 

sensitivity (RIU−1) can be obtained using the following 

equation [2]: 

                𝑆𝐴 = −
𝜕𝛼(𝜆, 𝑛𝐷𝑁𝐴 )/(𝜕𝑛𝐷𝑁𝐴 )

𝛼(𝜆, 𝑛𝐷𝑁𝐴)
 ,                 (6) 

where α(λ,nDNA) is the confinement loss of the core 

guided mode as a function of the DNA refractive index 

nDNA and wavelength 𝜆. Unfortunately, the numerical 

study results in very low wavelength and amplitude 

sensitivities of 13.5 nm/RIU and 0.33 RIU−1, respectively. 

Accordingly, to enhance the sensitivity of the DNA 

biosensor, a horizontal etching is applied on the PCF to 

obtain a D-shaped SPR PCF as shown in Fig. 2 (a). The 

D-shape is obtained by removing two rows of the air 

holes via horizontal etching. The core region is obtained 

by introducing a solid silica rod instead of a capillary in 

the central region. The proposed PCF structure has a 

hexagonal lattice with air holes diameter d and a hole 

pitch Λ as presented in Fig. 2 (a). Further, a silver layer 

of thickness t is deposited on the etched surface which 

serves as a plasmonic material. Additionally, a layer of 

silane with thickness 1 nm and refractive index of 1.42 

is added above the silver as a linker layer for DNA 

strands. 
 

 
 

Fig. 2. (a) 3D schematic diagram of D-shaped DNA  

SPR PCF biosensor, and (b) effective indices of the main 

component of the SP mode and the quasi TM core mode 

along with the confinement losses of the TM core mode 

as a function of the wavelength at nDNA = 1.456. The 

inset shows field plots of the SP mode and the 

fundamental components of the quasi TM core mode at 

wavelengths of 500 nm, 611 nm and 700 nm. 
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It is worth noting that the thickness of the DNA 

layer before and after the hybridization process has the 

same value of 7 nm [4]. Additionally, the DNA layer  

is surrounded by a water of refractive index 1.33. The 

modal analysis is performed on a computational domain 

of rectangular shape having a width 11.04 𝜇𝑚 and a 

height 9.05 𝜇𝑚 with a PML boundary condition. Further, 

minimum element size of 0.000232 𝜇𝑚 and 305113 

degrees of freedom are used to describe the used non 

uniform mesh. Due to the horizontal etching of the 

plasmonic D-shaped PCF, only TM modes are considered 

in the following study. The dependency of the real parts 

of the effective indices of the SP mode and the TM core 

guided mode along with the confinement loss for the 

quasi wavelength dependent TM core guided mode are 

presented in Fig. 2 (b). This investigation is performed 

at Λ = 1.2 𝜇𝑚, 𝑑 = 0.6 𝜇𝑚, 𝑡 = 70 𝑛𝑚 with a ssDNA 

layer of refractive index 1.456. The field plots in the inset 

of Fig. 2 (b) clarify that away from the coupling 

wavelength (500 nm and 700 nm), the TM core guided 

mode is well confined to the core region where no 

coupling is obtained between the core guided mode and 

the SP mode. However, at the coupling wavelength of 

611 nm, both the SP mode and the TM core guided  

mode have the same effective index. Accordingly, the 

confinement loss has its maximum value at the coupling 

wavelength of 611 nm. The suggested D-shaped DNA 

biosensor’s sensitivity is optimized by controlling the 

structural geometrical parameters such as the hole pitch 

Λ, the air holes diameter d and the silver layer thickness 

t. First, the hole pitch is considered with the following 

values: 1.2 μm, 1.3 μm and 1.4 μm while the air hole 

diameter and the silver thickness are kept constant at  

0.6 μm and 70 nm, respectively. Figure 3 represents the 

wavelength dependence of the loss spectra along with the 

amplitude sensitivity for ssDNA and dsDNA at different 

hole pitch values. It can be realized from Fig. 3 (a) that 

at Λ = 1.2 μm, the coupling wavelength is found at 611 

nm for the ssDNA (nDNA = 1.456), while the dsDNA 

case (nDNA = 1.53) has a resonance wavelength of 630 

nm. The resultant shift in the wavelength is equal to 19 

nm and the corresponding wavelength sensitivity is 

256.75 nm/RIU. In addition, the amplitude sensitivity for 

the same Λ is equal to 5.66 RIU−1 as shown in Fig. 3 (d). 

At Λ = 1.3 μm, the resonance wavelength has a blue 

shift to 602 nm and 617 nm for the ssDNA and dsDNA, 

respectively. Accordingly, Figs. 3 (b) and (e) show that 

both the amplitude and wavelength sensitivities are 

decreased to 5.06 RIU−1 and 202.70 nm/RIU, respectively. 

When Λ = 1.4 μm is used, the resonance wavelengths 

have further blue shifts as may be seen from Fig. 3 (c) to 

593 nm and 610 nm for ssDNA and dsDNA, respectively. 

Figures 3 (c) and (f) reveal that the corresponding 

amplitude and wavelength sensitivities are equal to  

5.79 RIU−1 and 229.72 nm/RIU, respectively. Therefore,  

the hole pitch will be kept constant at 1.2 μm with  

high sensitivity of 256.75 nm/RIU in the subsequent 

simulations. The same study is carried out for silver layer 

thickness with three values of 60 nm, 70 nm and 80 nm 

while the air holes diameter and hole pitch are fixed at 

0.6 𝜇𝑚 and 1.2 𝜇𝑚, respectively. Figure 4 shows the 

amplitude sensitivity and confinement loss as a function 

of the wavelength for different silver layer thicknesses. 

Figure 4 (a) and shows that at t = 60 nm, the resonance 

occurs at λ=611 nm and 627 nm, respectively. 

Consequently, the obtained 𝑆𝐴 and 𝑆𝜆 are equal to 

7.71 RIU−1 and 216.21 nm/RIU, respectively. At a silver 

layer thickness of 70 nm, the resonance wavelength has 

the same value for ssDNA (611 nm) and a slight increase 

for dsDNA (630 nm). 
 

 
 

Fig. 3. Confinement losses for the quasi TM core mode 

and amplitude sensitivity as a function of the wavelength 

for ssDNA and dsDNA layers at different values of Λ. 

 

Therefore, an increase in the wavelength sensitivity 

to 256.75 nm/RIU is realized while the obtained 𝑆𝐴 is 

reduced to 5.66 RIU−1 as may be seen from Figs. 4 (b) 

and (e). Further, Fig. 4 (c) reveals that the resonance 

wavelengths are similar to that of 60 nm at a silver 

thickness of 80 nm. As a result, the obtained wavelength 

sensitivity has the same value of 216.21 nm/RIU while a 

further decrease in the amplitude sensitivity to 3.6 RIU−1  

is obtained as shown in Fig. 4 (f). The next study is 

concerned with the diameter of the air holes with values 

of 0.52 𝜇𝑚, 0.56 𝜇𝑚 and 0.60 𝜇𝑚, where the hole pitch 

and silver layer thickness are kept constant at 1.2 𝜇𝑚 and 

70 𝑛𝑚, respectively. It may be seen from Fig. 5 (a) that 

at 𝑑 = 0.52 𝜇𝑚, the coupling occurs at wavelengths of 

609 nm and 636 nm for ssDNA (nd = 1.456) and dsDNA 

(nd = 1.53), respectively. Therefore, the corresponding 

amplitude and wavelength sensitivities are equal to 7.69 

RIU−1 and 364.68 nm/RIU, respectively as observed 

from Figs. 5 (a), (d). It may be also observed from Fig.  

5 (b) that using air holes diameter of 0.56 𝜇𝑚 could  

shift the resonance wavelengths to 610 nm and 640 nm 

for ssDNA (nd = 1.456) and dsDNA (nd = 1.53), 

respectively. Accordingly, a high wavelength sensitivity 

of 405.4 nm/RIU is obtained while a slight decrease in 
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the amplitude sensitivity to 5.62 RIU−1 is realized from 

Figs. 5 (b) and (e). When the air holes diameter is 

increased to 0.6 𝜇𝑚, the resonance is obtained at 611 nm 

for ssDNA and 630 nm for dsDNA. The corresponding 

wavelength sensitivity is decreased to 256.75 nm/RIU 

while the amplitude sensitivity is nearly the same. 

 

 
 

Fig. 4. Confinement losses for the quasi TM core mode 

and amplitude sensitivity as a function of the wavelength 

for ssDNA and dsDNA layers at different values of silver 

layer thickness t. 
 

The suggested D-shaped PCF DNA biosensor is 

based on silica glass hexagonal lattice which can be 

fabricated using the well-known stake and draw method 

[18] where the air holes can be arranged with high 

accuracy. Additionally, the D-shaped configuration can 

be accomplished via fiber polish where splicing is 

applied for long PCF between two single-mode fibers. 

Then, the spliced fiber is fixed by using a pair of fiber 

holders. Additionally, the polishing length and depth is 

accurately controlled by a computer program. Moreover, 

the silver nano-layer can be obtained using thermal 

evaporation, sputtering technique and wet-chemistry 

technique [3]. Further, surface roughness can be 

minimized via employing chemical vapor deposition 

(CVD) technique [1]. It is worth noting that slot 

waveguides biosensors [4, 7, 13] have complex structures 

with very small geometrical parameters and different 

layers of different materials. In addition, the coupling to 

the slot waveguide with a photonic strip-slot waveguide 

is needed which suffers from undesired back-reflection. 

Further, mode conversion may occur at the coupling 

interface which decreases the biosensor sensitivity [19]. 

In addition, the design in Ref. [11] is based on gold 

nanowires infiltration which is considered also of high 

complexity. Further, the technique used in calculating 

the sensitivity in the slot waveguide designs is based on 

obtaining the shift in the resonance wavelength via the 

difference in the effective index of the fundamental core 

mode. On the other hand, the design of Ref. [11] and  

the current design are based on obtaining the actual  

shift in the resonance peek of the confinement loss. 

Accordingly, the current design uses a more applicable 

and accurate technique. Moreover, the actual shift in the 

resonance wavelength for the current design (30 nm) is 

far higher than any of the preceding designs. Therefore, 

the sensitivity value of the current design has more 

reality than those of the other designs. 
 

 
 

Fig. 5. Confinement losses for the quasi TM core mode 

and amplitude sensitivity as a function of the wavelength 

for ssDNA and dsDNA layers at different values of d. 
 

IV. CONCLUSION 
An innovative structure of SPR PCF biosensor for 

DNA hybridization detection is proposed and analyzed. 

The reported design is based on D-shaped configuration 

with high amplitude and wavelength sensitivities of 

5.65 RIU−1 and 405.4 nm/RIU, respectively. Further, 

the suggested DNA biosensor has advantage in terms  

of simplicity for the fabrication process. Therefore, the 

applications based on DNA classification can be 

potentially implemented by the proposed biosensor with 

simple and efficient label free technique. 
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Abstract ─ This paper addresses a novel rotationally 

symmetric technique with multiple constraints for sparse 

conformal array synthesis. The purpose is to synthesis  

a sparse optimal common element positions on the 

conformal surface varying multiple patterns of wide 

angle scanning with the behavior of low sidelobe levels 

(SLL). The conformal surface aperture is partitioned into 

several rotationally symmetric sections. The element 

positions and element numbers of only one section  

need to be optimized, which contribute to the reduction 

of optimizing variables and computation resources.  

We formulate the synthesis problem as a constrained 

optimization problem, which takes the peak sidelobe 

level (PSLL) as the fitness function, and sets the total 

number of array elements, the minimum spacing between 

two adjacent elements to form multiple constraints. The 

Brain Storm Optimization (BSO) is further exploited 

into the synthesis problem with multiple constraints. A 

set of representative numerical examples are presented 

to assess the advantages and effectiveness of the proposed 

method. 

 

Index Terms ─ Conformal sparse array, rotational 

symmetry, wide angle scanning. 
 

I. INTRODUCTION 
Differ from the synthesis of sparse planar arrays, 

conformal antenna arrays show unparalleled advantages 

of reduced aerodynamic drag, saved space, and wide-

angle coverage for applications in aircraft, missiles, 

naval ships and high-speed vehicles. With the wide 

application of array antennas in radar communication 

and electronic system, the number of array elements and 

corresponding complexity increase greatly, which cause 

great challenges to the limited platform space, the weight 

and cost of conformal array antennas.  

Many stochastic optimization methods have been 

presented for the synthesis of sparse linear and planar 

arrays, such as genetic algorithm (GA) [1], [2], 

differential evolution (DE) [3], [4] algorithm, Particle 

swarm optimization (PSO) algorithm [5]. Recently, a 

series of synthesis techniques based on the sparse signal 

recovery theory of Bayesian compressive sampling 

(BCS) method [6], [7] and non-iterative approach named 

matrix pencil method (MPM) [8]-[10] are presented for 

the reconstruction of sparse arrays with desired pattern 

synthesis. Despite its success and efficiency, there are 

still many challenges for the synthesis and optimization 

of conformal sparse arrays. The inherent nonlinearity 

and non-planar directional anisotropy of conformal 

carrier surface lead to the inadaptability of the direct 

array pattern multiplication in the synthesis process. 

Most linear or planar array synthesis methods cannot be 

directly applied to the design of sparse conformal arrays. 

Recently, many techniques of GA [11], [12], PSO 

[13]-[15], DE [16] and others [17], [18] have been 

extended to the synthesis of sparse conformal arrays. 

However, a relatively new global optimization method: 

Brain Storm Optimization (BSO), hasn’t yet been 

applied in antenna and electromagnetic applications. 

Brain Storm Optimization (BSO), which was developed 

in 2011 by Shi, is a swarm intelligence optimization 

algorithm inspired by the collective behaviour of human 

beings in solving problems [19]. The application of BSO 

in different fields has shown to be successful [20]-[23]. 

But there is relatively few correlational research work  

for the design of sparse conformal arrays. To above 

stochastic or global optimization methods, they may fall 

into local optima and turn out to be relatively time-

consuming when optimizing large arrays with various 

variables of positions, excitations and even the number 

of elements. Moreover, it may only fit for the sparse 

synthesis of one fixed or shaped-beam pattern. When 

applied to the case of reconfigurable multiple-patterns,  

it also has the problem that cannot guarantee the same 

best distribution varying multiple-patterns in wide-angle 

scanning. It is a technical difficulty and challenge to 

realize fast optimization of sparse conformal arrays, 

which considers the influence of conformal carrier-

surface shape and element distribution on array behavior 

in wide angle scanning. How to effectively reduce the 

number of optimization variables is much more important. 

Conformal array antennas are usually mounted onto 

a cylindrical, spherical, conical, or some other smoothly 

curved surfaces due to aerodynamic or hydrodynamic 

requirements [24], [25]. The characteristic of rotational 
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symmetry can be also found in the carrier such as the 

hemisphere, cylindrical, the cone and so on. The rotational 

symmetry characteristic [26] was firstly exploited into 

the optimization of thinned wideband planar arrays  

with the reduction of computational complexity and 

suppression of peak sidelobe level (PSLL). But it hasn’t 

been found there are some researches of rotational 

symmetry technique for the optimization of large sparse 

conformal arrays. 

In the study, an effective and general approach is 

developed for the fast synthesis of sparse conformal 

array capable of radiating desired patterns varying 

scanning angles. The rotationally symmetry technique  

is exploited to accelerate the sparse conformal array 

synthesis process with the reduction of optimization 

variable number and computational complexity. The 

BSO algorithm is utilized to further improve radiation 

performance in wide-angle scanning by optimizing array 

element distributions. The constraint on the minimum 

element spacing and multiple-pattern performance is 

made to ensure finding the common best sparse element 

positions. 

The framework of the paper is organized in the 

following manner. In Section II, the problem formulation 

and the theory of the synthesis of sparse conformal 

arrays is presented. Numerical examples of sparse 

conformal array optimization demonstrate the validity of 

the proposed method in Section III. Finally, Section IV 

concludes the paper. 

 

II. THEORY AND FORMULATION 

A. Conformal array model 

Consider a conformal array of N elements located 

arbitrarily on a carrier surface as shown in Fig. 1, the 

total far field  ,F    of conformal phased arrays along 

the direction  ,   in the global coordinate system can 

be expressed as below: 

   
1

, , exp( )
N

i i

n n n

n

F E jk    


 r u ,            (1) 

where 2k    denotes the wave number, N is the  

total array element number. i

n  represents the complex 

excitation coefficient of the ith direction for the nth 

element, ( , , )n n n nx y zr  is the location vector in the 

global coordinate system and  ,nE    represents the nth 

vector pattern along the wave propagation direction u. 

 sin cos ,sin sin ,cos
T

    u is the unit vector in the 

spherical coordinate system.  

Since each element on the carrier surface has its  

own position and orientation, it is more convenient to 

first consider the field of each element in their own 

coordinate system and then transform the field back  

to the global coordinate system. The coordinate 

transformation is exploited to superimpose all elements’ 

components at the far field  ,F    in the global 

coordinate system (x, y, z): 

   
1

, , exp( )
N

T

n n n n n n

n

F Z E jk    


   r u ,         (2) 

where T

nZ   is the transform matrix form the local 

coordinate system of the nth element to the global 

coordinate system, and  ,n n nE      represents the vector 

pattern in the local coordinate system. More details can be 

referred to [12] and [18]. 
 

 
 

Fig. 1. Global and local coordinate system. 

 

B. The synthesis procedure of sparse conformal array 

In the paper, we aim to design an effective synthesis 

method to redesign an optimal array distribution of 

sparse conformal array while maintaining the 

performance of desired low SLL and a constraint on the 

minimum element spacing of avoiding adjacent elements 

too close, which further avoids the intersection of two 

actual array units. Moreover, the sparse distribution of 

array elements and minimum element-spacing constraint 

contribute to larger spacing between units than that of 

uniform array, which slightly reduces the mutual coupling 

of array elements. The multi-objective optimizing model 

can be formed as: 

 
 arg

max ( ( , ) ,      =1, ,

,      , 1,  and 

i

mn t et

SLL F Mainbeam i T

r d m n N m n

   

   

,  (3) 

where SLL represents the maximum sidelobe level of  

the total array pattern  ,F    and 
mnr  is the distance 

of the mth and nth array element. To avoid too close 

condition of adjacent elements, the minimum target 

element spacing of 
argt etd  is taken into account of the 

sparse conformal array optimizing procedure. 

Benefit from the conformal rotational symmetric 

technique, the element positions in only one-partitioned 

region is required to be optimized by the proposed 

synthesis method, which contributes to the effectively 
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reduction of optimization variables and computation 

complexity on large conformal arrays. The detailed 

introduction of 8-part truncated cone conformal array  

is illustrated in Fig. 2, where the rotational symmetric  

is partitioned into the whole structure with 8 parts  

( 2 / =2 / 8Q    ). Two optimizable variables of  

(
qr r R  , 0 q    ) are extracted from the geometry 

configuration, where qr  represents the radius of the 

truncated cone conformal surface and 
q  is the angle 

coverage of per-sector region. The coordinate of array 

elements along the z-sub coordinate can be got as below: 

q

q

R r
z h

R r


 


.                             (4) 

 

 
 

Fig. 2. Detailed division of truncated conformal array 

with 8 rotational symmetric parts. 
 

The element position ( , , )q q qx y z can be easily got 

by the way above. It also fits for the cone conformal 

array. But for the hemisphere conformal array in Fig. 3, 

each array element distribution in the pie-shaped wedge 

can be simplistically expressed as two optimizable 

variables of ( qr R , 0 q    , 0 2q   ). 

Depending on the characteristic of conformal rotational 

symmetry and proposed hybrid BSO wide-angle scanning 

multiple-pattern synthesis method, the extension to the 

effective synthesis of large or ultra-large scale sparse 

conformal arrays becomes feasible with the reduction  

of optimization variable number and computation 

complexity to some degree.  
 

 
 

Fig. 3. Geometry of the rotationally symmetric 

hemisphere conformal array. 

 

To ensure the constraint of minimum element 

spacing dtarget, limits on the interval scope of qr  and  

q for each array element location in the pie-shaped 

optimized slice are firstly considered. Meanwhile, the 

neighbored elements in the neighbored slice are also 

considered to avoid placing two elements too close 

together. The planform of array elements on the rotational 

symmetrical carrier surface is shown as Fig. 4. 
 

 
 

Fig. 4. Consideration of element spacing. 
 

By using the constraints of minimum number of 

array elements, the minimum spacing between two 

adjacent elements and the optimizable SLLl in wide-

angle scanning, the fitness function can be formulated as 

below: 

  arg arg minmax( ) ( min( , )) ,    1, ,fit t t et t etf a SLL PSLL b d d d t T     , 

  (5) 

where SLLt ( 1, ,t T ) is the actual maximum sidelobe 

level of the tth pattern for the conformal sparse array in 

wide-angle scanning and PSLL represents the desired 

minimum sidelobe level. The constraint on the synthesis 

of sparse conformal array varying multiple-patterns is 

addressed by the proposed method. mind  is the minimum 

element spacing of the optimized sparse conformal array. 

A criterion is built by the fitness function of Eq. (5), 

which aims at constraining on the minimum spacing 

mind  among conformal array elements and suppressing 

the SLL of multiple patterns to the desired index. 

For the design and optimization of sparse conformal 

arrays, the variable parameters of qr  and q  ( 1, , Qq N ) 

for each element can be generated by the BSO method  

in each population and updated generation. The entire 

sparse conformal array is reconstructed by symmetrically 

rotating optimized conformal array element position in 

one part of Q-folds. The multi-objective optimizing model 

of Eq. (3) and fitness function of Eq. (5) is incorporated 

into a hybrid reformulation as: 

 

 

arg

min

max ( ( , ) ,      1, ,

,      1 , ,  ,

Q

i

mn t et Q

N

SLL F Mainbeam i T

r d m n N m n N N Q

 





  

      

,   (6) 

where NQ represents the element number of pie-

optimized slice. SLL is a relatively worst extraction from 

the performance of maximum SLL within multiple-

patterns in wide-angle coverage. The BSO is exploited 
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to optimize conformal designs to obtain deferent 

performance characteristics of conformal array far-field 

radiation patterns with fewer elements. It improves the 

probability of finding a solution by organizing ideas 

generated from a diverse group of individuals in the 

brainstorming process. It mainly contains three operations 

and a typical brainstorming process with optimizing 

steps is given as Fig. 5. For more information of BSO, 

the reader can refer to the reference [23]. 

 

Creating

processes

Termination condition 

satisfied

Randomly generate n potential 

solutions (individuals)

Cluster n individuals into m clusters

Evaluate the n individuals

Rank individuals in each cluster and choose the 

best individual as cluster center in each cluster

Generate new individuals as cluster center

Evaluate and compare, better 

individual is kept

End

Begin

Grouping

Replacing

Yes

No

 
 

Fig. 5. Flowchart of the BSO algorithm. 

 

The sparse ratio [9], [10] is defined as to account 

for the element saving of sparse conformal array 

compared with original conformal array: 

  100%
N N

N



  ,                         (7) 

where N’ is the number of optimized sparse conformal 

array antenna elements and N is the number of the 

original conformal uniform array element number with 

half-wavelength interval. 

 

III. NUMERICAL RESULTS 
In order to evaluate the efficiency and performance 

of the proposed method, several representative examples 

are studied for the synthesis of sparse conformal arrays 

in the section. All of synthesis examples are executed on 

a Sugon computing server of Intel Purley X745-G30 

with 2TB RAM. dtarget of all numerical examples are set 

as 0.5. 

As the first synthesis examples, an effective design 

of a sparse hemisphere conformal array is presented by 

the proposed method. The initial 2 uniform spacing 

conformal array is composed of 7 circular ring sub-

arrays distributed on the hemisphere carrier surface with 

118 elements in all, see Fig. 6. 

 
 (a) (b) 

 

Fig. 6. (a) Uniform hemisphere array. (b) Left view of 

uniform hemisphere array. 

 

The radius of the hemisphere is 3 corresponding  

to the free wavelength at 2.45GHz. All elements are 

given uniform excitations. The hemisphere geometry  

is rotationally partitioned into 6 symmetric conformal 

regions. The optimized synthesis per region is designed 

to have NQ array elements with 2NQ optimizable 

variables, whose element of one symmetric part is 

restricted on the carrier surface region of ( 3qr  ,

0 2 / 6q   , 0 2q   ). The topmost unit remains 

motionless. The desired SLL is set as -25dB and iterative 

optimizing steps is set as 500 to ensure full convergence. 

argt etd  is 0.5. The design objective is to realize low SLL 

with fewer elements by only optimizing array distribution 

without excitations. Eventually, the optimized conformal 

sparse array reaches SLL of -25.45dB with a minimum 

element spacing of 0.51. The optimization time is 0.32 

hour. The total element number of optimized array is  

91 with sparse ratio of 23%. The optimized conformal 

sparse element locations are shown in Fig. 7 (a) and  

its top view is given in Fig. 7 (b). The array factor of 

optimized sparse conformal array is shown in Fig. 8 (a). 

The cut plane =26˚ of optimized sparse conformal array 

has the peak SLL of -25.45dB as in Fig. 8 (b). Compared 

E-plane pattern between initial uniform conformal array 

(SLL=-17.3dB) and sparse array (SLL=-27.8dB) is given 

in Fig. 8 (c). The PSLL of optimized sparse conformal 

array is far less than that of the initial uniform one.  

The proposed method can be also combined with the 

optimization of element excitations, not only positions, 

to realize lower SLL. 
 

 
 (a)    (b) 

 

Fig. 7. (a) Sparse hemisphere array. (b) Planform of 

sparse hemisphere array. 
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  (a) 

-25.45 dB -27.80 dB

 
  (b)    (c) 
 

Fig. 8. (a) Optimized pattern. (b) Cut pattern =26˚ of 

sparse hemisphere array. (c) E-plane pattern of sparse 

hemisphere array. 
 

Moreover, we vary the sector number Q to discuss 

relevant influences on the performance of synthesized 

patterns for sparse conformal array. The same array 

configuration is used. Though, the number of optimized 

sparse array remains nearly constant, different Q brings 

about different optimizable element number for one 

sector. Detailed performances of conformal synthesized 

patterns with different sectors are shown in Table 1, 

where the PSLL, and total number N are given. It is 

interesting to note that different sector numbers cause 

different effects on the radiation property of sparse 

conformal array. Though more sectors directly reduce 

the optimizing dimension of conformal array, but it is not 

linearly related to the better radiation performance. The 

top view of sparse conformal array element distribution 

with rotational sectors of Q=5 and Q=8 is respectively 

shown in Figs. 9 (a) and (b). The 3D pattern of optimized 

sparse conformal array with Q=8 is shown in Fig. 10  

(a). E-plane pattern and cut-plane (=138˚) pattern of 

synthesized sparse conformal array is compared with 

uniform conformal array in Fig. 10 (b), where the PSLL 

is marked with green line as -26.53 dB in =138˚. 
 

Table1: Investigation of rotational sector number 

Sector 

Number 

Q 

Element 

Number of 

Each Sector 

Total 

Number 

N’ 

PSLL 

(dB) 

   

   

   

   

   

 
    (a)   (b) 
 

Fig. 9. (a) Element distribution with Q=5. (b) Element 

distribution with Q=8. 
 

-26.53 dB

 
 (a) (b) 
 

Fig. 10. (a) Optimized pattern. (b) Cut pattern=138˚ 

and E-plane pattern of sparse hemisphere array.  
 

Table 2: Investigation of sparse ratio 

Total Number 

N’ 

Sparse Ratio 

 

PSLL 

(dB) 

  

  

  

  

 

To further verify the influence of different sparse 

ratios  on the performance of synthesized sparse 

conformal pattern, the array number varies from 55 to 91 

with the same initial conformal array geometry of the first 

numerical example. The rotational sector Q is fixed as 6. 

The radiation behaviors of synthesized sparse array with 

different sectors are shown in Table 2, where PSLL, 

sparse ratio  and total number N are listed. Though the 

sparse conformal array allows to have more freedom of 

element distributions to improve array performance, but 

not the less element number the better radiation behavior. 

The optimized sparse conformal array (N’=73) has the 

best performance of SLL=-29.91dB with sparse ratio of 

38.1%, where its E-plane pattern and top view of element 

layout is respectively shown in Figs. 11 (a) and (b). Then, 

with the increasing of reduced elements, the radiation 

behavior of SLL will be raised from -29.91dB to -27.09dB. 

The E-plane and H-plane pattern of the conformal  

sparse array ( 55N   ) is presented in Figs. 12 (a) and (b) 

respectively, its corresponding top view of element 

distribution is shown in Fig. 12 (c). 
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   (a) (b) 

 

Fig. 11. (a) Synthesized E-plane pattern of sparse 

hemisphere array. (b) Element distribution with N=73. 

 

 
 (a) (b) 

 
      (c)   

 

Fig. 12. (a) Synthesized pattern of E-plane for sparse 

hemisphere array. (b) Synthesized pattern of H-plane for 

sparse hemisphere array. (c) Element layout with N=55. 

 

Moreover, the comparison behaviors of synthesized 

patterns with other presented approaches of NSGAII [11] 

and PSOGA [14] are compared in Table 3. The proposed 

method has better performance of lower SLL in different 

sparse ratio conditions compared with the synthesized 

results optimized by NSGAII and PSOGA.  

 

Table 3: Comparison between SLL of the hemisphere 

array with different sparse ratio 

Number 

N’ 

Sparse Ratio  

 

NSGAII 

[11] 

PSOGSA 

[14] 

55 53.4 -20.1 -24.8 

67 43.2 -20.4 -25.1 

73 38.1 -21.1 -25.5 

91 23.0 -21.6 -26.1 

 
Moreover, the proposed method is further exploited 

to the synthesis of sparse conformal arrays in wide angle 

scanning. For the initial 2 uniform spacing conformal 

array, the equivalent antenna number on the hemisphere 

surface is 265 with nine circular subarrays; see Fig. 13. 

The radius of the hemisphere is 6 corresponding to the 

free wavelength at 2.45GHz. All elements are initially 

given uniform excitations.  

 

 
  (a)  (b) 

 

Fig. 13. (a) Uniform hemisphere array. (b) Left view of 

uniform hemisphere array. 

 

The optimized design of sparse conformal array is 

selected to divide into 8 symmetric conformal regions 

with QN  elements and 2 QN  optimizable variables per 

part. The topmost unit remains motionless. The elements 

in the fold are limited to the region defined by ( 3qr  ,

0 2 / 6q   , 0 2q   ). The scanning angle  

covers from 0˚ to 60˚ with 15˚uniform space and is 

fixed to be 0˚. The desired SLL is set to be -20dB. Firstly, 

the optimizable excitations of sparse conformal elements 

all set to be one. The sparse array reaches the SLL of  

-20.0dB with a minimum element spacing of 0.51 within 

the scanning angle from 0˚ to 45˚ upon 500 iterative 

optimizing steps, but the SLL of the synthesized sparse 

conformal array is –18.19 dB in the larger scanning angle 

of 60˚. The total element number of optimized array is 185. 

The sparse ratio is 30.2%. The optimization requires 

nearly 1.18 hour. 
 

 
     (a)  (b) 
 

Fig. 14. (a) Sparse hemisphere array. (b) Top view of 

sparse conformal hemisphere array. 

 

The optimized conformal sparse element locations 

are shown in Fig. 14 (a) and its top view is given in Fig. 

14 (b). The synthesized sparse conformal patterns of equal 

excitations in different scanning angle are compared with 

the patterns of initial uniform array in Fig. 15. The black 

lines are the main cut pattern of uniform array in different 
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angle scanning and the lines with the cross symbol 

represent main cut pattern of sparse conformal array in 

different angle scanning. 
 

 
 

Fig. 15. Comparison of synthesized sparse conformal 

patterns of equal excitations with the initial uniform 

conformal array. 
 

To further reduce the sidelobe level, the amplitude 

excitations of sparse conformal array elements are 

exploited into the optimizing procedure of the rotational 

symmetry BSO method. The synthesized sparse 

conformal patterns of optimized excitations in different 

angle scanning are presented in Fig. 16. The synthesized 

results of uniform array with equal excitations, sparse 

conformal array with equal excitations and optimized 

excitations are detailed-compared in Table 4. It can be 

seen that the sparse conformal array with the further 

optimization of excitations have better performance of 

the SLL under -25dB in wide angle scanning. 
 

 
 

Fig. 16. Synthesized sparse conformal patterns of 

optimized excitations. 
 

Table 4: Comparison between SLL of the hemisphere 

array in wide angle scanning 

Scanning 

Angle 

(,) 

Uniform 

Array 

(dB) 

Sparse 

Array1 

(dB) 

Sparse 

Array2 

(dB) 

(0˚, 0˚) -17.24 -22.15 -32.04 

(15˚, 0˚) -17.56 -21.46 -30.96 

(30˚, 0˚) -16.05 -20.64 -30.21 

(45˚, 0˚) -14.81 -20.05 -27.71 

(60˚, 0˚) -12.84 -18.19 -25.67 

Moreover, we vary the dtarget to investigate the 

relationship between sparse ratio and sparse conformal 

array performance in wide-angle scanning. The dtarget 

varies from 0.45 to 0.7. The minimum element space 

constraint of dtarget directly influences the sparse ratio  

of reconstructed array when fixed aperture. The larger  

the element space, the higher the sparse ratio. Detailed 

radiation performance varying dtarget  is shown in Table 5. 

It is not entirely true that the more elements, the better the 

radiation behavior such as dtarget=0.45 and dtarget=0.5. 

However, smaller spacing and more elements may make 

it easier to achieve lower SLL in larger scanning angle, 

e.g., 60˚. With the further increase of dtarget from 0.5  

to 0.7, the sparse ratio rises to 42.3%. But, the SLL 

behavior is getting worse especially in larger scanning 

angle, whose SLL is only -13.76dB in (60˚, 0˚)-scanning 

angle with dtarget=0.7. The sparse array distribution with 

dtarget=0.7 and its top view is shown in Figs. 17 (a) and 

(b). The synthesized pattern of sparse array in different 

angle scanning is shown in Fig. 18 (a) and its 3D pattern 

in 0˚ and 60˚ is presented in Figs. 18 (b) and (c), 

respectively. 

 
Table 5: SLL comparison of sparse array varying dtarget 

in wide angle scanning 

dtarget () 0.45 0.5 0.6 0.7 

Sparse Ratio 

 
24.1 30.2 36.2 42.3 

(0˚, 0˚) -21.36 -22.15 -21.02 -19.39 

(15˚, 0˚) -20.87 -21.46 -20.31 -18.77 

(30˚, 0˚) -20.16 -20.64 -19.24 -16.56 

(45˚, 0˚) -19.78 -20.05 -18.48 -14.98 

(60˚, 0˚) -18.96 -18.19 -17.25 -13.76 

 

 
 (a)  (b) 

 

Fig. 17. (a) Sparse conformal array of dtarget=0.7. (b) 

Top view of reconstructed sparse conformal array. 

 

With the synthesized sparse conformal array 

distribution Fig. 14 of above multiple-pattern optimizing 

numerical example, the reference flat-top pattern of  

[9] is formed as the desired objective to be optimized  

and designed by the proposed method. The SLL within 

the coverage of [ 90 , 30 ] and [30 ,90 ]     is set as  
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-30dB, the normalized Gain of synthesized conformal 

pattern fluctuates no more than 1dB up or down in the 

coverage angle of [ 15 ,15 ]   . The synthesized flat-

top pattern of sparse conformal array is presented in Fig. 

19 with 400 iterative optimizing steps. The optimized 

SLL in the designated region is -29.83 dB, which is close 

to the expected value of -30dB. The performance of the 

designed pattern in the fluctuant zone also meets the 

desired requirement, which is in the range of ±0.95dB. 

 

 
   (a) 

 
 (b) (c) 

 
Fig. 18. (a) synthesized pattern of different scanning angle 

under dtarget=0.7. (b) 3D pattern of direction 0˚. (c) 3D 

pattern of direction 60˚. 

 

Z

X

Y

 
  (a) 

 
 (b) 

 

Fig. 19. Synthesized shaped-beam pattern of sparse 

conformal array: (a) 3D view of flat-top pattern; (b) 

different cut plane patterns. 

 

IV. CONCLUSION 
A novel hybrid rotationally symmetric sparse 

conformal array design techniques is introduced in the 

paper to find the solutions under multiple constraints. 

Exploiting rotational symmetry not only provides a  

way to simplify optimal designs, but also accelerate the 

optimization of larger conformal arrays in the same 

computing resources. The problem size is reduced  

by only optimizing element distributions in a small 

conformal slice of the carrier surface aperture. Numerical 

results indicate that the proposed method can design 

sparse conformal arrays with lower sidelobe levels and 

suppresses grating lobes in wide angle scanning. In 

addition, we investigate the effects of sparse ratio on 

synthesized patterns. Further works will take account of 

the mutual coupling effects on actual conformal array 

elements into the synthesis and optimizing procedure of 

large sparse conformal arrays. 
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Abstract ─ In order to evaluate scattering from 

hypersonic vehicles covered with the plasma efficiently, 

time domain volume shooting and bouncing rays 

(TDVSBR) is first introduced in this paper. The new 

method is applied to solve the transient electromagnetic 

scattering from complex targets, which combines     

with non-homogeneous dielectric and perfect electric 

conducting (PEC) bodies. To simplify the problem, 

objects are discretized into tetrahedrons with different 

electromagnetic parameters. Then the reflection and 

transmission coefficients can be obtained by using 

theory of electromagnetic waves propagation in lossy 

medium. After that, we simulate the reflection and 

transmission of rays in different media. At last, the 

scattered fields or radiation are solved by the last 

exiting ray from the target. Compared with frequency-

domain methods, time-domain methods can obtain the 

wideband RCS efficiently. Several numerical results are 

given to demonstrate the high efficiency and accuracy 

of this proposed scheme. 

 

Index Terms ─ Non-homogeneous dielectric, time 

domain, Volume Shooting and Bouncing Rays (VSBR). 
 

I. INTRODUCTION 
In recent years, with the application of short    

pulse ultra wideband (UWB) communication in target 

recognition and remote sensing, electromagnetic (EM) 

time domain analysis method has received more and 

more attention. All kinds of numerical methods in 

computational EM have been widely used in various 

fields. Especially, the time-domain high frequency 

approximation methods have attracted more and more 

attention in the scattering analysis of electrically large 

structures. 

With the rapid development of computer technology, 

the simulation capability of full-wave methods have 

been improved greatly. But it is also tedious to solve 

scattering of large electrical structures with full-wave 

methods [1-3]. Therefore, it is significant for seeking a 

superior-efficiency method to analyze the scattering from 

electrically large structures. Moreover, high frequency 

approximation methods fulfill the requirements in this 

project. In fact, with the increasing electrically size of 

the target, mutual coupling effects between elements 

have been reduced gradually. Therefore, the results of 

the high frequency approximation methods are more 

and more close to results of full wave numerical 

methods. Above all, high frequency approximation 

methods have crucial values in engineering application 

for the rapid analysis of EM scattering of electrically 

large targets. Time-domain full wave methods include 

the Finite Difference Time Domain (FDTD) [4-6], the 

Time Domain Finite Element Method (FETD) [7,8], 

and the Time Domain Integral Equation Method (TDIE) 

[9,10], etc. One of the advantages for the above time 

domain numerical method is that accurate EM simulation 

results can be obtained from the targets with complex 

shapes and materials. However, the above methods also 

have their own defects [11]. For example, the cumulative 

error of time stepping, the truncation error of spatial 

sampling and the numerical error of the radiation 

boundary condition. Meanwhile, time-domain full wave 

methods mentioned above have a common fatal defect: 

when the electric size of the scattering/radiation target 

is large, they all have a great demand on computer 

memory and are time-consuming. In contrast, the time 

domain high frequency approximation methods are the 

best effective way to solve the above issues. Compared 

with time-domain full wave methods, the advantages of 

time-domain high frequency approximation methods 

are remarkable. They cost less computing memory but 

have fast computing speed. According to different 

situations, time domain high frequency approximation 

methods can also combine with time domain full wave 

methods [12,13]. At present, it is common to analyze 

perfect electrically conducting (PEC) and homogeneous 

medium through high frequency approximation methods. 

For PEC or homogeneous medium, we usually use 

Physical Optics (PO) or Shooting and Bouncing Rays 

(SBR) to analyze the scattering or radiation of targets 

[14-16]. For non-homogeneous medium, such as plasma, 

the plasma sheath is equivalent to layered homogeneous 

dielectric in high frequency approximation methods 
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[17,18]. Obtaining the reflection coefficient of plasma 

sheath by recursion formulas. However, if the situation 

is complicated that the speed of hypersonic vehicles 

reached more than 10 Mach. Then the aircraft sheath 

electron obvious change causes dielectric constant 

change irregularly. Time domain full wave methods 

cannot solve hypersonic vehicles efficiently. As a result, 

we urgently need a new method to solve this problem. 

In this paper, a novel method is proposed to 

analyze the scattering of objects, which are combined 

with non-homogeneous medium and PEC bodies. When 

the rays are propagating in non-homogeneous medium, 

they transmit and reflect on the interface of different 

medium.  After multiple reflection and refraction, the 

rays leave objects and finally the far field integration   

is calculated by the principle of Physical Optics. The 

paper is organized as follows. Section II contains EM 

computing formulas of TDVSBR in detail. In Section 

III. numerical examples demonstrating the accuracy and 

efficiency of the method are presented. In Section IV, 

we conclude the advantages of the new method in 

solving the scattering of non-homogeneous dielectric 

and metal mixed target.  

 

II. THEORY AND FORMULATION 

A. Shooting and Bouncing Ray (VSBR) modeling 

framework involving dielectrics and perfect 

conductors 

The main task of the spread of wave in dielectrics 

in an SBR based approach is to calculate the reflected 

and transmitted waves at material interfaces. In most 

case, the wave will generate nonuniform wave when 

wave transmitted between the nonuniform lossy medium. 

It means the directions of constant phase and amplitude 

plane of the wave are not identical, and there is an angle 

0 / 2    between them (for uniform wave =0 ). 

Similar to [19], the scenario to investigate is shown in 

Fig. 1, where a nonuniform wave propagates from 

medium 1 to medium 2. The complex propagation vector 
  can be generally represented as = j  +  with   

represents the amplitude vector and   represents the 

phase vector. In [20], the relevant work of solving the 

reflection and transmission coefficients of the nonuiform 

wave propagates in the nonuiform medium is presented. 

The propagation vector in medium i can be express 

in real-angle form as: 
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The intrinsic propagation constant of medium i is 

only determined by the properties of material, which 

can be expressed by: 
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Fig. 1. Angles and directions to describe the wave 

propagation at the transition of two lossy media. 

 

According to phase continuity at the interface of 

the two media and the law of Snell, we can obtain:  
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By defining: 

1 1 1 1 1sin sint j    = + .                   (5) 

We can obtain: 
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For TE polarization, we obtain: 
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where 1 1 1 1 1cos cosA j   = +  and 

2 2 2 2 2cos cosA j   = + . 

R represents the reflection coefficient and T 

represents the transmission coefficient. From the 

expression, there is no relationship between the 

reflection coefficient and the frequency of incident 

wave. So is the transmission coefficient. 

In the same way, for TM polarization, we obtain: 
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According to reflection and transmission coefficient, 

we can achieve the reflection and transmission field. To 

calculate the scattered far field, we not only need the 

equivalent electric currents, but also need the equivalent 

magnetic currents. According to the Stratton-Chu formula, 

we deduce the scattered far field of physical optics. The 

scattered far field is obtained by accumulation of the 

electric current and the magnetic current contributions. 

 

B. Calculation of broadband RCS 

When the rays comes from the air into the medium, 

the total field on the surface is as followed: 
i r

E E E= + ,                            (12) 
i r

H H H= + .                            (13) 

E  and H  represent the total electric and magnetic 

field on the surface of the object respectively. i represent 

the incident and r represent the reflection. The far field 

is obtained by solving the current and magnetic current 

on the surface of the medium. 

( )',
i

E r t  is the time series of the incident electric 

field when it intersects with the target at the last time: 

( ) ( ) ( )0,
i i

E r' t e r',t s t= ,                    (14) 

where ( )s t  represents the incident pulse. It is known 

from the Fourier transform that the frequency domain 

multiplication corresponds to the convolution of the 

time domain: 
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where 0Z  represents the wave impedance of free space, 

r  is the position vector of the observation point and         

r   is position vector of any element of the target 

surface. r represents the distance from surface element 

to observation point, n̂  is the unit normal vector of    

the surface element. ( )0 'dt i r s r c=  −   represents the 

time delay. The time domain response sequence is 

transformed by discrete Fourier transform, and the 

corresponding frequency response sequence can be 

obtained. Finally, we will obtain the broadband RCS, 

after the frequency domain response sequence is 

divided by the frequency domain sequence of the 

incident pulse signal. 

When the rays emitted from the medium into the 

air, the total field on the surface is as followed: 
t

E E= ,                                (18) 
t

H H= ,                                (19) 
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where tk  represents the direction of transmission of 

rays.  

( )',
i

E r t  represents the time series of the 

transmission electric field out of the target: 
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III. NUMERICAL RESULTS 
The first example and the second example are 

carried out on the computer of Intel(R) Core(TM)2 Quad 

CPU Q9500 equipped with 8GB RAM at 2.83GHz and 

the edition of FEKO is 7.0. TDVSBR and FDVSBR are 

coded by FORTRAN. This is a big cube which is made 

up of 8 smaller cubes and the length of each small cube 

is 0.2m in Fig. 2. When the frequency is 3 GHz, the 

relative dielectric constant and electrical conductivity of  
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the dark cubes are respectively 0.95r = , 0.067 = . 

The light cubes are 0.8,r = 0.085. =  The 

permeability r  of them are (1.0,0). The center frequency 

of the incident pulse is 0 2f = GHz, and the effective 

frequency band of the calculation is 1 ~ 3 GHz. The 

direction of incidence of the pulse is 45 =  , 0 =  . 
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Fig. 2. Non-homogeneous medium cubes. 
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Fig. 3. Broadband monostatic RCS(VV) of non-

homogeneous medium cube. 

 

Table 1: The efficiency of different methods 

 TDVSBR FEKO(FDTD) 

Time(s) 5 1282 

Memory (MB) 4.8 191 

 

The result of TDVSBR and FEKO make a good 

agreement in Fig. 3. Table 1 shows that the time of 

FEKO(FDTD) is about 256 times slower than TDVSBR 

in first example. TDVSBR has great advantages than 

FEKO(FDTD). 

The second example shows a complex mixed  

target of rectangular metal cavity (6m*6m*10m) and 

non-homogeneous dielectric (3m*3m*2m) in Fig. 4. 

Dielectric parameters and permeability of the light 

purple rectangular are 4, 0.033r = = and deep purple 

rectangular are 5, 0.0825.r = = 15 , =0 =   is the 

incidence direction and observation direction. 
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Fig. 4. A complex mixed target of rectangular metal 

cavity and non-homogeneous dielectric. 
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Fig. 5. The broadband monostatic RCS(vv) of empty 

cavity and the combined target. 

 

In Fig. 5, the RCS of combined target is higher 

than the empty cavity and the gap reaches more than 

10dB. Because of the electric size of the target is       

too large, we need to use subdivision technique to 

increase the efficiency of the new method. We use the 

corresponding gird of 300MHz to fit the shape of the 

mixed target, and subdivide the gird 3 times through the 

subdivision technique. The time-consuming of TDVSBR 

is 198s, and the memory of it is about 10 MB.   

The third example is shown in Fig. 6, It calculates 

the broadband RCS of a metal warhead at a height of 

30km and a speed of 10 Maher. The radius of warhead 

is 0.1m and the length is 0.2m. The plasma sheath 

radius of the ionized plasma is 0.4m and the length      

is 0.6m. the central frequency of the incident pulse       

is 0 6f = GHz, and the effective frequency band of     

the calculation is from 3 to 12GHz. The direction of 

incidence of the pulse is 90 =  , 0 =  . In this method, 

we consume the relative dielectric constant and electrical 

conductivity are constant at center frequency of the 

interested frequency band. When the dispersion effect is 

obvious, this method has its disadvantages.     
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Fig. 6. The model of plasma sheath. 
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Fig. 7. Broadband monostatic RCS(vv) of plasma 

sheath. 

 

In Fig. 7, the result of TDVSBR and FDVSBR are 

in good agreement. We do not consider the despersion 

of the plasma in TDVSBR. Strictly writing, the 

despersion of the plasma has effect on the way of the 

propagation of the rays. If ways have always change 

with the time. Then TDVSBR has to trace the path of 

the rays at every point of time. It must time-consuming 

and we do not accept this TDVSBR. Therefore, we 

weaken the influence of despersion on plasma. In      

our work, r , r  and   of dielectric are fixed value. 

The value of three parameters are selected at the center 

frequency. In FDVSBR, r , r  and   of dielectric in 

plasma sheath change with the frequency of the incident. 

However, in TDVSBR, when the frequency of the 

incident is changing, r , r  and   of dielectric in 

plasma sheath are fixed. When the band of incident is 

not wide, r , r  and   of dielectric in plasma sheath 

have little impact on RCS at different frequency of the 

incident. r , r  have influence on the way of the ray. 

If the way of the ray changes at different frequencies of 

incident, TDVSBR would time-consuming and lose the 

its advantage. For convenience, we fix r , r  and   

of dielectric in plasma sheath at different frequencies of 

incident.  
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Fig. 8. Bistatic RCS(vv) of plasma sheath at 3GHz. 
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Fig. 9. Bistatic RCS(vv) of plasma sheath at 3.5GHz. 
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Fig. 10. Bistatic RCS(vv) of plasma sheath at 4GHz. 

 

In Fig. 8, Fig. 9 and Fig. 10, observation range      

is 0 =  , 0 360 =  . The results of CFDTD and 

TDVSBR are in good agreement. r , r and   of 

plasma has little effect on the scattering, therefore we  
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use TDVSBR to evaluate the the scattering of plasma. 

As shown in Fig. 11, the time domain response     

of CFDTD and TDVSBR has a good agreement at     

the observation point (100m,0,0). In order to simulate 

electromagnetic characteristics of plasma sheath 

conveniently, researchers commonly use different 

medium to simulate plasma sheath.  
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Fig. 11. The time domain response of plasma sheath at 

(100m,0,0). 
 

As shown in Table 2, TDVSBR has great 

advantages than full wave methods in analyze of 

electrical large plasma sheath. TDVSBR costs less 

memory and has higher computing speed than CFDTD.        
 

Table 2: The comparison of computational efficiency 

between the CFDTD method and TDVSBR method, 

and the two methods are used on a single CPU code  

 TDVSBR CFDTD 

Time(h) 0.24 80 

Memory(G) 1.2 30 

 

IV. CONCLUSION 
A novel high frequency approximation method 

based on SBR to calculate the scattering of non-

homogeneous dielectric and metal mixed target is 

presented. According to the time and memory 

consumption, the new method is more efficient than 

accurate method, and the accuracy of the new method is 

acceptable. An important breakthrough of the new 

method in high approximation method is to calculate 

the non-homogeneous dielectric and metal mixed target, 

especially the complex target, such as hypersonic 

vehicle.  
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Abstract ─ A multiobjective optimization (MOO) 

technique for a dual-band circularly polarized antenna  

by using neural networks (NNs) is introduced in this 

paper. In particular, the optimum antenna dimensions are 

computed by modeling the problem as a multilayer feed-

forward neural network (FFNN), which is two-stage 

trained with I/O pairs. The FFNN is chosen because of 

its characteristic of accurate approximation and good 

generalization. The data for FFNN training is obtained 

by using HFSS EM simulator by varying different 

geometrical parameters of the antenna. A two strip-loaded 

circular aperture antenna is utilized to demonstrate the 

optimization technique. The target dual bands are 835–

865 MHz and 2.3–2.35 GHz. 

 

Index Terms ─ Circularly polarized antenna, feed-

forward neural networks, multiobjective optimization. 
 

I. INTRODUCTION 
Design of multiband single-fed circularly polarized 

antenna represents a complicated problem due to the 

requirements of obtaining matching properties combined 

with two equal orthogonal fields and phase shift of ±π/2. 

For a single band circular polarized printed antenna,  

these conditions can be obtained by using symmetric 

shape structure like square or circular loaded by diagonal 

perturbations. By controlling the area of these 

perturbations compared to the total are of the printed 

antenna, it would be possible to generate two equal 

orthogonal modes along the printed antenna with the 

required phase shift [1, 2]. The design of these antenna 

configurations can be formulated analytically by using 

cavity model [1]. However, for the case of multiband 

single-fed circularly polarized antenna the problem 

becomes more complicated and cannot be directly 

represented in a simple cavity model. On the other hand, 

numerical simulation tools can be used to simulate 

different configurations to obtain the corresponding 

properties for these configurations but these numerical 

tools cannot be used directly to design for specific 

properties. Thus, it is required to combine machining 

learning tools with numerical simulation tools to introduce 

appropriate design for such complicated problems, which 

cannot be formulated in simple analytical models [3–6].  

Solving multiobjective optimization problems 

(MOPs) with traditional optimization methods has been 

found to be difficult because these methods often require 

many complex computations and the common way in this 

case is to reduce the set of objectives into a single 

objective and handle it accordingly. On the other hand, 

artificial intelligence (AI) techniques have proved to be 

good alternatives so they are now widely utilized in 

solving MOPs. One of these techniques is Neural 

Networks (NNs). NNs [7] model biological neural 

systems. They have been applied to many real-world 

problems, as a data analysis tool to map nonlinear 

relationships between process inputs and outputs, 

especially in classification and pattern recognition. In 

addition, NNs have been applied to problems in 

optimization and linear programming. While NNs are 

developed from the field of AI and brain modeling, they 

can also be considered as function approximation tools, 

which learn the relationship between independent 

variables and dependent variables, much like regression 

or other more traditional approaches. The principal 

difference between NNs and statistical approaches is  

that NNs make no assumptions about the statistical 

distribution or properties of the data, and therefore NNs 

tend to be more useful in practical situations. NNs are  

also an inherently nonlinear approach giving them  

more accuracy when modeling complex data patterns. 

Moreover, when closed form solutions do not exist  

and trial-and-error methods are the only approaches to 

solving the problem (like the problem at hand). By 
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training an NN one can use it to predict solutions to the 

problem. These properties make NNs gaining a huge 

momentum in the field of RF and microwave modeling 

and design [8–14] mainly because of its generalization 

capability, nonlinear property, massive parallelism, 

adaptive learning capability, fast convergence rates, 

insensitivity to uncertainty, and VLSI implementations. 

Recently, NNs have been applied successfully to the  

field of RFID technology such as ranging [15], signal 

modeling [16], positioning [17], and sensing [18]. 

In [19], a dual-band circularly polarized RFID reader 

antenna is designed by using ramped convergence particle 

swarm optimization (RCPSO). This algorithm uses a 

multi-start approach to break down the optimization 

problem by considering only a subset of antenna 

dimensions at a time, hence overcoming the curse of 

dimensionality and premature convergence of classical 

PSO. However, this requires large execution time (about 

10 hours for PSO and ~50 hours for RCPSO). 

Motivated by the inherent advantages of NNs, this 

paper presents a feed-forward neural network (FFNN)-

based multiobjective optimization (MOO) approach to 

design a dual-band circularly polarized antenna. NNs 

typically adopt two steps: training and recalling. The 

network is first trained with known input–output pattern 

pairs; although a large training pattern set may be 

required for network training, it can be implemented 

separately. After training, it can be used directly to 

replace the complex system dynamics. In this paper, the 

FFNN is trained on data generated by the HFSS simulator 

by varying the antenna dimensions. There are two stages 

of training/recalling. 
        

II. FFNN ARCHITECTURE 
A NN consists of a set of processing units, called 

nodes or neurons, connected by weighted arcs, where the 

weights represent the strength of connections. The nodes 

are organized into layers [7]. Nodes in the input layer 

called input nodes, accept input from the outside world 

and nodes in the output layer, called output nodes, 

generate output to the outside world. Nodes in the input 

layer are used to distribute inputs only and do not serve 

any processing or computational function. Nodes in 

layers between the input layer and the output layer called 

hidden nodes, and these layers are called hidden layers.  

NNs can be of several kinds of architecture. They 

can contain one or more hidden layers of neurons  

and may have feedback connections or not. The NN 

architecture constructed for our purpose here is multilayer 

perceptron (MLP) network. The networks are of feed-

forward ones in which the signals always propagate from 

the input to the output layer without any feedback 

connections. In addition to the MLP, there are other  

NN structures [7] used for antennas, for example, radial 

basis function (RBF) networks and self-organizing map 

(SOM) networks [20]. A list of applications of NNs for 

antennas and arrays is given in [21], along with the  

type of network structure used and the advantage/ 

disadvantage of application.  

Figure 1 shows a FFNN of only two hidden layers. 

However, more hidden layers can be added. In each 

neuron (node), the scalar input z is transmitted through  

a connection that multiplies its strength by the scalar 

weight w, to form the product wz, again a scalar. This 

product may be added to a scalar bias b (much like a 

weight, except that it has a constant input of 1) to form 

the final argument of an activation function f. The most 

frequently used activation function is the sigmoid 

function. 

An NN is trained to represent an unknown mapping 

by employing a training set (a collection of paired input 

and desired output vectors observed from the unknown 

mapping). The purpose in training a NN is to determine 

the values of the elements in the weight matrix W so that 

the NN can closely represent the unknown mapping. The 

training of a NN is accomplished by the following steps: 

(1) Mapping input vectors from the training set by the 

current version of the NN to their computed output 

vectors. 

(2) Comparing the computed output vectors with their 

respective desired output vectors in the training set, 

and then. 

(3) Adjusting the values of the components of W so as to 

reduce any differences between the computed and 

desired output vectors.  

After a number of training iterations, the connectivity 

weights and node biases of the NN converges to a set  

of values that minimizes the differences between the 

computed and desired output vectors, and the NN 

organizes itself internally to construct a model to 

represent the unknown mapping from the input space to 

the output space. Thus, any new input vector presented 

to an appropriately trained NN yields an output vector 

similar to the one that would have been given by the 

actual mapping.  

In this kind of network, learning process is done by 

error back-propagation (BP) learning rule in which the 

weights between the connections are adjusted such that 

the mean square error (MSE) between the targets and the 

inputs of the training set is returned back through the 

layers of neural units and eventually minimized as the 

performance of the neural system is maximized. 

 

 
 
Fig. 1. The structure of FFNN 
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III. FFNN APPLICATION TO DESIGN A 

SINGLE-FED DUAL-BAND CIRCULARLY 

POLARIZED ANTENNA 
As an example for utilizing FFNN in antenna 

design, the design of a single-fed multiband circularly 

polarized antenna is presented in this section. The 

proposed antenna is designed for multiband RFID reader 

system operating at two frequency bands; 835–865 MHz 

and 2.31–2.35 GHz, specifically. The required reflection 

coefficient of the antenna at these bands should be less 

than –10 dB and the corresponding axial ratio should be 

less than 3dB. The initial geometry of the proposed 

antenna is shown in Fig. 2. It is composed of a circular 

aperture in the ground plane of a grounded dielectric 

slab. The thickness of the substrate is 𝑡 = 1.6 mm. The 

substrate is FR4 material with a dielectric constant 𝜀𝑟 =
4.6 and loss tangent tan 𝛿 = 0.02. The effective 

dielectric constant on the circular aperture can be 

approximated as 𝜀𝑟𝑒 ≈ (𝜀𝑟 + 1)/2. For this effective 

dielectric constant, the radius of a circular aperture 

which would be resonant at the center frequency of the 

lower band; 850 MHz, can be obtained approximately as 

𝑅 = 46 mm. This approximation is based on the 

assumption that the field distribution in this case is the 

dominant TE11 mode field distribution along a circular 

aperture of radius R [24]. This aperture is printed on a 

square substrate of length 𝐿 = 108 mm. Two arbitrary 

conducting strips are printed on the other side of the 

dielectric slab. One of these two conducting strips are 

used as a feeding strip to the circular aperture while the 

other strip is a parasitic one which is used to introduce 

the required perturbation to obtain circular polarization.  

It should be noted that, the position of the feeding 

strip is chosen to be near the center of the aperture to 

increase the coupling effect between the TE11 mode in 

the circular aperture and the feeding polygon. On the 

other hand, the parasitic strip is located near the edge of 

the circular aperture and nearly parallel to the feeding 

strip to introduce a small coupling with the excited TE11 

mode in the circular aperture. This small coupling 

represents the required perturbation to introduce the 

required circular polarization. Each strip is a polygon 

composed of four corners. For each polygon, the xy 

coordinates of three corners are variable while the fourth 

corner is fixed constant. In addition, the two corners of 

the polygon at the feeding edge of the substrate have a 

constant value of x which corresponds to the x position 

of this edge. Thus, the total number of variables in this 

case for the two strips is ten variables. These ten 

variables can be used introduce infinite configurations 

for these two strips while keeping their starting positions 

at the feeding edge. The limits of these variables are 

chosen such that the two strips would lie within the 

dimensions of the substrate as well as the two strips 

should not be intersecting. Assuming that the center of 

the circular aperture is located at 𝑥 = 0 and 𝑦 = 0, the 

starting xy coordinates of the two strips would be as 

presented in Table 1. 

 

Table 1: Initial values of the corners of the two strips 

Corner 

No. 

Strip#1 (Feeding 

Strip) 

Strip#2 (Parasitic 

Strip) 

 x (mm) y (mm) x (mm) y (mm) 

1 
54 

(Fixed) 

–18 

(Fixed) 

54 

(Fixed) 

49 

(Fixed) 

2 –32 –18 –35 42 

3 8 –11 –30 40 

4 
54 

(Fixed) 
–10 

54 

(Fixed) 
46 

 

 
 

Fig. 2. Initial geometry of the proposed circular aperture 

antenna with its feeding and parasitic strips. The center 

of the antenna is located at the origin. The corners of the 

feeding strip and the parasitic strip are numbered from 1 

to 4. The positions of the first corner for both the feeding 

and the parasitic strips are fixed and marked with red 

marker. The x-positions of the fourth corner for both the 

feeding and the parasitic strips are fixed while the y-

positions are variable. These points are marked with blue 

marker. The second and the third corners for both strips 

are variable for both x and y. The points are marked in 

green. The initial values for these corners are presented 

in Table 1. 

 

These variable parameters are presented as a 

variable vector D of ten elements which are 

[𝑥2,𝑦2, 𝑥3,𝑦3, 𝑦4,  𝑥2′,𝑦2′, 𝑥3′,𝑦3′, 𝑦4′] The initial values 

of these variable parameters according to Table 1 are: 

𝐃 = [−32, −18,8, −11, −10, −35,42, −30,40,46]𝑇.  

Figure 3 shows the results of this initial design  
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obtained by using HFSS. It can be noted that the 

resonance of this initial design is nearly around 750 MHz 

while the reflection coefficient of the antenna 2.35 GHz 

is only about –3dB. On the other hand, the axial ratio is 

greater than 8 dB in the two bands. 

 

 
  (a) 

 
 (b) 

 

Fig. 3. Simulation results for the proposed antenna with 

initial parameters of the two strips: (a) reflection 

coefficient of the antenna, and (b) axial ratio of the 

radiation pattern in the broadside direction. 

 

IV. THE FFNN-BASED MOO MODEL 

One of the applications of NNs is optimization, 

where the aim is to find the optimal values of parameters 

in an optimization problem [22]. In this paper, The 

FFNN-based MOO model is used in a reverse way 

(inverse modeling) in which design variables are derived 

from objectives [23], where the input layer of the FFNN 

represents the objectives and the output layer represents 

the parameters to be optimized. Figure 4 shows the 

general FFNN-based model for solving MOPs.  

Figure 5 shows the FFNN-based MOO model for 

the design of RFID reader antenna. Here, we have two 

objectives, the reflection coefficient (|S11|) and axial ratio 

(AR). Thus, the input objective vector is [|S11| | AR], 

where the vector |S11| represents the linear-scale (to be in 

the range [0,1] suitable for NN training) values of |S11| in 

the target two bands, while the vector AR contains the 

linear-scale values of AR in both bands (normalized by 

its norm to unify the input parameter space). The target 

two bands are 835–865 MHz and 2.31–2.35 GHz. The 

frequency step is taken as 0.01 GHz, so we have 9 values 

for both |S11| and AR (4 in lower band and 5 in the higher 

band). Therefore, the dimension of the input vector is 18 

with the input layer of the FFNN having 18 neurons.  

 

 
 

Fig. 4. The general FFNN-based MOO model. 

 

 
 

Fig. 5. The FFNN-based MOO model for the design of 

the proposed antenna. 

 

To design a symmetric FFNN it is preferred to 

reduce the number of variables dimensions of the 

antenna to be nine instead of ten. This can be obtained 

by fixing any one of these variables. Thus, in the present 

analysis, the y position of the third corner of the first strip 

is fixed at –11 mm. It should be noted that this is an 

arbitrary choice and other choices are also possible. 

Thus, the remaining variables to be optimized would be 

nine variables. The output from FFNN in this case is the 

vector 𝐃′ of the nine antenna variables. It should be 

noted that, each variable in the vector 𝐃′ is normalized 

by using its minimum and maximum values to be in the 

range [0,1] for FFNN training. In this way, the size of  

the output layer of the FFNN is 9 neurons. The initial 

absolute value of the vector D in this case is |𝐃| =
[32,18,8,10,35,42,30,40,46]𝑇. 

Thus, the size of any training pattern will be 27,  

18 inputs and 9 outputs. After many experimental 

simulation trials, it is found that three hidden layers with 

10, 15, and 20 neurons, provide the best accuracy. Based 

on the above analysis, the final FFNN model is 

18:10:15:20:9. The training patterns are extracted from 

the HFSS simulator by varying the nine dimensions of 

antenna along two stages of training/recalling. In either 

stage, 80% of total training patterns is randomly chosen  

for training and remaining 20% for validation.  
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The FFNN is trained using BP algorithm, which is 

implemented in C++. In the recalling, the trained FFNN 

is given the desired input vector, which contains the 

desired values of |S11| and AR over dual-band, to output 

the corresponding antenna dimensions. The recalling is 

also implemented by C++. 
 

V. RESULTS AND DISCUSSIONS 

A. Stage1 training/recalling 

In the first stage of FFNN training/recalling, only 

one dimension is varied between its minimum and 

maximum values with a certain step, while all other 

dimensions are kept constant at their default values. The 

vectors of minimum, maximum absolute values are 

|𝐃𝒎𝒊𝒏,𝒔𝒕𝒈𝟏| = [27,13,3,5,30,37,25,35,41]𝑇 and |𝐃𝒎𝒂𝒙,𝒔𝒕𝒈𝟏| 

= [37,23,13,10,40,47,35,45,51]𝑇, respectively, with ten 

steps from the minimum to the maximum value for each 

variable. In this way, we have a total of 99 training 

patterns. The final MSE is 0.000891 after 500,000 

iterations. The total training time is about 15 min. After 

the training, the FFNN is recalled and the output 

dimensions were |𝐃𝒔𝒕𝒈𝟏| = [29.58,31.53, 7.7,10,38,24.87, 

33.43,24.87,48.13]𝑇. Then, these output dimensions are 

simulated in HFSS and the simulations results are  

shown in Fig. 6. Compared to the antenna with default 

dimensions (before optimization) shown in Fig. 3, it  

can be noted that the performances of |S11| and AR have 

been improved in both bands after the first stage of 

optimization. However, |S11| has a better performance in 

lower band than in higher band, and vice versa for AR. 
 

B. Stage2 training/recalling 

In the second stage of FFNN training/recalling, the 

training data is generated by HFSS by simulating 100 

different sets of dimensions (100 training patterns). In 

order to exploit the results of stage1, the dimensions in 

this stage are randomly generated around the output 

dimensions from stage1 Dstg1 using normal distribution 

keeping them as means and using a constant variance of 

5 for all dimensions. In this case, The vectors of min and 

max dimensions are Dmin,stg2 = Dstg1 – 5 and Dmax,stg2 = 

Dstg1 + 5, where 5 is a vector with all elements are equal 

5. The final MSE is 0.000015 after 500,000 iterations. 

The total training time is about 20 min. After the training, 

the FFNN is recalled and the output dimensions were 

Dstg2 = Dfinal = [26.26, 37, 12.89, 14.92, 33, 23.41, 37.55, 

18.41, 48.89]. The corresponding final values of the 

corners of the two strips are presented in Table 2. The 

final configuration is simulated by using HFSS and the 

simulations results are shown in Fig. 7.  

Compared to stage1 in Fig. 6, it can be noted from 

Fig. 7 that |S11| and AR have overall better results in target 

bands with much improvement in UHF band for both of 

them. |S11| has still better performance in UHF band than 

in SHF, but for AR, the performances in both bands now 

become almost equal with a deeper notch in UHF band. 

In addition, it can be seen from Fig. 7 that after the 

second stage of optimization, |S11| and AR are beneath  

–10 dB and 3 dB, respectively, in both bands of interest, 

allowing the final optimized antenna to be considered as 

a universal RFID reader antenna.  
 

  
 (a) 

 
    (b) 

 
    (c) 
 

Fig. 6. The output from stage1 training/recalling: (a) 

geometry of the antenna, (b) reflection coefficient of the 

antenna, and (c) axial ratio. 

 

Table 2: Final values of the corners of the two strips 

Corner 

No. 

Strip#1 (Feeding 

Strip) 

Strip#2 (Parasitic 

Strip) 

 x (mm) y (mm) x (mm) y (mm) 

1 
54 

(Fixed) 

–18 

(Fixed) 

54 

(Fixed) 

49 

(Fixed) 

2 –26.26 –37 –33 23.41 

3 12.89 
–11 

(Fixed) 
–37.55 18.41 

4 
54 

(Fixed) 
–14.92 

54 

(Fixed) 
48.89 
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  (a) 

 
 (b) 

 
 (c) 

 

Fig. 7. The output (final) from stage2 training/recalling: 

(a) geometry of the antenna, (b) reflection coefficient of 

the antenna, and (c) axial ratio. Solid line by using HFSS 

and dashed line by using CST. 

 

To verify the obtained result, the same structure with 

its final dimensions is simulated by using CST. Figure 7 

shows a comparison between the results of the HFSS 

(solid line) and CST (dashed line) simulations. Good 

agreements between the results of the two simulation 

techniques are obtained for both the reflection coefficient 

and the axial ratio of the designed antenna structure with 

its final dimensions.     

 

VI. CONCLUSION 
A dual band circularly polarized antenna is 

presented in this paper. The proposed antenna is 

composed of a circular aperture on a grounded dielectric 

slab. This circular aperture is fed by a feeding strip and 

perturbed by another parasitic strip to introduce circular 

polarization. The shape and dimensions of these two 

strips are optimized by using a NN-based MOO model. 

Each strip has four corners. Each corner has two 

variables; x and y positions. Thus, the total number of 

variables is sixteen. To make the starting point of each 

strip fixed at the edge of the substrate, the starting 

corners for the two strips are fixed. Thus, four variable 

are assumed to be constant. In addition, the last corner at 

each strip is assumed to be located on the edge of the 

substrate. Thus, the x values for the last corners on the 

two strips are also constant. Thus, the remaining number 

of variables is ten.  The notable benefits of the proposed 

NN model are simplicity and accurate determination of 

the characteristic parameters of the antenna. The NN 

model is accurate enough to yield the parameters of the 

antenna thus eliminating the long time consuming process 

of determination various design parameters using costly 

software packages. A distinct advantage of neural model 

computation is that after proper training, a NN completely 

bypasses the repeated use of complex iterative processes 

for new cases presented to it. The total training time was 

just about 35 min. The optimized design is compact and 

exhibits less than –10 dB |S11| and 3 dB AR in both bands 

making it practically ideal dual-band circularly polarized 

RFID reader antenna. 
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Abstract – Orthogonal frequency division multiplexing 

(OFDM) or multicarrier modulation is an essential signal 

processing technique in new generation wireless gadgets 

owing to its potential to support fast and spectrally 

efficient transmission. One of the major limitations of 

OFDM systems is the peak-to-average power ratio 

(PAPR) of transmit data. In this article, a novel meta 

heuristic algorithm called modified grey wolf optimizer 

is used to boost the computing performance of subcarrier 

phase factor search in the undisputed partial transmit 

sequence method. The proposed modified grey wolf 

optimizer (mGWO) has a balancing between exploration 

and exploitation phases while searching for peak power 

carriers and brings out a nearly optimal performance but 

with less number of iterations. The objective is to 

propose low complex computing algorithm without 

compromising the output quality. The simulation results 

of proposed mGWO-PTS model assure improvements 

around 20 to 25 percent from that of the comparative 

counterparts such as GWO-PTS, PSO-PTS, and etc. 

 

Index Terms ─ BER, modified grey wolf optimizer, 

OFDM, PAPR. 
 

I. INTRODUCTION 
In the state of the art of wireless technology 

Orthogonal Frequency Division Multiplexing (OFDM) 

technique is a substantial signal processing algorithm 

due to its high speed compatibility, robustness to noise 

and appreciable spectral efficiency. One of the major 

limitations to employ OFDM in systems is the peak to 

average power ratio (PAPR) of the transmitted 

subcarriers. In this article, a novel modified Grey Wolf 

Optimizer (mGWO) is proposed to perform the phase 

factor search within the popular Partial Transmit 

Sequence technique such that the results are promising 

with low complex computations. Unlike any other search 

algorithm, the modified grey wolf optimizer rearranges 

the balancing between exploration and exploitation in 

searching of the best solution and brings out an optimal 

performance that has been generally achieved in many of 

its previous counterparts. The main goal of this proposed 

scheme is to achieve low complexity and a better PAPR 

minimization with a near or sub optimal data rate 

delivery across users. The results have proved that the 

modified grey wolf optimization algorithm used in phase 

factor search process yields improved performance than 

other combinations of PTS optimization algorithms.  
Orthogonal Frequency Division Multiplexing is a 

widely used multi carrier modulation scheme by which 

data is loaded over multiple narrow sub carriers so that 

frequency diversity is achieved along with frequency flat 

fading to sub carriers. This provides spectral efficiency 

over single carrier transmission. Every subcarrier is 

modulated using one of the digital modulation schemes 

such as QPSK, 16QAM, and etc. at a low data rate. The 

choice of orthogonal sub carriers facilitates frequency 

flat fading thereby the noise impact is minimized to a 

larger extent. Thus, the SNR of transmit signal increases 

which ensures little noise filtering process at the receiver 

end. OFDM is established on the very familiar technique 

called Frequency Division Multiplexing (FDM). In FDM 

different users are allotted separate dedicated frequency 

channels. Each channel in FDM is detached from the 

other user bands by a frequency guard band to avoid inter 

carrier interference (ICI) between adjacent channels. Idle 

channels lead to spectrum wastage in case of FDM. The 

OFDM scheme differs from conventional FDM in many 

interrelated ways which are as mentioned below: 

• Different subcarriers convey the different data 

blocks. 

• Subcarriers are symmetrical to each other. 
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• Guard bands are added to every subcarrier to 

confine the channel in order to eliminate spectral 

leakage which causes Inter-Symbol Interference 

(ISI). 

• Spectra are used efficiently by allowing overlap 

across successive sub channels or sub carriers. 

• System is protected against co-channel interference 

and parasitic noise. 

• Addition of Cyclic Prefix (CP) eliminates inter-

symbol interference and inter carrier interference. 

• It uses IFFT to enforce multicarrier modulation. 

• Cancels any channel which is affected by 

frequency selective fading.  

• Each sub-channel has low data rate so that the 

symbol duration is large thereby frequency flat 

fading occurs. 
 

II. THE PEAK TO AVERAGE POWER 

RATIO 
The channel variations in an Orthogonal Frequency 

Division Multiplexing signals may experience higher 

peak power values in the time field as several number of 

subcarriers are involved. These subcarriers are created 

using the famous Inverse Fast Fourier transform (IFFT) 

scheme. In a wireless transmitter one of the major 

challenges is to have linear power amplification. If 

power peaking occurs among subcarriers cross over 

distortion is induced. This is nothing but noise addition 

leading to distort the amplitude of the modulated carriers 

and hence data is lost. Another point is that PAPR leads 

to voltage surge to a considerable extent in the uplink 

which affects the constraint of battery power control in a 

mobile or portable device. 

As it is mentioned earlier the PAPR is mathematically 

expressed as: 

              𝑃𝐴𝑃𝑅𝑑𝑏 = 10 𝑙𝑜𝑔 (
𝑚𝑎𝑥 [𝑥(𝑡)𝑥∗(𝑡)]

𝐸 [𝑥(𝑡)𝑥∗(𝑡)]
),                 (1) 

where, the component (
𝑚𝑎𝑥 [𝑥(𝑡)𝑥∗(𝑡)]

𝐸 [𝑥(𝑡)𝑥∗(𝑡)]
) represents the 

peak to mean power ratio of an instantaneous OFDM 

signal 𝑥(𝑡). In general, an OFDM symbol contains 

complex tones which are evenly spaced in the frequency 

domain in orthogonal multiples of 𝑥(𝑡) = 𝑒𝑗2𝜋𝑓𝑡. 

At period 𝑡 = 𝑇, the signal’s peak value,  

 𝑚𝑎𝑥[𝑥(𝑡)𝑥∗(𝑡)] = 𝑚𝑎𝑥[𝑒𝑗2𝜋𝑓𝑡𝑒−𝑗2𝜋𝑓𝑡] = 𝑚𝑎𝑥[𝑒0] = 1.(2)    

The signal’s mean squared value, 

              𝐸[𝑥(𝑡)𝑥∗(𝑡)] = 𝐸(𝑒𝑗2𝜋𝑓𝑡𝑒−𝑗2𝜋𝑓𝑡) = 1.         (3)              
 

Using results of equations (1) and (2) the resultant 

PAPR is 0 dB. This means there is no peaking of power 

or it means that the peak power equals average power 

and hence no noise. Similar to the above equations, an 

OFDM signal is also expressed by including all the 

complex tones which are evenly spaced in the frequency 

domain as 𝑥(𝑡) =  𝑒𝑗2𝜋𝑓𝑡. It is well known that the time 

domain representation of OFDM signal is done by 

summing K complex tones spaced apart by 90 degrees 

from each other. The following equation defines it as  

a simple function 𝑥(𝑡) in terms of amplitude 𝑎𝑘 and 

complex phase 𝑒
𝑗2𝜋𝑘𝑡

𝑇 : 

                               𝑥(𝑡) = ∑ 𝑎𝑘𝑒
𝑗2𝜋𝑘𝑡

𝑇𝐾−1
0 .                     (4) 

To make it simple, let us assume ak = 1 for any k value. 

In this case, the signal’s peak value is: 

𝑚𝑎𝑥[𝑥(𝑡)𝑥∗(𝑡)]

= 𝑚𝑎𝑥 [∑ 𝑎𝑘 (𝑒
𝑗2𝜋𝑘𝑡

𝑇 )  ∑ 𝑎𝑘
∗

𝐾−1

𝑘=0

 

𝐾−1

𝑘=0

(𝑒
−𝑗2𝜋𝑘𝑡

𝑇 )] 

        =  𝑚𝑎𝑥 [𝑎𝑘𝑎𝑘
∗ ∑ ∑ 𝑒

𝑗2𝜋𝑘𝑡
𝑇 𝑒

−𝑗2𝜋𝑘𝑡
𝑇

𝐾−1

𝑘=0

𝐾−1

𝑘=0

] =  1.       (5) 

The signal’s mean square value is, 

 𝐸[𝑥(𝑡)𝑥∗(𝑡)] = 𝐸 [∑ 𝑎𝑘  

𝐾−1

𝑘=0

𝑒
𝑗2𝜋𝑘𝑡

𝑇 ∑ 𝑎𝑘
∗

𝐾−1

𝑘=0

(𝑒
−𝑗2𝜋𝑘𝑡

𝑇 )], 

         = 𝐸 [𝑎𝑘  𝑎𝑘 
∗ ∑ ∑ 𝑒

𝑗2𝜋𝑘𝑡
𝑇

𝐾−1

𝑘=0

𝐾−1

𝑘=0

𝑒
−𝑗2𝜋𝑘𝑡

𝑇 ] = 1.          (6) 

Thus, if the subcarriers are modulated using same 

type of modulation, the PAPR is 0 dB, making the 

transmission noise free. It is important to notice that the 

IFFT operation is responsible to produce orthogonal 

subcarriers. Each subcarrier is loaded with a set of data 

by a suitable modulation scheme, for which an adaptive 

modulation or bit loading or power allocation scheme is 

employed. As it is known modulation is the process of 

converting a low frequency information bearing signal 

into a high frequency signal. Equation (6) is nothing but 

the autocorrelation of signal x(t). The Fourier transform 

of autocorrelation of x(t) gives out the Welch power 

spectral density which means the power distribution 

across a given frequency band. Welch spectrum helps an 

user to identify the signal strength of each subcarrier. At 

receiver end, Welch spectrum is used to provide the 

channel state information (CSI) which means the 

channel variations due to fading as it is a mobile wireless 

channel. In channel estimation process there are three 

approaches involved. A part of the CSI shall be sent back 

to the transmitter from receiver and vice versa so that it 

becomes a semi blind approach. In blind approach, no 

CSI is used. In data aided approach a cyclic redundancy 

check (CRC) or side information (SI) is used for signal 

detection and estimation at the receiver. 

 

III. METAHEURISTICS IN MODIFIED 

GREY WOLF ALGORITHM 
In recent years, the swarm intelligence model of 

animals is preferred for multi objective combinatorial 

optimization. The grey wolf algorithm is preferred as one 

of the most encouraging problem solving technique for 

encountering real time big data applications having large 
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number of computations. The joint effort among fish, 

birds, flies and herd of animals to look for food and 

survival by planning a wise structure is known as swarm 

intelligence (SI). In order to handle nonlinear and 

combinatorial optimization problems, a huge amount of 

computing is needed. This results in system complexity 

and increased processing time to find out the best 

minima or maxima of a local or global search. There are 

numerous computing models developed by mimicking 

the swarm intelligence of various living organisms 

such as insect, wolf, bumble bees, winged animals, birds, 

fish, bat, fruit fly, fire fly, dragon fly, whales and etc. 

The Particle Swarm Optimization (PSO), Ant Colony 

Optimization (ACO), Firefly Algorithm (FFA), Artificial 

Bee Colony (ABC) algorithm, Spider Monkey Optimizer 

(SMO), Whale Optimization (WO), African Buffalo 

Optimization (ABO), and Grey Wolf Optimizer (GWO) 

are some of the popular swarm intelligent algorithms 

which had proved that they are capable of solving 

industrial and research related optimization problems. 

In the process of attaining computational 

intelligence, it is interesting to note that the choice of any 

search and optimization algorithm results in a similar 

statistical performance as proposed by the No Free 

Lunch (NFL) theorem. This theorem states that no free 

lunch is possible without a cost. The quality of any 

search problem has its cost. As the quality grows up 

the computations do grow. The Grey Wolf Optimizer 

(GWO) depends on administration and progression 

approach to hunt a prey. GWO algorithm is a new 

addendum to the group of swarm insight based 

metaheuristics. In the group of swarm intelligence based 

computing, GWO is the main approach which depends 

on a team coordinated hunting behaviour. The GWO 

calculation is a straight forward population based 

calculation which reproduces the authority and social 

conduct of the grey wolves to prey. 

IV. RELATED WORKS
Article [1] uses a new swarm intelligence named 

the fireworks algorithm (FWA) to reduce PAPR while 

achieving a low computational complexity in MIMO-

OFDM system. It reduces the phase factor search 

complexity of PTS algorithm while maintaining the 

desired PAPR optimization accuracy. Paper [2] projects 

innumerable algorithms to cut down the computational 

complexity along with PAPR. This is achieved by 

inculcating partial transmit sequences (PTS) method, 

variable to variable crossover in Cuckoo search algorithm 

(CSA) and also a combination of two methods. Thus, 

providing a better PAPR function than GA-PTS with 

adjacent partition and with pseudo-random partition. 

Study from [3] reveals an efficient PTS approach on 

particle swarm optimization to attain reduced PAPR and 

computational complexity wherein the proposed method 

expeditiously searches for the optimum combination of 

section rotation factors to decrease the procedural 

complexness.  

Paper [4] deals with solution for rigorous hunt over 

the entire phase search which lead to high computing 

complexity. A less optimum PTS method is demonstrated 

upon the self-adaptive multi-population differential 

evolution algorithm (SAMDE) to find high quality 

resolutions with low computational cost by acquiring 

each sub-population of individuals over consequent 

generations. 

Research in [5] applies SLM with ABC algorithm 

in PAPR reduction of MIMO-OFDM System. Also, 

artificial bee colony (ABC) algorithm, Modified ABC 

and parallel ABC (P-ABC) for SLM scheme are proposed 

which gives better PAPR reduction performance with 

less complexity. This proposed algorithm is giving better 

PAPR reduction and bit error rate (BER) performances 

with less complexity. 

Article [6] samples various Algorithms on PAPR 

Reduction in OFDM System. Lately a sub optimal 

scheme which is based on artificial bee colony (ABC) 

algorithm is projected to hunt the better phase factors 

which also offer efficient PAPR reduction in OFDM 

system with less complexity. Information regarding 

optimal phase set is transmitted as side information 

which reduces the overall bandwidth efficiency. This 

problem is solved in paper [7] by adjoining PTS and GA 

in mapping scheme. Thus, leads to lower computations, 

increases the effective searching of function parameters 

and reduces the number of searches, to find the optimum 

phase factors. Though wavelet packet modulation has 

a merit of flexibility and modular implementation 

capability, it sustains high PAPR which extends signal 

distortion. 

A new technique on biogeography based 

optimization is enhanced to a better level named 

generalized oppositional biogeography based 

optimization is exploited in the OFDM system to reduce 

PAPR and PTS searching complexity. By combining 

these two techniques in [8] the result exceeded the 

original algorithm prospects. In article [9], another PTS 

scheme has been developed so as to descent the PAPR 

by choosing the ideal stage factor by means of a 

versatile ABC optimization process. It can diminish the 

computational involution for bigger PTS sub blocks and 

offers lower PAPR in the meantime. Bat algorithm, when 

used for optimization the of sub-carrier phase it suffers 

from local optimum and low convergence accuracy. In 

paper [10] the velocity formula is updated so as to 

achieve convergence speed and speed while nullifying 

premature convergence. By implementing this improved 

algorithm in CO-OFDM PAPR is reduced by 5.48 dB 

and also searching ability and accuracy is amplified. The 

suggested algorithmic rule enhances the Peak to Average 

Power Reduction than using other selective mapping 

algorithms, Genetic and Quantum evolutionary. 
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Moreover, the suggested algorithmic rule meets faster 

than the quantum evolutionary and genetic algorithms. 

PTS selection is highly complex and the Computational 

Complexity is huge when all the subcarriers are 

transmitted in the OFDM system. Paper [11] applies a 

novel method named PTS selection, a modified chaos 

clone shuffled frog leaping algorithm (MCCSFLA), it’s 

based on the chaos theory. This algorithm can converge 

to the global optimum, achieves better PAPR reduction, 

and converges faster. The impact of OFDM IFFT/FFT 

computational complexity in [12] is treated well with 

new approaches in the FPGA implementation context. 

 

V. PROPOSED MGWO-PTS MODEL 
The block diagram of the proposed model using 

mGWO-PTS is shown in Fig. 1. Grey Wolf belongs to 

the family of Canidae forming the apex position in the 

family of predators. Grey wolves almost live in a pack of 

size from 5 to 12 on an average. 

 

 
 

Fig. 1. Block diagram of the proposed model using 

mGWO-PTS. 

 

The pack has alpha, beta, delta and omega wolves. 

Alpha leads the pack whereas others follow it. The betas 

are either female or male. Either the male or female can 

be the most effective nominee in the Alpha level, by the 

other case if the one in every alpha wolf are attacked 

terribly or passes away. The beta conveys alpha's 

command throughout the pack and it offers the feedback 

to an alpha wolf. The last out ranking grey wolf is 

omega. The Omega represents the character of the 

whipping boy The Omegas constantly resist all the 

opposite commanding wolves. The final wolves are also 

allowed to eat.  

They must appear the form of Omega and is not a 

very important individual inside pack, it is determined 

that total pack face in internal fighting issues other case 

of missing the omega. It will often exhibit brutality and 

annoyance of all the wolves by the Omega. It always 

satisfies the complete maintenance and packing the 

dominance structure. In few conditions the omega will 

additionally be acting like baby sitters in the pack. A 

typical hunting scenario is shown in Fig. 2. 

The behavior of grey wolves is categorized as 

follows. 

• Sensing, Chasing, Tracking, and Approaching 

the prey. 

• Encircling, Provoking, Pursuing the prey until 

it stops moving. 

• Attacking and killing the prey. 

 

 
 

Fig. 2. Grey wolves hunting scheme (source: https:// 

www.google.com). 

 

 
 

Fig. 3. Flow chart of mGWO algorithm. 
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Figure 3 clearly illustrates the sequential process 

flow of the modified GWO algorithm. As it is verified 

from the literature studies, the convergence of mGWO is 

faster and efficient compared to its former version the 

grey wolf algorithm. In this case, the exploration takes 

70 percent effort whereas exploitation phase consumes 

25 percent search effort, resulting in a non linear search. 

The proposed algorithm exhibits appreciable global 

convergence by avoiding local minima. 

Equation (7) describes the linear search model of 

conventional grey wolf optimizer model in which both 

the exploration and exploitation phases of finding the 

minimum phase value occupy 50 percent effort 

respectively: 

                               𝑎 = 2 ( 1 −
𝑡

𝑇
).               (7) 

From equation (8) it is evident that a squared search 

function is introduced by which the exploration of prey 

(solution) needs almost 70 percent search iterations just 

to locate the prey; and remaining 30 percent search effort 

is spent to zero in to the prey (solution): 

                                      𝑎 = 2 ( 1 −
𝑡2

𝑇2).                         (8) 

 

VI. RESULTS AND DISCUSSION 
This section presents several results in support of the 

proposed method to find the minimum PAPR values with 

fast convergence. 

Figure 4 illustrates the proposed mGWO tool box  

in which an optimum value of 0.998 is obtained with 

merely 200 iterations. 

 

 
 

Fig. 4. Performance of mGWO at 200 iterations. 
 

Figure 5 illustrates that the proposed mGWO 

converges to the minimum value with 280 iterations 

whereas conventional GWO takes 330 iterations. This 

ensures that the proposed mGWO saves computations by 

15%. 

Figure 6 compares the peak power reduction 

capacity of proposed method and other conventional 

methods. Proposed mGWO-OFDM exhibits low peak to  

average power at a low SNR of 14 dB. 

 

 

 
 

Fig. 5. GWO versus mGWO for 500 iterations. 
 

 
 

Fig. 6. PAPR of proposed method. 

 

Figure 7 portrays the BER performance of proposed 

PTS based PAPR reduction by using proposed mGWO. 

At the lowest SNR of 10 dB, the proposed scheme 

exhibits a lowest BER of 10-5 whereas the error increases 

significantly in all other methods. The detailed BER 

pattern at SNR of 10 dB is depicted in Fig. 8. 

 

 
 

Fig. 7. BER performance of proposed PTS-mGWO. 
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Fig. 8. BER performance of PTS-mGWO at SNR=10dB. 

 

VII. CONCLUSION 
The proposed work gives a better output for OFDM 

optimization and reduced PAPR values by the PTS 

method using the modified grey wolf algorithm. The 

modified GWO gets an earlier convergence when 

compared to the original GWO and also a reduced 

complexity is obtained in the results. 
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Abstract ─ A novel and compact antenna element is 

analyzed and designed to achieve an efficient 4x4 MIMO 

antenna for a mobile phone at 3.5 GHz band for 5G 

communication. FTDT and FEM techniques are used to 

analyze and compare modeling accuracy of the proposed 

MIMO antenna. It has achieved a minimum isolation of 

19.7dB between two antennas with radiation efficiency 

of 86%. The improved isolation and efficiency for the 

proposed MIMO antenna has been achieved without any 

decoupling structure between antennas, instead larger 

separation between elements due to compact size of  

the proposed element facilitated to achieve good 

performance. Pattern diversity is also achieved by 

arranging adjacent asymmetric antennas in reverse 

direction with each other. The envelope correlation 

coefficient (ECC) is less than 0.002 and Channel Capacity 

loss (CCL) is also less than 0.4 bps/Hz in the whole 

frequency band (3.36-3.66 GHz), which is suitable for 

5G MIMO systems. 

 

Index Terms ─ Channel Capacity Loss (CCL), Envelope 

Correlation Coefficient (ECC), Finite Difference Time 

Domain (FDTD), Finite Element Method (FEM), Multi-

Input Multi-Output (MIMO). 
 

I. INTRODUCTION 
The aspiration of high speed data transmission  

rate for smart phones is increasing exponentially. 5G 

wireless communication system is a consequent 

telecommunication standard that may achieve data rates 

up to tens of gigabits/second [1-2]. Such high data  

rates may be achieved by using multi-input multi-output 

(MIMO) system with multiple isolated antennas in a 

mobile phone [3-10]. These multiple antennas may 

transmit and receive data simultaneously on a single radio 

frequency channel. MIMO uses multiple path propagation 

at the same time that ensures the reliability and higher 

data transmission rate without using extra bandwidth.  

Quality of signal transmission can be enhanced if 

higher isolation is achieved between MIMO antennas of 

a portable communication device. The mutual coupling 

among antenna elements causes poor isolation and 

reduced efficiency [3]. Design of highly efficient MIMO 

antenna with better isolation and improved bandwidth 

within a mobile phone is a challenging issue due to 

common ground of MIMO antenna system.  

Several techniques have been reported recently to 

reduce mutual coupling between antenna elements of a 

MIMO system. Some popular techniques are: orthogonal 

arrangement [4-6], neutralization line [7], diagonal 

arrangement [8, 9], protruded ground plane [10], common 

grounding branch [11, 12], balanced open slot [13], 

metamaterial structure [14] and defected ground [15, 16, 

17]. However, all these techniques may reduce the 

coupling between MIMO antenna elements at the cost of 

reduced efficiency. 

Analysis and design of an efficient and compact 

multi-input and multi-output (MIMO) antenna element 

is presented for 5G smart phones. FDTD and FEM 

techniques are used to analyze and compare modeling 

accuracy of the 4x4 MIMO antenna. Better isolation and 

bandwidth enhancement is achieved by the novel MIMO 

antenna system. A minimum isolation of 19.7dB has 

been achieved between antenna elements without using  

ACES JOURNAL, Vol. 36, No. 3, March 2021

Submitted On: September 21, 2020 
Accepted On: January 20, 2021 1054-4887 © ACES

https://doi.org/10.47037/2020.ACES.J.360306

266



any decoupling structure. 

 

II. MIMO ANTENNA GEOMETRY 
Geometry of the proposed novel antenna elements 

array is shown in the Fig. 1. All dimensions of parameters 

are in millimeters. Similar to the modern smart phones, 

the horizontal system substrate has dimensions of 

75×150×0.8 𝑚𝑚3 and it is connected with two vertical 

substrates on longer sides of the system substrate. The 

dimension of each vertical substrate is 0.8×150×6 𝑚𝑚3. 

All the four antennas are printed on both sides of vertical 

substrate as shown in Fig. 1. The material for both 

system and vertical substrate is FR-4 with 𝜀𝑟 = 4.4 and 

loss tangent = 0.02 and the material for ground and 

printed patch elements is copper annealed with thickness 

of 0.035 mm. 

 

 

 

Fig. 1. Proposed structure of MIMO antenna: (a) Yagi-

Uda shaped element, (b) complete structure of MIMO 

antenna, (c) staircase element, and (d) copper ground. 

Each antenna consists of a Yagi-Uda shaped 

element (connected with microstrip feed) on front side of 

the vertical substrate and a staircase element (connected 

with ground) on backside of Yagi-Uda shaped element. 

Each of the microstrip feed line is excited with a 50 Ω 

coaxial probe. Yagi-Uda shaped element is used to 

reduce antenna size due to multiple current paths 

available in Yagi-Uda shaped element. It helps to 

increase electrical length while keeping the antenna size 

compact. Asymmetric staircase element is used to 

concentrate current density on one side of the patch 

antenna that helps to increase effective spacing and 

hence isolation between two adjacent antennas arranged 

in reverse direction. Such reverse arrangement of 

adjacent asymmetric elements also helped to achieve 

pattern diversity. The reason for higher isolation and 

pattern diversity is explained in next section. 
 

III. ANALYSIS OF MIMO ANTENNA 

A. Computational analysis using FDTD and FEM 

Computational analysis of 4x4 MIMO antenna is 

performed using two different computational analysis 

techniques in CST Microwave Studio, first technique is 

FDTD (Finite Difference Time Domain) of time domain 

solver while the other technique is FEM (Finite Element 

Method) of frequency domain solver. FDTD is used with 

Perfect Boundary Approximations (PBA) on a hexahedral 

grid while FEM is used on a tetrahedral grid with open 

boundary conditions.  

S-parameters for FDTD computational analysis are 

shown in Fig. 2. It can be seen that all the reflection 

coefficients (𝑆11, 𝑆22, 𝑆33, 𝑆44) are less than -10 dB (2:1 

VSWR), which ensures acceptable impedance matching 

from 3.33 to 3.66 GHz, while transmission coefficients 

depicts the minimum isolation of 19.7 dB at 3.5GHz. Due 

to evenness and simplicity, the analysis has been made 

by considering only following transmission coefficients: 

𝑆21 = 𝑆12,,  𝑆31 = 𝑆13 𝑎𝑛𝑑 𝑆41 = 𝑆14. It can be seen that 

all the transmission coefficients are less than the required 

standard of at least -15 dB without any decoupling 

network. The isolation is achieved due to larger effective 

spacing between compact elements. It is the reason, due 

to which maximum isolation of greater than 29 dB is 

achieved between antenna 1&4, as they are diagonally 

placed. So, the proposed MIMO antenna is best suited 

for smartphones used for 5G applications.  

To verify modeling accuracy of the proposed MIMO 

antenna, it is also analyzed using FEM technique. S-

parameters for FEM technique are shown in Fig. 3. It  

can be seen that the impedance bandwidth and isolation 

between MIMO antennas are almost similar to those 

achieved through FDTD technique. A very little deviation 

in impedance matching and a frequency shift is ignorable 

due to a minor convergence error in any of the 

computational techniques. Therefor the proposed MIMO 

antenna model may be used to achieve required isolation  
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and impedance bandwidth performance. 

 

 
 

Fig. 2. S-parameters for the 4x4 MIMO antenna using 

FDTD. 

 

 
 

Fig. 3. S-parameters for the 4x4 MIMO antenna using 

FEM. 

 

B. Parametric analysis 

In parametric analysis, some computational aspects 

of the proposed design are presented. It may help to 

perceive in-depth understanding about modeling issues 

of the critical parameters, which are used to optimize the 

proposed MIMO antenna patch elements. 

The parametric analysis for P and Q dimensions  

of Yagi-Uda shaped element for return loss are shown  

in Figs. 4 and 5, respectively. It can be seen that the 

resonance curve shifts from right to left with increase in 

P, while impedance matching at 3.5 GHz is better for 

optimized value of P=3.25 mm. In a similar way the 

resonance curve shifts from right to left with increase in 

Q, however, return loss also increases with increase in  

Q. The optimized value of Q=3 mm is selected to have 

moderate return loss at 3.5 GHz.  

Similar parametric curves for T and S dimensions  

of staircase element are shown in Figs. 6 and 7, 

respectively. It can be seen that resonance curve shifts 

again from right to left while return loss decreases with 

increase in value of T. The return loss is minimum at 

optimum value of T=10.5 mm. It can also be seen that 

the S dimension has very important role in impedance 

matching and the return loss decreases with increase in 

S at 3.5 GHz. 
 

 
 

Fig. 4. Parametric analysis of dimension P for return loss. 
 

 
 

Fig. 6. Parametric analysis of dimension T for return 

loss. 
 

 
 

Fig. 7. Parametric analysis of dimension S for return loss. 

 

C. Surface current analysis 

Surface current distributions at 3.5GHz on all the 

four antennas when Antenna-1 is excited and remaining 

ports are matched with 50Ω load are shown in Fig. 8  

(a). The isolation between MIMO antennas is evident 

from the maximum current distribution on Antenna-1 
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while minimum current distribution on remaining three 

antennas. For Antenna 1 in Fig. 8 (b), it can be seen that 

the density of current distribution is higher on left side of 

the Yagi-Uda and staircase elements. As arrangement of 

Antenna-2 on the same edge is kept in reverse direction 

to that of Antenna-1, so if it is excited then surface 

current density for Antenna-2 elements will be higher  

on right side of the Yagi-Uda and staircase elements of 

Antenna-2. This will increase the effective spacing and 

hence isolation between the antenna elements on the 

same edge. Similar arrangement for Antenna-3 and 

Antenna-4 on the other edge causes similar higher 

isolation between the two antennas. There is already 

enough separation of 75mm (greater than λo/2) between 

the two edges, so all the four antennas have enough 

isolation (greater than 19.7 dB). So, the larger effective 

spacing among antennas is the key reason for higher 

isolation between MIMO antennas. 

 

 

 

Fig. 8. Surface current distribution analysis: (a) current 

on all antennas, and (b) current on Antenna 1. 

 

 

 

Fig. 9. Envelope Correlation Coefficient (ECC) between 

antennas of the 4x4 MIMO antenna system. 

 

 
 

Fig. 10. Channel Capacity Loss (CCL) of the 4x4 MIMO 

antenna system. 
 

Ant.1                                            Ant.2 

 
 

Fig. 11. 3D radiation patterns: (a) Antenna-1 and (b) 

Antenna-2. 
 

 
 

Fig. 12. 2D radiation patterns: (a) Antenna-1, xz-plane; 

(b) Antenna-1, yz-plane; (c) Antenna-2, xz-plane; (d) 

Antenna-2, yz-plane. 
 

D. Diversity analysis for gain and radiation pattern 

Channel Capacity Loss (CCL) and Envelope 

Correlation Coefficient (ECC) are used to evaluate gain 

diversity performance of the proposed MIMO antenna. 

ECC is plotted in Fig. 9, it can be seen that ECC is less  

(a)

(b)
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than 0.002 in the desired frequency band of 3.33-3.66 

GHz. ECC between antenna 1&4 and antenna 2&3 is 

almost zero as they are diagonally placed.            

Channel capacity loss (CCL) of the MIMO antenna 

is calculated by using following equations: 

                 𝐶𝑙𝑜𝑠𝑠 =  −𝐿𝑜𝑔2 det(𝜑𝑅),                    (1) 
 

                             𝜑𝑅 = [
𝜌11 𝜌12

𝜌21 𝜌22
] ,                          (2) 

 

                          𝜌𝑖𝑖 = 1 − (|𝑆𝑖𝑖|
2 + |𝑆𝑖𝑗|

2
),                  (3) 

 

                    𝜌𝑖𝑗 = −|𝑆𝑖𝑖
∗ 𝑆𝑖𝑗 + 𝑆𝑗𝑖

∗ 𝑆𝑖𝑗|.                      (4) 

The value of CCL is also below 0.4 bps/Hz in  

the desired frequency band as shown in Fig. 10. As the 

values of ECC and CCL are below than the required 

standard limits for a 4x4 MIMO antenna system, so  

the proposed MIMO antenna has decent gain diversity 

performance. 

Radiation patterns for adjacent antennas, Antenna-1 

and Antenna-2, are shown in Figs. 11 and 12. All the 

antennas have achieved similar gain performance and 

peak gain for each antenna is 4.6 dBi as shown in Fig. 

13, for Antenna-1, while the radiation efficiency of each 

antenna varies from 81 to 86% in the desired frequency 

band. However, it can be seen that the radiation beam  

of Antenna-2 is directed towards opposite direction to 

that of Antenna-1 due to reverse arrangement of both 

asymmetric antennas with respect to each other. Such 

radiation patterns verify that the pattern diversity is also 

achieved. 

 

 
 

Fig. 13. Gain performance for Antenna-1 of the MIMO 

antenna system. 

 

 
 

Fig. 14. Radiation Efficiency for Antenna-1&2 of the 

MIMO antenna system. 

 

IV. COMPARISON WITH PREVIOUS 

WORKS 
The performance of the proposed MIMO antenna  

is compared with previous recent works in Table 1 to 

highlight significance of the proposed antenna. It can be 

seen that the proposed MIMO antenna has achieved 

comparable performance with improved isolation greater 

than 19.7 dB, radiation efficiency up to 86%, total 

efficiency up to 77% and -10dB impedance bandwidth 

of 300 MHz without any decoupling structure between 

compact size (71.1mm2) antennas. Therefore, the proposed 

MIMO antenna system is a suitable potential player for 

future 5G MIMO smart phone applications.  

 

V. CONCLUSION 
This work has been proposed a 4×4 efficient MIMO 

antenna system at 3.5 GHz frequency band (3.36–3.66 

for 5G smart phone applications. The proposed model is 

analyzed using FDTD and FEM to verify its modeling 

accuracy. The adjacent antennas are arranged in reverse 

direction to achieve higher isolation with suitable gain 

and pattern diversity. Higher isolation (> 19 dB) has  

been achieved without any decoupling structure between 

antennas. The proposed MIMO antenna has also achieved 

radiation efficiency up to 86% and low value of ECC  

(< 0.02). The Channel capacity loss (CCL) of the proposed 

4×4 MIMO antenna system has also been calculated and 

it is less than 0.4 bits/Hz in the desired frequency band. 

Therefore, the proposed MIMO antenna system is a 

suitable potential candidate unit for massive MIMO 

system in future. 
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Abstract ─ The backward radiation is a critical problem 

that may cause breakdown of the front-end circuits that 

are integrated behind the antenna. Thus, antennas having 

high Front to Back Ratio (FBR) are required. For phased 

arrays, the back lobe suppression is required for all 

scanning angles at all frequencies of the band. In this 

work, a stacked patch linear array with asymmetric 

configuration is proposed. It is capable of scanning the 

beam in  ±40o with less than 1.34 dB scanning loss. Due 

to the usage of probe-fed stacked patches as the antenna 

elements, impedance matching in 8-10 GHz is achieved. 

More than 30 dB FBR is obtained for broadside 

radiation. It is above 20 dB when the beam is steered to 

𝜃 = 40o. This is valid for all frequencies of the band. A 

prototype is fabricated and measured. Higher than 38 dB 

FBR is observed. With its broadband, high FBR and low 

scanning loss, the proposed asymmetrical stacked patch 

phased array is suitable as radar and base station antenna. 

 

Index Terms ─ Back-lobe suppression, front to back 

ratio, linear phased array, stacked patch, wideband 

antenna. 
 

I. INTRODUCTION 
Microstrip antenna arrays are popular solutions for 

wide beam scanning function that is essential in radar, 

electronic warfare and communication systems. Wide 

frequency coverage, ease of fabrication and conformity 

are key parameters for the success of these systems. 

Among feeding structures, probe-fed solution is widely 

used due to its robust nature and impedance matching 

performance [1]. However, narrow band characteristic  

of a microstrip antenna is a major drawback for wide 

band applications. There has been considerable interest 

towards designing wideband microstrip antennas to be 

used in phased arrays for wide beam scanning. It is 

proved that thick laminates with low dielectric constant 

is likely to give the largest bandwidth responses and 

good surface wave efficiencies [2]. Many designs 

consisting of different geometries have been introduced 

in literature [3]. A probe fed stacked square patch slotted 

wideband microstrip antenna is presented [4-5]. An 

asymmetrical complementary split ring resonator (CSRR) 

loaded stacked microstrip patch antenna is introduced for 

broadband applications in [6]. The shape of the patch is 

formed into a rose leaf and fed with a capacitive coupled 

rectangular feed in [7]. With the rose leaf structure, 

impedance bandwidth performance of the antenna is 

increased up to 69%. Stacked patch antennas have been 

implemented in low temperature cofired ceramic (LTCC), 

as well [8-10]. Array examples of stacked patches are 

also presented [11-14]. In order to obtain broadband 

characteristic, a patch array is arranged as a three stacked 

structure consisting of one radiation patch and two 

parasitic patches [11]. An array configuration of 16 

element 45o polarized stacked patches in LTCC is 

designed for fifth-generation (5G) applications [12].  

A 16-element linear polarized stacked patch array and  

its feeding network is demonstrated for Ku-band 

applications [13]. A phased array consisting of 32 

circularly polarized stacked patch antennas is used to 

enhance the bandwidth characteristics of commercial 

drones [14]. 

Mutual coupling effect between antenna elements is 

a critical issue in the design of microstrip arrays. This 

effect may lead to impedance mismatch, decrease in  

gain, increase in side lobe level (SLL) and occurrence of 

scanning blindness [15]. Electromagnetic bandgap (EBG) 

structures that create a photonic crystal to suppress the 

surface-wave propagation were developed to eliminate 

mutual coupling and prevent the degradation in radiation 

performance of the array [16-18].  

Defected ground structures (DGS) have been 

proposed to improve mutual coupling between patch 

elements [15, 19]. The effect of DGS on coupling 

characteristics is observed by means of a two element 

microstrip array and the positive impact of the DGS  

on mutual coupling is investigated in [19]. However, 
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existence of DGS resulted in higher back lobe level of 

the array pattern. The backward radiation is a critical 

problem that may cause breakdown of the front-end 

circuits that are integrated behind the antenna. Besides, 

the back lobe radiation results in multipath signal 

propagation that may lead to error in differential 

positioning systems. The coverage capacity of a base 

station antenna may also be affected due to the 

overlapping areas between adjacent sectors [20-21]. 

Various techniques such as ground plane edge shaping, 

using a semi-transparent ground plane or isolated soft 

surface structure and optimizing reflector shape have 

been applied for the suppression of back lobes in 

literature [21-26]. [21-25] have been specifically applied 

to microstrip antennas. Besides, some antennas are 

introduced as candidates with high FBR values. These 

include circularly polarized antenna [27], short 

microstrip leaky-wave antenna [28] and substrate 

integrated waveguide slot antenna [29]. Various antenna 

array structures also proposed for improving FBR in 

broad frequency band [30-32]. A suppressed back-lobe 

substrate-integrated waveguide slot array antenna is 

presented for X-band [30]. In [31] a microstrip antenna 

array with DGS structure is proposed for back lobe 

reduction. In [32], a mode superposed microstrip patch 

antenna with bandgap structures is introduced to improve 

the FBR.  

In the above mentioned works, the back radiation is 

investigated for the radiation of the antenna in broadside 

direction. However, for a phased array, back lobe 

generation is observed for all scanning angles. On this 

ground, in this work, we proposed an asymmetric array 

structure as an advantageous solution for the broadband 

phased arrays with concerns in particular wide-scan 

ranging with suppressed back lobe characteristics, 

compactness and suitable for simple manufacturing 

process. The dimensions of asymmetric array structure  

are investigated by a parametric analysis of substrate 

size. The proposed stacked patch asymmetric phased 

array architecture is applied to X-band. With a linear 

array consisting of 8-elements, ±40o beam scanning is 

observed with less than 1.34 dB scanning loss in the 

whole 8-10 GHz frequency band. FBR is observed above 

30 dB for broadside radiation. Up to ±40o, the back lobe 

is suppressed more than 20 dB.  

The structure of stacked microstrip antenna and its 

radiation characteristics are introduced in Section II. 

Also, its radiation performance is compared with that  

of traditional microstrip antenna. In Section III, an 

asymmetrical phased array consisting of stacked patches 

is demonstrated and its back lobe suppression is 

observed in terms of scanning angle. In Section IV, 

experimental verification of the fabricated array prototype 

is given. Finally, Section VI concludes the paper. 

 

II. DESIGN OF WIDEBAND MICROSTRIP 

ANTENNA  
Stacked structure consists of a ground plane at the 

bottom layer. A dielectric layer with the radiating patch 

element is placed above the ground plane. A stacked 

layer and a parasitic patch are planted as the top layer. 

The structure of the stacked patch antenna is shown in 

Fig. 1 together with its design parameters. The stacked 

patch antenna is fed by a coaxial line whose impedance 

is 50 Ω. The lower patch is etched on a Rogers 4003C 

substrate (tan δ = 0.0027 at 10 GHz) with 35 μm copper 

thickness, whereas the upper patch is etched on foam 

(tan δ ≅ 0.001 at 10 GHz) to reduce loss due to surface 

waves and widen the bandwidth of the antenna. The main 

beam radiation of the antenna is orthogonal to x-y plane. 

All dimensions of the stacked patch antenna are listed in 

Table 1. 
 

  
                     (a)                                              (b) 

 

Fig. 1. Stacked patch antenna: (a) top view; (b) lateral 

view. 

 

Table 1: Broadband stacked patch antenna dimensions 
Parameter Dimension 

𝜀𝑟1 3.38 

𝜀𝑟2 1.07 

𝑊𝑎𝑛𝑡 30 mm 

𝐿𝑎𝑛𝑡 30 mm 

𝑊𝑠𝑝 12 mm 

𝐿𝑠𝑝 11 mm 

𝑊𝑝 7.5 mm 

𝑷𝒑 2 mm 

𝐿𝑝 9 mm 

ℎ1 1.52 mm 

ℎ2 3 mm 

 

The numerical analysis of the designed antennas in 

the paper is accomplished with a three dimensional (3D) 

full-wave electromagnetic solver, CST Microwave Studio 

[33]. To demonstrate the superior performance of the 

stacked patch, results are compared with that of an 

ordinary patch antenna whose dimensions and material is 

exactly same with the radiating patch and lower substrate 

of the stacked patch antenna. Thus, the size and material  

x

y

z

/2

radiating patchparasitic patch

probe feed
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details for this structure can also be found in Table 1. In 

Fig. 2 (a), reflection coefficient variations of the ordinary 

patch and stacked patch antennas are given as the function 

of frequency. The bandwidth of the patch antenna covers 

a 320 MHz band between 8.28-8.6 GHz. The S11 variation 

of the stacked patch antenna is lower than -10 dB for the 

whole band of interest. This figure clearly demonstrates 

the broadband characteristic of the stacked structure. The 

gain and total efficiency variation of the antennas are 

given in Fig. 2 (b) and Fig. 2 (c), respectively. More than 

1 dB gain enhancement and total efficiency above 90% is 

obtained with the stacked structure in the whole 8-10 GHz 

band. 
 

 
      (a) 

 
      (b) 

 
      (c) 

 

Fig. 2. Performance comparison of stacked patch antenna 

and ordinary patch antenna: (a) reflection coefficient; (b) 

gain; (c) total efficiency.  

The simulated co-polarized gain patterns are given 

in Fig. 3 in E- and H-planes at 8 GHz, 9 GHz and 10 

GHz. The main beam radiation is observed along z-axis. 

Shape of the pattern does not change significantly in  

∅ = 0 plane. On the hand, the beam in ∅ = 900 plane 

narrows with increasing frequency. 

 

 
                             (a)                                        (b) 

               
(c) 

 

Fig. 3. Gain patterns of stacked patch antenna: (a) 8 GHz, 

(b) 9 GHz, and (c) 10 GHz. 

 

III. X-BAND PHASED ARRAY DESIGN  
Phased arrays are capable of electronically scanning 

the beam in a predefined angular range with predefined 

beam characteristics by adjusting the excitation phase 

and amplitude of the antenna elements. The level of 

mutual coupling between antenna elements is related 

with the relative positions of the elements. The dominant 

surface wave mode couples more strongly compared to 

other modes in the E-plane. Since the amount of coupling 

varies with different scan angles, the input impedance of 

the array will vary with the scanning angle, as well.  

In radar applications, planar phased array topologies 

capable of scanning the space in a single plane are widely 

required. Automotive radars that scan the horizontal 

plane within the ± 30𝑜scanning angle can be given as  

an example. In this section, two demonstrations for the 

linear phased array are given. They both use stacked 

patch antenna elements and scan the beam in ± 40𝑜 

scanning angle with low scanning loss. The major 

difference between two examples is their structure. One 

of them has patch antenna elements placed to the 

substrate with equal distance from the edges. In the  

8 8.5 9 9.5 10
-40

-35

-30

-25

-20

-15

-10

-5

0

Frequency (GHz)

R
ef

le
ct

io
n 

C
o

ef
fi

ci
en

t 
(d

B
)

 

 

Patch Ant.

Stacked Patch Ant.

8 8.5 9 9.5 10
5

6

7

8

9

10

Frequency (GHz)

G
a

in
 (

d
B

)

 

 

Patch Ant.

Stacked Patch Ant.

8 8.5 9 9.5 10
0

0.2

0.4

0.6

0.8

1

Frequency (GHz)

To
ta

l E
ff

ic
ie

nc
y

 

 

Patch Ant.

Stacked Patch Ant.

TÜRK, TOKAN: BROADBAND MICROSTRIP PHASED ARRAY 275



other one, the patch is placed with unequal distances 

from the edges. We call this one as asymmetric structure. 

Asymmetrical structure of the array improves the 

radiation characteristics of the array, especially reduces 

the back lobe radiation. Suppression of the back lobe  

is a critical issue in radars, since its existence may 

deteriorate the front end circuit of the radar. 

 

A. X-Band linear phased array design  

Two linear phased arrays consisting of wide-band 

stacked patch antenna elements are demonstrated in this 

section. Stacked patch antenna radiation characteristics 

are given in Section 2. The distance between antenna 

elements d, is calculated with 𝑑𝑚𝑎𝑥 = 𝜆𝑐/(1 + |sin 𝜃|) 

to avoid grating lobe generation. Here, 𝜃 is the beam 

scanning angle. By setting 𝜃 = 40𝑜, 𝑑 is determined as 

20 𝑚𝑚 which is smaller than half wavelength at the 

lowest frequency of the band. Symmetric and asymmetric 

stacked patch phased array structures are given in Fig. 4. 

The lower patch is etched on Rogers 4003C substrate 

(𝜀𝑟1 = 3.38) and the upper patch is etched on foam 

(𝜀𝑟2 = 1.07). The patches of the array given in Fig. 4 (a) 

have been centered to the substrate of the array. To 

reduce diffraction effect, the substrate size of the array is 

increased as given in Fig. 4 (b). 

Front to back ratio of the asymmetric antenna array 

structure is investigated by a parametric analysis of 

substrate size. During this study each parameter (𝑊1,𝑊2) 

is varied alone while the other one is held fixed. The 

influence of the variables 𝑊1 and 𝑊2 in the antenna array 

back lobe radiation is summarized in Table 2 and Table 

3. It is clear from these tables that highest FBR values 

are obtained for 𝑊1 to  𝑊2 ratio of 2:1 at the whole 

operation frequency band. 

 

Table 2: The FBR variations with 𝑊2 when 𝑊1 value is 

fixed to 13.5 mm 

 
 
Table 3: The FBR variations with 𝑊1 when 𝑊2 value is 

fixed to 13.5 mm 

 
 

As a result, backward radiation is suppressed. The 

patches of the asymmetric structure are located 2:1 ratio 

from the lateral sides of the array. Also, wider spacing is 

left at the right and left edges of array. The dimensions 

of the two structures are listed in Table 4. 

 

 
(a) 

 
  (b) 

 

Fig. 4. Stacked microstrip phased array: (a) symmetric; 

(b) asymmetric configuration. 

 

Table 4: Broadband stacked microstrip phased array 

dimensions 

Symmetric Configuration Asymmetric Configuration 

Parameter Dimension(mm) Parameter Dimension(mm) 

𝑊𝑠𝑦𝑚 27 𝑊𝑎𝑠𝑦𝑚 40.5 

𝐿𝑠𝑦𝑚 168 𝐿𝑎𝑠𝑦𝑚 190 

𝑑 20 𝑑 20 

𝐿𝑒𝑑𝑔𝑒 14 𝐿𝑒𝑑𝑔𝑒,𝑎𝑠𝑦𝑚 25 

𝑊𝑠𝑝,𝑠𝑦𝑚 12 𝑊𝑠𝑝,𝑎𝑠𝑦𝑚 12 

𝐿𝑠𝑝,𝑠𝑦𝑚 11 𝐿𝑠𝑝,𝑎𝑠𝑦𝑚 11 

 

B. Simulation results 

The array factor (AF) of an N-element linear array 

placed along x-axis can be expressed as:  

 𝐴𝐹 = ∑ 𝑒𝑗(𝑛−1)𝜓𝑁
𝑛=1 , (1) 

where, 𝜓 = 𝑘𝑑𝑠𝑖𝑛𝜃𝑐𝑜𝑠∅ + 𝛽. Here, 𝑑 is the distance 

between antenna elements, 𝜃 is the beam scanning angle 

and 𝑘 is the free space wavenumber. The excitation 

phases of the antenna elements of the linear array are 

calculated by using β = −𝑘d𝑠𝑖𝑛𝜃𝑐𝑜𝑠∅ formula since  

the antenna elements are placed along x-axis. It should 

be noted that the beam of the array is scanning in the  

x-z plane, thus ∅ = 0 in this plane.  

Non-uniform amplitude distribution is preferred  

to obtain lower namely, -30 dB side lobe levels. 

Corresponding Dolph-Chebyshev amplitude values are 

listed in Table 5. The overall size of the symmetrical 

phased array is 27𝑚𝑚 ×  168 𝑚𝑚. On the other hand, 

asymmetrical phased array has 40.5𝑚𝑚 ×  190𝑚𝑚 real 

estate area.  

Active reflection coefficient, 𝛤m defines the ratio of 

reflected power when all the antenna elements are 

simultaneously excited. It can be calculated by Eq. (2) for 

unequal phase and amplitude excitations: 

 𝛤m(θ) = ∑ 𝑆𝑚𝑛
𝑁
𝑛=1 𝑒−𝑗𝑘𝑛𝑑 sin 𝜃, (2) 

where 𝑘 = 2𝜋/𝜆, 𝑚 is the index indicating the 𝑚th array 

element and 𝑆𝑚𝑛 is the transmission coefficient from  
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x

y
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port 𝑛 to port 𝑚. The mutual coupling between antenna 

elements is considered in this equation. Active S-

parameters of the symmetric and asymmetric 8 element 

phased arrays when the beam is steered to 𝜃 = 40𝑜 are 

given in Fig. 5. Higher values of reflection coefficient are 

observed for the elements in the middle of the array.  

𝑆𝑎𝑐𝑡𝑖𝑣𝑒,𝑗 is lower than -10 dB for all 𝑗 values except 𝑗 = 4. 

Although 𝑆𝑎𝑐𝑡𝑖𝑣𝑒,4 reaches approximately to -9 dB at the 

lowest frequency of the band for symmetric structure  

and at the highest frequency of the band for asymmetric 

structure, its level is still acceptable. 

 

Table 5: Dolph-Chebychev function amplitude values 

for the linear array  
Amplitude # Value 

𝐴1 0.2622 

𝐴2 0.5187 

𝐴3 0.812 

𝐴4 1 

𝐴5 1 

𝐴6 0.812 

𝐴7 0.5187 

𝐴8 0.2622 

 

 
      (a) 

 
      (b) 

 

Fig. 5. Simulated active S-parameters of a 8-element 

stacked microstrip phased array radiating to 𝜃 = 40𝑜: (a) 

symmetric; (b) asymmetric configuration. 

Reducing back lobe radiation is critical for radar and 

base station antenna arrays. Back lobe radiation can be 

suppressed by using a low back lobe antenna. To increase 

the subscriber capacity, FBR is expected to be more than 

20 dB [26]. The radiation patterns of the symmetrical and 

asymmetrical arrays at 8 GHz are given in Fig. 6 (a) and 

Fig. 6 (b), respectively. The patterns are demonstrated up 

to 40𝑜scanning angle. The amplitude of array element 

excitations is listed in Table 5, whereas their relative 

phases are listed in Appendix I.  

For the symmetric stacked patch phased array, 17.14 

dB FBR is observed at broadside direction at 8GHz. It 

decreases to 14.06 dB when the beam is steered to 40𝑜. 

The scanning loss for steering the beam to 40𝑜 is 0.54 dB. 

For the asymmetric structure, FBR is more than 30 dB for 

broadside radiation and 20.1 dB for 40𝑜scanning. There is 

almost no scanning loss for this structure. These figures 

clearly demonstrate the positive effect of asymmetric 

placement of the patches on the FBR. Similar conclusions 

are observed for the patterns at 9 and 10 GHz in Fig. 7  

and Fig. 8, respectively. By altering the dimensions of 

substrate of the array, FBR is increased above 20 dB for 

all scanning angles at all frequencies. The scanning loss  

of symmetric structure for steering the beam to 40𝑜 at 9 

and 10 GHz are 0.9 dB and 2.19 dB, respectively. It is  

0.1 dB and 1.34 dB for the asymmetric structure. Thus, 

asymmetric structure has positive effect on the scanning 

loss, as well. 

 

 
      (a) 

 
      (b) 

 

Fig. 6. Scanning performance of phased arrays at 8 GHz: 

(a) symmetric; (b) asymmetric array. 
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       (a) 

 
       (b) 

 

Fig. 7. Scanning performance of phased arrays at 9 GHz: 

(a) symmetric; (b) asymmetric array. 

 

 
      (a) 

 
      (b) 

 

Fig. 8. Scanning performance of phased arrays at 10 GHz: 

(a) symmetric; (b) asymmetric array. 

IV. EXPERIMENTAL 

CHARACTERIZATION AND ANALYSIS  
For the easy fabrication, a radome layer is added to 

the array as the top layer. It is Rogers 5880 substrate 

(tan δ = 0.0009 at 10 GHz) with 0.254 mm thickness. 

The dielectric constant of the radome substrate is 𝜀𝑟 =
2.2. The parasitic patches are positioned to the bottom side 

of the radome as shown in Fig.9 (a). Foam with 3mm 

thickness is placed under this layer. Below foam layer, 

there are radiating patches on Rogers 4003C substrate  

as shown in Fig. 9 (b). By gluing these layers, the 

asymmetric stacked patch array is constructed. The side 

view of the fabricated prototype is shown in Fig. 9 (c). 

SMA connectors that operate up to 18 GHz are soldered 

to the radiating patches.  

 

 
(a) 

 
(b) 

 
(c) 

 
Fig. 9. Layers of the asymmetric stacked patch array 

prototype: (a) bottom view of Rogers 5880 radome layer; 

(b) top view of Rogers 4003C substrate; (c) side view of 

the stacked patch array. Foam with 3mm thickness is 

placed between these two layers. 

 

 
 

Fig. 10. Measurement setup of the asymmetric stacked 

patch array in the anechoic chamber.  
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1 × 8 RF divider is used for the amplitude excitations 

of the antenna elements. Fabricated asymmetric stacked 

patch array is measured in an anechoic chamber. The 

measurements are performed with 1° resolution at 𝜙 = 0° 

plane between −180𝑜 ≤ 𝜃 ≤ 180𝑜.  Measurement setup 

of the array is shown in Fig. 10. The array is measured for 

the broadside radiation. 

Measured active S-parameters of the 8-element 

asymmetric stacked microstrip phased array is given in 

Fig. 11 for the case when the array is radiating to 𝜃 = 0𝑜. 

Ripples are observed in the active S-parameter curves  

due to the external reflections in the measurement  

setup. Although existence of ripples is clearly observed, 

the characteristics of these parameters exhibit similar 

characteristics with the simulated ones. Measured active 

S-Parameters show good impedance matching 

performance within 8-10 GHz band. 

 

 
 

Fig. 11. Measured active S-parameters of the 8-element 

asymmetric phased array radiating to 𝜃 = 0𝑜. 

 

Table 6: Comparison of proposed structure with 

references 

 
 

Measured and simulated normalized co- and cross-

pol radiation patterns for broadside radiation are given  

in Fig.12. Uniform amplitude excitations are used. The 

simulated and measured patterns are in a good agreement. 

FBR of 42.06 dB, 45.3 dB and 38.72 dB are observed for 

the measured patterns of 8 GHz, 9 GHz and 10 GHz, 

respectively. The peak gain is measured as 10.25 dBi, 

12.364 dBi and 10.93 dBi. Effectiveness of using 

asymmetric structure is clearly observed in the co-pol 

patterns of simulated and measured array. Table 6 shows 

the comparisons of our proposed array structure with 

several published works. These results show that the 

prosed asymmetric structure improves FBR better than the 

techniques of previous works in broad frequency band 

[30-32]. 
 

 
       (a) 

 
      (b) 

 
      (c) 

 

Fig. 12. Measured and simulated normalized co- and 

cross-pol radiation patterns for broadside radiation: (a) 8 

GHz; (b) 9 GHz; (c) 10 GHz. 
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V. CONCLUSION  
Stacked geometries are widely used to enhance the 

impedance matching characteristics of the microstrip 

antenna. In this work, stacked microstrip antenna 

consisting of foam and radome layers is used as the 

antenna elements of a broadband phased array. The array 

is designed to scan the beam in horizontal plane at 

−40o ≤ 𝜃 ≤ 40o angular range. By altering the physical 

size of the substrate materials, back lobe suppression  

is achieved. FBR values that are more than 38 dB is 

achieved for broadside radiation. It is above 20 dB when 

the beam is steered to 𝜃 = 40o. Besides, its scanning loss 

is lower for all steering angles at all frequencies 

compared to its symmetrical counterpart. Asymmetrical 

stacked patch phased array prototype is fabricated  

and measured. Very high FBR is observed in the 

measurements, as well. With its broadband, high FBR 

and low scanning loss, asymmetrical stacked patch 

phased array is suitable as radar and base station antenna. 
 

APPENDIX 
Table App.I: Phase excitation values for the stacked 

microstrip phased array 
𝜽 𝜷𝟏 𝜷𝟐 𝜷𝟑 𝜷𝟒 𝜷𝟓 𝜷𝟔 𝜷𝟕 𝜷𝟖 

0 0 0 0 0 0 0 0 0 

10𝑜 0 -37.5 -75 -112 -150 -187.5 -225 -262.5 

20𝑜 0 -73.8 -147.6 -221.4 -295.2 -9 -82.8 -156.6 

30𝑜 0 -108 -216 -324 -72 -180 -288 -36 

40𝑜 0 -138.8 -277.6 -56.4 -195.2 -334 -112.8 -251.6 

𝜃 is the beam scanning angle. All units are in degrees. 
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Abstract ─ In this paper, a dual-band (28/38 GHz) linear 
antenna arrays of four and eight elements are proposed 
to work as a MIMO arrays for the 5G communication 
systems. Each element in the array is a dual-band Yagi-
Uda antenna designed to operate at 28 and 38 GHz.  
The eight-elements array size has a total dimension of 
79.4 mm ൈ 9.65 mm excluding the feeding microstrip 
line. The maximum gain of the array is about 18 dB. The 
peaks of correlation at matched angles (PCMA) technique 
is applied to determine the direction of arrival for multiple 
incoming signals. The effects of phase noise and additive 
Gaussian noise on the error in the DoA estimation are 
studied showing good accuracy of the PCMA algorithm. 
Numerical and experimental investigations are achieved 
to assess the performance of both the single-element 
antenna and the eight-element MIMO linear antenna 
array. It is shown that the simulation results agree with 
the experimental measurements and both show good 
performance of the single antenna as well as the MIMO 
linear array system. The envelope correlation coefficient 
(ECC) and the diversity gain (DG) are calculated and the 
results show that the proposed MIMO antenna system is 
suitable for the forthcoming 5G mobile communications. 
The radiation patterns for single antenna and four-element 
array are measured and compared to the electromagnetic 
simulation results showing good agreement. 
 
Index Terms ─ DoA, MIMO array, Yagi-Uda. 
 

I. INTRODUCTION 
Recently, the mm-wave in the 28 GHz and 38 GHz 

frequency bands has been reported to be used in wireless 
cellular communication systems [1]. Higher bandwidths 
for higher data rates are required for the future 5th 
generation mobile communication. This is provided  
by the millimeter wave bands [2]. Unfortunately, the 
wavelength of the signal becomes shorter as the operating 
frequency increases, and consequently the free-space 
path loss becomes higher, according to Friis transmission 
equation [3]-[4]. High gain antennas are needed to 
compensate for the free-space path losses and various 
forms of fading that can be observed in the 

communication channel [5], [6]. When considering 
multipath effects, the MIMO antenna system can offer 
many advantages. Good circuit solutions for mobile 
communication applications at mm-wave frequencies 
are achieved by using both high gain and MIMO 
configurations. This reduces the operating costs of  
any required supporting power amplifiers and control 
circuitry [7]. The estimated bands under consideration 
for 5G technology are the frequency spectrum around 28 
GHz, 38 GHz, 60 GHz and 73 GHz. These millimeter 
wave bands would bring new challenges in the MIMO 
antennas implementation for handheld devices [8].  

Dual band MIMO antennas have been reported  
in literature. A 4 ൈ 4 28/38 dual-band MIMO antenna 
system with a round patch EBG Cell is introduced in [8]. 
Also, a dual band MIMO antenna composed of two 
orthogonal elements operating in the frequency bands 
1.62-3.2 GHZ and 4.4-5.9 GHz is introduced in [9]. A 
dual band 28/45 microstrip circular patch antenna with 
an elliptical slot is presented in [10], with bandwidths of 
1.3 GHz at 28 GHz and 1GHz at 45 GHz. 

The DoA estimation is one of the key issues in  
the discipline of array signal processing and finds 
applications in the fields of radar, sonar, and wireless 
positioning applications [11]. The most popular DoA 
estimation algorithms commonly used are the maximum 
likelihood (ML) [12], multiple signal classification 
(MUSIC) [13], and estimation of signal parameters via 
rotational invariance techniques [14]. The DoA estimation 
technique used in this work is adapted from the peaks of 
the correlation at matched angles (PCAMA) technique 
proposed in [15]. 
 
II. THE PROPOSED YAGI_UDA ANTENNA 

AND ARRAY STRUCTURE  
The present section describes the design of the 

proposed Yagi-Uda antenna used to construct the MIMO 
linear array system. Antenna is constructed as a driven 
dipole antenna, one director and two reflectors. Each 
reflector has a triangular shape to enhance the antenna 
gain. The length of the dipole is set to resonate at 
38 GHz. Three equally spaced corrugations are added to 
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each dipole arm with dimensions set for good impedance 
matching. An extension strip is capacitively end-coupled 
to each dipole arm through an infinitesimal gap for  
dual-band operation. The total length of the gap and the 
extension strip are set such that extended corrugated 
dipole has additional resonance at 28 GHz. The driven 
dipole is fed through a transmission line of two parallel 
strips; one f them is printed on the top layer of the 
substrate and the other is printed on the bottom layer.  
For practical measurements using coaxial feed line, 
three stage microstrip line transitions is used between  
the coaxial feeder and the two-strip line. The transition 
is composed of three cascaded strip line regions with 
different lengths and widths designed for 50 Ω impedance 
matching. One of the dipole arms and its extension 
are printed on the bottom layer of the substrate and 
connected to the ground plane. The arrangement of  
the proposed antenna structure with the dimensional 
parameters is shown in Fig. 1. The MIMO array of this 
Yagi-Uda antenna is shown in Fig. 2. 

Fig. 1. Dual-band 28/38 GHz Yagi-Uda antenna. 

III. DIRECTION OF ARRIVAL (DOA)
ESTIMATION ALGORITHM

The DoA estimation algorithm applied to the 
proposed MIMO linear array is adapted from the PCMA 
algorithm presented in [15] for planar arrays. The PCMA 
is an efficient technique for detecting the DoA that 
depends on the correlation matrix between the steering 
matrix of the array and the matrix representing the 
received signals at the array elements. This correlation 
matrix will have its main diagonal elements nearly pure 
real when the steering matrix is set to get the same 
direction of maximum radiation of the array as the 
direction of arrival of one of the received signals.  

The steering matrix for a linear array of 𝑁 isotropic 
point sources can be written in the form:  

𝐒ሺ𝜃ሻ ൌ ሾ𝑠௡ሺ𝜃ሻሿ௡ୀଵ,ଶ,..,ே ൌ
൫𝑒௝టభ    𝑒௝టమ   …   𝑒௝టಿ൯, ሺ1ሻ

where 𝜓௡ is the phase of excitation of the 𝑛௧௛element of  

the linear array that can be expressed as: 

𝜓௡ ൌ ሺ𝑛 െ 1ሻ𝛽, 𝑛 ൌ 1,2, . . , 𝑁, ሺ2ሻ

where 𝛽 is the progressive phase shift of the element 
excitations which can be expressed as: 

𝛽ሺ𝜃ሻ ൌ 𝑘௢∆𝑠𝑖𝑛𝜃, ሺ3ሻ

where 𝑘௢ is the free space wave number and ∆ is the 
spacing between the array elements. 

Assuming 𝑝 incoming waves, let the received voltage 
due to the 𝑝௧௛ incoming wave under the effect of noise 
be, 

𝐗௣ ൌ 𝛼௣𝐒௣𝑒௝ఝ೐ ൅ 𝐍ሺ𝜃௣ሻ, 𝑝 ൌ  1, 2, … , 𝑃, ሺ4ሻ

where 𝛼௣ is constant proportional to the strength of the 
𝑝௧௛ arriving signal, 𝐒௣ is the steering matrix, 𝜑௘ is the 
phase error due to phase noise, and 𝐍ሺ𝜃௣ሻ is the additive 
noise. It is assumed that each p incoming signal has 
different noise power level.  

Consider the following correlation matrix: 

𝐑௣ሺ𝜃ሻ ൌ 𝐸൛𝐒ሺ𝜃ሻ𝐗௣
ுൟ, 𝑝 ൌ  1, 2, … , 𝑃, ሺ5ሻ

where the operator 𝐸ሼ∙ሽ means the expected or mean 
value of the operand, 𝐒ሺ𝜃ሻ is the steering matrix at 𝜃 
direction. 𝐻 is the hermitian operator. 

At very high signal to noise ratio (SNR), i.e., 𝜑௘ ൎ
0, and A௣ ൎ 0, the main diagonal elements of the matrix 
𝐑௣ሺ𝜃ሻ are approximately pure real at 𝜃 ൌ 𝜃௣. For an 𝑁-
elements linear array, the 𝐑௣ matrix can be written as,  

𝐑௣ሺ𝜃ሻ ൌ ൣ𝑟௣೘,೙ሺ𝜃, 𝜙ሻ൧௠ୀଵ,ଶ,…,ே
௡ୀଵ,ଶ,…,ே

,

𝑝 ൌ  1, 2, … , 𝑃, 
ሺ6ሻ

At low noise to carrier power ratio (NCR) or high SNR, 
each of the complex quantities 𝑟௣೘,೙ሺ𝜃, ሻ has its imaginary 
part tending to zero as the angle 𝜃 approaches 𝜃௣. Thus, 
the following quantity is important and can be used to 
detect the directions of arrival of multiple signals: 

𝑑௣ሺ𝜃ሻ ൌ ෍
ห𝑖𝑚𝑎𝑔൫𝑟௣೘,೙൯ห

ห𝑟௣೘,೙ห
ସ

ே

௡ୀଵ

,    𝑚 ൌ 𝑛. (7) 

Consequently, the peaks of the following function, when 
plotted against 𝜃 in the half-space domain, 0 ൏ 𝜃 ൏

గ

ଶ
give the angles determining the DoA for all the incoming 
signals, 

𝑃஼஺ெ஺ሺ𝜃ሻ ൌ ෍
1

𝑑௣ሺ𝜃ሻ

௉

௣ୀଵ

, 𝑝 ൌ  1, 2, … , 𝑃. ሺ8ሻ
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Fig. 2. MIMO array configuration of the proposed Yagi-
Uda antenna. 

IV. PHASE NOISE MODEL
Studying the effect of the phase error encountered 

due to the phase noise is of particular importance as 
the PCMA technique depends on the correctness and 
accuracy of the phases of the signals received at the array 
elements. The phase noise model presented in [16] is 
used to study the effect of phase noise on the PCMA 
technique. The phase noise is commonly characterized 
by its single-side band power spectral density (PSD), 
𝐿ሺ𝑓ሻ, in the frequency domain which is defined as the 
noise power within a bandwidth of 1 Hz at an offset 
frequency, 𝑓, from the carrier frequency relative to the 
carrier power 𝑃௥ [16]. Hence, 𝐿ሺ𝑓ሻ is expressed as: 

𝐿ሺ𝑓ሻ ൌ
Noise power in 1Hz bandwidth

𝑃௥
. (9a) 

To study the effect of phase noise on the error in the 
phase of the incoming signal, it is required to determine 
the instantaneous phase error samples.  

As phase noise causes spectrum broadening, its 
effect is described by the noise-to-carrier power ratio 
(NCR) which is the ratio between the power contained 
within a bandwidth ∆𝑓 around the carrier, and the power 
of the carrier, 

NCR ൌ 2 න 𝐿ሺ𝑓ሻ 𝑑𝑓
∆௙/ଶ

଴
. (9b) 

Let the signal 𝑠ሺ𝑡ሻ received at the port of an antenna 
element of the array in the time domain be expressed as: 

𝑠ሺ𝑡ሻ ൌ 𝑉௢ e ௝൫ଶగ௙ೝ௧ାట೙ାఝ೐ሺ௧ሻ൯, (10) 

where 𝑉௢ is the amplitude of the received signal, 𝑓௥ is the 
frequency, 𝜓௡ is the phase due to the path travelled 
by the signal received at the element number ሺ𝑛ሻ of the 
linear array, and 𝜑௘ሺ𝑡ሻ is the unknown instantaneous 
value of the phase error due to the phase noise. In the 
frequency domain, the discrete frequency domain samples 
𝑆௞ of the received signal are constructed as,  

𝑆௞ ൌ 𝑆ሺ𝑓௞ሻ ൌ 𝐴௞ 𝑒௝టೖ, 𝑘 ൌ 1,2, . . , 𝐾, (11) 

where the discrete phase samples 𝜓௞ are generated as 
a sequence of uniformly distributed random numbers in 
the closed interval [െ𝜋, 𝜋] and the discrete magnitudes 
𝐴௞ are calculated from the PSD of the phase noise 𝐿ሺ𝑓ሻ  

as follows, 

𝐴௞ ൌ ඥ𝑃௥ 𝐿ሺ𝑓௞ሻ, (12) 

where 𝑃௥ is the power of the received signal. The 
Discrete Inverse Fourier Transform (DIFT) is then 
applied to get the time samples of the noisy received 
signal, 

𝑠ሺ𝑡ሻ ൌ DIFTሺ𝑆௞ሻ. (13) 
The corresponding instantaneous phase error, 𝜑௘ሺ𝑡ሻ can 
be calculated as, 

𝜑௘ሺ𝑡ሻ ൌ tanିଵ ቆ
imagሺ𝑠ሺ𝑡ሻሻ
realሺ𝑠ሺ𝑡ሻሻ

ቇ െ ሺ2𝜋𝑓௖𝑡

൅ 𝜓௠,௡ሻ. 
(14) 

V. ADDITIVE GAUSSIAN NOISE MODEL
The additive noise samples in this study are modeled

as a normal distributed random samples with zero-mean 
and standard deviation 𝜎, its probability density function 
(pdf) has the form: 

𝐺ሺ𝑛ሻ ൌ
1

𝜎√2𝜋
𝑒ି௡మ/ଶఙమ

, (15) 

where n is the random variable that represents the 
instantaneous values corresponding to the white Gaussian 
noise. In the frequency domain  𝐍ሺ𝜃௣ሻ can be obtained 
by applying the fast Fourier transform on the time samples 
𝑖 ൌ  1, 2, 3, … I: 

𝑁൫𝜃௣൯ ൌ FFTሺ𝑛ሺ𝜃௣ሻሻ. (16) 

VI. RESULTS AND DISCUSSIONS
A. Performance assessment of the proposed Yagi-Uda
antenna

The Rogers RO3003CTM with dielectric constant 
𝜀௥ ൌ 3, dielectric loss tangent tan 𝛿 ൌ 0.0021, and height 
ℎ ൌ 0.25 mm is used for the design of the proposed 
Yagi-Uda antenna. The metal parts of the antenna are 
made of copper with conductivity 𝜎 ൌ 5.6 ൈ 10଻S/m 
and thickness t = 0.032 mm. The design parameters are 
listed in Table 1. The antenna is placed in the 𝑥𝑦-plane 
with the feed line aligned with the 𝑥-axis. The dependency 
of the reflection coefficient, |𝑆ଵଵ|, on the frequency over 
a wide band is presented in Fig. 3. It is clear that the 
impedance is perfectly matched at the two frequencies 
28 and 38 GHz with reflection coefficients െ27 and 
െ26 dB, respectively. At 28 GHz, the band width is 
about 3.32 GHz, whereas at 38 GHz, the band width is 
about 1.4 GHz. The radiation efficiencies are 96.3% at 
28 GHz and 95.2% at 38 GHz. 

The normalized radiation patterns for the proposed 
dual-band Yagi-Uda antenna at 28 GHz and 38 GHz  
in the planes 𝜙 ൌ 0°ሺ𝑥𝑧 െ 𝑝𝑙𝑎𝑛𝑒ሻ and 𝜃 ൌ 90° ሺ𝑥𝑦 െ
𝑝𝑙𝑎𝑛𝑒ሻ are presented in Figs. 4 (a) and 4 (b), respectively. 
The maximum gain is 9.3 dBi at 28 GHz with SLL 
-11 dB and 9.8 dBi at 38 GHz with SLL -10.1 dB.
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Table 1: dimensional parameters for the proposed Yagi-
Uda antenna 

Name Value 
(mm) 

Name Value 
(mm) 

𝐿௔ 2.4 𝑊௧ଵ 0.5 
𝐿௧ଵ 3.62 𝐿௧ଶ 4.02 
𝑊௥ଶ 1.0 𝐷௥ 1.95 
𝐿௥ଶ 3.4 𝐿ௗ 2.79 
𝑊௧ଶ 0.62 𝑊௧ଷ 0.35 
𝐿௧ଷ 2.5 𝑊௥ଵ 1.0 
𝑊ீ 6.72 𝐿௥ଵ 7.6 
𝐿௘ 0.8 𝑊௘ 0.2 

Fig. 3. The frequency response of the reflection 
coefficients |𝑆ଵଵ| of the proposed Yagi-Uda antenna with 
the dimensional parameters listed in Table 1. 

B. Performance assessment of the Yagi-Uda array
An eight-element linear array of the proposed Yagi-

Uda antenna is constructed and arranged on the 𝑦 െ axis. 
For good beam-steering and in order to reduce the side 
lobes the distance between the array elements is set to 
𝐷௬  ൌ 8.85 𝑚𝑚 as shown in Fig. 5. This means that 
the elements are overlapped as shown in the figure with 
each two adjacent antennas sharing a common reflector. 
The total array dimensions are 79.4 mm ൈ 9.65 mm 
excluding the feeding microstrip line. The frequency 
response of the reflection coefficient and the coupling 
coefficients for the array elements are shown in Fig. 6 
and Fig. 7, respectively. Also the radiation patterns for 
the proposed linear array at the operating frequencies 28 
and 38 GHz are shown in Fig. 8. 

C. Evaluation of the steering matrix of the proposed
array

Instead of using the simple and approximate 
expressions (1-3) to evaluate the steering matrix for  
the proposed linear array of Yagi-Uda elements, it can 
be evaluated more accurately by rigorous numerical 
techniques. The commercial available CST® package is 
used for this purpose by calculating the received voltage 

signals at each of the array elements due to a plane wave 
incident on the array in the plane 𝜙 ൌ 90° and making 
an angle 𝜃 with the 𝑧 െ axis. With varying the angle 𝜃, 
the steering matrix of this linear array can be accurately 
evaluated. In this way the steeing matrix in (4) can be 
evaluated. The relation between the direction, 𝜃, of the 
main beam and the progressive phase shift, 𝛽, is obtained 
by feeding the array elements with the progressive phase 
shifts ranging from 0° to 180° and then calculating the 
corresponding direction, 𝜃, of the main beam through 
electromagnetic simulation. The relationship between 𝛽 
and 𝜃 is plotted in Fig. 9 (a). As shown in Fig. 9 (b), the 
gain of the Yagi-Uda array decrease as the steering angle 
of the radiation pattern is increased moving away from 
the direction normal to the array. The radiation patterns 
at different steering angles are shown in Fig. 10 (a) and 
Fig. 10 (b) at 28 and 38 GHz, respectively. 

(a) 𝜃 ൌ 90° ሺ𝑥𝑦 െ 𝑝𝑙𝑎𝑛𝑒ሻ

(b) 𝜙 ൌ 0°ሺ𝑥𝑧 െ 𝑝𝑙𝑎𝑛𝑒ሻ

Fig. 4. Normalized radiation patterns of the proposed 
dual-band antenna at 28 and 38 GHz in the 𝑥𝑦 െ 𝑝𝑙𝑎𝑛𝑒 
ሺ𝜃 ൌ 90°ሻ and 𝑥𝑧 െ 𝑝𝑙𝑎𝑛𝑒 ሺ𝜙 ൌ 0°ሻ. 
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Fig. 5. Part of the eight overlapped elements linear array 
of the proposed Yagi-Uda antenna. 

Fig. 6. The frequency response of the reflection 
coefficients |𝑆௡௡| of each element of the proposed Yagi-
Uda antenna array. 

Fig. 7. Coupling coefficients of the proposed linear array 
of Yagi-Uda elements. 

(a) 𝜃 ൌ 90° ሺ𝑥𝑦 െ 𝑝𝑙𝑎𝑛𝑒ሻ

(b) 𝜙 ൌ 0°ሺ𝑥𝑧 െ 𝑝𝑙𝑎𝑛𝑒ሻ

Fig. 8. Normalized radiation patterns of the proposed 
linear array at 28 and 38 GHz in the 𝑥𝑦 െ 𝑝𝑙𝑎𝑛𝑒 ሺ𝜃 ൌ
90°ሻ and 𝑥𝑧 െ 𝑝𝑙𝑎𝑛𝑒 ሺ𝜙 ൌ 0°ሻ. 

D. DoA estimation of multiple signals using PCMA
algorithm in the absence of noise

Three plane wave sources are assumed incident  
on the proposed Yagi-Uda linear array producing 
electromagnetic waves impinging on the antenna array 
from the directions 𝜃 ൌ 10°, 20°, and 40°. The 
electromagnetic simulation is performed to calculate the 
received voltage signals at each of the antenna array 
elements to get the matrix described by (4). No noise is 
added to the received signals. The received data due  
to the three signals coming simultaneously from the 
directions indicated are calculated through computer 
simulation using CST®. The normalized 𝑃஼ெ஺ሺ𝜃ሻ 
function given by (8) is calculated using the steering 
matrix calculated as described in Section 4 and is  
plotted against 𝜃 as shown in Fig. 11 for 𝑆𝑁𝑅 ൎ ∞. The 
normalized 𝑃஼ெ஺ሺ𝜃ሻ function shown in Fig. 11 has three 
peaks whose directions are assumed to give the three 
directions of arrival. Due to the high level of the SNR, it 
is found that the peaks of the normalized correlation 
function lie exactly at 𝜃 ൌ 10°, 20°, and 40°, that is, the 
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directions of arrival are retrieved exactly without any 
error. 

(a)

(b)

Fig. 9. The change in the (a) progressive phase shift 𝛽, 
and (b) maximum gain with the direction, 𝜃, of the 
steered beam. 

E. Effect of noise on the DoA estimation
For realistic simulation of the signals received at the

array elements, phase noise and additive Gaussian noise 
are generated and added to the received signals (after 
being calculated by the CST®) as described in Sections 4 
and 5 to get actual received signals.  

E.1. Effect of phase noise
The effect of phase noise on the error in the

estimation of DoA is investigated under the assumption 
that the received signals are affected by phase noise with 
PSD as that presented in Fig. 12 (a). The instantaneous 
phase noise samples 𝜑௘ሺ𝑡ሻ are calculated as expressed  
in equation (14) and plotted in Fig. 12 (b) and also the 
NCR is obtained as given by (9b). The Error in DoA 
estimation by increasing the NCR is investigated for the 

directions 𝜃 ൌ 10°, 20°, 30°, and 40°. The resulting error 
in the estimated DoA are plotted against NCR in Fig. 13. 
For realistic simulation the phase error samples are, first, 
calculated and, then, added to the samples of the received 
signals at the array elements which have been already 
calculated using the CST®. The PCMA algorithm is, then, 
applied to estimate the DoA. 

(a) 

(b) 

Fig. 10. The steered beam at different directions using 
the proposed linear array at: (a) 28 GHz and (b) 38 GHz. 

Fig. 11. Normalized correlation function in case of three 
received signals coming from the directions 𝜃 ൌ 10°, 
20°, and 30° under the assumption of very high SNR for 
each signal. 
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It is shown in Fig. 13 that the error in the estimated 
DoA increases with increasing the NCR. Also, it is 
shown that the error increases with increasing 𝜃, i.e., the 
error in the estimated DoA increases as the received 
signal is incoming from a direction father away from the 
normal to the linear array. 

  (a)

(b)

Fig. 12. Phase Noise characteristics: (a) 𝐿ሺ𝑓ሻ and (b) 
corresponding phase error time samples. 

Fig. 13. Error in DoA estimation by increasing the noise 
to carrier power ratio (NCR) for different angles of 
reception. 

E.2. Effect of additive noise
In this section, the method described for DoA

estimation using the proposed Yagi-Uda array is 
examined in the presence of additive white Gaussian 
noise. The noise samples are generated and added to 
the received voltages at the different array elements as 
explained in Section 5.2, then the DoA is calculated. The 
angle of arrival of the received signal at different values 
of the SNR is estimated using the PCMA algorithm 
and plotted in Fig. 14. It is shown that the error in the 
estimated value of the DoA decreases with increasing the 
SNR. It is noticeable that as the signal is coming from a 
direction father from the normal to the array, the error in 
the estimated DoA increases. 

Fig. 14. Effect of additive white Gaussian noise on the 
error in DoA estimation for different direction of the 
incoming signal. 

E.3. Receiving multiple signals in the presence of
noise

In this section, the efficiency of the proposed linear 
array to estimate the DoA of multiple signals under  
the effect of phase noise and additive noise using the 
PCMA technique is numerically investigated. The CST® 
simulator is used to obtain the steering matrix for the 
array in the range 0° ൏ 𝜃 ൏ 45° such that the side lobe 
level ൑ െ13 dB, and the gain ൒ 15 dB. The steering 
matrix for the array is saved and stored for post 
processing. Four plane waves are simultaneously incident 
on the antenna array from different directions as listed in 
Table 2. For realistic simulation, the incoming signals 
are affected by different values of the phase and additive 
noise power. Thus, the estimated angles of arrival of the 
incoming waves are obtained for different values of the 
NCR and SNR as listed in Table 2. Figure 15 shows  
the normalized correlation function given by (8) for four 
incoming signals, each has a different noise to carrier 
power ratio. 

F. Fabrication and measurements
This section is concerned with the experimental

investigation of the characteristics of the proposed Yagi-
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Uda antenna and the performance of the proposed 
MIMO array. For this purpose a prototype is fabricated 
for the Yagi-Uda antenna and another prototype is 
fabricated for four-element linear array. 

Table 2: The estimated DoA for four plane waves 
coming from different directions affected by phase and 
additive noise of different power levels 

Incoming 
DoA 

Phase 
Noise 
NCR 
(dB) 

Additive 
Noise 
SNR 
(dB) 

Estimated 
DoA 

Error 
(%) 

𝜃 ൌ 10° -25 -5 10 0 
𝜃 ൌ 20° -30 -10 20 0 
𝜃 ൌ 30° -8 -20 31.6 5.3 
𝜃 ൌ 40° -15 -10 39.8 0.5 

Fig. 15. Normalized PCAMA of four incoming signals 
on the proposed linear array of Yagi-Uda elements. 

F.1. Single element Yagi-Uda antenna
For experimental verification, a prototype for the

Yagi-Uda antenna is fabricated and it performance is 
evaluated through experimental measurements. The 
dependence of the reflection coefficient on the frequency 
is measured in the frequency band 25-45 GHz. Rogers 
RO3003™ with dielectric constant 𝜀௥ ൌ 3, loss tangent 
𝛿 ൌ 0.0013, and height ℎ ൌ 0.25 mm, is the substrate 
used for fabrication. The design dimensions for the 
single-element Yagi-Uda antenna are listed in Table 1. 
Figure 16 shows the photos of the fabricated prototype 
connected to a 2.4 mm coaxial end launch connector from 
the top and bottom views. The frequency dependence of 
the reflection coefficient |𝑆ଵଵ| of the antenna input port 
is measured using the vector network analyzer (VNA) 
Rohde and Schwartz model ZVA67 and plotted in  
Fig. 17 (a). Figure 17 (b) shows the fabricated antenna 
connected to the VNA ZVA67 for measuring the return 
loss. The measured frequency response of |𝑆ଵଵ| is 
compared with the simulation results obtained using the 
CST® simulator in the same figure. Good agreement is  

shown between the simulation and the measured return 
loss. The impedance matching bandwidth for a return 
loss ൑ െ10 dB is about 2.6 GHz at 28 GHz and 1.35 
GHz at 38 GHz. 

(a) 

(b) 

Fig. 16. (a) Top and (b) bottom views of the fabricated 
prototype Yagi-Uda dual-band (28/38 GHz) antenna 
connected to a 2.4 mm end-launch coaxial connector. 

   (a) 

(b)

Fig. 17. (a) Measured return loss of the dual-band 
antenna with frequency compared with the simulation 
results. (b) The proposed dual-band Yagi-Uda antenna 
connected to the ZVA67 VNA. 
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The radiation patterns of the fabricated Yagi-Uda 
antenna are measured at 28 and 38 GHz using a standard 
gain horn antenna model LB-018400 in the principal 
planes 𝑥 െ  𝑦 (𝜃 ൌ 90°) and 𝑥 െ  𝑧 (𝜙 ൌ  0°). The 
antenna under-test (proposed Yagi-Uda) and the LB-
018400 are placed in an anechoic chamber at a distance 
of 60 cm. The experimental setups for measuring the 
radiation patterns of the proposed antenna using the 
VNA of the Rohde and Schwartz ZVA67 are shown in 
Fig. 18. The reference standard gain horn antenna model 
LB-018400 is connected to port ‘2’ of the VNA whereas 
the antenna under test is connected to port ‘1’ to obtain 
its radiation pattern by measuring the transmission 
coefficient |𝑆ଶଵ| at the frequencies of concern. The  
two-dimensional radiation patterns at 28 and 38 GHz 
obtained by measurements are presented in Fig. 19 
and Fig. 20, respectively, in the 𝑥𝑦 and 𝑥𝑧 planes, in 
comparison to that obtained by simulation showing good 
agreement. 

Fig. 18. Experimental setup for measuring the radiation 
pattern of the proposed dual-band Yagi-Uda antenna. 

F.2. Four-element linear array of the proposed Yagi-
Uda antenna

A four-element array of the printed Yagi-Uda 
antenna is fabricated to assess the array performance and 
compare the measurements with the electromagnetic 
simulations results. Due to the limiting dimensions of the 
end-launch connector size, the fabricated array has four 
elements separated by interelement spacing 𝐷௬ 18 mm. 
The fabricated array is shown in Fig. 21. The simulated 
and measured dependency of the reflection coefficient 
|𝑆௡௡| of each element on frequency is plotted in Fig. 22 
(a) and 22 (b), respectively. In Fig. 23 (a) and 23 (b),
the simulated and measured coupling coefficient |𝑆௠௡| 
between the array elements is measured versus the 
frequency. It is clear from Fig. 22 that the fabricated 
array is matched at both of the operating frequencies 28 
and 38 GHz. Also, it is shown in Fig. 23 that the MIMO 
array has very low coupling coefficients which make it 
suitable for MIMO systems that use multiple antennas to 
create different transmission paths for spatial diversity. 
The frequency responses of the envelope correlation 
coefficient (ECC) and the diversity gain (DG) of the 
proposed four-element array MIMO system are presented 
in Fig. 24. It is shown that the ECC is almost 0 and, 
consequently, the DG is almost 10 over the lower and 

upper frequency bands (centered at 28 and 38 GHz, 
which is the best achievable performance for a MIMO 
antenna system. The radiation patterns of the fabricated 
array are measured and compared to the radiation 
patterns obtained by electromagnetic simulation in the 
two planes 𝑥 െ  𝑦 (𝜃 ൌ 90°) and 𝑥 െ  𝑧 (𝜙 ൌ  0°) and 
presented in Figs. 25 and 26, respectively, showing 
excellent agreement. 

(a) 𝑓 ൌ 28 GHz, 𝜃 ൌ 90°ሺ𝑥𝑦 െ 𝑝𝑙𝑎𝑛𝑒ሻ

(b) 𝑓 ൌ 28 GHz, 𝜙 ൌ  0°ሺ𝑥𝑧 െ 𝑝𝑙𝑎𝑛𝑒ሻ

Fig. 19. Measured radiation patterns of the dual-band 
Yagi-Uda antenna compared with the simulation results 
at 28 GHz. 

(a) 𝑓 ൌ 38 GHz, 𝜃 ൌ 90°ሺ𝑥𝑦 െ 𝑝𝑙𝑎𝑛𝑒ሻ
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(b) 𝑓 ൌ 38 GHz, 𝜙 ൌ  0°ሺ𝑥𝑧 െ 𝑝𝑙𝑎𝑛𝑒ሻ

Fig. 20. Measured radiation patterns of the dual-band 
Yagi-Uda antenna compared with the simulation results 
at 38 GHz. 

Fig. 21. Fabricated linear array composed of four elements 
of the proposed Yagi-Uda antenna. 

  (a) 

   (b) 

Fig. 22. (a) Simulated and (b) measured, reflection 
coefficients of the four elements of the fabricated array 
shown in Fig. 20. 

  (a)

(b)

Fig. 23. (a) Simulated and (b) measured coupling 
coefficients between the elements of the fabricated array 
shown in Fig. 21. 
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A comparison between the proposed design and the 
antennas proposed in literature for mm-wave 
applications is performed. The proposed Yagi-Uda is 
compared to similar Yagi-Uda antennas in literature. The 
comparison criteria are the size, number of bands, the 
bandwidth for each band, and antenna gain, which are 
presented in Table 3. To the best of our knowledge, the 
present work proposes a dual-band Yagi-Uda antenna for 
MIMO applications which is not found in literature. In 
addition to its dual-band operation, the proposed design 
still has compact size, high gain, bandwidth, very low 
mutual coupling, and very high radiation efficiency, and 
it also has nearly perfect ECC and DG. 

    (a) 

   (b) 

Fig. 24. Frequency dependence of the ECC and DG of 
the 4-port MIMO antenna proposed in the present work. 

(a) 𝑓 ൌ 28 GHz, 𝜃 ൌ 90°ሺ𝑥𝑦 െ 𝑝𝑙𝑎𝑛𝑒ሻ

(b) 𝑓 ൌ 28 GHz, 𝜙 ൌ  0°ሺ𝑥𝑧 െ 𝑝𝑙𝑎𝑛𝑒ሻ

Fig. 25. Measured radiation patterns of the fabricated 
four elements linear array compared with the simulation 
results at 28 GHz. 

(a) 𝑓 ൌ 38 GHz, 𝜃 ൌ 90°ሺ𝑥𝑦 െ 𝑝𝑙𝑎𝑛𝑒ሻ
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(b) 𝑓 ൌ 38 GHz, 𝜙 ൌ  0°ሺ𝑥𝑧 െ 𝑝𝑙𝑎𝑛𝑒ሻ

Fig. 26. Measured radiation patterns of the fabricated 
four elements linear array compared with the simulation 
results at 38 GHz. 

Table 3: Comparison with similar Yagi-Uda antennas for 
MIMO in literature 

[17] [18] [19] 
Present 
Work 

Size 14.8x5.1 11.2x8.1 40.7x22.9 9.7x18.2 
Substrate 

Height (mm) 
0.2 0.25 0.38 0.25 

Number of 
bands 

1 1 1 2 

Freq. of first 
band (GHz) 

28 24 24 28 

Freq. of second 
band (GHz) 

--- --- --- 38 

BW of first 
band 

3.7 0.7 4.1 3.42 

BW of second 
band 

--- --- --- 1.45 

Gain (dBi) 8 9.3 8 9 

VII. CONCLUSIONS
In this paper a dual-band (28/38 GHz) linear antenna 

array is proposed to work as a MIMO array for the 5G 
communication systems. Each element in the array is a 
dual-band Yagi-Uda antenna that is well designed at the 
28 and 38 GHz. The array is composed of eight elements 
with total dimension of 79.4 mm ൈ 9.65 mm excluding 
the feeding microstrip line. The array exhibits a high  
gain about 18 dB in the forward direction. The PCAMA 
direction of arrival estimation technique is applied to the 
received signals at the array elements to determine the 
direction of arrival for multiple incoming signals. The 
effect of phase noise and additive Gaussian noise on  
the error in the DoA estimation are studied showing 
good accuracy of the PCAMA algorithm. Numerical and 
experimental investigations are achieved to assess the 
performance of both the single-element antenna and the 

eight element MIMO linear antenna array. It is shown 
that the simulation results agree with the experimental 
measurements and both show good performance of the 
single antenna as well as the MIMO linear array system. 
The radiation pattern for single element and four element 
array are measured and compared to the electromagnetic 
simulation results showing good agreement.   
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Abstract ─ Antenna is a very important element and 

plays a key role in communication systems for radiating 

energy. Based on high data rate speed requirements and 

large volume multimedia applications, 3G, 4G and now 

5G technologies have been introduced and implemented. 

This paper presents a low profile antenna with novel 

structure and large continuous bandwidth for 5G 

broadband and millimeter-wave wireless applications. It 

is an H-plane printed horn antenna with multi-layered 

sandwich substrate. There are two Rogers (RO3003(tm)) 

substrates that make a sandwich structure with eight 

stainless steel columns. The proposed antenna is expected 

to give an impedance bandwidth 20-45 GHz with S11 < 

-10dB and 8.64dBi gain at 28 GHz design frequency. 

ANSYS 18.2 HFSS simulator is used for designing  

and optimization of the profile antenna. A comparison 

between simulated and measured results confirms the 

validity of the proposed design. 

 

Index Terms ─ Millimeter wave antenna, 5G (fifth 

generation), wireless applications. 
 

I. INTRODUCTION 
Fifth generation technology is a hot topic for 

researchers these days due to the current and upcoming 

multimedia high speed and large data volume challenges. 

Substrate integrated horn antenna is a low profile  

and compact millimeter wave antenna with ease of 

integration [1]. Horn antennas are directional with wider 

bandwidth feature that make them feasible for high gain 

broadband applications. This property makes the horn 

shape more attractive choice for researchers to design a 

substrate integrated horn shape patch antennas for high 

bandwidth packages which is a need of the hour for 5G 

applications. In substrate integrated horn patch antennas, 

bandwidth is improved by using different impedance 

transformers if mismatching occurs at the edges of 

dielectric slab [2],[3]. 

With the recent developments in communication 

systems, all wireless applications like multimedia or 

cellular applications, IOT (internet of things), ITS  

and other broadcast applications need high data rate  

large volume speed that is not fully supported by 4G 

technology [4]. 
 

 
 

Fig. 1. Multilayer novel structure millimeter wave 

antenna. 

 

So, ITU (International Telecommunication Union) 

issued new licensed high frequency bands in millimeter 

wave range for 5G and beyond applications [5]. 

Improvement of impedance bandwidth has been a hot 

topic for researchers in low profile micro strip antennas 

for high data rate 5G applications. There are various 

techniques that have been introduced to improve 

impedance bandwidths in past years including substrate 

integrated patches [1], slotted patches [6], [7] stacked 

patches [8], [9], [10] multilayers strip lines [11] and 

aperture coupled feed techniques [12], [13]. Multilayers 

technique has been used in most of these mentioned 

papers to improve bandwidths from 10.9% to 29% 

maximum. 
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To overcome the multilayers alignment and high 

cost issues, a single-layered wideband planar antenna 

substrate based topology has also been presented in [14], 

[15], [16] to get improved bandwidth 12.4% to 25.5% 

maximum. For long range communication systems, a 

narrow beam antenna radiation pattern is required to get 

high gain while for short range communication systems; 

a wide beam pattern is useful for wide coverage [17]. For 

substrate integrated horn antennas, gain was enhanced 

using different correction structures like metal via arrays 

[18], SIW gap technology [19] and horn walls [20].  

But these designs could give impedance bandwidth less  

than 20%. By adding electric and magnetic currents 

radiations, a stable and uniform radiation pattern [21] 

and end fire radiations [22], [23] are achieved. 

The detailed literature review of the above 

mentioned papers traces a hypothesis to get wideband 

and high gain features. So, a broadband, low cost, low 

profile and a compact antenna is designed for wireless 

5G applications. It is observed from literature review that 

the multi-layered and substrate integrated waveguide 

(SIW) structures are used for broadband and gain 

enhancement features respectively. So, in the proposed 

antenna design, a multi-layered topology is used with  

a sandwich structure. Instead of using a SIW structure,  

a sandwich structure is proposed. Two RO3003(tm) 

dielectric substrates make a sandwich structure with 

stainless steel columns without any holes as shown in 

Fig. 1. Furthermore, a sectoral H-plane slotted horn 

patch is printed on the top surface of the upper substrate 

to get a stable high gain radiation pattern with wide  

band feature. In comparison with the previous H-plane 

sectoral SIW horn antennas [1], [2] and [3], the proposed 

antenna gives better impedance bandwidth and gain.  

In the first step, a broadband, high gain WR28 horn 

antenna is simulated for inspiration. In the 2nd step, an  

H-plane sectoral horn antenna is simulated on a single 

RO3003(tm) substrate. In the 3rd step, the proposed 

multi-layered sectoral H-plane slotted horn antenna  

is designed to get wide band high gain features. All 

antennas are optimized and simulated in ANSYS18.2 

HFSS simulator. The proposed antenna is fabricated for 

measuring results. 

The paper is organized as follows. Design of the 

proposed antenna and EM analysis is presented is Section 

II. Simulated and experimental results lie in Section III. 

The final summary is in Section IV. 

 

II. ANTENNA DESIGN AND EM ANALYSIS 

A. Antenna design 

To design a millimeter wave antenna that can support 

wideband 5G wireless applications, the hypothesis 

through a detailed literature review creates a topology for 

an H-plane sectoral printed horn antenna with multi-

layered sandwich substrate structure. Furthermore, the 

sandwich substrate structure with the air gap between 

two dielectric substrates affects the permittivity and 

height of substrate and increases the resonance frequency 

and operational bandwidth [24]-[28]. In [29], a millimeter 

wave SIW antenna is designed at 28 GHz for indoor 

applications. It has 11.6 dB gain and impedance 

bandwidth 24.5 to 29.5 GHz. Out of all these mentioned 

papers, the proposed antenna gives the large and wide 

bandwidth with high gain in E- and H-planes both.  

 

 
 
Fig. 2. Simulated full wave WR28 horn antenna gain. 

 

In the first step, a WR28 horn antenna is simulated 

with the parameters and dimensions using design 

equations (1-6) [30]. Antenna parameters are calculated 

with reference to 20dBi high gain. The wide bandwidth 

and high gain characteristic of the full wave horn antenna 

gives a clear inspiration and hypothesis along with  

multi-layered topology from SIW H-plane sectoral horn 

antennas to design a multilayered sectoral H-plane printed 

horn antenna for wireless millimeter applications. It is 

observed from Fig. 2 that the full wave WR28 exhibits 

20.23dBi gain at 28 GHz: 
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Where 0G  is the required gain, λ is a wavelength, a & b 

are dimensions of wave guide, 𝑎1 & 𝑏1 are dimensions 

of the horn aperture and 𝜌𝑒 & 𝜌ℎ  are the distances  

from wave guide to the horn. The WR28 horn antenna 

parameters are calculated from all these equations (1-6). 
 

B. EM analysis 

The WR28 horn antenna parameters are relevant  

to a high directional gain as mentioned in Table 1. So, in 

the 2nd step these parameters and dimensions are used  

to print a sectoral H-plane un-slotted horn patch on a 

dielectric substrate to design a single substrate H-plane 

sectoral horn antenna as shown in Fig. 3. It is clear from 

the Fig. 3 that the horn patch is actually the one face of 

the full wave horn antenna. Dimensions of the substrate 

and printed horn patch are same as in Fig. 1 and are 

mentioned in Table 1. So, the printed H-plane sectoral 

horn patch has dimensions of one face of the full horn 

antenna.   
 

Table 1: Horn antenna dimensions 

Description Value Unit 

f 28 GHz 

a 7.11 mm 

b 3.55 mm 

𝝆𝒆 56.7 mm 

𝝆𝒉  56.7 mm 

𝒂𝟏 47.69 mm 

𝒃𝟏 37.43 mm 

Substrate length 58.86 mm 

Substrate width 69.45 mm 

Substrate height (each) 0.5 mm 

Length of eye-slot centered curve 20 mm 

Radius of eye ball-patch 3 mm 

Major radius of slotted elliptic tears 0.5 mm 

 

It is observed from Figs. 4 and 5 that the antenna 

gain is 5.8dBi with impedance bandwidth 26.6-30.6 GHz. 

This antenna gain and impedance bandwidth is not good 

enough, so in the 3rd step, a multi-layered topology is 

further used along with this H-plane sectoral horn patch 

to enhance the gain and wide bandwidth.    

To increase the operational bandwidth with resonance 

frequency and gain, the multi-layered and slotted substrate 

topology is used with printed H-plane sectoral horn. A 

multi-layered sandwich substrate with H-plane printed 

slotted horn patch antenna is proposed. Patch has a crying 

eye with slotted tears. The slotted tears and crying eye 

gives a further boost to the bandwidth while keeping 

radiation pattern stable that makes it unstoppable below 

10dB. Horn patch is at the top substrate and ground patch  

is connected below the bottom substrate.  

 

47.69 mm 7.11 mm

3.55 mm

 
 

Fig. 3. Single substrate sectoral H-plane printed horn 

antenna. 

 

 
 

Fig. 4. Antenna gain of the single substrate H-plane 

sectoral horn antenna. 

 

 
 

Fig. 5. Reflection coefficient of the single substrate H-

plane sectoral horn antenna. 
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                      (a)                                         (b) 

 
                      (c)                                         (d) 

 

Fig. 6. Fabricated proposed antenna. 

 

A 2.92 mm (K) female edge launch connector is used 

for excitation joining ground below the bottom substrate 

and patch on the top substrate Fig. 6. Both substrates make 

a sandwich with air gap of 1.5 mm and are supported by 

the stainless steel cylinders of the same dielectric constant 

as of air. Hence, the use of horn patch on a multi layered-

substrate with cutting elliptic slots and an emotional  

eye collectively make a novel structure radiator. Both 

substrates have the same dimensions (58.86 mm × 69.45 

mm). The stain less steel columns are fixed with a 

gum/bond at designated positions on the substrate as 

shown in Fig. 6 (d). It has 2 mm diameter and 1.5 mm 

height with dielectric constant 1. A high gain, narrow 

beam millimeter wave antenna with very large bandwidth 

is proposed for wireless 5G applications. 

 

III. SIMULATION AND EXPERIMENTAL 

RESULTS 
The proposed antenna is a prototype as shown in 

Fig. 6. A single substrate sectoral H-plane horn antenna 

produces a directional gain and a bandwidth up to 4 GHz 

in millimeter wave range as shown in Figs. 4 and 5. The 

proposed antenna is further optimized with sandwich 

substrate structure and sectoral H-plane slotted horn 

patch to get high gain and very large bandwidth for 

wireless 5G applications. The antenna measurement was 

completed in an anechoic chamber using vector network 

analyzer. It produces a high gain of 8.64dBi with  

continuous large bandwidth at 28 GHz center frequency.  

The simulated and measured radiation patterns of 

the proposed antenna at 28 GHz design frequency in E- 

and H-planes are shown in Figs. 7 and 8 respectively. The 

E-plane and H-plane simulated and measured radiation 

patterns are very consistent and stable. It is observed that 

the simulated and measured patterns are in well agreement 

with little discrepancies. The simulated and measured 

reflection coefficient is shown in Fig. 9. It is observed 

that the proposed antenna gives a very large continuous 

bandwidth 20 GHz to onward with S11 < -10dB. It 

produces a narrow beam radiation pattern which validates 

the proposed antenna a good candidate for 5G wireless 

communication systems within the premises even for 

commercial usage. 

The overall antenna size is 69.4554 mm × 58.8685 

mm × 2.5 mm. It is clear from simulated and measured 

results that there is no big evident influence on antenna 

performance. Figure 9 shows the simulated and measured 

S-parameters of the proposed antenna with little 

differences. There is a large impedance bandwidth below 

10dB. A little discrimination is observed due to the 

soldering effect and high frequency millimeter wave 

connector. Although this profile antenna gives a large 

continuous band, so a small 5G operational band out of 

entire available band is considered for displaying results. 

The surface current distributions of the proposed antenna 

are shown in Fig. 10. Figure 11 shows the measured 

radiation patterns of the proposed antenna at 30 GHz,  

32 GHz, 34 GHz, 36 GHz and 38 GHz within the 

operational band. It is observed that the radiation pattern 

is stable throughout the operational band with a little 

difference. The gain reduces over the entire band very 

little that is due to the radiation pattern deformation  

and impedance mismatching. The measured gain of the 

proposed antenna over the entire proposed band is  

8.64 ± 0.65dBi. The measured antenna gain is shown in 

Fig. 12. Both simulated and measured results agree well 

and give a radiation pattern in the broadside direction 

like a waveguide horn antenna with large impedance 

bandwidth. The validity of the proposed antenna design 

is confirmed through a comparison between simulated 

and measured results. 

In comparison with the reference papers [1], [2] and 

[3] where an H-plane sectoral SIW horn antenna was 

designed, the proposed antenna gives a high gain antenna 

element with better impedance bandwidth 20 GHz to 

onward. The very large continuous bandwidth, i.e.,  

20 GHz to 45 GHz and onward with a high gain stable 

radiation pattern makes this profile antenna an attractive 

candidate for 5G broadband and millimeter-wave wireless 

applications. A comparison of the proposed antenna with 

full horn antenna and single substrate printed horn 

antenna is presented in Table 2. 
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Fig. 7. Radiation patterns of the proposed antenna at  

28 GHz in E-plane. 
 

 
 

Fig. 8. Radiation patterns of the proposed antenna at  

28 GHz in H-plane. 
 

 
 

Fig. 9. Reflection coefficient of the proposed antenna. 

 
 

Fig. 10. Surface current of the proposed antenna. 

 

 
    (a)    (b) 
 

 
    (c)   (d) 
 

 
  (e) 

 

Fig. 11. Measured radiation patterns of the proposed 

antenna in E- and H-planes: (a) at 30 GHz, (b) at 32 GHz, 

(c) at 34 GHz, (d) at 36 GHz, and (e) at 38GHz. 
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Fig. 12. Measured antenna gain of the proposed antenna. 
 

Table 2: Comparison of antennas 

No. 
Antenna 

Description 
Frequency 

Gain 

(dB) 
Bandwidth 

1 
WR28 full horn 

antenna 
28 GHz 20.2 

18-40 

GHz 

2 

Single substrate 

printed horn 

antenna 

28 GHz 5.8 
26.5-30.8 

GHz 

3 

Proposed 

multilayered 

antenna 

28 GHz 8.64 
20-45 GHz 

(onward) 

 

VI. CONCLUSION 
In this article, an H-plane sectoral printed horn 

antenna with a novel multi-layered sandwich substrate is 

proposed for wireless 5G millimeter wave applications. 

The sectoral H-plane printed horn topology is used to get 

high gain radiation pattern. The multi-layered sandwich 

substrate structure gives a large continuous bandwidth 

from 20 GHz to onward. The proposed antenna exhibits 

measured bandwidth (20 GHz to 45GHz or onward) 

below -10dB reflection coefficient. The antenna has a 

sufficient measured gain of 8.64dBi in E- and H-planes 

both. It is experimentally demonstrated that the proposed 

antenna can be used for different wireless 5G millimeter 

wave indoor and outdoor applications.  
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Abstract ─ This paper reported a pioneering 5G 

multiband microstrip line fed patch antenna for IoT, 

wireless power transfer (WPT) and data transmission. 

The proposed antenna is accomplished using a triple  

L-arms patch antenna responsible for the multiband 

response. A diamond-shaped ground slot is added to 

control and increase the bandwidth of the resonant 

frequency. The antenna is designed to resonate at 10, 13, 

17 and 26 GHz with 10 dB impedance bandwidths of 0.67, 

0.8, 2.45 and 4.3 GHz respectively. The proposed antenna 

is fabricated using microstrip technology with total  

area of 16.5x16.5 mm2. The 5G multiband antenna has 

sufficient realized gain of 4.95, 5.72, 4.94 and 7.077 dB 

respectively. The antenna is designed and simulated using 

the CST Microwave Studio Suite (Computer Simulation 

Technology). Measurements show good agreement with 

simulations in all frequencies of operation.  

 

Index Terms ─ 5G wireless communication, diamond-

shaped slot, Internet of Things (IoT), Millimeter Wave 

(MMW), multiband antenna, Triple-L Arms (TLA), 

Global System for Mobile Communications (GSM).  
 

I. INTRODUCTION 
The demand for the high data rate transfer and large 

capacities of traffic is continuously growing so, the 

world will witness 5G technology very soon with the 

fastest broadband speed and low latency. It needs to 

operate in three frequency ranges to ensure widespread 

coverage and support for all networks covered by 

previous technology. These ranges are Sub-1GHz, 1–6 

GHz and above 6 GHz [1]. With a strength of sub-1GHz, 

it cannot meet the requirements in terms of absolute high 

bandwidth. It is used to provide broad coverage in urban 

areas and suburbs. The 1–6 GHz band provide both 

capacity and coverage advantages. The  band above 6 

GHz fulfills the requirements of an ultra-high broadband 

speed of 5G. There would be a need to use MMW bands 

starting from 24 GHz to satisfy the need for high 

broadband speeds up to 20 Gb/s [2]. GSM has proposed 

mobile bands of 26 GHz (24.25 GHz-27.5 GHz), 40 GHz 

(37.5 GHz-43.5 GHz) and (67 GHz-71 GHz) [3],[4].  

The infrastructure for 5G mobile channels will be able  

to support much better data speeds, higher aggregate 

capacity, minimal latency, lower infrastructure cost, and 

many new capabilities due to increased bandwidth [5]. 
Antenna for 5G communications should consider some 

key requirements of 5G technology. It should resonate 

over a wide bandwidth, continuous strong connections 

with minimum latency. Multiband antenna is a potential 

solution for battery-less wireless applications that need 

multiple channels for simultaneous data and power 

transfer as wearable/implantable medical devices, smart 

farming sensors and portable electronics devices [6]–[8]. 

There are many proposed antennas for 5G bands 

with different applications. For example, Yahia et al. 

have designed a compact directional microstrip grid 

array antenna at 10 GHz. The antenna was designed on a 

cheap FR4 substrate and has achieved a dual band with 

peak gain of 8.03 dBi [9]. For wireless power transfer 

and harvesting applications, there are appropriate choices 

of frequency to ensure high RF-DC power conversion. 

In [10], Abderrahim et al. designed multiband rectenna 

for microwave applications. The antenna can harvest 

ambient power at different radio frequencies of 12, 17, 

and 20 GHz. Some studies have been done at 26 and  

28 GHz [11] by Mahmoud et al. The antenna has been 

fabricated using standard commercial materials, to 

produce MMW antenna on textile for radio frequency 

energy harvesting (RFEH), enabling high efficiency 

reception of MMW radiation for wearable rectennas.  

In [12], Farzad et al. designed broadband circularly 

polarized array antenna using FR4 substrate with a 

thickness of 0.8 mm. It designed with an L-shaped patch 

and a rhombic slot in the ground. This antenna can cover 

the frequency band 4.66–5.30 GHz. In [13], the Varum 

et al. introduced a microstrip antenna for IoT which 

resonates at band 17 GHz with More than 2 GHz 

bandwidth and gain 5.8 dBi. In [14], Ebenezer et al. 

designed a compact ultra-light weight and efficient 
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circularly polarized asymmetric slit patch antenna. It is 

fabricated using RT/DUROID 5880 material to operate 

at the center frequency of 11.3 GHz and constant gain 

through the operating bandwidth with an apprehended 

peak gain of 5.6 db for vehicular satellite communication 

applications. In this work, a multiband microstrip antenna 

was designed to achieve a high gain with small size at 

5G bands of 10, 13, 17 and 26 GHz. The antenna is small 

enough to be included in sensors, domestic equipment’s 

and wearables. Also, it is appropriate for WPT and 

energy harvesting systems, the multiband operation 

increases the harvesting power compared with single 

band operation, where the receiving antenna collects  

the power from multiband. The designed antenna has  

the advantages of structural simplicity, planar geometry, 

ease of fabrication and relatively lower complexity. This 

paper is comprised of four sections. Section 2 includes 

the design and layout of the presented antenna, Section 

3 contains the implementation and measurement while 

the last section concludes the paper. 

 

II. ANTENNA DESIGN AND LAYOUT 
The structure geometry of the proposed Triple – L 

arms patch slotted antenna (TLA) is shown in Fig. 1. The 

antenna is designed using ROGERS(RO4003c) substrate 

with relative dielectric permittivity Ԑr=3.38, thickness 

0.81 mm and dissipation factor tan=0.0026. The feeding 

line with width of Wf =2.1mm and length of Lf =6.3 mm 

to feed the antenna. 

 

 

 

 

 

 

 

 

 

  

                  (a)                                      (b) 

 

Fig. 1. Configuration of the proposed antenna with 

dimensions: (a) top view and (b) bottom view.  

 

The design consists of a slotted antenna having  

a microstrip feed line and three L-shaped arms, each 

responsible for a certain resonant frequency. To improve 

resonant frequencies’ bandwidth, a diamond slot shown 

in Fig. 1 (b), has been carved on the opposite side of the 

radiation patch on the ground plane of the antenna at a 

distance of 4.65 mm from the center of the ground with 

length 6. 5mm.The key design is to set the length of  

each arm close to the half wavelength of the resonant 

frequency (L∼λ/2). L1∼ 15mm, L2∼5.7mm, L3∼8.8mm. 

Because of the existence of an electromagnetic coupling 

between the 3 arms, a parametric study has been carried 

out to define the optimum length for the required 

frequency bands. 

Design flow was done in 3 steps. In the first step, 

only one arm patch L1 is set with its dimensions are 

adjusted to (5.9mm,4.83mm) to generate the 10 GHz 

resonant frequency. To get the second band another arm 

L2 with length of (2.5mm,2.9mm) has been added to get 

resonant at 26 GHz. Finally, the arm L3 with length of 

(3mm,3.4mm) generates a resonant at 17 GHz. Figure 2 

illustrates simulation results for the 3 design steps of the 

TLA antenna with diamond slot ground. The length of 

the feed line is made 4.6 mm, and its width is made 2.1 

mm in order to match the impedance of the patch. To 

optimize operation bandwidth of the proposed antenna, 

the dimensions of the diamond slot ground are changed. 

Figure 3 indicates a comparison of S11 parameter for  

the proposed antenna with different slot size  .The figure 

clarifies that the bandwidth of resonant frequencies can 

be adjusted by changing the values of ground slot to 

reach a wider bandwidth specially at the higher bands  

of resonant frequencies which is suitable to WPT and 

harvesting systems application. The wide bandwidth aims 

to solve traffic-related issues. And the wide bandwidth 

antennas are necessary to harvest power efficiently from 

the full spectrum.  
 

 
 

Fig. 2. The reflection coefficient of the design steps for 

the proposed antenna. 
 

 
 

Fig. 3. Adjustment in the bandwidth of the antenna for 

different values of ground slots. 

   4.65 mm 

Wf 
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III. ANTENNA IMPLEMENTATION AND 

MEASUREMENT 
The TLA antenna fabricated using Photolithography 

technology with wet etching and the track’s pattern 

plotted on a dark-film mask in Microstrip Fabrication 

Laboratory, Electronics Research Institute (ERI). Figure 

4 shows a photograph for the fabricated TLA. Figure 5 

clarifies the test feature to connect the proposed antenna 

with vector network analyzer (VNA). Figure 6 shows the 

VNA (ROHDE&SCHWARZ ZVA6) that it is used to 

perform the return loss measurements. 
 

A. Designed antenna S-parameters  

Figure 7 depicts the simulated in addition to measured 

results of the proposed antenna for sake of validation  

and comparison. The antenna was initially simulated and 

optimized for 10, 17 and 26 GHz, but the simulation 

shows an extra resonant frequency at 13 GHz this can be 

explained due to the effect of the ground slot. It is clear 

that the antenna has sufficient bandwidth at the resonant 

frequencies. 10 GHz band has bandwidth of 0.67 GHz 

with minimum return loss of 28.17 dB,13 GHz band  

with 0.8GHz bandwidth and 15dB minimum return  

loss, 17GHz band has a bandwidth of 2.45 GHz with 

minimum return loss of 20.327 dB and 26 GHz band  

has bandwidth of 4.3 GHz with minimum return loss of 

57.15dB, where the bandwidth is determined at -10dB 

reflection coefficient level as a reference. It is clear  

from Fig. 7 that there is good agreement at the lower 

frequencies while there is an appreciable loss at the 

higher frequency side of the S11 curve This is due to the 

additional parasitic capacitance in experimental device 

in addition to the effects of the connectors at such  

higher frequencies. Moreover, there are also fabrication 

tolerances [17]. 
 

B. Equivalent circuit of the TLA antenna (modeling 

of patch antenna) 

This section describes the electrical equivalent circuit 

of the TLA antenna Fig. 8 (a) shows the equivalent 

circuit used to model the electrical behavior of the 

antenna in response to an incoming RF input signal. It is 

particularly useful to implement this model using basic 

components R1, L1, and C1, which influence the first 

resonant frequency (f1), R2, L2, and C2 influence the 

second resonant frequency (f2), R3, L3, and C3 influence 

the third resonant frequency (f3) and finally, R4, L4,  

and C4 influence the fourth resonant frequency (f4). 

Elements L5 and C5 are included in the equivalent 

circuit model to represent the electrical length of the feed 

line and the slot coupling, respectively. The corresponding 

values of the equivalent circuit elements are depicted  

in Table 1. Figure 8 (b) shows the reflection coefficient 

response of the antenna obtained from CST simulation 

compared to the calculated response of the equivalent  

circuit model by using Agilent ADS software in addition 

to the measured reflection coefficient. The results of 

simulated, measured, and ADS model are in good 

agreement. 
 

 
(a)                         (b) 

 

Fig. 4. Photograph of the fabricated patch antenna: (a) 

bottom layer and (b) top layer. 

 

 
 
Fig. 5. Microwave test feature to connect the antenna 

with Vector Network Analyzer.  

 

 
 
Fig. 6. The measurement of S11 parameter using the 

VNA ROHDE&SCHWARZ ZVA6. 
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Fig. 7. Comparison between simulation and measured 

reflection coefficient versus frequency. 

 

 
      (a) 

 
   (b) 

 

Fig. 8. (a) Equivalent lumped-elements circuit for antenna 

in ADS. (b) Comparison of the reflection coefficient 

responses of CST, ADS and measurement. 
 

C. Surface current distribution 

Figures 9 (a), (b), (c) and (d) describes the current 

distribution of the TLA antenna at frequency bands 10, 13, 

17 and 26 GHz, respectively. It is observed from these 

figures that the currents are concentrated at the outer  

edges of radiating patches. Also indicates that each arm  

is responsible for a specific resonant frequency [18]. This 

means that the largest arm gives 10 GHz resonant and the 

smallest arm gives 26 GHz resonant, as mentioned before 

in the design antenna procedure. The current distribution 

on the antenna at 13 GHz indicates that the ground slot is 

responsible for this resonant frequency. 

 
D. 2D-Polar radiation patterns  

The radiation pattern comparison measured and 

simulated of the antenna at 10 and 13 GHz are depicted in 

Figs. 10 (a) and (b). The solid red and black line represents 

the simulated E-plane and H-plane respectively. Also, the 

dashed red and black line represents the measured E-plane 

and H-plane. The pattern depicts a dipole-like pattern in 

both measured and simulated results. The simulated 

radiation patterns at operating bands 17 and 26 GHz 

frequencies shown in Figs. 10 (c) and (d). The solid red 

and black line represents the simulated E-plane and H-

plane. Measurements were only made for frequencies 10 

and 13GHz due to the instrumentation capabilities 

available at the ERI lab. It can be observed that the slot in 

the ground plane influences the patterns in the backward 

direction at the resonant frequencies. This is because the 

slot in the ground plane is itself resonators. Also, it can be 

notice that at the higher frequency (26 GHz) the radiation 

pattern deteriorates because of unequal phase distribution 

and significant magnitude of higher order modes. For  

a further completing the antenna performance, plot of 

antenna’s gain is presented in Fig. 11. The plot illustrates 

that antenna has a relatively high gain at frequencies 

10,13,17 and 26 GHz of 4.95, 5.72, 4.94 and 7.077 dB 

respectively. which is a good gain compared to the antenna 

introduced by the author in [11] that provides a gain of  

5.4 dB in space at 26 GHz. Also, with total efficiency of 

90%, 94.6%, 92% and 93.3% respectively. 

 

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

 

Fig. 9. Current distribution of 5G antenna at the resonant 

frequencies (a) 10 GHz (b) 13 GHz (c) 17 GHz (d) 26 

GHz. 
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Table 1: Elements values of the equivalent circuit model 

 

  

 
 

Fig. 10. The radiation pattern of the proposed antenna in 

E-plane and H-plane. 

 

 
 

Fig. 11. Gain versus frequency. 

 

Table 2 shows the performance comparison between 

the TLA antenna and other previously reported in 

literature within the same frequency range. Compared 

with other types, the TLA antenna has large number of 

resonant frequencies, except for [10] the TLA antenna 

has one more band with smaller area. Besides it operates 

in the low frequencies 10 and 13 GHz with no area 

overhead compared with other types operate in 

comparable frequency band. The proposed antenna has 

larger gain at 26 GHz compared with that antenna 

presented in [11] but the antenna uses a commercial 

textile material for wearable ambient RFEH. While in 

[12] and [13] a single band of operation, for [12] with 

one arm patch, larger area and lower gain and for [13] 

with smaller area and higher gain compared to the 

proposed antenna. In [15], multiband antenna with lower 

frequencies and larger area but with larger bandwidth 

compared with the lower frequency of the TLA antenna. 

The area of antenna designed in [16] is smaller than the 

proposed antenna but with less bandwidth such area is 

compatible to be a unit of an array. 

  

Table 2: Comparison of the proposed antenna with other 

antennas 

 

IV. CONCLUSION 
A slotted microstrip patch antenna having four 

resonant modes for use in IoT, WPT and data 

transmission. has been proposed and studied.  

The antenna is a very low-profile structure with 

dimensions 16.5×16.5×0.81mm3. It can hence, be easily 

integrated into devices with space constraints. The TLA 

antenna is designed to operate at 10, 13, 17 and 26 GHz 

with a bandwidth of 0.67, 0.8, 2.45 and 4.3 GHz, 

respectively. The wide bandwidth antennas are necessary 

to harvest power efficiently from the full spectrum.  

The maximum efficiency is achieved at 13 and 26 GHz. 
The antenna was fabricated and measured with a  

good agreement between the simulation results and 

measurement results for reflection coefficient in addition 

to radiation characteristics. 
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Abstract ─ This work presents a comprehensive detailed 

comparative study of the three ultra-wideband and high 

directive antennas for the THz imaging, spectroscopy, 

and communication applications. Three different types 

of photoconductive antennas (log-spiral, Vivaldi, and 

bowtie antennas) are designed and simulated in the 

frequency range of 1 to 6 THz in the CST microwave 

studio (MWS). The enhanced directivity of the designed 

PCAs is achieved with the integration of the hemispherical 

silicon-based lens with the PCA gold electrode and quartz 

substrate of the proposed antennas. The performance of 

the designed PCAs is compared in terms of impedance 

and axial ratio bandwidths, directivity, and radiation 

efficiency of the proposed antennas. The reported log 

spiral, Vivaldi PCAs with added silicon lens exhibit  

the -10 dB impedance bandwidth of 6 THz, 3dB AR 

bandwidth of 5 THz, 6 THz, and 6 THz and peak total 

radiation efficiencies of 45%, 65%, and 95% respectively. 

   

Index Terms ─ Bowtie antenna, high directivity, log 

spiral antenna, photoconductive THz antenna, Vivaldi 

antenna, wideband. 
 

I. INTRODUCTION 
The development of the terahertz (THz) technology 

is helping to alleviate the crowded microwave band 

spectrum for the wide range of future applications in  

the field of high-speed (terabit-per-second) wireless 

communication system, spectroscopy, imaging, sensing, 

material characterization, and medical fields [1-7]. The 

3 mm to 30 µm free-space wavelength (or 0.1 to 10 THz) 

band is referred to as the THz frequency band. This band 

is gaining a lot of attention because of the distinctive 

characteristics of the non-ionizing nature of THz 

radiations, easy penetration through various materials, 

and their minimal effect on the human body [4, 7-9].  

The photoconductive antennas (PCAs) are among 

the favorite choices of the THz antenna designers for the 

generation of THz radiations due to their associated 

advantages of broadband radiations, compact size as well 

as normal operation at the room temperature [8, 10, 11]. 

In PCA, THz waves are generated with the interaction  

of the ultrafast femtosecond photon with the biased 

photoconductive substrates having ultra-short (sub-

picosecond) carrier lifetime as well as ultrafast carrier 

mobility. The common examples of used substrates for 

this purpose are LTGaAs [10, 12, 13], SiGaAs [10, 14], 

and InGaAs [10, 15]. Besides the aforementioned 

advantages, the limitation of the PCA includes the low 

optical-to-THz conversion efficiency [4, 8] which limits 

its applications especially for the imaging systems which 

demands high directive and polarization-insensitive THz 

radiations.  

The commonly employed approaches for the 

enhancement of the laser coupling to increase the 

conversion efficiency of the PCAs are 3D nonplasmonic 

structures [16], anti-reflection coatings of PCA substrates 

[17, 18], plasmonic nanoantennas [19] and electrodes 

[20]. The requirements of the electron beam lithography 

for the fabrication of the PCAs using proposed approaches 

[16-20] significantly increase the time and cost of the 

fabrication process [4]. The reported other examples of 

the photoconductive antennas are bow tie [8, 11, 17, 21], 

dipole planner array [22], Yagi-Uda [23], spiral-shaped 

[24], and the conical horn [25]. The researchers used the 

microlens array [12, 13, 17, 21, 26, 27], adding of the 
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silicon-based lenses on the PCA structures [8, 17, 21,  

25, 28], and sandwiching of an antenna structure with 

metasurfaces [8, 22] for the enhancement of the poor 

directivity performance of the designed THz antennas. 

Although the utilization of the aforementioned approaches 

results in the enhancement of the directivity of the 

realized antennas, the reported designs [8, 11, 17, 21-25, 

28, 29]  have limitations of lower impedance bandwidth 

(0.2 THz to 1 THz), axial ratio (AR) bandwidth, and 

overall large size of reported antenna designs.   

In this work, we report a detailed comparative study 

about the design and analysis of the three different types 

of the ultra-wideband, high directive, and high-efficiency 

PCAs for the frequency range of the 1 to 6 THz. The 

realized antenna designs are of log spiral [6] (Fig. 1), 

Vivaldi [7] (Fig. 2), and bowtie [9] (Fig. 3) types. The 

full-wave EM simulation of the proposed THz antennas 

is performed in CST MWS for the frequency range of 1 

to 6 THz without the lens. Subsequently, the directivity 

performance of the proposed antennas is enhanced by 

adding a silicon-based hemispherical lens on the backside 

of the used quartz (r = 3.78, tan  = 0.0001) substrate of 

the antennas. The study compares the performance of  

the reported antennas in terms of impedance bandwidth, 

axial ratio bandwidth, and radiation characteristics (gain, 

directivity, efficiency) of the antennas. The reported  

log spiral, Vivaldi, and bowtie PCAs exhibit the -10 dB 

impedance bandwidth of 6 THz respectively. The 

observed 3dB AR bandwidth is 5 THz, 6 THz, and 6 THz 

for the designed spiral, Vivaldi, and bowtie antenna 

structure with the lens. The peak values of the total 

radiation efficiencies for the realized spiral, Vivaldi, and 

bowtie antenna structure with the lens are 45%, 65%, and 

95% respectively. The observed -10 dB impedance and 

3-dB AR bandwidth of the designed optimized antenna 

with the lens are the largest among all the reported legacy 

designs [8, 11, 17, 21-25, 28, 29] as per our best 

knowledge. 

The structure of the rest of the paper is as follows. 

Section II presents a comprehensive review of the 

performance of the legacy THz antennas. The details about 

the design of the reported three antennas are described in 

Section III. Section IV details the comparison of the 

performance of the reported antennas without the lens. 

The comparison of the designed antennas performance 

with the added lens in the antenna structure is presented 

in Section V. Last section VI concludes the study. 
 

II. RELATED WORK 
This section presents a comprehensive review of the 

relevant reported designs of the non-nano based PCA 

antenna designs. The authors in [23] reported a Yagi-

Uda antenna without a lens with high input impedance in 

the frequency range of 580 GHz to 600 GHz. The design 

of a spiral-shaped THz antenna working in the frequency  

range of 1.8 – 2.05 THz is reported in [24]. In [11],  

Park et al. covered the antenna structure with metal 

nanoislands to form nanoplasmonic PCA for the increase 

in the emission properties of the antenna. 

Jyothi et al. [21] reported a bow-tie PCA with a Si-

hemispherical lens for the enhanced directivity in the 

frequency range of 1 to 1.2 THz. The authors in [17] 

investigated the effect of the dielectric coating and added 

hemispherical Si-lens on bow-tie PCA structure for the 

enhancement of optical-to-THz conversion efficiency of 

the designed antenna. The authors in [28] proposed that 

the utilization of the aspheric lenses can improve the 

radiation coupling of the PCAs. Deva et al. [25] reported 

a fixed-frequency (0.8 THz) conical horn and Si-lens 

based PCA for the gain enhancement with the better 

physical fitting of the horn-shape with commercially 

available Si-lenses. 

In [8, 29], authors combined the PCA with the 

artificial magnetic conductor (AMC) [8] and metasurface-

based flat lens [29] for the enhancement of directivity of 

the antenna without the need of large-sized silicon-based 

lenses as needed for [17, 21, 25]. In [22], authors 

combined the planner dipole array with frequency 

selective surface to enhance the radiation properties of 

the array type PCA. However, the integration of the 

metasurface in the antenna structure increases the side-

lobe levels and front-to-back ratio of the antenna. Array 

design of antennas are used to enhance the radiation 

efficiency and front to back ratio of the antennas at the 

cost of the large antenna size [8, 23, 24, 30]. Generally, 

the periodic structures are used for the enhancement of 

the antenna bandwidth. However, as reported in [31], the 

use of a log-periodic circular-toothed structure with an 

outer diameter of 1.28 mm results in relatively lower 

bandwidth (< 1 THz). It depicts that the proper designing 

of the periodic antenna structure is essential to achieve 

the wideband operation.     

Table 1 summarizes the performance of the 

reviewed designs in terms of the antenna type, used 

substrate, the material of antenna electrodes, lens, 

impedance bandwidth, AR bandwidth, and directivity. 

The maximum impedance bandwidth of 1 THz for the 

non-lens based THz antenna is reported for the nano THz 

antenna of [11]. The integration of the lens enhances the 

directivity to 18.5 dBi for [25] with maximum noted 

bandwidth of 0.80 THz for the dipole array PCA of [28]. 

As shown in Table 1, the reported -10 dB impedance 

bandwidths for the PCA structures with frequency 

selective surfaces (FSS) are 0.18 THz [8] and 0.37 THz 

[22], respectively.  

The proposed log-spiral, Vivaldi, and bowtie PCAs 

did not only produce the high directivity but also exhibit 

wideband impedance and AR bandwidths characteristics 

as compared to all reviewed legacy designs of [8, 11, 17, 

21-25, 28, 29].    
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III. ANTENNAS DESIGN PROCEDURE 
This section details the design procedure of the 

realized THz antenna types. The first type of the realized 

antenna is of a log-spiral type which belongs to the class 

of frequency-independent antennas [32]. The realized 

antenna as shown in Fig. 1 schematic is designed to obtain 

wideband impedance characteristics and good pattern 

efficiency. In Fig. 1, r2 describes the outer radius of the 

antenna which limits the lowest operating frequency of 

the antenna. The flare rate or the growth rate of the spiral 

for the increment angle (α) is represented by ‘a’, and it 

controls the wrapping nature of the antenna. Table 2 lists 

the optimized values of the designed parameter of the 

proposed antenna of Fig. 1.  
 

 
 

Fig. 1. Schema of the proposed log-spiral THz antenna 

without lens; r2: outer radius of the spiral, r: inner radius 

of the spiral, α: increment angle, a: growth rate, t: 

thickness of the conductor (gold) material, L: length of 

the substrate, W: width of the substrate, and h: thickness 

of the substrate [6]. 

Table 2: Log-spiral Antenna design parameters [6] 

Parameter Values(µm) 

L (substrate length) 50 

W (substrate width) 36 

h (substrate thickness) 1 

r2 (outer radius of the spiral) 15 

r (inner radius of the spiral) 1.03 

N (number of turns) 2.5 

δ (spiral-patch width) 151 

α (increment angle) 12o 

a (growth rate) 0.31 

t (spiral-patch thickness)           0.05 

 

The Vivaldi antenna structure as shown in Fig. 2 

constitutes an exponential curved tapped slot. Besides 

compact planner structure, the Vivaldi antenna offers 

additional advantages of the high directive, wider 

impedance bandwidth, and linear polarization. The 

exponential tapered profile of the Fig. 2 antenna slot is 

obtained using the exponential function of (1): 

 𝑓(𝑥) =  𝐴 (𝑒𝑎𝑥 − 𝑒−𝑎𝑥) + 
𝑔

2
, (1) 

where  

 𝐴 =   
𝑔2
2 

−
𝑔

2

𝑒𝑎𝐿𝐺− 𝑒𝑎 . (2)   

In (1), a defines curvature coefficient, g and g2 refer 

to the minimum and maximum width of the tapered slot 

respectively, and LG is the length of the antenna patch. 

Table 2 summarizes the optimized design parameters of 

the proposed ultra-wideband and high directive Vivaldi 

antenna for the THz range. 

The proposed antenna design of the bowtie THz 

antenna is shown in Fig. 3. The values of the design 

parameters of the Fig. 3 antenna are shown in Table 4. 

Table 1: Comparison of proposed UWB PCA design with the legacy design 

References Antenna Type Substrate 

Antenna 

Electrode 

Material 

Lens/FSS 

-10 dB 

Impedance 

Bandwidth 

(THz) 

Maximum 

Directivity 

(dBi) 

Han [23] Yagi-Uda GaAs Ti-Au No lens 0.02 10.9 

Singh et al. [24] Spiral-shaped Si Al No lens 0.25 - 

Park [11] Nanoplasmonic bow-tie PCA GaAs Cr/Au No lens 1.00 - 

Jyothi [21] Bow-tie PCA  GaAs 
TiAu /AuGe / 

AuCr 

Si 

hemispherical 

lens 

0.20 10.85 

Gupta et al. [17] 
Bow-tie PCA with a dielectric 

coating 
SI-GaAs AuGe HRFZ-Si lens - - 

Formanek [28] Dipole-type PCA  GaAs Gold Aspheric lens 0.80 - 

Deva [25] Conical horn GaAs - Si-lens - 18.5 

Zhu [8] 

Bow-tie PCA  

LT-GaAs Ti-Au 

No lens 

0.18 

8.0 

Bow-tie PCA  

Si 

hemispherical 

lens 

11.8 

Bow-tie PCA with lens and 

combined with metasurface 

superstrate 

FSS 11.9 

Malhotra [22] Dipole planner array  LT-GaAs Ti-Au FSS 0.37 13.2 
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The optimized values of the designed antennas 

parameters of Tables 2, 3, and 4 are obtained after the 

detailed conducted parametric study for each antenna 

type. 
 

 
 

Fig. 2. Schematic of the designed Vivaldi THz antenna 

without lens: LS: substrate length, WS: substrate width, h: 

substrate thickness, LG: length of Vivaldi patch, WG: 

width of Vivaldi patch, g: minimum width of the tapered 

slot, a: curvature coefficient, and t: thickness of the 

Vivaldi patch [7]. 
 

 
 

Fig. 3. Schematic of the designed bowtie THz antenna 

without lens: LS: substrate length, WS: substrate width, h: 

substrate thickness, Lt: length of bowtie patch, g: gap 

between the bowtie patches, and t: thickness of the 

bowtie patch [8]. 

 

Table 3: Vivaldi Antenna design parameters 

Parameter Values(µm) 

LS (substrate length) 134 

WS (substrate width) 60 

h (substrate thickness) 3 

LG (Vivaldi-patch length)     120 

WG (Vivaldi-patch width) 20 

g (Minimum width of the tapered slot) 0.1 

g2 (Maximum width of the tapered slot) 22 

a (curvature coefficient) 

t (Vivaldi-patch thickness)           

0.7 

0.05 

Table 4: Bowtie Antenna design parameters [8] 

Parameter Values(µm) 

Ls (substrate length) 347 

h (substrate thickness) 2.3 

t (bowtie-patch thickness)           0.03 

Ws (substrate width) 350 

Lt (bowtie-patch length)     117 

Wt (bowtie-patch width)     260 

Wr (bowtie-port patch length)     13 

Lr (bowtie-port patch width)     8 

g (gap between the bowtie patches) 3.6 

 

The metal conductor of the designed spiral, Vivaldi, 

and bowtie antennas has a thickness of ‘t’ and is made of 

gold conductor (Au) whereas the substrate is made of 

quartz. The relative permittivity and loss tangent of the 

used substrate material is 3.78 and 0.0001, respectively.  

We have used the quartz because of its low-loss 

characteristics and better capturing of the incident 

electric fields which is necessary for the high frequencies 

range operation [33]. 

 The full-wave numerical analysis of the proposed 

THz antennas is performed in CST MWS for the 

frequency range of 1 to 6 THz. All antennas are excited 

using a discrete port in CST MWS. We have used the 

three-dimensional full-wave electromagnetic field finite 

integral technique (FIT) available in CST microwave 

studio-software to precisely calculate. The FIT is a 

consistent discretization for Maxwell's-equations and  

it provides a spatial discretization scheme applicable  

to several electromagnetic problems. The matrix of the 

discretized fields can be used for efficient simulations. 

The full-wave numerical simulation of the antennas is 

performed for the analysis of the antenna’s impedance, 

axial ratio, current distribution, and radiation 

characteristics. 

 

 
 

Fig. 4. Schema of the designed spiral THz antenna with 

hemispherical lens having diameter of RL [6]. 
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Fig. 5. Schema of the designed Vivaldi THz antenna with 

hemispherical lens having diameter of RL [7]. 

 

 
 

Fig. 6. Schema of the designed bowtie THz antenna with 

hemispherical lens having diameter of RL [8]. 

 

The analysis of the change in the designed antennas 

performances is performed by adding hemispherical 

lenses of silicon on each antenna structure. Figures 4, 5, 

and 6 depicts the schematics of the antenna structures 

with the added silicon lens. The diameter (RL) of the lens 

is optimized to obtain the wideband impedance, axial 

ratio bandwidth, and to produce high directivity, gain, 

and total efficiency of the designed THz antennas.  The 

obtained optimized values of the RL for spiral, Vivaldi, 

and bowtie antenna are 140 µm, 85 µm, and 120 µm 

respectively.  

 

IV. COMPARISON OF DESIGN ANTENNAS 

WITHOUT LENS 
The performance of the designed THz antennas of 

Figs. 1, 2, and 3 is compared for their -10 dB impedance 

bandwidth (for │S11│ < -10 dB), directivity, maximum 

directivity, total efficiency, realized gain, total efficiency, 

and axial ratio characteristics.  

Figure 7 shows the comparison of the reflection 

characteristics of the designed THz antennas. The results 

show that all three antenna exhibit ultra-wideband 

impedance matching properties as the │S11│ is less than 

-10 dB for the entire analyzed frequency range of 1 to  

6 THz for the spiral and Vivaldi antennas. The -10 dB 

impedance bandwidth of the realized bowtie antenna is 

around 2 THz as shown in Fig. 7.  
 

 
 

Fig. 7. Comparison of reflection characteristics of the 

designed THz antennas. 
 

The directivity and maximum directivity results of 

all three antennas are shown in Figs. 8 and 9 respectively. 

The comparison reflects that a log-spiral antenna has the 

best performance as its directivity is higher than the other 

antenna types as shown in Fig. 8. The results of Fig. 8 

reflect that the directivity of all three realized antennas 

has some variations with the increase in the frequency. 

The maximum directivity of 10.2 dBi is noted for the 

Vivaldi antenna as depicted in Fig. 9.   
 

 
 

Fig. 8. Comparison of directivity of the designed THz 

antennas. 
 

Figure 10 shows that the total efficiency of the 

bowtie antenna is higher than the other two antenna 

types. The observed total efficiency of the bowtie antenna 

is higher than 60% in the frequency range of 2.2 THz  

to 4.9 THz and > 70% efficiency from 2.3 THz to 4.4 

THz. The spiral antenna shows good performance with  

almost flat > 50% total efficiency in the entire analyzed 

frequency band. The Vivaldi antenna total efficiency is  
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greater than 10% from 2.2 THz to 6 THz range. 

 

 
 

Fig. 9. Comparison of maximum directivity of the 

designed THz antennas. 

 

 
 

Fig. 10. Comparison of total efficiency of the designed 

THz antennas. 

 

The difference in the realized gain of the three 

designed antennas is illustrated in Fig. 11. The realized 

gain of the spiral antenna is around 0 dBi in the entire 

frequency range of 1 to 6 THz. The bowtie antenna has 

realized gain of > -10 dBi in almost whole frequency 

band of 1 to 6 THz while the Vivaldi antenna shows a 

similar performance of > -10 dBi realized gain as like 

bowtie antenna in the frequency range of 2.6 THz to 6 

THz. The comparison of results shows that the realized 

gain of spiral THz antenna is relatively flatter as compared 

to the other antennas gain characteristics.  

Figure 12 reflects the comparison of the axial ratio 

variations of the spiral, bowtie, and Vivaldi antennas. 

The AR of the spiral antenna shows that antennas show 

good circular polarization characteristics from 2 THz  

to 6 THz frequency range as its AR is less than 3 dB  

in this frequency band. On the other hand, the other  

two designed antennas (bowtie and Vivaldi) show very 

good linear polarization performance with 6 THz AR 

bandwidth as depicted in Fig. 12. The difference between 

the AR and impedance bandwidth properties of the spiral 

antenna could be attributed to the reflections from the 

end arm of the antenna. The polarizing sense of the 

reflected waveform is opposite of the outward traveling 

wave polarization sense and it impacts the lower 

frequency AR characteristics for the case of the log-

spiral antenna as can be noted from the Fig. 12 results. 

 

 
 

Fig. 11. Comparison of realized gain of the designed 

THz antennas. 

 

 
 

Fig. 12. Comparison of axial ratio of the designed THz 

antennas. 

 

Figure 13 (a) shows the far-field radiation patterns 

of the designed spiral antenna at the resonance frequencies 

of 1.55 THz, 2.05 THz, 3.7 THz, and 5.4 THz respectively. 

The far-field radiation patterns for the Vivaldi antenna at 

the resonance frequencies of 1.85 THz, 2.45 THz, 3.6 

THz, and 5 THz are shown in Fig. 13 (b). Figure 13 (c) 

depicts the far-field radiation pattern of the realized 

bowtie PCA at the resonance frequencies of 2.3 THz, 

2.85 THz, 3.35 THz, and 4.1 THz respectively. The 

spiral and Vivaldi antennas radiation pattern shows  

an omnidirectional pattern at lower frequencies which 

changes directional pattern with higher directivity as  

the frequency increase. The observed gain of the spiral 

antenna at 1.55 THz and 5.4 THz is 4.68 dBi and 5.11 

dBi respectively. The increase in the gain of the Vivaldi 

antenna from 1.85 THz to 3.6 THz is 3.33 dBi as the 

observed gain at 1.85 THz and 3.6 THz is 3.38 dBi  

and 6.71 dBi respectively. As expected, the directional 
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antenna characteristics for the bowtie antenna can be 

noted from the directional far-field radiation patterns of 

the bowtie antenna in Fig. 13 (c). It can be noted that the 

gain of the bowtie antenna at 2.3 THz and 4.1 THz is 

6.33 dBi and 9.8 dBi respectively.   

The comparison of Figs. 7-12 results illustrates that 

all designed antenna shows excellent performance in 

terms of the impedance and AR bandwidth as compared 

to all reported antenna structures in [8, 11, 17, 21-25, 28, 

29].  

  

   
f = 1.55 THz f = 1.85 THz f = 2.3 THz 

   
f = 2.05 THz f = 2.45 THz f = 2.85 THz 

   
f = 3.70 THz f = 3.6 THz f = 3.35 THz 

   
f = 5.4 THz f = 5.0 THz f = 4.1 THz 

   

(a) Spiral Antenna (b) Vivaldi Antenna (c) Bowtie Antenna 

 

Fig. 13. Comparison of far field radiation patterns of analyzed PCAs without lens. 
 

ACES JOURNAL, Vol. 36, No. 3, March 2021314



 
 

Fig. 14. Comparison of reflection parameter of the 

designed THz antennas with lens. 

 

V. COMPARISON OF DESIGN ANTENNAS 

WITH LENS 
The performance of the designed spiral, Vivaldi,  

and bowtie THz antennas is also compared with the 

integration of the hemispherical lens in the antenna 

structures. Figures 3-6 depict the structure of antennas 

with the added lenses.  

The comparison of the reflection parameters of the 

antennas for Figs. 3-6 designs is shown in Fig. 14. It can 

be noted from Fig. 14 that the addition of the lens in  

the antenna structure brings a significant change in the 

resonance characteristics of the antennas. The S11 of the 

spirals antenna becomes flattered with the addition of the 

lens as compared to the reflection parameter waveform 

of the same antenna (see Fig. 7). The modification of the 

bowtie PCA structure for the added lens brings a lot of 

improvement in its reflection parameters as compared to 

its characteristics without a lens. The comparison of Figs. 

14 and 7 results illustrates that the impedance matching 

of the designed antenna improves with the addition of  

the lens in the antenna structure as we are getting lower 

values of the antenna input reflections. The increase of 

the intensity of the current distribution around the source 

point and fewer reflections from the antenna arms results 

in the better impedance characteristics of the antennas as 

illustrated in Fig. 14. The results of Fig. 14 deduce that 

now spiral and Vivaldi antennas exhibit ultra-wideband 

impedance bandwidth of 6 THz as their reflection 

properties are less than -10 dB in the analyzed frequency 

band of 1 to 6 THz.  

Figure 15 depicts the comparison of the directive 

characteristics of the designed antenna with the modified 

structures of Figs. 3-6. The comparison of Fig. 15 results 

with Fig. 13 results reflects that the directivity of the 

antenna has been improved comprehensively in the 

entire frequency range of 1 to 6 THz. The addition of the 

lens significantly improves the antenna directivity in the 

frequency band of 1 to 4 THz as compared to the without 

lens results of the same antenna in Fig. 8. Around 40-

50% increase in the directive of the spiral antenna is 

observed in the frequency range of the 1 to 5 THz as 

compared to the without lens directivity results of the 

same antenna (see Fig. 8). The best improvement is  

noted for the bowtie antenna with more than 100% 

improvement in its directivity with the addition of the 

lens in its structure. The maximum observed directivity 

of the spiral, Vivaldi, and bowtie antennas is 12 dBi, 10 

dBi, and 14 dBi respectively. The radiation performance 

of the antennas in terms of its total efficiency was also 

analyzed with the added lenses. The comparison of the 

total efficiency results of the three analyzed PCAs is 

depicted in Fig. 16. We note that the total efficiency of 

the bowtie is highest too for the integrated lens structures 

of the antennas. The observed total efficiency of the 

bowtie antenna is more than 60% in the entire band and 

> 80% in the frequency range of 2 to 5 THz respectively. 

The average observed total efficiency of the spiral 

antenna is around 60% from 3 to 6 THz while 50% for 

the frequency band of 1 to 3 THz. A little decrease in  

the spiral antenna efficiency is observed in the low-

frequency band of 1 to 3 THz as compared to Fig. 10 

results of the same antenna without lens structure. The 

Vivaldi antenna total efficiency performance is much 

improved as we can observe the average value of around 

40% efficiency for this antenna for the frequency range 

of 2 to 6 THz from Fig. 16 while the around 15% value 

was noted for the same antenna from Fig. 10 results.  

The average improvement in the total efficiency of  

the antennas with the integration of the lens is around 

20%, 10%, and 25% for the bowtie, spiral, and Vivaldi 

antennas as compared to the without lens results of Fig. 

10. The improvement of directivity and total efficiency 

of the antennas with added lens structures is per the 

improves radiation properties of the antenna as shown in 

Fig. 14 results.  

 

 
 

Fig. 15. Comparison of directivity of the designed THz 

antennas with lens. 

 

The variations in the AR properties of the antennas 

with added lenses are shown in Fig. 17. The addition of 

the lens improves the CP characteristics of the spiral 

antenna in the lower frequency band of 1 to 2 THz while 
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decorates its performance in a higher frequency region 

of 5 to 6 THz when compared to the AR characteristics 

of the same antenna without lens structure in Fig. 12. The 

AR properties of the Vivaldi antenna remain unchanged 

while a minor change in the AR variations of the bowtie 

antenna can be noted as compared to the without lens 

results of Fig. 12. As like the without lens structure, the 

performance of the proposed antennas is superior as 

compared to the legacy designs of [8, 11, 17, 21-25,  

28, 29] in terms of -10 dB impedance as well as AR 

bandwidths. 
 

 
 

Fig. 16. Comparison of total efficiency of the designed 

THz antennas with lens. 
 

 
 

Fig. 17. Comparison of axial ratio of the designed THz 

antennas with lens. 
 

Figure 18 presents the simulated far-field radiation 

patterns of the realized PCAs with added lenses in the 

antenna structures. Figure 18 (a) shows the radiation 

patterns of the spiral antenna at the resonance 

frequencies of 1.85 THz, 2.15 THz, 3.45 THz, and 4 THz 

respectively. It can be noted from Fig. 18 (a) results that 

the antenna radiation pattern has become directive with 

the addition of the silicon lens at the backside of the 

substrate of the designed THz spiral antenna. The 

observed values of the peak gain at 1.85 THz, 2.15 THz, 

3.45 THz, and 4 THz are 9.47 dBi, 10.2 dBi, 10.1 dBi, and 

11.3 dBi, respectively. These observed values are greater 

than the observed gain values from Fig. 13 (a) results. 

The simulated far-field radiation pattern at the 

various resonance frequencies is shown in Fig. 18 (b) for 

the Vivaldi antenna. The observed values of maximum 

gain 11.2 dBi @ 1.4 THz, 11.8 dBi @ 2.15 THz, 14.6 

dBi @ 4 THz, and 15.3 dBi @ 5.05 THz reflects that the 

gain of the realized antenna increases with the increase 

in the operating frequency. These observed gain values 

are much higher than the recorded gain values for the 

Vivaldi antenna structure without the lens as depicted in 

Fig. 13.  

The far-field radiations patterns in Fig. 18 (c) for the 

bowtie antenna reflects that as like the other two antenna 

types, the gain of the antenna increases due to the 

directional radiation pattern of the realized antenna 

structure with the lens. We can note the maximum gain 

values of 6.75 dBi, 8.39 dBi, 18.6 dBi, and 12.3 dBi for 

the analyzed resonance frequencies of 1.5 THz, 2.45 THz, 

3.05 THz and 4.15 THz respectively for the proposed 

bowtie antenna.  

The comparison of the proposed spiral, Vivaldi, and 

bowtie antenna structure results with and without lens 

confirm that the addition of the lens did not only 

improves the impedance matching and AR properties of 

the realized antennas but also enhances the directivity of 

the antennas.  

Table 5 summarizes the performance of the 

proposed antennas in terms of their impedance matching, 

directivity, and AR bandwidths. The comparison of 

Tables 1 and 5 results confirms that the proposed 

antennas impedance, as well as AR bandwidth, is higher 

than all reported legacy antenna models [8, 11, 17, 21-

25, 28, 29] in with/without lens or with frequency 

selective surfaces.  
 

VI. CONCLUSION 
In this study, we reported a detailed comparative 

study of the performance of the three proposed 

photoconductive THz antennas. Three different kinds of 

log spiral, Vivaldi and bowtie PCAs are designed with 

and without added silicon-based hemispherical lens and 

their performance in terms of their impedance, as well  

as AR bandwidth and radiation characteristics (gain, 

directivity, and efficiency), is compared. The comparison 

reflects that the designed spiral and Vivaldi PCAs exhibit 

ultra-wideband impedance bandwidths of 6 THz and 

bowtie PCA have impedance bandwidth of around 2-3 

THz with the added lens in each antenna structure. The 

bowtie antenna shows superior performance in terms of 

the high directivity (peak value of 18.2 dBi) and total 

radiation efficiency (peak value of 95%) as compared  

to spiral and Vivaldi antennas.  

The peak recorded directivity/total radiation 

efficiencies of the realized spiral and Vivaldi PCAs are 

12 dBi/45% and 15 dBi/65%, respectively. The wideband 

impedance, as well as AR bandwidth and higher radiation 

characteristics of the proposed THz antennas, makes 
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them a favorable choice for the wide range of the THz  applications (imaging and sensing application, etc.). 

Table 5. Comparison of proposed PCAs performance with hemispherical silicone lens 

Antenna Type 
-10 dB impedance 

bandwidth (THz) 

Maximum 

Directivity (dBi) 

3dB AR 

Bandwidth (THz) 

Peak total 

efficiency (%) 

Log-spiral  6 12 5 45 

Vivaldi 6 15 6 65 

Bowtie 2-3 18.2 6 95 
 

   
f = 1.85 THz f = 1.4 THz f = 1.5 THz 

   
f = 2.15 THz f = 2.15 THz f = 2.45 THz 

   
f = 3.45 THz f = 4 THz f = 3.05 THz 

   
f = 4.0 THz f = 5.05 THz f = 4.15 THz 

   

(a) Spiral Antenna (b) Vivaldi Antenna (c) Bowtie Antenna 
   

Fig. 18. Comparison of far-field radiation patterns of designed PCAs with lens for different frequencies.  
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Abstract ─ An efficient Radar Cross Section (RCS) 

gradient evaluation method based on the adjoint method 

is presented. The Method of Moments is employed to 

solve the Combined Field Integral Equation (CFIE) and 

the corresponding derivatives computing routines are 

generated by the program transformation Automatic 

Differentiation (AD) technique. The differential code is 

developed using three kinds of AD mode: tangent mode, 

multidirectional tangent mode, and adjoint mode. The 

differential code in adjoint mode is modified and 

optimized by changing the “two-sweeps” architecture into 

the “inner-loop two-sweeps” architecture. Their efficiency 

and memory consumption are tested and the differential 

code using modified adjoint mode demonstrates the great 

advantages in both efficiency and memory consumption. 

A gradient-based shape optimization design method is 

established using the adjoint method and the mechanism 

of RCS reduction is studied. The results show that the 

sharp leading can avoid the specular back-scattering and 

the undulations of the surface could change the phases 

which result in a further RCS reduction. 

 

Index Terms ─ Adjoint method, automatic differentiation, 

method of moments, sensitivity, shape optimization. 
 

I. INTRODUCTION 
During the last decades, the shape optimization 

design method has been widely applied to the aircraft 

design. The scattering response of an object depends on 

its geometry and materials, as well as the incoming wave 

characteristics (frequency and polarization). In general, 

a large number of design variables are required for the 

shape optimization design due to the fact that the shape 

of the aircraft is complicated [1]. Using the gradient-based 

optimization algorithms to deal with this optimization 

problem is a better choice since they usually converge 

quickly to a local optimum, regardless of the number of 

design variables. These algorithms require the gradient 

of the objective function, therefore the design sensitivity 

analysis is a vital step in the gradient-based shape 

optimization. 

The adjoint method can obtain the sensitivities  

with respect to all design variables by solving the adjoint 

equation once. Due to this advantage, the adjoint method 

has been developed for Computational Electromagnetics 

(CEM) techniques, such as the Method of Moments 

(MoM) [2]-[5], the multilevel fast multipole algorithm 

(MLFMA) [6], the finite element method [7]-[8], the 

finite-difference time-domain (FDTD) method[9]-[10], 

and the transmission line method (TLM) [11]-[12]. Also, 

it’s has been applied to the multidisciplinary optimization 

design, e.g., the aero-stealth coupled optimization design 

[1],[13].  

The drawback of the adjoint method for the MoM is 

that the derivatives of the impedance matrix need to be 

differentiated which might be a complicated task. The 

derivatives of the impedance matrix can be computed 

analytically [14]-[16] or obtained by the finite difference 

method [2]. In [4], the Broyden update of the impedance 

matrix is used to estimate these derivatives. But in [17], 

the authors point out that in MoM discretization, the 

matrix elements can depend on the nodal coordinates of 

the mesh in a very complicated manner. With very few 

exceptions, straightforward analytical differentiation of 

the matrix elements may not be feasible. Moreover, it 

would require complete reprogramming of the existing 

codes, which is an insurmountable complication for most 

researchers and code developers.  

An alternative way is computing the derivatives 

with the help of the automatic differentiation (AD) 

technique [18]-[19]. Using the AD tools to develop code 

is much more efficient and time-saving, and is suitable 

for dealing with these error-prone tasks. Toivanen et al. 

[18] demonstrate how sensitivity analysis can be 

incorporated into an existing in-house MoM solver with 

a relatively small amount of labor by using the automatic 

differentiation technique. 

In this paper, an RCS gradient calculation approach 

based on the adjoint approach of Maxwell's integral 

equation is presented. The MoM solver is employed  

in the solution of the scattering problem. We adopt a 

parallel LU factorization driver routine of ScaLAPACK 

[20] to solve the Combined Field Integral Equation 

(CFIE). Both the current coefficient and the adjoint 
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coefficient would be obtained by factorizing the matrix 

once. The program transformation AD tool Tapenade 

[21] is applied to analyze the functions and subroutines 

of the MoM and generate the corresponding differential 

code. As for the derivatives of the impedance matrix 

computing routine, we develop the code in three different 

AD modes: tangent mode, multidirectional tangent 

mode, and adjoint mode. And then their accuracy, 

efficiency, and memory consumption are tested. After 

that, a gradient-based shape optimization design method 

is established by coupling the MoM, the adjoint method, 

the Free-Form Deformation approach (FFD)[22], and  

the Sequential Quadratic Programming algorithm (SQP) 

[23]. Finally, we apply this method to optimize an almond 

geometry and study the mechanism of RCS reduction. 

The main objective, and the novel nontrivial 

contribution, of this paper, is that we modify and optimize 

the adjoint AD code and make it more efficient and less 

consumed by changing the “two-sweeps” architecture 

into an “inner-loop two-sweeps” architecture. 

This paper is organized as follows. In Section II,  

the discrete adjoint equation of the integral form of  

the Maxwell equation based on the MoM is derived. In 

Section III, the derivative computing routines developed 

in three AD modes are presented, and the “inner-loop 

two-sweeps” architecture of the adjoint AD mode is 

discussed. Next, the flow chart of the gradient-based 

shape optimization design method and the numerical 

methods employed in the optimization framework are 

described in Section IV. After that, in Section V, the 

accuracy of the gradient is validated using the finite 

difference method. Besides, the CPU time and the 

memory consumption of three AD modes are tested.  

The benchmark geometry almond is optimized using the 

method described in this paper and the mechanism of 

RCS reduction is studied. Finally, the conclusions are 

summarized in Section VI. 
 

II. ADJOINT METHOD 
Consider a three-dimensional scattering problem 

where the Radar Cross Section (RCS) is defined by: 
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where Es and Ei are the scattered and incident electric 

field at the distance R. The scattered electric field is 

given by: 
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where  refers to the wave impedance and k means the 

wavenumber. And G means the Green’s function. Only 

the surface current J is unknown. The Rao–Wilton–

Glisson (RWG) [24] basis function is adopted to 

discretize the surface current and then it could be 

expanded into a sum of N weighted basis function as 

shown in Eq. (3): 
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where I is the current coefficient and  
n

f r  denotes the 

basis function. According to the Method of Moments, the 

solution of the CFIE with the Galerkin method leads to 

the solution of the linear system: 

 ZI V , (4) 

where Z is the impedance matrix, and V is the excitation 

vector. In this paper, the parallel LU factorization driver 

routine of ScaLAPACK[20] is applied to solve the linear 

system. When the parameters of the incident wave 

including frequency, direction, and polarization mode 

are given, the scattered electric field and RCS only 

depend on the target surface and the induced current. The 

derivative of the scattered electric field is given by: 
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where X means the nodal coordinates of the target mesh. 

This derivative is also called the surface sensitivity, 

which represents the sensitivity of the scattered electric 

field to changes in the surface geometry. It would be of 

particular use for retrofitting the device on an existing 

object geometry where a whole new design is not 

feasible. Assume that the residual of the matrix equation 

is equal to zero: 

 0  R ZI V . (6) 

The shape derivatives of the residual depend on the 

geometry surface and the surface current solution, that is: 
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It is intensely inefficient to calculate the term dI/dX 

directly since that would require a mass of the MoM 

evaluations. Therefore we rewrite Eq. (7) as: 
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Replacing the term dI/dX in Eq. (5) and we obtain: 
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And the adjoint variable vector ψ  is defined as: 
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According to Eq. (6), the derivative of residual with 

respect to the surface current coefficient is just the 

impedance matrix: 
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Thus, the adjoint equation is written as: 
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We do not need to solve the adjoint equation 
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anymore since the matrix Z has been already factorized 

into upper and lower triangular matrices for the scattering 

problem. Finally, the surface sensitivity of RCS could be 

computed by: 

 

s s

s s
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The Free-Form Deformation (FFD) approach [22] is 

adopted to parameterize the geometry and manipulate 

the mesh. It’s more efficient to change the shape through 

the FFD volume than to modify the surface mesh 

directly. The surface mesh of the object is embedded 

inside the FFD volume, and all changes of the surface 

mesh are performed on the outer boundary of the FFD 

volume. Any modification of the boundary of FFD 

volume can be applied to indirectly modify the 

embedded surface mesh. The displacements of the FFD 

control points are selected as the design variables x. And 

then the gradient required from the gradient-based 

optimization algorithm is easily obtained: 

 

d d d

d d d

 
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X

x X x
. (14) 

The code can be developed with /d d X  (geometry 

nodal derivatives) or /d d x  (control point derivatives). 

If the surface sensitivity analysis is required, the code 

must be developed with /d d x . And then the gradient 

of the cost function is obtained by multiplying the 

surface sensitivity with /d dX x . When using the AD 

tools to differentiate the code in tangent mode, it’s 

suitable to develop the code with /d d x  directly:  
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s
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When the code is differentiated in adjoint mode, we 

can develop the code with either /d d X  or /d d x . 

The differences between the tangent mode and the 

adjoint mode of the AD technique would be discussed in 

the next section. 

 

III. AUTOMATIC DIFFERENTIATION 

TECHNIQUE 
Automatic Differentiation technique is developed to 

differentiate computer programs exactly without large 

user intervention. It’s more efficient and time-saving  

to apply AD tools to obtain analytical derivatives of 

differentiable functions, in the case where these 

functions are provided in the form of a computer 

program. There are two principal ways to code the 

algorithm program, namely, operator overloading  

and program transformation. We choose the program 

transformation approach since it allows the tool to  

apply some global analysis on the program, such as the 

data-flow, to produce more efficient differentiated  

code. Tapenade [21] is an AD tool using the program 

transformation which, given a Fortran or C code that 

computes a function, creates a new code that computes  

its tangent or adjoint derivatives. 

There are two basic modes of operation for program 

differentiation: tangent mode and adjoint mode. The 

tangent mode propagates the sensitivity at the same  

time as the solution is being computed. The derivative 

Jacobian is computed column by column, as shown in 

Fig. 1. Tapenade also provides an advanced tangent 

mode, called the multidirectional tangent mode. This 

mode calculates the derivative Jacobian multicolumn  

by multicolumn. On the contrary, the adjoint mode 

calculates the Jacobian row by row so that it is extremely 

efficient to compute the gradient of a function with 

respect to a large number of design variables. 
 

 
 

Fig. 1. Elements of the Jacobian computable by tangent 

mode and adjoint mode. 

 

The crucial task of our work is the computation of 

residual derivative shown in Eq. (16): 
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R ZI V

X X X
, (16) 

where I  refers to the current coefficient obtained from 

the scattering problem. Both of the vectors X and R have 

a large dimension so that it’s extremely time-consuming 

to calculate the term / R X  no matter whether using  

the tangent mode or the adjoint mode. A feasible way  

to improve efficiency is computing the term / R x

directly instead of / R X  due to the fact that the 

number of design variables is much smaller than the 

number of coordinate points: 

 

d

d
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. (17)  

The finite difference method is a popular way to 

compute derivatives Jacobian since it requires a small 

amount of code modification. However, the step size has 

a great influence on the accuracy of the finite difference 

method. Large step size causes truncation error whereas 

too small a step size may lead to cancellation error. Also, 

we find that the appropriate step size changes with  

the geometric parameterization method, object shape, 

electromagnetic frequency, and incidence angle. In this 

section, we discuss the application of AD to a specific 

in-house MoM solver. 

 

A. Parallel matrix filling algorithm 

Before applying the AD tool to differentiate the  
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code, we should introduce the parallel matrix filling 

algorithm used in this paper. The pseudo-code of the 

serial matrix filling algorithm [25] is given in Fig. 5, 

where NT denotes the number of triangles. First of all, the 

coordinates of the target surface are updated through the 

FFD approach according to the design variables. Next, 

the serial matrix filling algorithm loops over the field 

triangles and source triangles, and then performs the 

integral on each triangle pair, followed by the inner loops 

over the edges of the triangles. Some computational 

routines marked in gray show the route of information 

transfer from the design variables to the impedance 

matrix. The AD tool would analyze these routines and 

generate the corresponding derivative computational 

routines according to the chain rule. 

Figure 6 depicts the pseudo-code scheme of the 

parallel matrix filling algorithm [25]. The modifications 

and improvements of the parallel matrix filling algorithm 

are marked in gray. In the parallel matrix filling algorithm, 

only a portion of the matrix is placed on each process 

after the computation thus the memory required for each 

process is reduced. The integral routine “interactions(p, 

q, X)” (line 4 in Fig. 5), which compute the interactions 

between the triangle pair (p, q), is moved inside the 

innermost loop over the edge of a source patch (line  

15 in Fig. 6). This modification avoids the redundant 

computations that all the processes calculate all the 

integrals between a pair of the source and the field 

triangles. To further reduce the redundancy, some 

computations of the intermediate data needed in the 

integration, such as the triangle area and the normal 

vector, are picked out and moved out of the innermost 

loop (line 9 in Fig. 6). In Fig. 6, v denotes the intermediate 

data. The entire procedure of the parallel matrix filling 

algorithm is now described. 

The coordinates of the surface mesh are computed 

by the FFD approach, and then the code loops over all 

the field triangles, the source triangles, the edges on a 

certain field triangle, and the edges on a certain source 

triangle. In order to reduce the redundancy in the 

calculation of the integral, only the process that 

corresponds to the mth row and the nth column will 

calculate the integral over the surfaces of the triangle pair 

(line 7 to line 21 in Fig. 6). The corresponding processes 

that are about to calculate the mth row and the nth 

column of the matrix are picked up according to the  

two-dimensional block-cyclic decomposition [26] data 

distribution required by ScaLAPACK (line 7 and line 12 

in Fig. 6). The 4 steps involved in using ScaLapack are 

now described. 

Step 1. Create a Logical Process Grid. 

Assume that the MoM solver is running on 6 

processes with a 2 × 3 array of process grid layout shown 

in Fig. 2. The subscript of the symbol P represents the  

process number. 
 

 0 1 2 

0 P0 P1 P2 

1 P3 P4 P5 

 

Fig. 2. The 2 × 3 array of process grid layout. 

 

We could use the routine “Cblacs_gridinit” to set  

up and initialize a process grid and run the routine 

“Cblacs_gridinfo” to obtain the process grid information 

of the current process. 

Step 2. Distribute Matrices and Vectors on the 

Process Grid. 

In this significant step, the matrics and vectors  

are distributed to each process according to the two-

dimensional block-cyclic decomposition. The impedance 

matrix Z is partitioned into MB by NB blocks, and the 

recommended block sizes are 32 × 32 or 64 × 64. An 

illustration is shown in Fig. 3. The first 3 blocks in the 

top block row are mapped to the top row of the process 

grid in order, the next 3 blocks in the top row are also 

mapped to these same processes, and so on. Similarly, 

the second block row is mapped to the second grid row. 

When the 3rd row is reached, the mapping returns back 

to the first grid row. This mapping method leads to a two-

dimensional block-cyclic decomposition shown in Fig. 4. 

 

 
 
Fig. 3. An example of the block matrix construction. 

 

Each process holds a local matrix with several non-

contiguous portions of the global matrix. For instance, 

the process P1 marked in yellow holds blocks from block 

rows 1,3,5,7 and block columns 2 and 5, while the 

process P3 marked in green holds blocks from block 

rows 2, 4, 6 and block columns 1, 4, and 7. We could call 

the ScaLAPACK routine “descinit” to create a descriptor 

for this block matrix. After completing the matrix 

distribution, we can proceed to the next step. 

 

Z 11 Z 12 Z 13 Z 14 Z 15 Z 16 Z 17

Z 21 Z 22 Z 23 Z 24 Z 25 Z 26 Z 27

Z 31 Z 32 Z 33 Z 34 Z 35 Z 36 Z 37

Z 41 Z 42 Z 43 Z 44 Z 45 Z 46 Z 47

Z 51 Z 52 Z 53 Z 54 Z 55 Z 56 Z 57

Z 61 Z 62 Z 63 Z 64 Z 65 Z 66 Z 67

Z 71 Z 72 Z 73 Z 74 Z 75 Z 76 Z 77
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Fig. 4. An example of the two-dimensional block-cyclic 

decomposition. 

 

Step 3. Call the LU Factorization Routine. 

In this step, we call the ScaLAPACK routine 

“pzgesv” to solve the matrix equation. And then, the 

impedance matrix Z is replaced by the LU triangular 

matrix after the factorization, and the excitation vector  

V is replaced by the current coefficient vector. 

Step 4. Release the Process Grid.  

Two routines are used after finishing the calculation. 

A particular process grid is released with the routine 

“Cblacs_gridexit”, and after all the computations are 

finished, the routine “Cblacs_exit” should be called. 

 

B. Tangent AD 

In general, the dimension of residual is far larger 

than the number of design variables so that it’s advisable 

to code the program using tangent mode. Most of the 

CPU time is spent on computing the term / ZI x  since 

the impedance matrix is a large dimension dense matrix. 

The corresponding pseudo-code scheme of the derivatives 

matrix filling algorithm generated by Tapenade using 

tangent mode is shown in Fig. 7. Some additional 

routines added by Tapenade are marked in gray. It has an 

extra loop that loops over the design variables. In the  

ith cycle, the derivatives of all dependent variables with 

respect to the ith design variable are calculated. The 

variable with suffix “_d” represents the derivative of the 

corresponding variable with respect to the ith design 

variable and is calculated by the corresponding tangent 

routines which are suffixed with “_d”. These routines  

are usually executed before the corresponding regular 

routines. Of particular note that it is unnecessary to 

compute the coordinates of triangles (line 4 in Fig. 7)  

in order to reduce the redundancy. We list it here just  

for the sake of program integrity. The vector x_d has  

the same dimension as the design variables and the ith 

element is set to 1 while the others are set to 0. The vector 

X_d means dX/dxi and the matrix Z_d refers to 
i

/ x Z . 

 

C. Multidirectional tangent AD 

Although the derivatives calculation accuracy of 

tangent AD is higher than that of the finite difference 

method, there is a shortcoming that reduces its 

efficiency. As can be seen from Fig. 7, there are masses 

of redundant calculations at each outermost loop, such as 

the computations of intermediate data v. It should be 

noted that the subroutines, “temporary(p, q, X)” and 

“interactions(p, q, X, v)”, actually contain plenty of 

calculations and intermediate variables. Hence, it is 

unrealistic to store all of the intermediate variables in 

memory. One way to improve efficiency is by using the 

multidirectional tangent mode provided by Tapenade. 

The pseudo-code of the parallel derivative matrix filling 

algorithm using multidirectional tangent mode is shown 

in Fig. 8. Some improvements are explained as follows. 

The integer variable Nout means the number of outer 

loops and is given by: 

 
ceiling( / ), [1, ]out DV col col DVN N n n N  , (18) 

where ncol indicates how many columns (see Fig. 1) are 

calculated in one AD multidirectional tangent calculation. 

The function “ceiling(x)” returns the least integer greater 

than or equal to x. In the AD multidirectional tangent 

mode, it loops over the Nout instead of the number of 

design variables NDV. The larger ncol we set, the less 

redundant calculations it requires. If ncol equates to the 

NDV, the Jacobian / ZI x  would be obtained by looping 

once. If ncol is set to 1, it would be the same as the 

ordinary tangent mode. Upon most occasions, the ncol 

might not be a factor of NDV so that we define a new 

parameter ndv which depicts the actual number of columns 

calculated for one particular run. This parameter is 

calculated by: 

 

, if

( 1) , if

col col DV

dv

DV col col DV

n i n N
n

N i n i n N

 
 

    
. (19) 

The code has to compute the starting index is and 

ending index ie at the beginning of each outermost cycle 

(line 2 in Fig. 8). These two indexes indicate that from 

the isth to the ieth columns of the Jacobian / ZI x  

would be computed in this loop. These indexes are 

calculated through Eq. (20): 

 

( 1) 1cols

e col

i

i

i

i n

n  


 
. (20) 

And then we could set some elements of x_dv to 1 (line 

3 in Fig. 8) according to the starting and ending indexes. 

Matrix x_dv is an NDV×ndv matrix described in (21): 

 

0 0 0

1 0 0

0 1 0

1

0 0 1

0 0 0

dvn

s

e

DV

i

i

N

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 


 
 
 
 
 
 













x_dv . (21) 

Z 11 Z 14 Z 17 Z 12 Z 15 Z 13 Z 16

Z 31 Z 34 Z 37 Z 32 Z 35 Z 33 Z 36

Z 51 Z 54 Z 57 Z 52 Z 55 Z 53 Z 56

Z 71 Z 74 Z 77 Z 72 Z 75 Z 73 Z 76

Z 21 Z 24 Z 27 Z 22 Z 25 Z 23 Z 26

Z 41 Z 44 Z 47 Z 42 Z 45 Z 43 Z 46

Z 61 Z 64 Z 67 Z 62 Z 65 Z 63 Z 66

0

0 1 2

1
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The multidirectional variables with the suffix “_dv” (in 

Fig. 8) can be seen as a collection of the multiple 

corresponding variables with the suffix “_d” (in Fig. 7). 

For instance, 

 
     1

, , ,s s ei i i   v_dv v_d v_d v_d . (22) 

The element  siv_d  is equal to the v_d computed in the 

isth loop in Fig. 7. The data storage form of these 

variables depends on the user. Similarly,  

 
     1

, , ,s s ei i i   X_dv X_d X_d X_d , (23) 

 
     1

, , ,s s ei i i   Z_dv Z_d Z_d Z_d . (24) 

In every outermost cycle of the AD multidirectional 

tangent mode, the matrix Z_dv needs to be filled and 

stored, whose memory requirement is ndv times larger 

than the impedance matrix. Unfortunately, we can’t 

avoid storing the whole matrix Z_dv before the matrix-

vector product due to the fact that the matrix is filled by 

looping triangle-to-triangle, rather than edge-to-edge. In 

brief, the multidirectional tangent mode is faster than  

the tangent mode by setting a large value of ncol, but it 

requires more memory space. 

 

D. Adjoint AD 

Both the tangent mode and multidirectional tangent 

mode are dependent on the number of design variables. 

They are inefficient if there are hundreds or thousands of 

design variables. On the contrary, the adjoint mode is 

independent of the number of design variables. However, 

it’s impractical to compute / ZI x  directly using the 

adjoint mode. The Jacobian matrix / ZI x  has a large 

number of rows but the adjoint mode could only obtain a 

single row for one particular run. In order to deal with this 

problem, we rewrite the sensitivity of RCS Eq. (13) as: 

 

Ts

s s

T

s

d dd d

d dd d

      
   

   
ψ ψ

E ZI V

E X E XX E X
. (25) 

Instead of computing / ZI X  alone, we compute 

the term    T

s/ /d d    E ZI Xψ  together. Thus, we 

define a new function: 

 s

T( , )
d

F
d


X

E
ψZ ZI . (26) 

The surface current coefficient is a constant vector, 

and the adjoint field does not depend directly on the 

design variables. Although the term 
s/d d E  depends 

on X actually, we assume that it has been computed and 

is regarded as a constant as well. Thus, the major 

calculation of this function is the matrix filling. Take the 

partial derivatives of F and we obtain: 

 s

TF d

d

 


 

ZI

X E
ψ

X
, (27) 

 s

TF d

d




Z E
ψ I . (28) 

And then the routine that computing this function F(Z,X) 

is analyzed by Tapenade using the adjoint mode. The 

mesh coordinates X are set as the inputs while F is set  

as the outputs when differentiating the code using 

Tapenade. As shown in Fig. 9, the pseudo-code depicts 

the procedure of derivatives evaluation and the vector 

/F X  would be obtained for a single adjoint AD run. 

The last term of Eq. (25) is also computed in the same way. 

The Tapenade adopts the store-all strategy [21]  

to differentiate the code when using the adjoint mode.  

In this strategy, the intermediate values are saved just 

before a statement, which leads to a “two-sweeps” 

architecture for the control-flow reversal. As shown in 

Fig. 9, these two sweeps are separated by a dotted line. 

The first sweep is called the forward sweep and is 

basically a copy of matrix filling (shown in Fig. 7), 

augmented with a recording of the control. This recorded 

control would be used by the second sweep, called the 

backward sweep, to orchestrate control-flow reversal. 

The intermediate data (v1 and v2) that would be used by 

the backward sweep to evaluate the elements of the 

derivatives Jacobian is also recorded. The natural way to 

record is to use a stack that grows during the forward 

sweep and shrinks during the backward sweep. Of 

particular note that the subroutine “interactions’(p, q, X, 

v1)” (line 19 in Fig. 9) is the simplification of the original 

integral subroutine “interactions(p, q, X, v1)” (line 15 in 

Fig. 6). The simplified subroutine only calculates the 

intermediate data used for the integral on the triangle, not 

the matrix elements. 

The Tapenade uses the PUSH and POP primitives 

for stack manipulations and applies the global data- 

flow analysis To-Be-Recorded (TBR) [21] to reduce 

significantly the number of intermediate values that need 

to be stored on that tape. In Fig. 9, the variables with 

suffix “_b” represent the derivatives of the F with respect 

to the corresponding variables. For instance, X_b means

/F X . The corresponding backward sweep subroutines 

are suffixed by “_b”. The PUSH/POP subroutines 

provided by Tapenade are used to record the 

intermediate values whereas the PUSHCONTROL and 

POPCONTROL subroutines are called for the control-

flow recording. These PUSH and POP primitives are 

marked in gray in Fig. 9. The vector /F X  could be 

obtained by running these two sweeps once which shows 

the great merit of the adjoint mode. However, there is 

still a serious problem that affects its application. As we 

mentioned above, the forward sweep is basically a copy 

of the matrix filling augmented with the data recording. 

Assume that the number of unknowns is N, the regular 

matrix filling routine only needs to store an N×N 

complex matrix in total. But for the forward sweep, if 

computing each element of Jacobian requires to store n 

intermediate values, it will push at least n×N×N data into 

the stack. The memory cost is unacceptable even though 

it would not compute and store the elements of the  
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impedance matrix.  

In order to address this problem, we propose an 

“inner-loop two-sweeps” architecture for the adjoint 

mode. Note that the computation of each element of the 

impedance matrix or Jacobian is independent. Therefore 

the backward sweep routine could be executed straight 

after the corresponding forward sweep is done in an inner 

cycle. In other words, we could change the “two-sweeps”  

architecture into the “inner-loop two-sweeps” architecture. 

The modified adjoint AD pseudo-code using the “inner-

loop two-sweeps” architecture is depicted in Fig. 10. These 

modifications can only be done by hand. The manual 

programming work depends on the architecture of the 

existing codes. If the framework of the existing codes is 

clear and modularized, the complete reprogramming 

work could be done within a couple of days. 

 

1. X = FFD(x) ! compute the coordinates of triangles 
2. Do p = 1, NT ! loop over the field (testing) triangles 
3.   Do q = 1, NT ! loop over the source triangles 
4.     dZ = interactions(p, q, X) ! calculate integral on the triangle pair (p, q) 
5.     Do ii = 1, 3 ! loop over edges of the field triangle 
6.       mm = edge_num(p, ii) ! compute the global index of the iith edge of the pth field triangle 
7.       If (mm .NE. 0) then ! the mmth edge is a valid common edge 
8.         Do jj = 1, 3 ! loop over edges of the source triangle 
9.           nn = edge_num(q, jj) ! compute the global index of the jjth edge of the qth source triangle 
10.           If (nn .NE. 0) then ! the nnth edge is a valid common edge 
11.             Z(mm, nn) += dZ(mm, nn) ! add into the impedance matrix 
12.           Endif  
13.         Enddo ! end loop over edges of the source triangle 
14.       Endif  
15.     Enddo ! end loop over edges of the field triangle 
16.   Enddo ! end loop over the source triangles 
17. Enddo ! end loop over the field (testing) triangles 

 
Fig. 5. The serial matrix filling algorithm. 

 
1. X = FFD(x) ! compute the coordinates of triangles 
2. Do p = 1, NT ! loop over the field (testing) triangles 
3.   Do q = 1, NT ! loop over the source triangles 
4.     flag = 0 ! initialize the flag of whether do integration 
5.     Do ii = 1, 3 ! loop over edges of the field triangle 
6.       m = edge_num(p, ii) ! compute the global index of the iith edge of the pth field triangle 
7.       If (m .NE. 0 .and. m is on this process) then ! the mth edge is valid and on this process 
8.         mm = local_index(m) ! get the local index of the global index m 
9.         v = temporary(p, q, X) ! compute the intermediate data needed in the integration 
10.         Do jj = 1, 3 ! loop over edges of the source triangle 
11.           n = edge_num(q, jj) ! compute the global index of the jjth edge of the qth source triangle 
12.           If (n .NE. 0 .and. n is on this process) then ! the nth edge is valid and on this process 
13.             nn = local_index(n) ! get the local index of the global index n 
14.             If (flag == 0) then  
15.               dZ = interactions(p, q, X, v) ! calculate integral on the triangle pair (p, q) 
16.               flag = 1 ! set flag that the integration has been done 
17.             Endif  
18.             Z(mm, nn) += dZ(mm, nn) ! add into the impedance matrix 
19.           Endif  
20.         Enddo ! end loop over edges of the source triangle 
21.       Endif  
22.     Enddo ! end loop over edges of the field triangle 
23.   Enddo ! end loop over the source triangles 
24. Enddo ! end loop over the field (testing) triangles 

 
Fig. 6. The parallel matrix filling algorithm. 
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1. Do i = 1, NDV ! loop over the design variables 
2.   x_d = [0,…,0,1,0,…,0]

T 
! set the ith element to 1 and the others to 0 

3.   X_d = FFD_d(x, x_d) ! compute dX/dxi 
4.   X = FFD(x) ! compute the coordinates of triangles 
5.   Do p = 1, NT ! loop over the field (testing) triangles 
6.     Do q = 1, NT ! loop over the source triangles 
7.       flag = 0 ! initialize the flag of whether do integration 
8.       Do ii = 1,3 ! loop over edges of the field triangle 
9.         m = edge_num(p, ii) ! compute the global index of the iith edge of the pth field triangle 
10.         If (m .NE.0 .and. m is on this process) then ! the mth edge is valid and on this process 
11.           mm = local_index(m) ! get the local index of the global index m 
12.           v_d = temporary_d(p, q, X, X_d) ! compute the derivatives of the intermediate data 

13.           v = temporary(p, q, X) ! compute the intermediate data needed in the integration 
14.           Do jj = 1, 3 ! loop over edges of the source triangle 
15.             n = edge_num(q, jj) ! compute the global index of the jjth edge of the qth source triangle 
16.             If (n .NE. 0 .and. n is on this process) then ! the nth edge is valid and on this process 
17.               nn = local_index(n) ! get the local index of the global index n 
18.               If (flag == 0) then  

19.                 dZ_d = interactions_d(p,q,X, X_d, v, v_d) ! calculate the derivatives matrix elements 

20.                 flag = 1 ! set flag that the integration has been done 
21.               Endif  
22.               Z_d(mm, nn) += dZ_d(mm, nn) ! add into the derivatives matrix 
23.             Endif  
24.           Enddo ! end loop over edges of the source triangle 
25.         Endif  
26.       Enddo ! end loop over edges of the field triangle 
27.     Enddo ! end loop over the source triangles 
28.   Enddo ! end loop over the field (testing) triangles 

29.   ZI_d(:, i) = multiplications(Z_d, I) !compute
i/ x ZI and release the memory of Z_d 

30. Enddo !end loop over design variables 

 

Fig. 7. The parallel derivative matrix filling algorithm using the tangent mode. 

 

1. Do i = 1, Nout ! loop over the outermost loops 
2.   compute_index(i, is, ie, ndv) ! compute the starting and ending indexes 

3.   x_dv = set_ones(is, ie)
 

! set some elements to 1 and others to 0 

4.   X_dv = FFD_dv(x, x_dv, ndv) ! compute the derivatives of the coordinates 
5.   X = FFD(x) ! compute the coordinates of triangles 
6.   Do p = 1, NT ! loop over the field (testing) triangles 
7.     Do q = 1, NT ! loop over the source triangles 
8.       flag = 0 ! initialize the flag of whether do integration 
9.       Do ii = 1, 3 ! loop over edges of the field triangle 
10.         m = edge_num(p, ii) ! compute the global index of the iith edge of the pth field triangle 
11.         If (m .NE. 0 .and. m is on this process) then ! the mth edge is valid and on this process 
12.           mm = local_index(m) ! get the local index of the global index m 
13.           v_dv  = temporary_dv(p, q, X, X_dv, ndv) ! compute the derivatives of the intermediate data 

14.           v = temporary(p, q, X) ! compute the intermediate data needed in the integration 
15.           Do jj = 1, 3 ! loop over edges of the source triangle 
16.             n = edge_num(q, jj) ! compute the global index of the jjth edge of the qth source triangle 
17.             If (n .NE. 0 .and. n is on this process) then ! the nth edge is valid and on this process 
18.               nn = local_index(n) ! get the local index of the global index n 
19.               If (flag == 0) then  
20.                 dZ_dv =interactions_dv(p, q, X, X_dv, v, v_dv, ndv) ! calculate the derivatives matrix elements 

21.                 flag = 1 ! set flag that the integration has been done 
22.               Endif  
23.               Z_dv(mm, nn,:) += dZ_dv(mm, nn,:) ! add into the derivatives matrix 
24.             Endif  
25.           Enddo ! end loop over edges of the source triangle 
26.         Endif  
27.       Enddo ! end loop over edges of the field triangle 
28.     Enddo ! end loop over the source triangles 
29.   Enddo ! end loop over the field (testing) triangles 

30.   ZI_d(:, (i-1) × ndv + 1: i × ndv) = Multiplications(Z_dv, I) ! matrix multiplications and release memory 

31. Enddo ! end loop over design variables 

 

Fig. 8. The parallel derivative matrix filling algorithm using the multidirectional tangent mode. 
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1. X = FFD(x) ! compute the coordinates of triangles 

2. Do p = 1, NT ! loop over the field (testing) triangles 
3.   Do q = 1, NT ! loop over the source triangles 
4.     flag = 0 ! initialize the flag of whether do integration 
5.     Do ii = 1, 3 ! loop over edges of the field triangle 
6.       m = edge_num(p, ii) ! compute the global index of the iith edge of the pth field triangle 
7.       If (m .NE.0 .and. m is on this process) then ! the mth edge is valid and on this process 
8.         PUSH(mm) ! push data into the stack 
9.         mm = local_index(m) ! get the local index of the global index m 
10.         PUSH(v1) ! push data into the stack 

11.         v1 = temporary(p, q, X) ! compute the intermediate data 
12.         Do jj = 1, 3 ! loop over edges of the source triangle 
13.           n = edge_num(q, jj) ! compute the global index of the jjth edge of the qth source triangle 
14.           If (n .NE. 0 .and. n is on this process) then ! the nth edge is valid and on this process 
15.             PUSH(nn) ! push data into the stack 
16.             nn = local_index(n) ! get the local index of the global index n 
17.             If (flag == 0) then  
18.               PUSH(v1, v2) ! push data into the stack 

19.               v2 = interactions’(p, q, X, v1) ! calculate the intermediate data  

20.               flag = 1 ! set flag that the integration has been done 
21.               PUSHCONTROL(1) ! push control parameter into the stack 
22.             Else  
23.               PUSHCONTROL(0) ! push control parameter into the stack 
24.             Endif  
25.             PUSHCONTROL(1) ! push control parameter into the stack 
26.           Else  
27.             PUSHCONTROL(0) ! push control parameter into the stack 
28.           Endif  
29.         Enddo ! end loop over edges of the source triangle 
30.         PUSHCONTROL(1) ! push control parameter into the stack 
31.       Else   
32.         PUSHCONTROL(0) ! push control parameter into the stack 
33.       Endif  
34.     Enddo ! end loop over edges of the field triangle 
35.   Enddo ! end loop over the source triangles 
36. Enddo ! end loop over the field (testing) triangles 

37. Z_b = /F Z  ! set the input derivatives 

38. Do p = NT,1,-1 ! loop over the field (testing) triangles 
39.   Do q = NT,1,-1 ! loop over the source triangles 
40.     Do ii=3,1,-1 ! loop over edges of the field triangle 
41.       POPCONTROL(branch) ! pop the control parameter from stack 
42.       If (branch) then  
43.         Do jj=3,1,-1 ! loop over edges of the source triangle 
44.           POPCONTROL(branch) ! pop the control parameter from stack 
45.           If (branch) then  
46.             dZ_b(mm, nn) += Z_b(mm, nn) ! set the derivatives matrix elements 
47.             POPCONTROL(branch) ! pop the control parameter from stack 
48.             If (branch) then  
49.               POP(v1, v2) ! pop the data from stack 

50.               interactions_b(p, q, X, X_b, v1, v1_b, v2, v2_b, dZ_b) ! calculate the derivatives of the intermediate data 
51.             Endif  
52.             POP(nn) ! pop the data from the stack 
53.           Endif  
54.         Enddo ! end loop over edges of the source triangle 
55.         POP(v1) ! pop the data from stack 

56.         temporary_b(p, q, X, X_b, v1, v1_b) ! calculate the derivatives /F X  

57.         POP(mm) ! pop the data from the stack 
58.       Endif  
59.     Enddo ! end loop over edges of the field triangle 
60.   Enddo ! end loop over the source triangles 
61. Enddo ! end loop over the field (testing) triangles 
62. x_b = FFD_b(x, X, X_b) ! compute /F x  

 

Fig. 9. The parallel derivative matrix filling algorithm generated by the Tapenade using adjoint mode. 
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1. Z_b = /F Z  ! set the input derivatives 

2. X = FFD(x) ! compute the coordinates of triangles 
3. Do p = 1, NT ! loop over the field (testing) triangles 
4.   Do q = 1, NT ! loop over the source triangles 
5.     flag = 0 ! initialize the flag of whether do integration 
6.     Do ii = 1, 3 ! loop over edges of the field triangle 
7.       m = edge_num(p, ii) ! compute the global index of the iith edge of the pth field triangle 
8.       If (m .NE.0 .and. m is on this process) then ! the mth edge is valid and on this process 
9.         mm = local_index(m) ! get the local index of the global index m 
10.         PUSH(v1’) ! push data into the stack 

11.         v1’ = temporary(p, q, X) ! compute the intermediate data 
12.         Do jj = 1, 3 ! loop over edges of the source triangle 
13.           n = edge_num(q, jj) ! compute the global index of the jjth edge of the qth source triangle 
14.           If (n .NE. 0 .and. n is on this process) then ! the nth edge is valid and on this process 
15.             nn = local_index(n) ! get the local index of the global index n 
16.             If (flag == 0) then  
17.               PUSH(v1’, v2’) ! push data into the stack 

18.               v2’ = interactions’(p, q, X, v1’) ! calculate the intermediate data 

19.               flag = 1 ! set flag that the integration has been done 
20.               PUSHCONTROL(1) ! push control parameter into the stack 
21.             Else  
22.               PUSHCONTROL(0) ! push control parameter into the stack 
23.             Endif  

24.             dZ_b(mm, nn) += Z_b(mm, nn) ! set the derivatives matrix elements 
25.             POPCONTROL(branch) ! pop the control parameter from stack 
26.             If (branch) then  
27.               POP(v1’, v2’) ! pop the data from the stack 

28.               interactions_b(p, q, X, X_b, v1’, v1_b’, v2’, v2_b’, dZ_b) ! calculate the derivatives of the intermediate data 

29.             Endif  
30.           Endif  
31.         Enddo ! end loop over edges of the source triangle 
32.         POP(v1’) ! pop the data from the stack 

33.         temporary_b(p, q, X, X_b, v1’, v1_b’) ! calculate the derivatives /F X  

34.       Endif  
35.     Enddo ! end loop over edges of the field triangle 
36.   Enddo ! end loop over the source triangles 
37. Enddo ! end loop over the field (testing) triangles 
38. x_b = FFD_b(x, X, X_b) ! compute /F x  

 

Fig. 10. The parallel derivative matrix filling algorithm using the “inner-loop two-sweeps” architecture. 
 

As for the “two-sweeps” architecture, the forward 

sweep loop over the field triangles, the source triangles, 

the edges on a certain field triangle, and the edges on a 

certain source triangle in order to compute and store the 

intermediate data (v1 and v2). This intermediate data is used 

for the backward subroutine (such as “interactions_b” 

and “temporary_b”) to calculate the derivatives. The 

intermediate data will change in each loop, therefore all 

of the intermediate data needs to be pushed into the stack 

(lines 10 and 18 in Fig. 9) before starting the backward 

sweep. The intermediate data will be popped out of the 

stack when it is needed for the backward subroutines 

(lines 49 and 55 in Fig. 9). 

As for the “inner-loop two-sweeps” architecture,  

all of the backward sweep routines are moved into the 

loops of the forward sweep. The backward subroutine 

“interactions_b” is in the same loop as the subroutine 

“interactions’ ”, the intermediate data calculated by the 

subroutine “interactions’ ” can be sent into the backward 

subroutine “interactions_b” directly. Similarly, the 

backward subroutine “temporary_b” is in the same  

loop as the subroutine “temporary”. The memory 

consumption is much lower than before since it is hardly 

inevitable to record plenty of intermediate data values 

and control parameters. Even though there are still some 

small amounts of data values (v1’ and v2’) that need to be 

stored, they would be pulled out of the stack before the 

end of the current loop. 
 

IV. OPTIMIZATION FRAMEWORK 
The flow chart of the gradient-based shape 

optimization design method is presented in Fig. 11. The 

numerical methods applied in the optimization process 

consist of the geometric parameterization, the MoM 

solver, the adjoint-based gradient evaluations, and the 

SQP algorithm. The operational process and relationships 

among the methods mentioned above are described 

below. 

First of all, the mesh of the baseline geometry is 

parameterized through the FFD approach. And then the 

parameterize method updates the mesh and transfers it to 

the MoM solver. After solving the scattering problem, 

the gradient could be obtained through the adjoint 

method. Next, the RCS, gradient, and some geometrical 
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parameters (e.g., thickness) are sent to the optimizer  

to search the optimized direction and step. The SQP 

algorithm will generate new design variables and start 

the next iteration process until the convergence tolerance 

reaches the required accuracy. Of particular note is that 

the gradient calculation is not required at every iteration, 

it is determined by the SQP algorithm. In this paper,  

the implementation of the SQP algorithm is SNOPT 

[27], which is useful for solving large-scale constrained 

problems with smooth objective functions and constraints. 

SNOPT is a sparse nonlinear optimizer that uses a 

smooth augmented Lagrangian merit function while 

making explicit provision for infeasibility in the original 

problem and in the quadratic programming subproblems. 

The Hessian of the Lagrangian is approximated through 

a limited-memory quasi-Newton method, and a reduced-

Hessian algorithm is used for solving the quadratic 

programming subproblems [27]. 
 

 
 

Fig. 11. The flow chart of the gradient-based shape 

optimization design method. 

 

V. NUMERICAL EXAMPLES 
In this section, we present some numerical 

examples. Firstly, we verify the accuracy of the gradient 

computed by the adjoint method. Then we study the CPU 

time and memory consumption of adjoint AD compared 

to the tangent AD and multidirectional tangent AD. 

Finally, we apply the presented method to a shape 

optimization problem. 

 

A. Verification 

To gain confidence in the effectiveness of the 

gradient for use in the optimization design, the adjoint 

method is compared with the traditional forward finite 

difference method. The metallic almond [28] model is 

applied for the electromagnetic analysis. The frequency 

of the incident wave is 7 GHz and the polarization mode 

is horizontal polarization. Figure 12 shows the mesh, the 

FFD control frame, and the incident direction. Each  

edge length of the triangle facet is less than the 1/10 

wavelength and the amount of unknowns is 12618. The 

almond model is parameterized by the FFD approach 

with 56 control points in total. The displacements at the 

z-direction of the FFD control points are selected as the 

design variables. 

The gradients computed by the adjoint method and 

the finite difference method are shown in Fig. 13. Notice 

that several step sizes are tested to find the appropriate 

step size before using the finite difference method to 

compute the gradient. The gradients obtained by the adjoint 

method are in good agreement with those computed  

by the finite difference method. The absolute error and 

relative error between these two results are shown in Fig. 

14. The relative error is given by ref ref/r F F F     , 

where / dd ,n nxF   n = 1,2,…,56. The values 

calculated by the finite difference method are selected as 

the reference values. From this figure, it can be seen that 

both the absolute error and relative error are less than  

10-2. The gradient computed by the adjoint method  

has acceptable accuracy for the gradient-based shape 

optimization design. 
 

 
 

Fig. 12. The mesh of almond and the FFD control frame. 
 

 
 

Fig. 13. Comparison of the gradients. 
 

 
 

Fig. 14. Absolute error and relative error. 
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B. Computation time and memory consumption 

In this section, the comparisons of efficiency and 

consumption between (multidirectional) tangent AD and 

adjoint AD are studied. These simulations are run on  

a cluster with 28 CPU cores. The total CPU time and  

the memory consumption are tested through a different 

number of design variables and the results are shown in 

Fig. 15 and Fig. 16. The total CPU time is the sum of  

the CPU time of all cores. Notice that solving a regular 

scattering problem is about 1.28 hours total CPU time 

and requires 3.08 GB memory space.  

As for the adjoint AD using “inner-loop two-sweeps” 

architecture, it requires minimal time and memory space, 

which are a little bit large than the requirements of 

solving a regular scattering problem. The total CPU  

time and the memory consumption are consistent when 

increasing the number of design variables.  

The tangent AD (red broken line) requires maximum 

running time but less memory consumption. The total 

CPU time grows linearly with the number of design 

variables while the memory consumption keeps stable.  

The multidirectional tangent AD is tested using 

different ncol values (16 in blue dotted line and 32 in 

green dash-dot line). The larger ncol we set, the less CPU 

time it spends. But the multidirectional tangent with 

larger ncol requires more memory space, especially when 

dealing with the problem with a large number of design 

variables. 
 

 
 

Fig. 15. Total CPU time consumption. 
 

 
 

Fig. 16. Memory consumption. 

In order to show the evidence for the advantages of 

our proposed method, we perform a comparison between 

our code and the commercial software HFSS-IE (HFSS 

Integral Equation) [29]. The cube model shown in Fig. 

17 is used for the electromagnetic analysis. 
 

 
 

Fig. 17. Cube model and incident wave. 

 

The side length of the cube is 1 meter, and the 

frequency of the incident wave is 500MHz. The length, 

width, and height of this cube are selected as the design 

variables. Thus, there are 3 design variables in total. 

Firstly, we compute the gradients of RCS using our  

code in adjoint AD mode. The unknowns of the matrix 

equation is 8118 and the total CPU time and the memory 

consumption are listed in Table 1. And then, we do the 

same simulation using the HFSS-IE. The Adaptive Cross 

Approximation (ACA) [29] technique provided by the 

HFSS-IE is applied to solve the integral equation, and 

the maximum residual error is set to 0.004. The HFSS-

IE employs the central finite difference approximation to 

calculate the RCS derivatives with respect to the design 

variables. The maximum number of iterations is set to 6 

and the approximate error in master is set to 0.001 when 

running the sensitivity analysis. Both the electromagnetic 

simulations are running on a workstation with 16 CPU 

cores. 

These comparison results are listed in Table 1. It has 

been found that the total CPU time required by the 

proposed method is less than that required by the HFSS-

IE, while the memory consumption of the proposed 

method is only a little higher than that of the HFSS-IE.  

 

Table 1: Comparison of the total CPU time and the 

memory consumption 

 
Total CPU 

Time 

Memory 

Consumption 

Proposed method 48.5 min 2010 MB 

HFSS-IE 451.7 min 1720 MB 

 
In short, the adjoint AD shows great advantages  

in both efficiency and memory consumption, and the 

tangent AD is inefficient whereas the multidirectional 

tangent AD requires large memory consumption. 
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C. Application to the shape optimization 

We study the shape optimization of the almond  

and the requirements for a low observable shape. The 

optimization problem is described in Eq. (29): 

 

 
     

 

0

T

1 2 56

min :

s.t. : 0.1 , 1, 2,...,130

, ,...,

n n
t t n

x x x



 

 

x

x

x

, (29) 

where t denotes the thickness at a certain point of 

optimized shape whereas t0 is the initial thickness. The 

thickness constraints are imposed at points on the surface 

of the object to avoid unrealistic designs. As shown in 

Fig. 18, there are 130 segments inside the almond and 

their length represents the local thickness. They should 

not less than 10% of the initial shape to prevent the 

thickness from being so thin. The objective function is 

the RCS and the design variables are the displacements 

at the z-direction of the FFD control points. The frequency 

of the incident wave is 7GHz and the polarization mode 

is vertical polarization. 
 

 
 

Fig. 18. Thickness constraints. 

 

The optimizer arrives after 4 iterations, and 11 

evaluations of RCS, to a local optimum * = -61.629 

dBsm (decibel square meter, 2dBsm 10log( )
m

  ). Figure 

19 shows the convergence history of the objective 

function. We refine the mesh of the optimized shape 

since large deformation would lead to distorted mesh 

elements. The final RCS of the optimized shape after 

mesh refinement is -53.194 dBsm. Figure 20 presents  

the profiles (Coordinate Y=0m) of the almond and 

optimized shape. The optimized shape has undulations 

and a sharp leading edge. The sharp leading edge could 

change the specular scattering into the edge diffraction 

and lead to a large RCS reduction. Figure 21 shows the 

distribution of the surface current density and the 

optimized shape has a lower current magnitude around 

the leading edge when compared to the almond. As for 

the instantaneous magnitude of the surface current, it’s a 

periodic distribution from the leading edge to the end. 

The interval is approximately equal to a wavelength. 

In order to study the RCS reduction mechanism of 

the undulations, we divide the model shape into several 

parts according to the length of a quarter wavelength. As 

shown in Fig. 22, two parts (part5 and part9) are picked 

out to study their scattering field contribution. These two 

parts are located on either side of the maximum thickness 

and are one wavelength apart. The scattering electric 

field contribution of each part is computed by integrating 

the surface current on this part individually. Figure 23 

shows the instantaneous scattering electric field along 

the reflection direction (negative direction of x-axis) 

from the origin of the coordinate system and Fig. 24 

depicts the phase of the scattering electric field. 

 

 
 

Fig. 19. The convergence history of the objective function. 

 

 
 

Fig. 20. Comparison of the profiles. 

 

 
  (a) Magnitude 

 
  (b) Instantaneous magnitude 

 

Fig. 21. Comparison of the surface current density. 

 

As for the almond, the scattering electric fields 

generated by these two parts are in the same phase. The 
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total amplitude increases after the superimposition of 

these two scattering electric fields. 

On the contrary, the undulations of the optimized 

shape change the phase of the scattering electric fields. 

The phase difference between them is approximately  

180 degrees which leads to a cancellation of the total 

amplitude. As for the other parts, the undulations would 

enlarge the phase difference of each pair and weaken the 

superimposed effect. 
 

 
 

Fig. 22. Schematic of the part division. 
 

 
        (a) Almond 

 
        (b) Opt 

 

Fig. 23. Scattering electric field from each part. 
 

 
        (a) Almond 

 
        (b) Opt 

 
Fig. 24. The phase of the instantaneous scattering electric 

field. 

 

VI. CONCLUSION 

In this work, the MoM is applied to solve the CFIE 

and evaluate the RCS of the object. The adjoint equation 

based on MoM is derived to compute the gradient of RCS 

efficiently. The LU factorization routine of ScaLAPACK 

is called to solve the large scale complex dense matrix 

equation so that the adjoint equation no longer needs to 

be solved. 

The most difficult task for the gradient evaluation is 

the computation of the derivatives of the impedance 

matrix. The program transformation AD tool Tapenade 

is applied to generate the derivatives computation 

routines. We develop the code in three AD modes and 

test their efficiency and memory consumption. One of 

the bright spots of our work is that the subroutine which 

computes the derivatives of impedance matrix using 

adjoint AD mode is optimized by changing the “two-

sweeps” architecture into the “inner-loop two- sweeps” 

architecture. This modification makes it far faster than 

the codes generated by tangent and multidirectional 

tangent modes. In addition, the memory consumption of 

this architecture is friendly. 

The gradient calculated through the adjoint method 

is compared with those computed by the finite difference 

method. The results show that the accuracy is satisfactory. 

Both of the absolute errors and relative errors are in an 

acceptable region. The accuracy of the gradient meets 

the requirement of gradient-based shape optimization. 

A gradient-based shape optimization design method 

is developed by coupling the MoM, the adjoint method, 

the FFD approach, and the SQP algorithm. The almond 

geometry is optimized through this design method and 

the SQP reaches a local minimum within 10 iterations. 

The optimized shape has undulations and sharp leading 

edges. Further studies show that the sharp leading edge 

could reduce the surface current magnitude and avoid  

the specular back-scattering, resulting in a large RCS 

reduction. The undulations on the upper surface and 

lower surface could change the phases which leads to a 

further RCS reduction. 
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Abstract — In the emerging age of the Internet of Things 

(IoT), energy-efficient and reliable connection among 

sensor nodes gain prime importance. Wireless engineers 

encounter a trade-off between sensors energy requirement 

and their reliable full connectivity. Consequently, the 

need to find the optimal solution draws the attention  

of many researchers. In this paper, the Electrostatic 

Discharge Algorithm (ESDA) is proposed, implemented, 

and applied to minimize energy needs of a sensor node 

while ensuring the fully-connectedness of each node. 

The obtained results show that the proposed method 

achieves better results than those found in the literature 

using the particle swarm optimization method in terms 

of energy savings and reliable connectivity. 

 

Index Terms ─ IoT, WSN, Network Power, Energy 

Saving. 
 

I. INTRODUCTION 
Internet of Things (IoT) has emerged as an intrinsic 

part of modern lifestyle [1]. Things, objects, and devices 

that serve us on a day-to-day basis must effectively 

communicate to provide comfort without much human 

intervention. When it comes to nodal communication, 

energy efficiency is of prime importance. Therefore, 

strategies are to be devised to ensure that no energy is 

wasted during signal transmission and reception among 

various nodes. However, reduced transmission energy 

leads to connectivity issues. Thus, researchers have been 

trying to devise an optimal strategy since the last two 

decades, where nodes transmit signals with minimal 

power form a fully connected network [2]. Similar 

efforts are reported in [3] to reduce power usage in 

Wireless Local Area Network (WLAN) using energy-

efficient antennas. Alternatively, harvested power can be 

wirelessly provided to the nodes fulfilling their power 

needs [4], [5]. Since new challenges appear in this field 

every day due to new networking protocols and 

interconnection of heterogeneous devices, the research is 

ongoing as discussed in [6]. 

Centralized connection algorithms experience 

limited efficiency due to increased communication 

overhead and added latency required to gather up and 

synchronise the flow of information from and to all 

coordinator nodes. However, a theoretical way to 

determine the optimal power requirements of these 

nodes is pivotal in exploiting the advantages of 

centralized systems. Providing full-area coverage with 

minimum energy requirements makes a centralized 

Wireless Sensor Network (WSN) control system a viable 

option with an added advantage of utilizing the central 

unit's high processing capabilities to make a well-

informed decision. Additionally, the centralized hub for 

WSNs offers various networking benefits, including, 

optimal node localization and deployment, data 

aggregation, and energy-aware clustering [7]. Optimal 

localization of sensor nodes, otherwise, could have been 

a computationally-intensive process, as covered in [8]. 

Clustered WSNs promises extended network life. 

While designing simplistic networks of clustered 

topology, researchers generally consider the region 

without any obstacle [9]. Due to a rise in the need for 

wireless data collection, massive deployment of sensors 

at various locations is inevitable. This dense deployment 

of sensors, along with their independent nature, mount 

up a set of logistic challenges that inhibit their frequent 

recharging. Hence, energy efficiency becomes a crucial 

parameter to ensure reliability and longevity of a 

clustered WSN.  

Communication overhead deteriorates network’s 

reliability and energy efficiency. Data aggregation is a 

way to overcome the adverse effects of communication 

overhead, ultimately saving energy that would have been 

wasted otherwise in communicating with the far located 
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base station [10]. For data aggregation, sensors operating 

in the near vicinity form a cluster, based on an efficient 

network organization algorithm. Each cluster is 

composed of member sensors and a coordinator, known 

as the headset, to coordinate with other clusters and base 

station, as shown in Fig. 1. 

Reference [6] provides a survey focusing on control 

techniques and cluster selection to extend the battery 

lifetime of WSN. The topology control in WSNs, 

highlighting improved coverage, lifetime, and the 

reduced energy consumption is implemented in [11]. 

The selection of a neighboring cluster depends on energy 

reserve, node identifier and network density. A couple of 

surveys [12], [13] cover and classify clustering algorithms 

highlighting taxonomy of various clustering schemes. 

They provide a summary of classification algorithms 

based on constant convergence time algorithms and 

variable convergence time protocols. Their objectives, 

features and complexity are contrasted with each other 

while their performance is measured and compared on 

convergence rate, location awareness, cluster overlapping 

and stability, and node mobility within a cluster. 
 

 
 

Fig. 1. Topology of clustered WSN. 

 

This work focuses on the communications occurring 

within a single cluster. Electrostatic Discharge Algorithm 

(ESDA) is proposed to minimize energy consumptions 

by determining optimal transmission power while 

ensuring the fully-connectedness of the whole network. 

A comparison will be drawn with other commonly used 

metaheuristic optimization algorithms assessing the gain 

in energy-saving.  

This remaining paper is organized as follows. 

Section 2 deals with problem formulation where the 

problem will be defined using a specific mathematical 

model and under due considerations. Once the foundation 

of the problem is established, Section 3 provides the 

details of the proposed optimization algorithm; ESDA. 

The section covers the step-by-step procedure of the 

entire algorithm. Next, in Section 4, the algorithm 

detailed in Section 3 will be applied to the problem of 

Section 2. Later, the obtained results will be explained. 

Section 5 concludes the paper and give some future 

recommendation.  

 

II. PROBLEM FORMULATION 
The main objective of this work is to optimize the 

location of each sensor node in a WSN to ensure the 

minimum power handling at each node. The sensors  

at the edge of the network tend to connect with inward 

neighboring sensors while utilizing minimal transmission 

power. However, the sensors in-between the edges and 

the core tend to provide full connection outwards in all 

directions of the network. As the network grows, it 

becomes computationally impossible to check every 

possible location each sensor can take to ensure 

optimality. Hence, metaheuristic search techniques are 

employed to find the optimal solution. Sometimes, 

optimality is traded-off with the computational cost.  

 
A. System model 

A single cluster comprising of N wireless sensors is 

considered in this work, creating a mesh network. The 

objective is to transmit all measurement packets to a sink 

node. A square bounds the positions of both sink and 

sensor nodes. The global neighbor matrix Γ is given by: 

Γ𝑖𝑗(𝛾) = {
0, if 𝜌𝑗 < 𝜌𝑡ℎ

1, if 𝜌𝑗 ≥ 𝜌𝑡ℎ
, (1) 

where 𝛾
𝑖
 denotes the transmitting power of node 𝑖, and 

𝜌
𝑗
 represents power received at node 𝑗. 𝜌

𝑡ℎ
 is the measure 

of receiver sensitivity. Equation (1) indicates that the two 

nodes are connected if the signal is transmitted with 

enough paper such that the received power is higher than 

the receiver’s sensitivity. Figure 2 represents the circular 

region of each node, where signal strength is strong 

enough to ensure connectivity. Therefore, at the 

boundary of each circle, the measured signal strength is 

𝜌
𝑡ℎ

 and so any receiver inside this circular region will be 

able to receive the signal. 

 

 
 

Fig. 2. System model. 
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The received signal power, 𝑃𝑅, depends on the 

transmitted power, 𝑃𝑡, and the distance of the receiver 

from the transmitter, 𝑑, as given below: 

𝑃𝑅

𝑃𝑡
=

𝐴𝑟𝐴𝑡

𝑑2𝜆2
, (2) 

where 𝐴𝑟, and 𝐴𝑡 represent the effective areas of 

receiving and transmitting antennas, respectively, and 𝜆 

denote the wavelength of the signal being transmitted. 

Equation (2) is also referred to as Friis Formula [14]. 

Since this work is not focused on sensors’ antenna design, 

a single isotropic transmission and reception antenna at 

each sensor node is used to model the antenna’s effective 

area, 𝐴𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑖𝑐: 

𝐴𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑖𝑐 =
𝜆2

4𝜋
. (3) 

Therefore, if 𝐴𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑖𝑐 = 𝐴𝑟 = 𝐴𝑡, (2) will be 

simplified to become: 

𝑃𝑅

𝑃𝑡
= (

𝜆

4𝜋𝑑
)

2

. (4) 

Once the global neighbour matrix is calculated using 

(1), an algorithm determines if a pair of nodes is 

connected, as explained next. 

 

B. Ascertaining full connectivity 

Full connectivity is defined as the scenario if each 

node has at least one active connection link, and all those 

links can form an unbroken path, as shown in Fig. 3 (a). 

When each node has one connection link but cannot  

be connected in a single path, a fake fully connected 

network is formed, shown in Fig. 3 (b). For networks 

with a few nodes, fully connectedness is quickly 

realizable and easy to check. However, in a real IoT 

application, due to many nodes, determining the 

associated connectedness becomes both computationally 

and visually challenging. 

 

 
 

Fig. 3. (a) Fully connected network, and (b) disconnected 

network. 

Calculating the Laplacian Matrix of the global 

neighbour matrix, Γ, is the first step in determining 

connectivity. If 𝑛𝑖 is the 𝑖𝑡ℎ node, 𝑛 represents the total 

number of nodes, and deg(𝑛𝑖) denotes the number of 

other nodes connected to 𝑖𝑡ℎ  node, 𝑛𝑖: 

𝐿 = (𝑙𝑖𝑗)
𝑛×𝑛

, (5) 

𝑙𝑖𝑗 = {
deg(𝑛𝑖)                     if 𝑖 = 𝑗 

−1          if 𝑖 ≠ 𝑗 and Γ𝑖𝑗 = 1   

0                           otherwise

, (6) 

deg(𝑛𝑖) = (Γ2)𝑖𝑗 ↔ 𝑖 = 𝑗. (7) 

Equation (7) signifies that if 𝑖 = 𝑗 then number of 

nodes connected to 𝑖𝑡ℎ node is the same as the square of 

the neighbour matrix. After calculating the Laplacian 

Matrix, 𝐿, its eigen values, 𝜓, are computed using the 

equation below: 

𝐿. 𝐸 = 𝜓. 𝐸, (8) 

where 𝐸 is 𝑛 × 1 eigenvector satisfying (8). Each 

eigenvalue 𝜑 can be grouped to form a vector Ψ, as 

shown below: 

Ψ = [𝜓1, 𝜓2, 𝜓3, … , 𝜓𝑛]𝑡 . (9) 

Here essentially, 𝜓
1

< 𝜓
2

< 𝜓
3

< ⋯  < 𝜓
𝑛
 

indicating that 𝜓
2
, the second smallest eigenvalue must 

be positive in order to achieve a fully-connected 

condition. 𝜓
2
 is also known as algebraic connectivity of 

Γ. Hence, observing the second smallest Laplacian 

eigenvalue of the neighbour matrix and verifying that 

there exists at least one connection for every node, 

determine if the network is fully connected. These 

conditions would ensure that transmission power is 

sufficient to establish a fully connected network. 

 

III. PROPOSED ALGORITHM FOR 

PROBLEM SOLUTION 
As aforesaid, the ESDA is used in this paper to solve 

the problem of optimal energy saving in a clustered 

WSN by calculating power transmission of sensors and 

keeping all of them connected. The ESDA, proposed in 

[15], is a competitive optimization algorithm, and it is 

inspired by the electrostatic discharge (ESD) event. 

More details about this algorithm are given in the 

following subsections. 

 

A. ESD definitions 

The advancement of solid-state electronics has 

revealed several concerning ESD issues in the design  

of the modern electronic system. Being a natural 

phenomenon, ESD has been discussed widely in 

numerous research articles, addressing the pros and cons 

[16]. A number of important definitions are presented  

in [17] where the ESD is presented as the abrupt transfer 
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of charged particles between different electrostatic 

potential bodies. 

The paper addresses the ESD event as an interval of 

electromagnetic fields, ESD current and corona effects 

at the time of ESD and before that. It defines the 

electronic equipment which got affected by an ESD 

event as equipment victim. The victim experiences the 

stress generated by ESD, and it may belong to the 

receptors or the intruders. 

 

B. ESD basic working principle 

The conductivity of the materials varies from one to 

another. It affects the ability to contain charged particles. 

Some materials can accumulate positive charge quickly 

(like animal fur or human skin) whereas materials like 

plastic cups hold the negative charges effortlessly 

[18]. There are two approaches that an ESD may occur: 

− Direct approach: when a moving object, also 

known as intruder, approaches to a stationary 

object (receptor) and transfer the charges. In such 

a case, intruder or receptor, anyone can be the 

equipment victim (Fig. 4).   

− Indirect approach: where a third party sensitive 

object around the intruder and receptor gets 

affected by the electromagnetic field and thus 

becomes the victim (Fig. 5) [17]. 

While flowing through an integrated circuit, ESD 

current often passes through some PN junction paths, 

apart from the main least resistive channel. This  

may cause some degrees of unexpected dissipation. 

Moreover, it may result in some thermal damages to the 

neighbouring zones. Thus, repeated occurrence of ESD 

event inadequately affects the device and thus leads the 

system to malfunction [18]. 
 

Intruder Receptor

 
 

Fig. 4. Direct ESD event. 
 

Intruder Receptor

Equipment victim 

Fields

 
 

Fig. 5. Indirect ESD event. 

C. ESDA steps  

The steps of the proposed algorithm are explained 

below in details and then summarized in Fig. 6.  

STEP 1: Like genetic algorithm or similar heuristic 

optimization approaches, ESDA also generates a number 

of a random population of ‘ObjectsSize’ objects in its 

initialization stage. These generated objects are the 

electrical equipment, made of design variables like 

various components. In the given search space, the 

position of special equipment is analyzed to calculate its 

fitness value, which reflects the immunity of the 

equipment. Besides, a counter counts the number of 

times each equipment becomes a victim.  

STEP 2: The proposed ESD algorithm iterates for 

‘MaxIter’ times in this stage to solve the assigned 

optimization problem. Each iteration randomly selects 

three objects in descending order, keeping the best one 

in the first position. Instead of three objects, the same 

operation occurs between two if the randomly generated 

number ‘r1’ appears to be higher than the predetermined 

value (0.5 in this case). In such a case of two-object 

involvement, the object with lower fitness value proceed 

to another one (with higher fitness) by following the rule: 

𝒙𝟐𝒏𝒆𝒘
= 𝒙𝟐 + 𝟐 ∙ 𝜷𝟏 ∙ (𝒙𝟏 − 𝒙𝟐), (1) 

where object 1 has better fitness than object 2, and  

their previous positions are denoted by 𝑥1 and 𝑥2, 

respectively. The object with the lower value will get the 

newer position (𝑥2𝑛𝑒𝑤
) where β1 is a randomly generated 

number with a normal distribution. It has the mean 

parameter (µ) of 0.7 and a standard deviation (σ) of 0.2. 

The mentioned case between two objects is an example 

of direct ESD event.  

If the value of 𝑟1 is found lower than the 

predetermined value 0.5, three objects will join in ESD 

operation. If the third object moves toward the other two, 

it will follow the rule mentioned below: 

𝒙𝟑𝒏𝒆𝒘
= 𝒙𝟑 + 𝟐 ∙ 𝜷

𝟐
∙ (𝒙𝟏 − 𝒙𝟑) + 𝟐 ∙ 𝜷

𝟑

∙ (𝒙𝟐 − 𝒙𝟑), 
(2) 

where the random numbers β2 and β3 are generated with 

the same standard deviation and mean parameter like β1. 

Thus, the indirect ESD incident occurs where the object 

3 got exposed to the electromagnetic fields of discharge 

and becomes the victim of the event. 

In every step of ESD event occurrence, the counter 

gets incremented by one for the participant object.  

STEP 3: This step checks the bound imposed over 

the objects, whether any of them appears outside of the 

search space or not. If found such, it brings it back to the 

required region. 

STEP 4: This step checks all the objects one by one, 

to find whether any of them has gone through the ESD 

process for at least 3 times or not. Any such object is 

considered destroyed and a randomly generated new 
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object will replace that within the search space. With less 

than three times of ESD occurrence, remaining objects 

will be assigned with the random number r2 each. The 

objects with r2 > 0.2 are also considered destroyed and 

subjected to the replacement procedure. Other components 

are marked as safe and kept for further operations.  
 

1 Inputs 

ObjFunction (objective function), 

ProblemSize (dimension of the 

problem), LB (lower bounds), UB upper 

bounds, ObjectsSize (number of 

objects), and MaxIter (maximum 

number of iterations) 

2 Output Xbest, Fbest and FunctionEvolutionbest 

3 Initialization 

4 for Iter=1: MaxIter 

5  for i=1: round(ObjectsSize/3) 

6   
Select three objects randomly from the 

population of objects 

7   r1=rand(0,1) 

8   if r1>0.5 

9    𝑥2𝑛𝑒𝑤
= 𝑥2 + 2 ∙ 𝛽1 ∙ (𝑥1 − 𝑥2)  

10    𝑥2 ESDcounter = 𝑥2 ESDcounter + 1  

11   else   

12    
𝑥3𝑛𝑒𝑤

= 𝑥3 + 2 ∙ 𝛽2 ∙ (𝑥1 − 𝑥3) +

2 ∙ 𝛽3 ∙ (𝑥2 − 𝑥3)  

13    𝑥3 ESDcounter = 𝑥3 ESDcounter + 1  

14   end if 

15  end for 

16  
Check if there are objects outside the search 

space 

17  for i1=1: ObjectsSize 

18   if  𝑥𝑖1 ESDcounter ≤ 3 

19    for i2=1: ProblemSize 

20     r2=rand(0,1) 

21     if r2>0.2 

22      
A component must be 

changed 

23     end if 

24    end for 

25   Else 

26   
The equipment must be changed 

𝑥𝑖1 = 𝐿𝐵 + 𝑟𝑎𝑛𝑑 ∙ (𝑈𝐵 − 𝐿𝐵) 

27  end for 

28 
Select the new population from the old and the 

archived ones 

29 end for 
 

Fig. 6. Pseudocode of the ESDA. 

STEP 5: This step updates the archive by saving the 

fit population into the old. The elements of the archive 

are sorted carefully in best-to-worse order. Finally, the 

number of objects equal to ObjectsSize is selected from 

the top of the list, for the next iteration. 

 

IV. APPLICATION AND RESULTS 
For the experiments, minimum transmission power 

as -30 [dBm] has been selected. The maximum power  

is determined to provide a connection for the largest 

possible distance of 28.284 [m] inside the area for 

random distribution, whereas the transmission frequency 

has been chosen to give the worst possible attenuation 

considering the frequency range of 915 [MHz], as 

typically used in WSN applications. Finally, the 

sensitivity defined as the lowest received power that 

allows information recovery is chosen to be -60 [dBm]. 

All the parameters used in this study are given in Table 

1. 

In order to compare our proposed approach using 

the ESDA, it has been applied to the same scenarios 

investigated in [19]. In that paper, there were six 

scenarios, in each scenario, there are 20 sensors spread 

in a square region defined by (20 [m] x 20 [m]) as shown 

in Fig. 7. The used algorithms were the Particle Swarm 

Optimization (PSO) and a simplistic method. For further 

comparison, other well-known algorithms like Genetic 

Algorithm (GA), Differential Evolution (DE), Black 

Hole (BH) algorithm, Electromagnetism-like algorithm 

(EM), Salp Swarm Algorithm (SSA) and Sine Cosine 

Algorithm (SCA) have been tested. It is worth mentioning 

that the real number of scenarios investigated in [19] is 

10. However, after an in-depth analysis, it has been 

found that scenarios 1 and 3 are the same, scenarios 2 

and 5 are identical, scenarios 4 and 6 are same, and 

scenarios 7 and 9 are same. Therefore, the number of 

scenarios has been reduced from 10 to 6 in this paper.  

 

Table 1: Simulation parameters used in this work [19] 

Parameter (Notation) Value [Unit] 

Number of sensor nodes 20 

Sensors transmission power range  -30 [dBm] 

Sensor Transmission frequency (𝑓) 915 [MHz] 

Area for sensors random locations 

(L x L) 
20 [m] x 20 [m] 

Sensor sensitivity (𝜌𝑡ℎ) -60 [dBm] 
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      Scenario 1       Scenario 2 

  

     Scenario 3     Scenario 4 

  

    Scenario 5        Scenario 6 

Fig. 7. The 6 investigated scenarios in [19] with 20 sensors spread in a square region with (20 [m] x 20 [m]) 

dimensions. 
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For a fair comparison, five runs have been 

performed for each scenario, and the best results are 

tabulated in Table 2 and graphically represented in Fig. 

8. The following comments can be made from Table 2: 

− The ESDA achieved the following results: -5.044 

[dBm], -7.683 [dBm], -6.26 [dBm], -5.044 [dBm], 

-7.288 [dBm] and -4.507 [dBm], for scenarios 1 

through 6, respectively.  

− The ESDA achieved better results in 4 out of 6 

scenarios, i.e., scenario 1, scenario 2, scenario 3 

and scenario 5. 

− The ESDA achieved the second-best result in 2 

scenarios, i.e., scenario 4 and scenario 6, where 

the PSO achieved the best results. 

− The ESDA was able to solve all scenarios while 

BH could not solve 2 scenarios and EM was not 

able to solve 3 scenarios. 

The curves of convergence obtained using the 

proposed ESDA for the investigated scenarios are 

sketched in Fig. 9. The x-axis and y-axis represent the 

iterations and objective function, respectively. The 

following comments can be made from that figure: 

− The ESDA has converged, i.e., most of the 

objective function minimization is achieved 

while solving all the scenarios before 300 

iterations. This shows the excellent convergence 

ability of the ESDA, as reported in the literature.  

− The objective function in almost all the scenarios 

is infinity at the first iterations of the optimization 

process. This is because the connection between 

sensors was not achieved initially.  

The sensor transmission powers for each sensor for 

the investigated scenarios obtained using the ESDA are 

tabulated in Table 3. The following can be noticed from 

the table: 

− The transmission power of each sensor is 

different from the remaining sensors.  

− Depending on the scenario, the transmission is 

different from one scenario to another. 

− The minimum sensor transmission powers for 

scenarios 1 through 6 are -28.329 [dBm], -28.328 

[dBm], -28.329 [dBm], -28.330 [dBm], -28.328 

[dBm] and -28.318 [dBm], respectively. 

− The maximum sensor transmission powers for 

scenarios 1 through 6 are -10.262 [dBm], -15.775 

[dBm], -9.192 [dBm], -14.350 [dBm], -15.776 

[dBm] and -11.797 [dBm], respectively. 

− The average sensor transmission powers for 

scenarios 1 through 6 are -21.327 [dBm], -22.547 

[dBm], -23.809 [dBm], -20.502 [dBm], -22.725 

[dBm] and -20.059 [dBm], respectively. 

 

Table 2: Results comparison using different algorithms 

Algorithm 
ESDA 

[dBm] 

PSO [19] 

[dBm] 

Simplistic Method 

[19] [dBm] 

DE 

[dBm] 

GA 

[dBm] 

BH 

[dBm] 

EM 

[dBm] 

SSA 

[dBm] 

SCA 

[dBm] 

Scenario 1 -5.044 -3.624 2.827 -4.026 -0.343 Inf Inf -4.074 4.353 

Scenario 2 -7.683 -6.669 -2.699 -6.758 -1.090 -6.798 7.214 -5.841 7.636 

Scenario 3 -6.260 -3.353 2.827 -5.725 -2.499 -5.112 5.878 -5.161 7.610 

Scenario 4 -5.044 -5.113 3.842 -4.014 -0.529 -4.281 Inf -3.389 8.473 

Scenario 5 -7.288 -6.669 -2.744 -6.475 -1.639 -6.031 3.445 -3.400 5.682 

Scenario 6 -4.507 -5.226 3.865 -3.363 1.766 Inf Inf -0.541 6.532 

 

 
 

Fig. 8. Sum of all sensor nodes transmission power (fitness) for different methods. 
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       Scenario 1        Scenario 2 

 

 

       Scenario 3        Scenario 4 

 

 

         Scenario 5        Scenario 6 

Fig. 9. Convergence curves of the ten investigated scenarios obtained using ESDA. 
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Table 3: The sensor transmission powers for each sensor for the six investigated scenarios obtained using the ESDA 

 Scenario 1 Scenario 2 Scenario 3 Scenario 3 Scenario 5 Scenario 6 

Sensor 1 -17.190 -18.329 -21.340 -28.329 -25.314 -14.349 

Sensor2 -21.340 -25.318 -28.322 -15.318 -28.328 -16.025 

Sensor 3 -16.288 -21.334 -28.326 -28.307 -22.232 -25.298 

Sensor 4 -28.253 -16.288 -28.328 -28.317 -18.329 -11.797 

Sensor 5 -28.327 -19.296 -21.326 -15.319 -22.308 -11.797 

Sensor 6 -12.648 -25.302 -22.308 -16.025 -17.190 -22.296 

Sensor 7 -18.330 -25.319 -28.329 -16.288 -15.776 -25.314 

Sensor 8 -16.289 -21.339 -14.350 -28.326 -28.327 -22.307 

Sensor 9 -21.333 -16.025 -28.329 -16.284 -28.324 -28.318 

Sensor 10 -21.340 -18.784 -25.319 -14.350 -28.321 -13.278 

Sensor 11 -28.315 -22.308 -28.320 -17.190 -25.313 -21.337 

Sensor 12 -28.329 -28.325 -28.329 -28.328 -25.319 -28.297 

Sensor 13 -21.340 -28.318 -9.192 -28.330 -28.326 -19.295 

Sensor 14 -21.340 -15.775 -28.251 -18.328 -15.777 -22.307 

Sensor 15 -28.328 -25.318 -25.315 -22.309 -15.777 -22.307 

Sensor 16 -10.262 -22.306 -21.340 -22.307 -18.787 -19.295 

Sensor 17 -21.340 -28.328 -21.340 -18.758 -28.325 -19.298 

Sensor 18 -28.328 -22.308 -28.324 -15.319 -18.787 -22.303 

Sensor 19 -16.289 -28.317 -22.309 -16.024 -18.328 -18.770 

Sensor 20 -21.339 -22.308 -17.190 -16.288 -25.313 -17.190 

V. CONCLUSION 
In this work, the ESDA has been proposed and 

applied to save energy in a WSN by determining 

different sensor powers under the constraint of all nodes 

must be connected. This algorithm has been compared to 

PSO, GA, DE, BH, EM, SSA, and SCA, found in the 

literature, and the results are found to be satisfactory. In 

4 cases out of 6, the ESDA has obtained results than the 

PSO. In all cases, the ESDA has been able to converge 

to a solution (i.e., to find a fully connected network).  

In future, different frequencies to account for other 

technologies like WiFi, WiMax, Zigbee, and Bluetooth 

can be included. Furthermore, transmission rates and 

power consumption can also be included in the order in 

order to evaluate their effects on energy-saving and 

network connectivity.  
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Abstract ─ In this letter, a compact complementary split 

ring based tri-band antenna is proposed. The proposed 

antenna resonates at 1.9 GHz (1.70-1.91 GHz), 2.45 GHz 

(2.23-2.52 GHz) and 3.2 GHz (2.9-3.25 GHz); the input 

match values are 24.56 dB, 27.21 dB and 22.46 dB, 

respectively. The antenna’s realised peak gain is 4.15 

dBm at 1.9 GHz, 4.25 dBm at 2.4 GHz and 4.74 dBm at 

3.2 GHz, with approximately 42% of reduction in 

antenna size. The results demonstrate that the proposed 

metamaterial antenna is tunable, electrically small and 

highly efficient, which makes it a suitable candidate for 

RF energy harvesting. The antenna is numerically and 

experimentally analysed and validated with very good 

comparison between the simulated and measured results. 
 

Index Terms ─ CSRR, patch antenna, radiation pattern, 

tri-band. 
 

I. INTRODUCTION 
In the advancement of wireless communication 

systems, low-profile interconnecting devices and non-

complex proprietary structures are required, often 

operating in multiband frequencies [1]. L and S Band 

operating systems, with applications such as 3G (1.9 

GHz), WLAN (2.45 GHz) and WiMAX (2.5-2.69 GHz) 

are size-constrained [2]. Although microstrip patch 

antennas are required to satisfy these requirements of 

modern communication systems, general microstrip 

patch antennas fail due to small bandwidths, radiation 

inefficiency, and heavy general weights [3]. In order to 

overcome the limitations of standard microstrip patch 

antennas, extensive research has been conducted by 

many investigators in an attempt to realize compact 

multiband designs [4]. 

Various methods have been reported to achieve     

a reduced size of the printed multiband antenna. 

Metamaterials have been used in designing low-profile 

multiband antennas [5]. Recent work in literature has 

shown that rectangular microstrip patch antennas loaded 

with mender lines facilitate multiband performance, with 

continuous size reduction [6]. In addition, a small-scale 

multiband antenna design by U and L strips, with a 

grounded defected structure to increase the antenna 

radiation strength and improve impedance simulation 

ability is shown in [7]. In [8, 9], fractal antennas with a 

magnitude associated with multiband performance are 

studied. In recent years, the coplanar waveguide (CPW) 

feeding approach has attracted a lot of research and 

development activities, as it improves the performance 

of multiband characteristics. Employing a single-metallic 

layer CPW has several advantages such as simple 

integration of passive and active elements, less dispersion, 

low cost, less surface waves and good omnidirectional 

pattern, compared to other feeding techniques [10-13]. 

Recent surveys introduce many CPW-fed microstrip 

patch antennas for WLAN and WiMAX applications 
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[14-19]. A straight strip of CPW-fed antenna with 

asymmetrical ring and inverted L strip [14] achieved tri-

band frequencies covering WLAN (2.4 GHz, 5.2 GHz, 

and 5.8 GHz) bands and WiMAX (3.5 GHz, 5.5 GHz) 

bands. A CPW-fed monopole antenna with a band-notch 

at 1.4 GHz was described in [15]. Inclusion of open split-

ring resonator (SRR) antenna with tri-band metamaterial 

covering 2.4 GHz, 5.2 GHz and 5.8 GHz (WLAN), 5.5 

GHz (WiMAX) and 7.4 GHz (C-band) applications are 

employed, as in [16]. The role of metamaterials in the 

development of electrically small antennas, and how the 

efficiency of antennas is improved, are demonstrated    

in [17]. In [18], the work demonstrates the electrically 

small printed monopole antenna with two SRRs to 

achieve multiple resonance and printed slot antenna 

using DGS also used to achieve multiband is studied in 

[20]. In [21], using non-foster active elements increased 

the bandwidth significantly for SRR-based monopole 

antenna. However, in [20-29] the individual SRR 

performances to achieve required resonant frequencies 

are not explained, in addition to increases in the turns    

to achieve the multiband performance. Even though 

various compact, multiband operation antennas have been 

proposed, most of the designed antennas incorporate 

additional elements to realize the design objectives. In 

this work, in order to overcome the above drawbacks,   

a new antenna is introduced, namely a tri-band 

Complementary Split Ring Resonator (CSRR) antenna 

for L band and S ban2l8/wk7fg. The antenna is designed 

based on the equivalent circuit of spiral inductor 

modelling, and it is converted into a complimentary split 

ring resonator. An efficient CSRR unit cell antenna can 

be radiated at three required frequencies. According to 

Babinet's principle, the CSRR structure can be obtained 

from a SRR by inverting the copper parts on the antenna 

patch. Due to the concept of duality, these two structures 

resonate at almost the same frequency. The resonance   

in quasistatic resonators such as CSRRs and SRRs      

is the result of the interplay between the distributed 

capacitance and inductance of the structure. However, 

the main difference between both is that the SRR has 

negative permeability features, while the CSRR has 

negative permittivity features. These resonators are 

considerably reduced in size compared to conventional 

resonators, which have dimensions comparable to the 

wavelength, and resonance occurring based on the phase 

distribution. The proposed antenna is printed on FR4 

substrate with 1.6 mm thickness and modelled and 

analysed by using the ANSYS HFSS 16 simulator tool. 

Simulations and measurements show that the proposed 

antenna gives good results in terms of operating 

frequency bands and omnidirectional patterns, as well as 

stable gain and radiation efficiencies. 
 

II. ANTENNA DEVELOPMENT 
In [23], the authors present the individual 

performance of split ring resonators. The corrected 

mathematical model predicts the left-hand behavior of 

split ring resonator-based metamaterial that shows it 

could resonate at several frequency bands [24-29]. 

Figure 1 shows the equivalent circuit of individual split 

ring resonator turns. This in turn shows that this method 

could be a systemized approach to design multiband 

antennas. As per the Babinet principle, split ring 

resonators are changed into CSRR to obtain the required 

frequencies.  

The calculation of resonance frequency uses the 

formula [20]: 

 𝑓𝑛 =
1

2𝜋√𝐿𝐷𝐶𝑛
. (1) 

Based on [17], the equivalent inductors and capacitors 

are approximately calculated for the four side of the split 

ring resonators, as show in Fig. 1. The self-inductors  

L1, L2, L3, L4 can be directly calculated by using the 

formulas, 

 𝐿𝐷 = 𝐾
µ0𝑛2𝐿

2𝛱
  [𝑙𝑛(

2

𝜌
) + 0.5 + 0.178𝜌 + 0.0146𝜌2 +

               
0.5(𝑛−1)𝑆2

(𝜌𝑛)2   0.178
(𝑛−1)𝑆

𝑛
−

1

𝑛
𝑙𝑛(

𝑊+𝑡

𝑊
)], (2) 

 𝜌 =  
𝑛𝑊+(𝑛−1)𝑆

𝐿
, (3) 

 𝐾 =  
(2𝐿−2𝑆)−𝐷

(2𝐿−2𝑆)
, (4) 

where t, n, W, S indicate the thickness, number of turns, 

width, and space between inner and outer rings of SRR, 

respectively. The calculation of distributed capacitance 

of SRR depends on two parameters, namely, the 

coupling capacitance between the outer and inner rings 

(C0), and electric charge capacitance at the split’s gaps 

(CCi). 

 

 
 

Fig. 1. Equivalent circuit model. 

 

These capacitances can be estimated using the 

equations (5) and (6), 

 𝐶0 =
1

4
[0.06 + 3.5 × 10−5(𝑅𝑜𝑢𝑡 + 𝑅𝑖𝑛)], (5) 

  𝑐𝑐𝑖 =∈0∈𝑟
𝑊𝑡

𝑐𝑖
. (6) 

Here Rout and Rin indicate the radii of the outer and 

inner circumscribed circles of the SRR, respectively. The 

distributed capacitances of each side can then be 
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calculated as the sum of these capacitances, using these 

equations, 

 𝐶1 = 𝐶0 + 𝐶𝐶1, (7) 

 𝐶2 = 𝐶0 + 𝐶𝐶2, (8) 

 𝐶3 = 𝐶0 + 𝐶𝐶3, (9) 

 𝐶4 = 𝐶0 + 𝐶𝐶4. (10) 

By using these mathematical expressions, the 

dimensions of the SRR are calculated and then tuned to 

achieve the desired frequencies of interest. The SRR   is 

changed into a CSRR by the Babinet principle. The 

Table 1 shows the LD and Cn values for each frequency 

of antenna results and compares analytical and simulated 

results. 
 

Table 1: Comparison of analytical and simulated 

frequencies 

Inductor 

(LD) 

Capacitor 

(Cn) 

Analytical 

Resonating 

Frequency 

(GHz) 

Simulated 

Resonating 

Frequency 

(GHz) 

5.01 nH 1.2 pF 2.05 1.9 

4.16 nH 1.02 pF 2.44 2.45 

3.57 nH 0.72 pF 3.14 3.2 

 

The analysis shows the difference between the 

analytical and simulated resonate frequencies with 

respect to inductor and capacitor values. In order to gets 

desired frequency using antenna design software the 

dimensions are varied, and all the calculated parameter 

are simulated and optimized in order to obtain a tri-band 

antenna at desired operating frequencies. 
 

 
 

Fig. 2. Antenna geometry. 

 

Then, the antenna is fabricated on FR4 substrate with  

1.6 mm substrate height and a loss factor tan δ = 0.02.  

The final geometrical shape of the antenna is shown in   

Fig. 2 and its geometrical parameters are shown in Table 

2. 

 

Table 2: Design specification for the proposed antenna 

model 

Parameter Specifications (mm) 

Substrate (FR4) 1.6 

Length, width and 

thickness of substrate 
50 × 56.5 × 1.6 

Length and width of patch 50 × 50 

Length and width of 

feed strip 
6.5 × 2 

Length of outer ring 42 

Length of middle ring 39 

Length of inner ring 35.5 

Spacing between ring (S) 2 

Thickness of the ring (T) 0.5 

G1 20 

G2 0.5 

G3 1.5 

 

III. PARAMETRIC ANALYSIS OF 

PROPOSED CSRR 
The parametric analysis of Gap G1 in spiral rings 

plays an important role to determine the performance of 

the antenna. So, the analysis on the dimension of the 

Gaps G1 and their effect on Reflection Coefficient (dB) 

are shown in Fig. 3. From the graph, it is inferred that  

the antenna attains better impedance characteristics at 

G1=20 mm where it gives the triple operating band 

behaviour. It also shows that with G1 equal to 15mm and 

25 mm, inferior triple band characteristics, as compared 

to G1=20 mm, are obtained. Hence G1=20 mm it 

considered an optimum dimension for G1. Next, The 

Gap G2 in spiral rings also plays a crucial role in 

determining the performance of the antenna and hence a 

parametric analysis on the effect of G2 on reflection 

coefficient (dB) is performed and shown in Figure 4. It 

is inferred that the antenna attains better impedance 

characteristics at G2=0.5 mm. Since this value provides 

better performance at desired operating bands, it is 

considered as an optimum dimension for G2. 

Lastly, the impact of gap G3 on the performance of 

the antenna is shown in Fig. 5. It is shows that the 

antenna attains better impedance characteristics at G3= 

2.5 mm at the desired operating bands, and hence it is 

considered as an optimum dimension for G3. 
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Fig. 3. Effect of Gap G1 on reflection coefficient (dB). 

 

 
 

Fig. 4. Effect of Gap G2 on reflection coefficient (dB). 

 

 
 

Fig. 5. Effect of Gap G3 on reflection coefficient (dB). 

 

IV. RESULTS AND DISCUSSIONS 
The performance of the antenna is validated by 

fabricating the prototype on FR4 substrate and its 

characteristics are measured. The fabricated proposed 

CSSR antenna and the measurement setup are shown in 

Fig. 6 and Fig. 7, respectively. Figure 8 shows the 

impedance characteristics of the antenna. The antenna 

operates at three different bands in the L and S band 

regions. The -10 dB impedance bandwidth covers 1.78-

1.91 GHz, 2.23-2.52 GHz and 2.9-3.25 GHz. In Fig. 8, it 

can be seen that the measured and simulated results are 

comparable. However, the shift in measurement results 

are due to imperfect fabrication processes. Also, while 

simulations are based on a perfect substrate material, 

there are slight variations in the thickness and dielectric 

constant of commercially available materials, which 

influence the measurement results. 

 

 
 

Fig. 6. Fabricated antenna. 

 

 
 

Fig. 7. Network analyzer. 

 

 
 

Fig. 8. Measurement and simulation impedance 

characteristics for proposed antenna. 

 

In addition, the insertion loss of SMA connectors 

used, and connector losses have an effect on the response 

of the antenna. The radiation characteristic of the 

antenna is depicted in Fig. 9. It comprises of the radiation 

beam measured in both the E-plane and H-plane, and   

are compared with simulated results. The simulation   

and measured radiation characteristics of the proposed 

antenna operating at three different frequencies are 

plotted and compared. The results show clearly that the 

antenna gives symmetrical radiation and achieves a peak 

gain of 4.15 dBm at 1.9GHz, 4.25dm at 2.4GHz and 
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4.74dBm at 3.2GHz. A comparison of the proposed 

antenna with existing designs is presented in the Table 3. 
 

 

 
(a) 

  

 
(b) 

 

 
(c) 

 
Fig. 9. Radiation characteristics of the antenna E-plane 

and H-plane: (a) (1.9GHz), (b) F2 (2.45GHz), and (c) F3 

(3.2GHz). 

 
It shows that the physical size of the proposed 

antenna is reduced by ~42 %. Due to its compact size, 

the proposed antenna is suitable for in-door wireless 

applications. 

 

V. CONCLUSION 
A novel metamaterial based antenna etched with a 

spiral shaped structure to behave as a complimentary 

split ring resonator (CSSR) antenna is presented. The 

antenna is fabricated on low cost FR4 substrate, and the 

geometrical parameters are optimized to yield better 

performance. The antenna operates at three distinct 

bands in the range 1.9 GHz (1.78-1.91 GHz), 2.45 GHz 

(2.23-2.52 GHz) and 3.2GHz (2.9-3.25 GHz). The peak 

gains of the proposed antenna are 4.15 dBm at 1.9 GHz, 

4.25 dBm at 2.45 GHz and 4.74 dBm at 3.2 GHz, 

respectively. The design also accomplishes a 

miniaturization in size of around 42 % compared to 

existing solutions in the literature. The metamaterial 

antenna is tunable, electrically small and highly efficient, 

which makes it a suitable candidate for RF energy 

harvesting. 
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Table 3: Comparison of proposed antenna with existing antenna 
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Abstract ─ Patch antenna is being used widely in 

wearable and implantable devices due to its lightweight 

characteristics. Multi-band patch antenna designs are 

possible by incorporating professional naturally inspired 

fractal pattern generating methodologies. Automated 

Frequency Characteristics Analyzer (AFCA), Artificial 

Neural Network based Fractal Pattern Generator (AFPG) 

and Nitinol based Pattern Selector (NPS) functional 

modules are proposed in this work to design a Dual band 

Reconfigurable Fractal Antenna for Wearable Devices 

(DRFA). Producing a miniature fractal patch antenna to 

support famed 2.4 GHz and 5.2 GHz frequency bands 

with lesser than 20db return loss is the objective of  

this work. Numerous fractal patterns are generated with 

the help of AFPG and their frequency responses are 

analyzed by Ansys HFSS (High Frequency Structure 

Simulator) through AFCA module. The results are 

provided to the AFPG part to train the neural network 

with proper biasing updates. The fitness function is set 

to the dimension restriction of 3000 square 𝜇𝑚 with less 

than 20 return loss at commonly used 2.4 GHz and 5.2 

GHz. The feed type and length of the patches are also 

fine-tuned by the proposed AFPG module. 

 

Index Terms ─ Artificial neural network, dual band 

antenna, fractal patterns, patch antenna, reconfigurable 

antenna, wearable device. 
 

I. INTRODUCTION 
Communication gadgets are getting tinier every  

so often. A range of these gadgets comes under the 

wearable communication sensor devices, which are 

involved hugely in health monitoring systems and 

remote patient monitoring systems. More than 761million 

people will be at their age 65 by 2025 [1] supposed to be 

overseen by the E-Health monitoring system. It requires 

an extensive number of wearable devices to be connected 

eventually under one or more networks. These devices 

frequently required to communicate with a centralized 

organizer to produce cumulative impact assessments. 

Sometimes they need to communicate directly with a 

network facility. These hypothetical situations require the 

support for multiband or reconfigurable communication 

facility. Leading communication technologies require 

2.4 GHz for local Wi-Fi communications and 5.2 GHz 

for direct internet connectivity.     

Lightweight, small size, sufficient gain and 

harmless flexible construction material are the presumed 

characteristics of a reconfigurable antenna for wearable 

devices [2]. Designing Antenna in the patch format is  

a known solution to achieve these characteristics. 

Selection of the shape and the dimension of the patch is 

a challenging work. The complexity of utilizing high 

cost multilayer Printed Circuit Board (PCB) can be 

avoided by selecting a suitable resonating antenna 

pattern in patch antenna design [3]. Microstrip patch 

antenna manufacturing is very economic while comparing 

conventional PCB based antenna designs.  

Bandwidth enhancements are additional benefit of 

using microstrip patch antennas [4]. The frequency 

reconfigurable capability is achieved comfortably by 

selecting a suitable antenna pattern in microstrip patch 

antenna design [5]. Different approaches come into 

existence for optimizing antenna patterns such as Genetic 

Algorithm (GA) [6], Particle Swarm Optimization (PSO) 

[7], Bacterial Forage Optimization (BFO) [8] and Ant 

Colony Optimization (ACO) [9]. Blending one or more 

optimization algorithms or combining optimizations 

with ANN models are auxiliary approaches of finalizing 

an antenna pattern.  

Recent studies show that the fractal patterns are used 

to devise astonishing antennas with multiband support 

[10, 11]. This work is indented to apply ANN to generate 

multiple fractal patterns based on a triangular structure 

mounted on different wearable substrates with different 

thickness to achieve an antenna pattern that supports 2.4 
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and 5.2 GHz. The bandwidth, return loss and gain of the 

generated fractal pattern antenna are evaluated along 

with similar existing antennas.  

 

II. EXISTING WORKS 
A compact dual band metamaterial antenna with 

42 × 32𝑚𝑚2 dimension is established in Dual Band 

Metamaterial Antenna for LTE / Bluetooth / WiMAX 

system (DMAL) work [12]. A Square metallic stripe is 

placedin such a way to cover the patch for lower band 

support. Similar magnetic current loop is provided near 

the feed to support upper band. The supporting frequency 

bands of this antenna are 0.6 ~ 0.64 GHz, 2.67 ~ 3.4 GHz 

and 3.61 ~ 3.67 GHz. Basic antenna designing principles 

are used to bring out the antenna patch pattern manually. 

There is no automatic optimizations are used to trim the 

pattern in this work. The authors used CST (Computer 

Simulation Technology) Microwave Studio Simulator to 

simulate the patch antenna pattern. The design is also 

fabricated for analyzing the frequency characteristics in 

real-time. The fabricated antenna is observed for 0.5 

GHz to 4 GHz in Satimo StarLab – which can handle the 

frequency of up to 18 GHz. The gain and return loss 

graphs are provided to indicate that there is no significant 

difference between the simulated and observed results.  

There are two different antenna designs are 

introduced in Integrated Dual-band Filtering/duplexing 

Antennas (IDFA) work [13]. The first design uses 

Coupled Resonator Technique to design a Dual-band 

Dual-polarization (DBDP) antenna. Each polarization 

has two bands obtained by placing a vertical hairpin 

resonator coupling with the patch. Both the bands  

show second order filtering performance and improved 

bandwidths. Dual-port dual-band antenna with integrated 

filtering and duplexing functionalities is introduced as 

the second antenna design. Two sets of resonator-based 

filtering channels are used to carry out the frequency 

duplexing functionality. The performance of the proposed 

antennas is measured in terms of gain and S-Parameters. 

The DBDP antenna resonates with 4.75 ~ 4.98 GHz band 

and 5.75 ~ 6.05 GHZ frequency bands. A good isolation 

index of less than 30 dB is achieved by the first design 

pattern. Two transmission voids are introduced between 

4.8 and 5.85 GHz by cross coupling the resonators on 

purpose. These transmission voids are used to improve 

the isolation between the two polarizations. 

A high gain Dual-polarized Dual-band Antenna 

(DDA) is designed in this work to support 2G, 3G  

and LTE indoor communication [14]. Two horizontal 

polarization and one vertical polarization elements are 

used to achieve the requirement. The upper horizontal 

polarization element is designed with four pairs of 

altered printed magneto-electric dipoles with four-way 

power divider feeding network. Eight pieces of arc 

shaped parasitic patches are printed on circular shaped 

printed circuit board. The lower horizontal polarization 

element is designed very similar to the upper horizontal 

polarization element except the parasitic patches. The 

four-way power divider feeding network enables a 

persistent radiation in 360° with high gain. The vertical 

polarization element is designed with 4-pairs of cone-

shaped patches. Ansys HFSS is used to simulate the 

entire antenna pattern and a prototype is fabricated for 

real-time analysis. Based on the results, it is realized that 

the simulated and observed results are comparable to 

each other except some observation glitches.  

This work Low-profile Dial-band Stacked Microstrip 

Monopolar Patch Antenna (LDSMMPA) is about to 

bring up a by coupling annular ring with conductive 

passages in the antenna structure [15]. The height of  

this antenna is set to be 4.175 mm. The utilization scope 

of this antenna is wireless local area network which 

operates in 2.4 to 2.48GHz and 5.75 to 5.825 GHz. Car-

to-Car Communication networks with 5.85 to 5.925 GHz 

is another prime beneficial utilization of this antenna. 

The stacked-patch assembly of LDSMMPA is given in 

Fig. 1. A coaxial feed that connects directly to the center 

of the upper circular patch. The lower circular patch is 

fed by a coupling between interior probe and the lower 

circular with the clearance hole. This feeding arrangement 

enables better isolation between the two patches, so  

that the antenna can resonate at two frequency bands 

exquisitely. Ansys HFSS is used to simulate the antenna 

pattern and Agilent E5080A near filed measurement 

system is used to measure the frequency characteristics 

of the pattern. Both simulation and implementation 

results are in coherence, displays that the gain of 6 dBi 

is achieved for 2.24 ~ 2.53 GHz lower frequency band 

and the gain of 7.5 dBi is achieved for 5.42 ~ 5.98 GHz 

higher frequency band. 

 

 
 

Fig. 1. Stacked-patch assembly. 
 

A novel dual band hexagonal antenna for bluetooth 

and UWB applications with single band notched is 

indented to create a broadband antenna that supports  

2.2 GHz ~ 2.52 GHz and 3.5 GHz to 10 GHz without 

interfering the WLAN frequency band 5.72 GHz ~ 5.825 

GHz [16]. The core idea behind this work is to design  

an antenna that supports Bluetooth frequency and UWB 
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frequency bands without meddling WLAN frequency 

band. A circularly polarized dual-port dual-band RFID 

antenna that operates in UHF and UWB frequency bands 

is aimed in this work [17]. An adequate quadruple feed 

network in hybrid mode is used to achieve the wide 

frequency band resonance from 0.918 GHz ~ 0.926 GHz 

UHF band to 3.1 GHz ~ 4.8 GHz UWB band. 

Miniature dual-band antennas are the major 

requirement in the multipurpose digital gadget world. 

Many communication devices are equipped with more 

than one communication facility such as GSM, LTE, 

Bluetooth and IEEE 802.11 b/g/n standards. Providing 

separate Antenna for every communication system  

will increase the size of the device significantly. Two 

widely used frequencies in these portable electronic 

communication devices are 2.4 GHz and 5 GHz. Manually 

designing a suitable dual-band antenna by checking 

various shapes and materials one-by-one will consume 

more time. 
 

III. RELATED WORKS 
There are two related works tracked down to the 

proposed DRFA work. They are Miniaturized Hexagonal-

triangular Fractal Antenna for wide-band applications 

(MHFA) [18]and Novel Dualband Coaxial-fed SIW 

Cavity Resonator Antenna using ANN Modeling 

(NDCAANN) [19]. Certain salient points from these 

related works are discussed concisely in this section for 

better comprehension of the proposed DRFA method.  

Fractal patterns are getting importance in antenna 

designing in recent times due to their multiband 

supporting characteristics. Generating fractal patterns is 

an amusing mathematical process which can develop 

multitudinous splendid effective patterns. There are 

several procedures introduced recently to create fractal 

patterns. In MHFA work, a hexagonal triangle fractal 

antenna design is proposed to get multiband resonating 

antenna between 3GHz ~ 25GHz. The size of the fractal 

antenna is restricted to 25𝑚𝑚 × 30𝑚𝑚 with 0.8𝑚𝑚 

substrate thickness.  

The following equation is used to find the resonant 

frequency of circular patch antenna: 

 𝑓𝛾 =
𝑌𝑚𝑛𝐶

5.714 𝑅𝑒 √𝜖𝑟𝑒𝑓𝑓
 , (1) 

where 𝑌𝑚𝑛 = 𝑦11 for mode 𝑇𝑀11 = 1.8412, 𝑌𝑚𝑛 =
𝑦21 for mode 𝑇𝑀21 = 3.0542, 𝐶 refers the speed of 

light, 𝜖𝑟𝑒𝑓𝑓 refers the effective dielectric constant, 𝑅𝑒 

refers the effective radius of the circular patch antenna. 

𝑅𝑒 can be calculated using the following equation: 

 𝑅𝑒 = 𝑅𝑐 × √(1 +
2⋅𝑡

𝑅𝑐⋅𝜋⋅𝜖𝑟
× [ln (

𝜋⋅𝑅𝑐

2⋅𝑡
) + 1.7726]), (2) 

where 𝑅𝑐 refers the radius of circular patch antenna. 

The value of 𝑓𝛾 hexagonal patch antenna can be 

calculated using the following equation: 

 𝑓𝛾 =  𝜋 × (𝑅𝑒)2 =
3

2
× √3 ⋅ 𝑆ℎ

2,    (3) 

where 𝑆ℎ is the side length of the hexagonal patch 

antenna. 

The effective dielectric constant 𝜖𝑟𝑒𝑓𝑓 is calculated 

as: 

 𝜖𝑟𝑒𝑓𝑓 =
1+𝜖𝑟

2
 . (4) 

The formation of hexagonal patch antenna over the 

circular shape is arranged with four 1mm hexagonal rings 

placed with a 2.5mm separation distance. Symmetrical 

triangular slots are used in the rear side of the hexagonal 

patch antenna to provide the channel insulation properly. 

This antenna achieved less than 20dB return loss in 

center frequencies 8GHz, 11GHz, 16GHz and 24GHz 

makes it eligible to use in 3GHz~25GHz bands.   

Substrate Integrated Waveguide (SIW) is one of  

the most resent methodologies in generating compact 

low-loss comprehensive systems. SIW cavity resonators 

are widely used most modern antennas that supports 

millimeter and microwave devices. The dimensions 

involved in designing SIW cavity antenna is a 

strategically challenging task. This challenging task can 

be handoff to the computers with the help of machine 

learning computer aided tuning methods. There are 

several cover the counter machine learning algorithms 

exist such as Linear Regression, Logistic Regression, 

Decision Tree, Support Vector Machines and Random 

Forest.  

ANN is a simple straight forward method used in 

many machine learning applications. NDCAANN takes 

advantage of this method to fine-tune the antenna pattern 

with computer aided tuning. The resonant frequency  

of the SIW cavity antenna can be calculated based on 

dimension of the SIW cavity using the following equation: 

 𝑓𝑚𝑛𝑝 =
𝑐

2𝜋√𝜀𝑟𝜇𝑟

√(
𝑝𝑛𝑚

𝑅
)

2

+ (
𝑝𝜋

ℎ
)

2

, (5) 

where 𝑐 is the speed of light in free space, 𝜀𝑟 is the filling 

material’s permittivity, 𝜇𝑟 is the relative permeability, 𝑅 

is the radius of SIW cavity, 𝑝𝑛𝑚 is the corresponding 

Bessel function root, 𝑚, 𝑛, 𝑝 are the number of variations 

in standing wave pattern and ℎ refers the thickness of the 

substrate.  

The ANN architecture uses the basic information to 

fine tune the antenna pattern and dimensions iteratively. 

By this way, in NDCAANN work, a SIW cavity resonator 

coaxial antenna is introduced to support 10.84 GHz and 

14.82 GHz center resonant frequencies with 15 dB and 

30 dB return losses.  

In general, antenna prototyping and characteristics 

analysis is performed manually with the help of some 

microwave structure analysis software. The input antenna 

pattern is modified manually based on the simulated  

or observed results. Changing the antenna pattern in  

micro-meter precision repeatedly is a tedious process  

if performed manually. In this proposed method, we 

introduced an interface to automate the antenna design 

calibration process which can load a principle antenna 

ACES JOURNAL, Vol. 36, No. 3, March 2021356



pattern, simulate the characteristics by calling 

corresponding analytical software and to make changes 

to the principle base pattern with the help of Artificial 

Neural Network (ANN). Contribution of Automatic 

Frequency Characteristics Analyzer, ANN based Fractal 

Pattern Generator and Nitinol based Pattern selector is 

the innovation of this proposed method.        

 

IV. PROPOSED METHOD 
A Dual band Reconfigurable Fractal Antenna for 

Wearable Devices (DRFA) work consists of three major 

modules, they are Automated Frequency Characteristics 

Analyzer, Artificial Neural Network based Fractal 

Pattern Generator and Nitinol based Pattern Selector. 

Same fractal base pattern is used to create different 

iterative fractal patterns with different dimensions to 

achieve higher gain for multiband support with higher 

gain values. The shape memory and super elasticity 

properties of the Nitinol is used as the key for the 

reconfigurability of this proposed antenna. 

 

A. Automatic Frequency Characteristics Analyzer 

(AFCA) 

In general, the frequency characteristics of an 

antenna is observed in a well-equipped laboratory before 

voluminous manufacturing. Measuring the antenna 

pattern in a laboratory is a costlier process. Therefore, 

the researchers and industrial people are using software 

widely before proceeding with the prototyping of the 

antenna patterns. These software enables the cost-

effective primary characteristics analysis of the antenna 

patterns.  

This kind of software operate on the basis of manual 

processes such as selecting substrates, feed types, channel 

guides, sub-band filters, waveguides and dielectric 

resonators. The patterns are to be drawn manually by the 

user in the software to get a clear analysis report. Some 

software possesses the provision of importing images 

from other compatible applications. If the loaded pattern 

needs any modifications, then it has to be edited in the 

software itself to get updated results. Drawing an antenna 

pattern is a time-consuming process if done manually. 

AFCA provides a way to automate this process. Ansys 

HFSS software is used here to analyze the frequency 

characteristics of the antenna pattern. A dedicated user 

interface and a service is coded in VC++ to associate 

with HFSS to feed the vector pattern automatically and 

retrieve the results from it. AFCA is used as an agent 

between the user and the HFSS software to reduce 

repetitive manual processes and to reduce tremendous 

amount of time. 

 

B. Artificial Neural Network based Fractal Pattern 

Generator (AFPG) 

ANN based fractal pattern generator is designed 

with the microstrip patch antenna basics and fractal 

pattern generation. Let 𝐿 be the length of the microstrip 

patch antenna, then the fundamental dimension restriction 

is 𝐿 <
𝜆𝑔

2
 where 𝜆𝑔 is the substrate guide wavelength. A 

basic microstrip patch antenna is illustrated in Fig. 2. 
 

 
 

Fig. 2. Microstrip patch antenna. 
 

There are two key points are to be considered while 

designing a microstrip patch antenna. They are: 

• Better efficiency antennas can be designed using 

thicker substrates and lesser dielectric constants. 

But the larger element size is high-priced. 

• Thin substrate with high dielectric constants will 

entail tiny element sizes and minimized coupling, 

but the toll is taken from the efficiency and 

bandwidths.   

Holding these points in consideration, the width 𝑤, 

fringing length correction 
𝐿′

ℎ
, patch length 𝐿, effective 

dielectric constant 𝜖𝑟𝑒𝑓𝑓, and feed position 𝑧𝑖 are 

calculated by the following equations for the condition 

𝑤 ≠ 𝜆0: 

 𝑤 =
1

2𝑓𝑟√𝜇0𝜖0
√

2

𝜖𝑟+1
=

𝑣0

2𝑓𝑟
√

2

𝜖𝑟+1
 , (6) 

 
𝐿′

ℎ
= 0.412 ×

(𝜖𝑟𝑒𝑓𝑓+0.3)(
𝑤

ℎ
+0.264)

(𝜖𝑟𝑒𝑓𝑓+0.258)(
𝑤

ℎ
+0.8)

 , (7) 

 𝐿 =
1

2𝑓𝑟√𝜖𝑟𝑒𝑓𝑓√𝜇0𝜖0
− 2𝐿′ ,    (8) 

 𝜖𝑟𝑒𝑓𝑓 =
𝜖𝑟+1

2
+

𝜖𝑟−1

2
× √1 +

12ℎ

𝑤
 , (9) 

 𝑧𝑖 =
1

2𝑘
 , (10) 

where, 

 𝑘 = {

1

90
(

𝑤

𝜆0
)

2

𝑖𝑓𝑤 < 𝜆𝑜

1

120
(

𝑤

𝜆0
)

2

𝑖𝑓𝑤 > 𝜆𝑜

. (11) 

The Fractal pattern generation relies on the fractal 

geometry – which is also known as nature’s geometry. 

The fractal geometry contains chaotic rules with specific  

interspace rules. Self-similarity at same and different  

scales, random repetitions, time series scaling or 

repetitions, detailed small-scale structure and local or 

global irregularities are the customary characteristics  

of fractal patterns. The fractal patterns can be generated 

by some techniques such as Stochastic or deterministic 

fixed geometry replacement rules, iteration of a map, 

replicating branching patterns with or without 

transformations, recurrent relation special time fractals, 
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random fractals and finite subdivision rules. Iterated 

Function System (IFS) is used in AFGP module. 

Let 𝐹𝑖 be the 𝑛 number of two-dimensional IFS 

functions and 𝑆 be the solution set. The Hutchinson’s 

recursive equation states that: 

 𝑆 = ⋃ 𝐹𝑖(𝑠)
𝑛−1

𝑖=0
. (12) 

Based on the Barnsley implementation of Equation 

12, the two-dimensional function 𝐹𝑖 can be represented 

as a 2 × 3 matrix that contains Rotation, Scaling, 

Translation, horizontal flip, vertical flip, incremental 45° 

flip and shear transformations as follows: 

 𝐹𝑖(𝑥, 𝑦) = (𝑎𝑖𝑥 + 𝑏𝑖𝑦 + 𝑒𝑖 , 𝑐𝑖𝑥 + 𝑑𝑖𝑦 + 𝑓𝑖). (13) 

The first phase of AFPG module is to extract the 

essential elements from the base antenna pattern. A 

triangular shape and a rectangular shape as in Fig. 3 are 

given as the base patterns to the AFPG. The rectangular 

shape is limited to use with the patch and waveguide 

where are the triangular shape is set free to construct the 

fractal pattern.  
 

 
 

Fig. 3. Triangle and rectangle base patterns. 
 

Let 𝜂 be the expected number of central resonant 

frequencies,𝛤 be the expected central resonant frequency 

and 𝜔 be the expected bandwidth. Then ∀𝑖 = 1 →
𝜂: (𝛤𝑖 , 𝜔𝑖) are the inputs given to the AFPG pattern 

generation algorithm. Since the pattern generation 

algorithm has the freedom to generate multiple number 

of iterations based on Equation (13), getting the fine-

tuned dimension vectors the antenna pattern is possible 

altogether.  

The AFPG pattern generation algorithm is given 

below. 
 

Algorithm 1: AFPG pattern Generation <Input: 
(𝛤𝑖 , 𝜔𝑖)[𝜂], Output: Vector Image> 

Step 1: Interpret and load base patterns 

Step 2: Estimate and assign dimensions 

based on equations 6 to 11 

Step 3: Call AFCA module 

Step 4: Observe generated pattern’s 

frequency characteristics 

Step 5: Check observed results with ∀𝑖 =
1 → 𝜂: (𝛤𝑖 , 𝜔𝑖)and go to step 9 if 

match found 

Step 6: Scale pattern to next size 

Step 7: If size exceeds maximum permitted 

dimension 

 Resize pattern 

 Apply pattern generation function by 

Equation 13 

Step 8: Go to step 3 

Step 9: Halt process and load converged 

result to memory 

 

The output of this AFPG algorithm is a vector  

image that epitomizes the fractal antenna pattern. The 

amalgamated flow of AFCA and AFPG is given in Fig. 

4. 
 

 
 

Fig. 4. AFCA and AFPG combined flow diagram. 

 

C. Nitinol based pattern selector 

Microstrip patch antennas cannot afford heavy 

electromagnetic switching arrangements. Therefore, a 

lightweight switching arrangement is required to alter  

the connectivity pathways for reconfigurability. Nickel 

Titanium – which is often represented as Nitinol has the 

property of shape memory, which is a boon for designing 

different pathways in microstrip patch antenna. Different 

pathways of an antenna make it reconfigurable and 

enables the multiband support attribute. A Nitinol strip 

is made up of three main substances. The first one is the 

nitinol substrate which is placed over an elastic steel 

surface with Kapton insulation [20] material between 

them. The side view of a typical nitinol switching 

arrangement is given in Fig. 5. 
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Fig. 5. Nitinol switching arrangement. 

 

The shape of the Nitinol can be controlled using 

resistive heating methodology. The interesting fact about 

nitinol is many of the materials get enlarge during the 

heating process whereas the Nitinol gets shrunk by 

heating. Since it works as a resistor, it gets some heat 

naturally while conducting the current and it can be 

restored to normal position when the heat is reduced by 

removing current through it. The elastic steel, Kapton 

insulation and the Nitinol substrate altogether forms the 

Nitinol strip. The elastic steel is used as the contact, the 

nitinol substrate us used as the actuator and the Kapton 

insulation functions as the shape memory by reducing 

the recovery speed of Nitinol. 

This nitinol switching arrangement is used as the 

antenna pattern selector based on the required bandwidth 

of proposed dual-band reconfigurable fractal antenna. 

 

V. EXPERIMENTAL SETUP 
A high-power computer is required to get the 

converged result of ANN since the AFPG module 

overstepped thousands of iterations. HFSS software is 

also a fairly high computational resource demanding  

one. Therefore, the experimental setup is split into  

two different computational environments. A dedicated 

cloud server with Xeon E5-2620v4 12 core processor 

equipped with 16GB DDR4 2400MHz RAM is leased to 

execute the AFPG and AFCA modules. A laptop with 

Intel Core i5 processor and 4GB RAM is used as the 

remote loader and monitor for the AFPG and AFCA 

modules. A dedicated UI is used to initialize, execute and 

monitor the proposed method in the server. The server 

will continue to run and log the converged antenna 

patterns even after shutting down the remote-control 

laptop. The UI will fetch the most recent converged 

pattern whenever it is getting executed in the remote  

laptop. Experimental setup architecture is given in Fig. 6. 

 

 
 

Fig. 6. Experimental setup. 

VI. RESULTS AND ANALYSIS 
The converged ANN antenna pattern based on  

the elementary based patterns as in Fig. 3 at 211602nd 

iteration is given below in Fig. 7 (a) and Nitinol Strip 

switching placements are given in Fig. 7 (b). 
 

 
 (a) 

 
 (b) 
 

Fig. 7. (a) Converged antenna pattern, and (b) Nitinol 

switch placement. 
 

NS1 and NS2 in Fig. 7 (b) are the first and second 

nitinol switch placements. The switching configurations 

can be set to four possible cases as in Table 1. 
 

Table 1: Switching status and selected modes 

NS1 NS2 Configuration 

Off Off Mode 0 

Off On Mode 1 

On Off Mode 2 

On On Mode 3 

 

Obtained antenna patterns by using NS1 and NS2 in 

all 4 configuration modes are given in Fig. 8. 
 

 
 

Fig. 8. Mode pattern configuration. 

AMBIGAPATHY, PARAMASIVAM: RECONFIGURABLE FRACTAL ANTENNA 359



A. Configuration mode 0 

Configuration mode 0 is selected when both NS1 

and NS2 Nitinol strips are on off state. The resonant 

frequency characteristics of this configuration are given 

in Fig. 9. 
 

 
 

Fig. 9. Return loss graph of configuration mode 0. 
 

Based on the observations, mode 0 reached less than 

25 dB between 800MHz and 950 MHz which comes 

under GSM bandwidth. The gain is about 6 ~ 7.2 dB in 

the resonant frequency band. This mode does not get 

enough gain for 2.4 GHz which reveals that mode 0 is 

not suitable for Bluetooth or Wi-Fi communication.  
 

B. Configuration mode 1 

Configuration mode 1 is achieved while NS1 is on 

position and NS2 is in off position. This mode supports 

two different frequency bands of 850 MHz ~ 1.05 GHz 

and 2 GHz ~ 2.6 GHz which is suitable for GSM, 

Bluetooth and Wi-Fi applications. The peak gain 7.7 dB 

is achieved in 2.38 GHz resonance frequency as shown 

in Fig. 10.  
 

C. Configuration mode 2 

This configuration mode is achieved by turning off 

NS1 and turning on NS2. This mode also supports two  

different resonant frequency bands with 2.4 GHz and  

5.18 GHz center frequency. The 2.4 GHz band ranges 

from 2.2 GHz to 2.76 GHz and the 5.18 GHz band ranges 

from 4.96 GHz to 5.38 GHz with lesser then 25 dB of 

return loss. The simulation graph is given in Fig. 11. 

 

 
 

Fig. 10. Return loss graph of configuration mode 1. 

 

 
 

Fig. 11. Configuration mode 2 return loss graph. 

 

Configuration mode 2 can be used for Bluetooth and 

Wi-Fi applications with its 7.7 dB gain at 2.4 GHz. The 

gain of 8.2 dB at 5.18 GHz makes it possible to use for 

5G applications.  

 

D. Configuration mode 3 

This pattern configuration is accomplished by turning 

on both NS1 and NS2 Nitinol switching arrangements. 

Three frequency band widths with 700 MHz, 2.38 GHz 

and 5.1 GHz center frequencies are achieved in this 

configuration. The obtained bandwidths are 580 MHz ~ 

1.1 GHz, 2.18 GHz ~ 2.6 GHz and 4.82 GHz ~ 5.23 GHz 

with less than 25 dB return loss. This mode is suitable 

for GSM, Bluetooth, Wi-Fi and 5G applications. 

The gain at 700 MHz, 2.38 GHz and 5.1 GHz center 

frequencies are about 8.2 dB, 6 dB and 6.2 dB. The 

Power Standing Wave Ratio (PSWR) for the generated 

antenna pattern is 1.21 as measured in the simulation. 

The return loss graph of configuration mode 3 is given 

in Fig. 12 and the comparison of return loss, gain and 

VSWR for various frequency are given in Table 2. 

 

 
 

Fig. 12. Configuration mode 3 return loss graph. 

 

The antenna has fabricated for our proposed method 

and also the radiation pattern of configuration mode 3 is 

given in the Fig. 13. The measured values of Return loss 

(RL), Gain and Voltage Standing Wave Ratio (VSWR) 

are listed in the Table 2. 

Figure 14 shows the S11 parameter values by 

comparing the measured and simulated data for different 

frequencies. 
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Table 2: RL-Gain-VSWR graph 

 

 
 

Fig. 13. Fabricated antenna and mode 3 radiation pattern. 
 

 
 

Fig. 14. S11 parameter measured vs simulated graph. 
 

VII. CONCLUSION 
A fractal image inspired antenna pattern is achieved 

with the help of ANN and the proposed reconfigurable 

antenna comprehends GSM, Bluetooth, Wi-Fi and 5G 

bands which is very suitable for wearable devices such 

as health wristbands. The reconfigurable property is 

achieved by presenting Nitinol based micro switching 

mechanism. The configuration mode 0 supports only 

GSM band with lesser bandwidth which has the less 

scope of applications. But Configuration mode 1 and 2 are 

supporting GSM + Wi-Fi applications and Wi-Fi + 5G 

applications respectively. Configuration mode 3 supports 

GSM, Bluetooth, Wi-Fi and 5G frequency bands with 

acceptable gain values. Many of the upcoming digital 

gadgets are having the communication capability in GSM, 

Wi-Fi and 5G bands. A wearable microstrip antenna that 

supports these bands will be very helpful for personal 

care electronic gadgets and wearable devices. Hence, the 

proposed antenna pattern may be recommended for the 

impending wearable electronic communication devices. 
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