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I. INTRODUCTION 

Given the importance of scattering by cavities in various ap-

plications, such as radar cross-section studies and non-des-  

tructive testing [1–3], considerable research has recently ana-

lyzed scattering from filled open cavities through different tech-

niques [3–8]. In all these works, a cavity was assumed to be a 

very smooth surface, and the most important aspects examined 

were cavity shape as well as the accuracy and time efficiency of 

simulations.  

The current research differs from previous studies in that it 

investigated the effects of filling material roughness on scatter-

ing from a rectangular groove given the important role that this 

property plays in scattering problems. From an electromagnetic 

point of view, describing a surface as smooth or rough depends 

on the frequency and incidence angle of waves. The calculation 

of scattering waves from rough surfaces is usually a difficult task, 

especially for complex geometric shapes and randomly distribut-

ed surfaces. In this regard, the small perturbation method has 

been suggested as an approach to modeling scattering waves 

from rough surfaces under low-frequency constraints [9]. Under 

high-frequency limitations, however, the Kirchhoff model is 

preferable in predicting the scattering of waves from a surface 

[10]. To expand approaches to modeling under these con-

straints, researchers developed the integral equation model 

(IEM), which covers all frequency intervals at high accuracy 

[11]. In [11], the authors introduced the IEM based on the 

electric field integral equation (FIE) and considered approxima-

tions of the phase of a Green’s function in the spectral domain. 

The author later enhanced his version of the IEM through 

some modifications [12]. Notwithstanding the value of these 

initiatives, however, little research has been devoted to the ef-

fects of filling material roughness on scattering from a rectangu-

lar cavity.  
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This study investigated the effects of filling material roughness on the H-polarized scattering signatures of a two-dimensional (2D) rec-

tangular groove embedded on an infinite ground plane. Under the assumption of a weakly rough surface on the groove, simplifying sup-

positions can be used to estimate Green’s functions inside and outside the groove. Enforcing continuity in the tangential magnetic field 

on the rough surface enables the construction and resolution of a Fredholm’s integral equation with logarithmic singularity. The results 

were verified via two full-wave electromagnetic field simulations carried out using the finite element method and the method of moments. 

The findings showed that even a weakly rough surface, such as a polished exterior with weak residual roughness, can considerably affect 

and change 2D scattering patterns. 
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To address this gap, we inquired into the extent to which the 

weakly rough surface of a filled groove (such as a polished exte-

rior with weak residual roughness) can change scattering signa-

tures. To derive scattered fields, we used the FIE method in such 

a way that a closed-form integral equation for a rough surface 

was constructed and then solved via the method of moments 

(MoM), which uses the pulse basis function. The advantage of 

the FIE is that a problem with minimal mesh points can be 

solved in a way that enables the division of a rough surface into 

small elements. The challenge is that in commercial electromag-

netic simulators for which complete numerical methods such as 

the MoM and FEM (finite element method) are used, the en-

tire surface that surrounds a groove or its volume must be 

meshed. In these simulations, time efficiency is a problem. For 

example, in computing scattering waves from a small groove on 

a large object, the number of meshes and CPU time must be 

increased considerably. In this work, we assumed that the sur-

faces of two walls and the bottom portions of a rectangular 

groove and an infinite ground plane have a perfectly smooth 

surface and that the filling material has a weakly rough surface, 

thereby preventing maximum variations in the groove surface to 

exceed a few tenths of the wavelength of an incident wave and 

groove depth.  

The rest of the paper is organized as follows. Section II de-

scribes some simplifying assumptions that were considered in 

the approximation of Green’s functions inside and outside the 

groove. In applying continuity in the tangential magnetic field 

to the rough surface, a logarithmic singular magnetic field inte-

gral equation (MFIE) was constructed for the equivalent mag-

netic current. Section III discusses the discretization of the 

MFIE with logarithmic singularity and its subsequent resolu-

tion via the MoM. We used a set of constant values for local 

points (pulse basis function) on the rough surface to approxi-

mate the equivalent magnetic current. Increasing the number of 

points employed enhances the accuracy of results. After the sin-

gularity was eliminated, the MFIE was converted into a system 

of linear equations. A solution of a linear system of N equations 

needs an operation count relative to 𝑁 . Section IV presents 

the comparison of the proposed technique with the FEM and 

MoM used in HFSS and FEKO. We also employed the pro-

posed method to compare the scattering patterns of three typi-

cal cases: convex, concave, and smooth surfaces. The analysis of 

the results indicated that the roughness of a filling material can 

alter the scattering signature of a filled rectangular groove.  

II. PROBLEM DESCRIPTION 

Let us assume that a two-dimensional filled rectangular 

groove is embedded on an infinite ground plane. The groove is 

created using three perfect conductor walls with a very smooth 

surface. The filling material has a continuous rough surface with  

 

Fig. 1. Geometry of a rectangular groove filled with a rough mate-

rial ε , μ . 

 

an arbitrary profile 𝑙 ∶ 𝑦 𝑓 𝑥  (Fig. 1). An H-polarized in-

cident plane wave illuminates the groove. By enforcing conti-

nuity in the tangential magnetic field on surface l, we derive 
 

 𝐻 𝐻 𝐻 𝐻
𝑙 ∶ 𝑦 𝑓 𝑥  (1)

 

The sum of incident and reflected magnetic fields can be 

written as 
 

𝐻 𝐻 2𝑒  
𝑙 ∶ 𝑦 𝑓 𝑥  

 

(2)

 

where 𝑘  and 𝜑  are the free space propagation constant and 

incidence angle, respectively. The z-component of the tangen-

tial magnetic field in regions 1 and 2 (𝐻  and 𝐻 , 

respectively) on the rough surface are obtained as follows: 

 

(a) Determining 𝐻   

By considering the Green’s function in region 1, the tangen-

tial magnetic field 𝐻  on the rough surface can be ob-

tained thus [3]: 
 

𝐻 𝑥, 𝑦
𝑘 𝑌

2
𝑀 𝑟 𝐻 𝑘  |𝑟 𝑟 | 𝑑𝑙

𝑙: 𝑦 𝑓 𝑥  

(3)
 

 

where 𝑟 𝑥𝑥 𝑦𝑦 , 𝑟′ 𝑥′𝑥 𝑦′𝑦  and  |𝑟 𝑟 |

𝑥 𝑥′ 𝑦 𝑦′ . Moreover, 𝑌  is the intrinsic admit-

tance in free space, and 𝐻 .  is the zero-th order Hankel 

function of the second kind. 
  

(b) Determining 𝐻  
 

We assumed that the maximum variations in the groove sur-

face in terms of cavity depth and wavelength are small. We can 

therefore approximate the Green’s function 𝐺 𝑟, 𝑟  in the 

groove as 
 

𝐺 𝑟, 𝑟
𝜀
𝑊

𝑔 𝑦 0, 𝑦′ cos
𝑝𝜋𝑥
𝑊

cos
𝑝𝜋𝑥

𝑊 (4)
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in which function 𝑔 𝑦 0, 𝑦′  is estimated in the following 

manner: 
 

𝑔 𝑦 0, 𝑦 𝑔 𝑓 𝑥
1

𝑘 𝑥 tan 𝑘 𝑥 𝑡
 

(5)
 

The variable 𝑘 𝑥′  in Eq. (5) is given by 
 

𝑘 𝑥′ 𝜔 𝜀 𝜀 𝑥 , 𝑓 𝑥 𝜇
𝑝𝜋
𝑤

 (6)
 

where 𝜀 𝑥′, 𝑓 𝑥  is the effective relative dielectric permit-

tivity of the filling material for the configuration shown in Fig. 2. 

This permittivity can be determined as follows [13]: 
 

𝜀 𝑥, 𝑦 𝜀 𝑥, 𝑓 𝑥 𝜀
  

𝜀 𝜀  

𝐻 𝑥 𝑥
∆
2

𝐻 𝑥 𝑥
∆
2

 

𝐻 𝑓 𝑥 𝑦
ℎ
2

𝐻 𝑓 𝑥 𝑦
ℎ
2

 
 

(7)
 

in which 𝐻 .  is the Heaviside function, N is the number of 

subdivision lengths ∆, the coordinate of the nth sector is at 

point 𝑥 ,𝑦 , and its size is ∆, as determined on the basis of 

ℎ .  

With consideration for the Green’s function 𝐺 𝑟, 𝑟  in re-

gion 2, the 𝐻  on the rough surface can be given by 
 

𝐻 𝑗𝑘 𝑌 𝑀 𝑟 G r, r 𝑑𝑙 
𝑙: 𝑦 𝑓 𝑥  

(8)

 

Replacing Eqs. (3), (8), and (2) in Eq. (1) yields the following 

integral equation:  
 

2𝑒
𝑘 𝑌

2
 

              𝑀 𝑟 𝐻 𝑘  |𝑟 𝑟 | 𝑑𝑙

𝑗𝑘 𝑌 𝑀 𝑟 G 𝑟, 𝑟 𝑑𝑙 
 

(9)
 

 

Fig. 2. A rectangular groove filled with a material with a weakly 

rough surface. 

Integral equation (9) is a Fredholm’s integral equation of the 

first kind and can be represented in the form below: 
 

𝐵 𝑥, 𝑦 𝑀 𝑥 , 𝑦′ 𝐾 𝑥, 𝑥 , 𝑦, 𝑦 𝑑𝑙 (10)

 

where 𝐾 𝑥, 𝑥 , 𝑦, 𝑦  and 𝐵 𝑥, 𝑦  are defined as follows:  
 

𝐾 𝑥, 𝑥 , 𝑦, 𝑦 𝐾 𝑥, 𝑥 , 𝑓 𝑥 , 𝑓 𝑥 𝐾 𝑥, 𝑥 (11)

𝑘 𝑌
2

𝐻 𝑘 𝑥 𝑥 𝑦 𝑦

𝑗𝑘 𝑌 𝐺 𝑥, 𝑥     
 

𝐵 𝑥, 𝑦 𝐵 𝑥, 𝑓 𝑥 𝐵 𝑥

2𝑒  (12)
 

III. SOLUTION OF INTEGRAL EQUATION 

Let us consider the rough surface l:𝑦 𝑓 𝑥  illustrated in 

Fig. 1. Differential dl is defined as 
 

𝑑𝑙 𝑑𝑥 𝑑𝑦 𝑑𝑥 1
𝑑𝑦
𝑑𝑥

𝑑𝑥 1 𝑓′ 𝑥  (13)
 

Function 𝑁 𝑥  is defined thus:  
 

𝑀 𝑥 𝑀 𝑥, 𝑓 𝑥
𝑁 𝑥

1 𝑓′ 𝑥
 

 

(14)
 

Substituting Eqs. (13) and (14) in Eq. (9) rearranges integral 

equation (9) as follows: 
 

𝐵 𝑥 𝑁 𝑥 𝐾 𝑥, 𝑥 𝑑𝑥  
(15)

 

Numerous methods can be used to solve integral equation 

(15). To discretize it, we used the MoM, wherein func-

tion 𝑁 𝑥  is approximated via the pulse basis function series 

with constant width ∆ [8]. That is,  
 

𝑁 𝑥 ≅ 𝑁 𝑃∆/ 𝑥 𝑥  
(16)

 

where 𝑥 𝑛∆ ∆/2 and 𝑁  are the unknown coefficients 

of pulse expansion 𝑁 𝑥 . When Eq. (16) in Eq. (15) is re-

placed and certain mathematical simplifications are performed, 

for each midpoint 𝑥 , integral equation (15) becomes 
 

𝐵 𝑥 ∆ 𝑁
    

𝐾 𝑥 , 𝑥

𝑁 𝐾 𝑥 , 𝑥 𝑑𝑥′

∆/

∆/

 

(17)
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in which 
 

𝐾 𝑥 , 𝑥   
𝑘 𝑌

2
𝐻 𝑘  𝑥 𝑥 𝑓 𝑥 𝑓 𝑥′  

 

(18)
 

𝐾 𝑥 , 𝑥
𝑘 𝑌

2
 

𝐻 𝑘  𝑥 𝑥 𝑓 𝑥 𝑓 𝑥
𝑗𝑘 𝑌

𝑊
. 

 

𝜀 sinc
𝑝𝜋∆
2𝑊

𝑘 𝑥 tan 𝑘 𝑥 𝑡 𝑥
  

cos
𝑝𝜋𝑥

𝑊
cos

𝑝𝜋𝑥
𝑊 (19)

 

The singular integral in Eq. (17), which originates from the 

logarithmic singularity in Hankel function 𝐻 . , is given by  
 

𝐾 𝑥 , 𝑥 𝑑𝑥

∆

∆

𝑘 𝑌  

𝐻 𝑘  𝑥 𝑥 𝑓 𝑥 𝑓 𝑥 𝑑𝑥′

∆/

(20)

 

In accordance with the derivative definition, when 𝑥  is 

close to 𝑥 , we derive 
 

𝐻 𝑘  |𝑥 𝑥 | 1 𝑓′ 𝑥′ lim 
→

𝑘 𝑌
2

 

𝐻 𝑘  𝑥 𝑥 𝑓 𝑥 𝑓 𝑥′  (21)
 

The small argument approximation for the Hankel function 

in Eq. (21) is used in the following manner: 
 

  𝐻 𝛽 1
2𝑗
𝜋

ln
𝛽𝛾
2

 (22)

 

where 𝛽 𝑘  |𝑥 𝑥 | 1 𝑓′ 𝑥′ , and 𝛾 1.78107 is 

Euler’s constant. Integrating singular integral (20) analytically 

yields 
 

𝐾 𝑥 , 𝑥 𝑑𝑥

∆/

∆/

 

𝑘 𝑌
2

∆ 1
2𝑗
𝜋

ln
∆𝛾
4𝑒

𝑘 1 𝑓′ 𝑥   

(23)

 

where e  = 2.71828 is Nipper’s constant. In Eq. (17), taking N 

= M represents integral equation (15) in matrix form thus: 
 

𝐾. 𝑁 𝐵 (24)
 

where 𝑁 𝑁 , 𝑁 , … , 𝑁  are the unknown coefficients that 

should be computed. 𝐵 𝐵 𝑥 , 𝐵 𝑥 , … , 𝐵 𝑥  is an 

excitation matrix, and matrix elements 𝐵  are calculated as 

follows: 

 

𝐵 𝑥 2𝑒 (25)
 

𝐾  can be expressed as 
 

𝐾
𝑗𝑘 𝑌

𝑊

𝜀 sinc
𝑝𝜋∆
2𝑊

𝑘 𝑥 tan 𝑘 𝑥 𝑡 𝑥  

 

cos
𝑝𝜋𝑥

𝑊
cos

𝑝𝜋𝑥
𝑊

𝑘 𝑌
2

 

𝐻 𝑘  𝑥 𝑥 𝑓 𝑥 𝑓 𝑥 , 𝑚 𝑛

∆ 1
2𝑗
𝜋

ln
∆𝛾𝑘

4𝑒
1 𝑓′ 𝑥  ,     𝑚 𝑛

 

 

(26)

 

Now, matrix 𝑁 can be calculated through matrix inversion. 

After calculating unknown coefficients 𝑁 , coefficients 𝑀  

are determined using Eq. (14), and then far-field waves and 

echo widths can be obtained using the formulas presented in  

[3]: 
 

𝐻 𝑧
𝑒

𝜌
𝑒

𝑘 𝑦
2

2
𝜋𝑘

 

𝑁 𝑥

1 𝑓′ 𝑥
𝑒 𝑑𝑥′ (27)

 

𝜎
2𝐷
𝑇𝐸

lim
→

2𝜋𝜌 
|𝐻 |
|𝐻 |

 
 

(28)
 

IV. RESULTS 

This section recounts the verification of the proposed method 

via the FEM and MoM solutions used in HFSS and FEKO. 

We carried out comparisons for the groove shown in Fig. 1 with 

convex (Fig. 3(b)) and concave (Fig. 3(a)) surfaces. Fig. 4(a) and 

4(b) illustrate the effects of the angle of incidence on the 

backscattering echo widths of a filled groove with a concave 

surface (Fig. 3(a)) having the profile 𝑓 𝑥 0.2𝑥 0.4𝑥 

and a filled groove with a convex surface (Fig. 3(b)) character-

ized by the profile 𝑓 𝑥 0.2𝑥 0.4𝑥, respectively. The 

comparisons were conducted using FEM and MoM solutions 

to highlight the validity and accuracy of the proposed method 

(Fig. 4(a) and 4(b)). The results in Fig. 4 are in good agreement 

with the other numerical solutions. The echo widths are depict-

ed in Fig. 4(a) and 4(b), and the echo width of a filled rectangu-

lar groove with a very smooth surface is shown in Fig. 5 to ex-

amine the difference between these echo widths. An analysis of 

the results presented in Fig. 5 indicated that so long as the inci-

dence angle is greater than 80  𝜑 80 , only a slight dif-

ference in echo widths occurs. As the incidence angle decreases, 

this difference increases. It also becomes more pronounced at 

grazing angles. A comparison of the diagrams displayed in Fig. 5  
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(a) 

 

(b) 

Fig. 3. Geometry of a filled rectangular groove with (a) convex and 

(b) concave surfaces. 

 

 

(a) 

 

(b) 

Fig. 4. Backscattering echo widths of the rectangular groove with 

the rough surface shown in Fig. 3 for various incidence an-

gles and the following conditions: 𝑤 4𝜆, 𝑑 1𝜆, 𝜀
2.5 𝑗0.2, 𝜇 1.8 𝑗0.1, as well as (a) convex surface   

(𝑓 𝑥 0.2𝑥 0.4𝑥 ) and (b) concave surface (𝑓 𝑥
0.2𝑥 0.4𝑥). 

 

demonstrates that a rough surface can alter the levels and posi-

tions of dips.  

We likewise used the proposed method to inquire into the ef-

fects of roughness on bistatic echo width. Taking the bistatic 

echo width pattern of the smooth surface as the reference, we 

can deduce from Fig. 6 that a rough surface affects bistatic echo 

width more strongly on the wave incidence side than on another 

region. In other words, back reflections change more frequently. 

 

Fig. 5. Simultaneous display of the backscattering echo widths 

shown in Fig. 4. 
 

Rough surface 𝜑 60  

 

 

Convex surface 

 

 

 

Smooth surface 

 

 

 

Concave surface 

 

Fig. 6. Bistatic echo width patterns for different rough surfaces of a 

filled rectangular groove at 𝑤 4𝜆, 𝑑 1𝜆, 𝜀 2.5
𝑗0.2, 𝜇 1.8 𝑗0.1, 𝜑 60 . 

 

Note, however, that as the gradient of surface equation 

(|𝑓 𝑥 |) increases, the number of subdivisions N in Eqs. (7) 

and (16) should be augmented to derive accurate results. If such 

a gradient change rapidly at point  𝑥 , or 𝑓′ 𝑥 ∞, the 

obtained findings would be invalid, and the method put forward 

in this work cannot be used. 

Finally, the results suggested that a weak residual roughness 

of polished surfaces can alter monostatic and bistatic patterns. 

These changes are significant at some observation angles.  

The solution of the problem described in this paper and its 

results can be used in radar cross-section reduction studies, non-

destructive testing, and surface roughness testing applications. 

V. CONCLUSION 

The H-polarized scattering by a filled rectangular groove 

with a weakly rough surface embedded on an infinite ground 

plane was examined. We considered some appropriate approxi-

mations for Green’s functions to simplify and solve an integral 

equation on the groove surface. We employed this method to 
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look into scattered waves from convex, concave, and smooth 

surfaces. The results showed that for incidence angles near the 

normal, backscattering echo widths are approximately equal. If 

an incidence angle decreases, the difference between backscat-

tering echo widths increases. We also determined the bistatic 

patterns of the above-mentioned cases. The findings demon-

strated that a weakly rough surface, such as a polished exterior 

with a weak residual roughness, can change scattering signatures 

considerably.  
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I. INTRODUCTION 

Wireless power transfer (WPT) based on inductively coupled 

resonance was first introduced in [1], where an efficiency of 

about 40% was achieved with a separation of approximately 2 m 

between Tx and Rx of spiral shapes. Since then, the inductively 

coupled resonant WPT technology has been developed in theo-

ry and also applied to many applications including WPTs to 

multiple receivers, electric mobile phones, home appliances, 

motor vehicles, biomedical devices, and so on [2–6]. In most 

practical WPT devices, the information of power-receiving 

units needs to be transferred to power-transmitting units. There 

may be a variety of information but the identification numbers, 

stored power levels, etc., are essentially required in the basic 

operation of WPT devices. To cope with this necessity, the 

simultaneous wireless and information power transfer (SWIPT) 

has been studied in various forms of geometry and for the possi-

ble merging of information and power in the near future [7–10]. 

However, most of the research papers in this area focus on the 

numerous architectures in the high level of the hierarchy. How-

ever, some papers focusing on actual structures enabling infor-

mation transfer in the current WPT frame are at times available, 

under the name of wireless power and information transfer 

(WPIT). 

In [11], theory of high-order modulation for near-field RF 

identification (RFID) and WPT was presented. A system that 

transmits power using a triangular current waveform and trans-

mits information to its third-order harmonic was reported in 
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[12]. In [13], a WPIT technology based on binary frequency 

shift keying modulation using the dual bands of a series-parallel 

combined resonant circuit was proposed. Its experimental pro-

totype exhibited a communication rate up to 20 kbps, while 

maintaining a power transfer efficiency greater than 85% at a 

distance of 50 mm. However, these systems are complex in con-

figuration. In [14], a frequency-agile load modulation scheme 

was proposed for a reliable near-field magnetic resonance WPT 

system. A wireless power and bidirectional data transmission 

scheme through mutual coupling between two isolated LC res-

onators was proposed in [15]. The near-field communication 

(NFC) [16] used for RFID technology may also be promising 

for delivery of this information by means of load modulation 

techniques. The existing NFC and other WPIT demonstra-

tions are practically limited within a distance of several centime-

ters. 

In this paper, we use simple mathematical expressions to ana-

lyze a WPIT system in terms of power and information transfer 

capabilities. Then, we provide design equations for a specifically 

required efficiency and transfer capability of Rx status infor-

mation. Especially, to assess the information (including Rx sta-

tus) transfer capability from Rx to Tx in a systematic manner, 

we propose a new metric using the input impedances at the Tx 

terminal depending on Rx loads. Its effectiveness and usefulness 

is validated by several design examples. 

In Section II, the WPT performance of a single-input multi-

ple-output (SIMO) system in terms of input impedances, effi-

ciencies, and optimum loads for maximum efficiency are briefly 

discussed. Then, we newly define the figure of merit for infor-

mation delivery using Tx input impedance variations depending 

on Rx load variations and demonstrate its usefulness. In Section 

III, we present some practical examples to validate the proposed 

WPIT methodology with electromagnetic (EM)-simulated 

results. The conclusions and closing comments are in Section 

IV. 

II. DESIGN THEORY 

Fig. 1 shows the equivalent circuit of a WPIT system. The 

system is composed of Tx0 (or Tx) and Rx1 (or Rx) coils (or 

loops), which may be a single turn loop or a multi-turn loop or a 

spiral coil, separated by a certain distance d. The loops, having 

inductances, are loaded with capacitors for LC resonance. The 

power is transferred from Tx to Rx via magnetically coupled 

resonant loops. Ri and Li are the resistance and inductance of 

the Tx (i = 0) and Rx (i = 1) loops, respectively. Ci is the capaci-

tance of the lumped capacitor for Tx (i = 0) and Rx (i = 1), re-

spectively. ri is the radius of the ith loop and rin,i is the inner radi-

us of the ith loop wire. V0 is the voltage at the input. The single-

pole single-through (SPST) switch is operated between off (for 

an optimum load) and on (for a shorted load). The usual func- 

Fig. 1. Configuration of a magnetically coupled wireless power and 

information transfer (WPIT) system. 
 

tion of the Rx matching circuit is to transform the usually small 

Rx optimum load to the large device load (say, 50 Ω). Conven-

tional WPT has been made with the switch off to achieve max-

imum efficiency. The Rx status information (such as a device 

identity, energy charged levels, etc.) can be transferred from Rx 

to Tx by switching between the on and off states of the SPST. 

Based on this equivalent circuit, the system is usually formulated 

by a Z-matrix given by 
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where k is the coupling coefficient between Tx and Rx loops 

[17]. It is well known that k approaches 1 as the distance be-

tween Tx and Rx becomes 0 and it approaches 0 as the distance 

between Tx and Rx becomes very large. V0 is the source voltage, 

RL is the Rx load resistance, and ω is the angular frequency. I0 

and I1 are the currents on loop 1 and 2, respectively. The ratio of 

currents on Tx and Rx loops is given by [18]: 
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It is observed that as RL increases, (2) becomes small and ap-

proaches 0 as RL goes to infinity (open). The phase of the cur-

rent flowing on Rx (I1) is 90° ahead of that flowing on Tx (I0) 

following Faraday’s law. The input impedance is defined as the 

ratio of V0 and I0 on a Tx terminal and expressed as 
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At the resonant frequency, the input impedance (3) reduces 

to 
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If we define the figure of merit for the power transfer (F) as 
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the input impedance (4) at the resonant frequency depending on 

the Rx load RL can be re-written as 
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which is a purely real number. At this point, the essential part of 

power transfer efficiency for a resonant WPT system needs to 

be summarized [17]. The efficiency can be stated in a simple 

manner by 
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where b is the deviation factor against the Rx optimum load 

RL,opt defined by 
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A short observation of (7) tells that it is a function of the fig-

ure of merit for power transfer (F) and b, and a large F is merely 

a necessary condition for a high efficiency. The maximum effi-

ciency is guaranteed with the additional condition of b = 1     

(
2

, 1 1L L optR R R F   ). 

Now, we examine the ways of transferring Rx status infor-

mation (or others) to Tx. Monitoring (6) at the Tx terminal 

depending on RL is just like monitoring the current on Tx (I0) 

depending on RL since I0 = V0/Zin. When RL = 0 (short), the 

system is at the over-coupled limit, no power is transferred to 

Rx, and the efficiency (7) is 0. However, the largest current is 

induced on Rx and the magnetic flux back to Tx affects the Tx 

input impedance most significantly, and the input impedance 

becomes the largest: R0(1 + F2). With this, the Tx current I0 

becomes the smallest. When RL = ∞ (open), no current is in-

duced on the Rx loop, the system is at the under-coupled limit, 

no power is transferred to Rx, the efficiency (7) is also 0, the Tx 

is as if being isolated from Rx, and the Tx input impedance be-

comes that of its own: R0. When 
2

, 1 1L L optR R R F    (b = 

1) (optimum for maximum efficiency), (6) becomes 
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Table 1. Input impedances and transfer efficiencies depending on 

Rx loads at resonant frequency 

Load status RL (Ω) b Zin(ω0) (Ω) η(ω0) 

Short (over-

coupled limit)

0 0  2
0 1R F 0

Optimum (crit-

ically-coupled) 

2
1 1R F  1 2

0 1R F

 
2

2
21 1

F

F 

Open (under-

coupled limit)
    0R  0

 

The current variations on Tx (or the input impedance varia-

tions) depending on RL (open, short, optimum) can be used for 

the information transfer from Rx to Tx. These input impedanc-

es (6) and the power transfer efficiencies (7) are summarized in 

Table 1. 

NFC [16] more or less utilizes these variations of Zin at the 

Tx terminal occurring between the two load states of Rx, but 

mostly at a close proximity of Tx to Rx. Using the results in 

Table 1, we can assess the transfer capability of Rx information 

for the usual resonant WPT systems. 

The best choice of the Rx load set for information transfer 

from Rx to Tx may be the short (over-coupled limit) and open 

(under-coupled limit) states, since this results in the largest cur-

rent variation at the Tx with the effect of a lowest bit error rate. 

However, it is noted that with this choice, power is not trans-

ferred to Rx. The best Rx load choice for WPIT may be the 

short (for the greatest magnetic flux effect to Tx) and optimum 

(for the highest power transfer efficiency) loads. The real re-

sistance of the SPST switch (Fig. 1) for the short state is not 

exactly 0. The practical resistance is about 10 mΩ but does not 

much affect the results in Table 1. 

For the purpose of quantitative assessment by a new metric, 

we define the figure of merit for Rx information transfer to Tx 

(FI) as a ratio of the Tx Zin when RL = 0 and the same when RL 

= RL,opt in Table 1, given by 
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          (10) 

 

The figure of merit for Rx information transfer to Tx (FI) as 

defined in (10) also corresponds to the current (I0) variation at 

the Tx terminal depending on Rx loads of “short” and “opti-

mum” RL since I0 = V0/Zin. The metric (10) is plotted in Fig. 2 

together with the maximum efficiencies as a function of the 

figure of merit for power transfer (F). We can see that as the 

figure of merit for power (F) increases, the figure of merit for 

information transfer (FI) also increases and the power transfer 

efficiency also increases. Notice that when F is roughly larger 

than 3, the efficiency is greater than 50% and FI almost ap- 
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Fig. 2. Figure of merit for Rx information transfer to Tx (FI) and 

maximum efficiency (ηmax) at the resonant frequency as a 

function of figure of merit for power (F) for a WPIT system. 

 

proaches F. Taking an example, the transfer efficiency of about 

80% is achieved with F = 9, where FI is also about 9. 

III. DESIGN EXAMPLES VALIDATED WITH  

ELECTROMAGNETIC SIMULATIONS 

The real resonant WPT systems realized for an F given by (5) 

are numerous. Several realizations for a system consisting of a 

Tx loop with r0 = 10 cm and a Rx loop with r0 = 5 cm are 

shown in Table 2, where the quality factor Q is the geometrical 

mean of Q0 and Q1 (5).  The coupling coefficients k were ob-

tained using [16]. 

In Table 3, we summarize the same as in Table 2 but for a dif-

ferent system with larger Tx and Rx loops with r0 = r1 = 20 cm, 

enabling power and information transfer in longer ranges. It is 

seen in Table 3 that an efficiency of 56% is achieved for the case  
 

Table 2. Examples of design system configurations (r0 = 10 cm, r1 

= 5 cm, rin0 = rin1 = 0.1 cm, Q1 = 388.81, and Q2 = 334.23)  

d (cm) k Q F FI ηmax (%) 

5 0.0904 360.5 32.6 32.6 94.0

10 0.0419 360.5 15.1 15.1 87.6

15 0.0203 360.5 7.3 7.4 76.1

20 0.0108 360.5 3.9 4.0 60.2

25 0.0063 360.5 2.3 2.5 42.4

30 0.0039 360.5 1.4 1.7 26.7

 

Table 3. Examples of design system configurations (r0 = r1 = 20 cm, 

rin0 = rin1 = 0.2 cm, Q0 = Q1 = 776.2) 

d (cm) k Q F FI ηmax (%) 

10 0.1882 

776.2 

146.1 146.1 98.6

20 0.0836 64.9 64.9 97.0

40 0.0240 18.6 18.7 89.8

60 0.0093 7.2 7.3 75.9

80 0.0044 3.4 3.6 56.1

100 0.0024 1.9 2.1 35.6

of d = 80 cm with FI ≈ F = 7.3. The figure of merit for power 

(F), one important parameter in the resonant WPT efficiency, 

can now be understood as the Tx current variations used for Rx 

information transfer. 

We take the two system configurations with d = 15 cm and 

25 cm in Table 2 and plot the real part (a) and imaginary part (b) 

of the input impedance (3) for different loads of RL = 0 and 

2
, 1 1L L optR R R F    as a function of frequency in Fig. 3. 

The radii of Tx and Rx loops are 10 cm (Q0 = 388.8) and 5 cm 

(Q1 = 334.2), respectively. The Tx and Rx loop wire radii are 

0.1 cm. The imaginary parts (b) of the input impedances for 

both cases of d = 15 cm and d = 25 cm are observed to be zero 

at the resonant frequency since the system is at resonance. The 

real parts (a) of the input impedances at the resonant frequency, 

given by (6) and in Table 1, have the maximums when RL = 0. 

The circuit-simulated figures of merit for information transfer 

(FI) are 3.7/0.5 (= 7.38) for the case of d = 15 cm and 0.42/0.17 

(= 2.48) for the case of d = 25 cm. The EM-simulated figures 

 

 

(a) 

 

(b) 

Fig. 3. Input impedances of SISO system for different loads (r0 = 

10 cm, r1 = 5 cm, rin0 = rin1 = 0.1 cm, Q1 = 388.81, and Q2 = 

334.23): (a) real parts and (b) imaginary parts. 
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of merit for information transfer (FI) are 3.26/0.45 (= 7.2) for 

the case of d = 15 cm and 0.33/0.16 (= 2.1) for the case of d = 

25 cm. The results are in agreement with the theoretical ones of 

7.4 and 2.5 in Table 2. These FIs should be understood as the 

Tx current variations due to the Rx load changes. The overall 

EM-simulated input impedances are shown to be in good 

agreement with the theoretical ones.  

Fig. 4 shows the transient responses of the Tx currents when 

the Rx load switches between with RL = 0 and RL = RL,opt = 

2
1 1R F  with 10 kbps (a) and 20 kbps (b) for the case of d = 

15 cm and Q = 0 1QQ  = 360.5 in Table 2. Based on the AC 

steady state analysis, the Tx current variation (characterized by 

FI) with each Rx load has been found to be almost identical to 

the theoretical value of 7.4. Based on the transient analysis with 

increasing switching rates, Fig. 4(a) and 4(b) show that it takes 

about 0.5 ms for the Tx current to reach a steady state. The 

source voltage V0 in Fig. 1 is assumed to be 1 V. For the shorted 

Rx load with RL = 0 Ω and optimum load with RL = 0.25 Ω, the 

average Tx current envelopes are 0.33 A and 1.97 A, respective-

ly, for the case of the 10 kbps switching rate (Fig. 4(a)). Thus,  
 

(a) 

(b) 

Fig. 4. Circuit-simulated transient Tx current (I0) for different Rx 

loads with 0 (short) and 0.25 Ω (optimum) (V0 = 1 V, fre-

quency = 6.78 MHz, r0 = 10 cm, r1 = 5 cm, rin0 = rin1 = 0.1 

cm, Q1 = 388.8, Q2 = 334.2, d = 15 cm, k = 0.0203, and F 

= 7.3): (a) data rate = 10 kbps and (b) data rate = 20 kbps. 

 

(a) 

 

(b) 

Fig. 5. Circuit-simulated transient Tx current (I0) for different Rx 

loads with 0 (short) and 0.24 Ω (optimum) (V0 = 1 V, fre-

quency = 6.78 MHz, r0 = r1 = 20 cm, rin0 = rin1 = 0.2 cm, Q1 

= Q2 = 776.2, d = 80 cm, k = 0.0044, and F = 3.4): (a) data 

rate = 10 kbps and (b) data rate = 20 kbps. 

 

the ratio of the Tx currents is 6.0 (= 1.97/0.33). For the case of 

20 kbps (Fig. 4(b)), the ratio of the Tx current envelopes is 5.0 

(= 1.96/0.39). Even though the ratio of Tx currents somewhat 

deviates from the expected FI due to the effects of the transients 

from switching operations. 

Fig. 5 shows the same as plotted in Fig. 4 for the different 

configuration of d = 80 cm and Q = 0 1QQ  = 776.2 (F = 3.4, 

FI = 3.6) in Table 3. The Tx current variation with the men-

tioned two Rx loads when reached in steady state is about 3.5 

(close to the theoretical FI of 3.6). The source voltage V0 in Fig. 

1 is assumed to be 1 V. The short and optimum loads (RLs) are 

0 Ω and 0.24 Ω. The ratio of Tx current envelopes is 3.3 for the 

case of 10 kbps and 3.1 for the case of 20 kbps, again close to 

the theoretical value (FI) of 3.6. 

The figure of merit for information transfer (FI) as defined in 

(10), expressed as a function of the figure of merit for power 

transfer (F), has been shown to be very useful in characterizing 

and estimating the resonant WPIT systems, especially in their 

capability of transferring Rx information to Tx. 
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IV. CONCLUSION 

A new metric named “a figure of merit for information trans-

fer” has been defined to assess WPIT systems in their capability 

to transfer information from Rx to Tx. Its usefulness has been 

verified for several WPIT system configurations with wide 

ranges of Tx to Rx distances. It has been found to be close to 

the figure of merit for power and shown to be the ratio of the 

Tx currents when the Rx load is shorted and optimum. Intro-

duction of the new metric is expected to put a basic foundation 

in the evaluation of WPIT systems which started being devel-

oped recently. 
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I. INTRODUCTION 

 

The approach of designing an antenna and a photovoltaic cell 

on the same substrate is useful for reducing costs. However, 

designing them separately is inefficient for reducing the size and 

weight of an Internet of Things (IoT) system. Many recent 

studies have explored the integration of photovoltaic cells with 

antennas because of the potential advantages of wireless com-

munication. An effective approach is stacking or overlying to 

reduce the size and weight. The challenge in this approach is to 

increase sunlight exposure when the antenna is placed on top of 

the photovoltaic cell [1–4]. 

Several techniques, such as the use of a mesh antenna [2, 3] 

and transparent material [5], have been employed to increase 

sunlight exposure. Usually, when the antenna and photovoltaic 

cell are integrated, they are independent of each other [6–12]. 

In some cases, however, the photovoltaic cell is a part of the 

antenna and thus enhances the performance of the antenna. An  

aluminum layer in the solar cell is used as a ground plane for the 

antenna [13] to provide a reduced footprint, and the solar cell 

metasurfaces are used to obtain enhanced bandwidth character-

istics [14, 15]. Researchers have designed state-of-the-art pho-

tovoltaic cell-integrated antennas that are large in size with 

complex geometries. Given the advances in the application of 

IoT technologies, simple and compact low-profile photovoltaic 

built-in antennas that can be easily attached to IoT devices are 

needed. 

In this paper, a compact single-device photovoltaic cell-

integrated antenna is proposed for IoT applications. Typically, 

the antenna and the photovoltaic cell are used separately, there-

by occupying substantial real estate. The need for small low-

profile devices that can be easily integrated into IoT devices was 

a consideration. The designed antenna has a low profile and 

small size; therefore, it can save crucial real estate when used 

with IoT devices. The designed photovoltaic cell-integrated 

antenna has 100% sunlight exposure and exhibits excellent an- 
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tenna characteristics (impedance bandwidth, gain, and radiation 

pattern). In addition, the photovoltaic cell-integrated slot an-

tenna has an omnidirectional radiation pattern, which is valua-

ble for IoT applications. 

II. PHOTOVOLTAIC CELL-INTEGRATED  

ANTENNA GEOMETRY 

Fig. 1 shows the geometry of the photovoltaic cell-integrated 

slot antenna. A photovoltaic cell made of GaAs was used for 

integration with the slot antenna. The thickness of the GaAs 

layer (εr = 12.9 and tanδ = 0.0004) was h2 = 0.385 mm. The 

photovoltaic cell was configured as follows: a metal grid lined 

with two bus bars was printed on the top side of the GaAs layer. 

The grid lines were spaced at a distance of p = 1.975 mm apart. 

The values for the width of the grid line and bus bar were gw = 
 

0.1 mm and bs = 1 mm, respectively. A metallic bottom contact 

is placed under the GaAs layer. The metallic bottom contact of 

the photovoltaic cell also served as a ground plane for the slot 

antenna. For resonance, a slot was cut in the bottom contact of 

the photovoltaic cell. An alternating current (AC) blocking cir-

cuit implemented with a 59 nH inductor was used to prevent 

the flow of radio frequency (RF) current towards the solar cell. 

A connecting patch was used to connect one inductor terminal 

to the antenna ground plane. The other inductor terminal was 

connected to the bus bar. Fig. 1(a), (c), and (d) show the top, 

side, and three-dimensional (3D) views, respectively, of the 

photovoltaic cell-integrated slot antenna. The detailed structure 

and characteristics of the photovoltaic cells used in this work 

were presented in [16] and [17].  

Fig. 1(b) illustrates the detailed geometry of the slot antenna, 

which comprises a microstrip feedline, substrate, and ground 
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Fig. 1. Antenna geometry: (a) top view, (b) ground plane with a slot and a feed line, (c) side view, and (d) three-dimensional view.
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plane. A simple slot structure was used so that there would be a 

minimal effect on the performance of the photovoltaic cell. 

Moreover, slot antennas are smaller in size, low profile, and they 

can be easily integrated into planar and/or non-planar surfaces. 

To design the slot antenna, a Rogers RO4003 substrate with a 

dielectric constant of εr = 3.38 and a loss tangent of tanδ = 

0.0027 was used. The size of the substrate was L × W and a 

thickness of 0.508 mm. The metallic bottom contact for the 

photovoltaic cell, which had a slot size of La × Wa, was also 

used as the ground plane. The dimensions of the slot controlled 

the resonance frequency of the slot antenna. A 50 Ω microstrip 

feedline was placed under the substrate to excite the slot. A 

quarter-wavelength transformer with a size of QL × Qw was 

introduced between the slot and the microstrip feedline to im-

prove impedance matching. The designed photovoltaic cell-

integrated slot antenna was simulated with an ANSYS high-

frequency structure simulator. The final parameter values for the 

designed photovoltaic cell-integrated slot antenna are as follows: 

h1 = 0.508 mm, h2 = 0.385 mm, W = 25 mm, L = 31.75 mm, 

L1 = 29.5 mm, L2 = 2.25 mm, La = 12.5 mm, Wa = 2.1 mm, 

Qw = 0.25 mm, QL = 11.7 mm, Fw = 1.3 mm, FL = 4.25 mm, 

and Lm = 0.25 mm. 

III. MEASURED AND SIMULATED RESULTS 

A prototype of the proposed photovoltaic cell slot-integrated 

antenna was fabricated and measured to verify the simulation 

results regarding the reflection coefficient and radiation proper-

ties. A photograph of the fabricated prototype is presented in 

Fig. 2. The reflection coefficient of the fabricated photovoltaic 

cell slot integrated antenna was measured with a R&S ZVA67 

network analyzer (Rohde and Schwarz, Munchen, Germany). 

The measured and simulated reflection coefficients are present-

ed in Fig. 3. The figure indicates that acceptable agreement was 

found between the simulated and measured reflection coeffi-

cients. The measured impedance bandwidth of the fabricated 

pro-totype was 270 MHz, from 5.63 GHz to 5.9 GHz, with an 

increase of 40 MHz as compared to a simulation result that was 

230 MHz, from 5.59 GHz to 5.82 GHz.   
 

  

Fig. 2. Fabricated prototype. 
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Fig. 3. Measured and simulated reflection coefficients. 

 
The measured and simulated gain values are illustrated in Fig. 

4. The maximum simulated gain was 3.41 dBi; however, it fell 

slightly to a maximum of 3 dBi within the impedance band-

width. This reduction could be attributed to the measurement 

setup; thus, it is more likely to have been a measurement error. 

The designed photovoltaic cell-integrated slot antenna has a 

dipole-like omnidirectional radiation pattern. Its radiation char-

acteristics did not change in the presence or absence of the pho-

tovoltaic cell. The radiation characteristics were measured in a 

full anechoic chamber at the RFID/USN Center, Incheon, Re-

public of Korea. The size of the full anechoic chamber was 15.2 

m (W) × 7.9 m (L) × 7.9 m (H). A horn antenna was used as a 

transmitter, and the fabricated photovoltaic cell antenna was 

used as a receiver. The transmitter and receiver were separated 

by a distance of 10 m. The photovoltaic cell antenna was moved 

circularly from –180° to 180° while the horn antenna was fixed. 

The measured and simulated radiation patterns of the designed 

photovoltaic cell-integrated slot antenna at 5.70 GHz are 

shown in Fig. 5. The illustration reveals that the measured and 

simulated radiation patterns were in relatively good agreement 

in both the E- and H-planes. The measured results showed that  

there were some fluctuations in both planes. These fluctuations 
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could have resulted from using tape and foam rack in the meas-

urement setup. A performance comparison of the proposed 

photovoltaic cell antenna with other designs is presented in  

Table 1. 

IV. CONCLUSION 

A compact low-profile photovoltaic cell-integrated slot anten-

na has been presented for IoT applications. The metallic bot-

tom contact of the photovoltaic cell was used as a ground plane 

for the antenna, and a slot was etched on it for resonance. An 

AC blocking circuit was used to limit the RF current flow to-

wards the solar cell. Therefore, the proposed photovoltaic cell-

integrated slot antenna can function simultaneously as an an-

tenna and a photovoltaic cell. In addition, the antenna exhibited 

excellent gain performance and a stable omnidirectional radia-

tion pattern within the impedance bandwidth. The low profile, 

compact size, 100% exposure to light, and good performance of 

the proposed antenna make it suitable for use as an on-board 

power source for low-power IoT applications and sensor tech-

nologies. 
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I. INTRODUCTION 

A radar absorbing structure (RAS) is a multifunctional com-

posite structure that simultaneously has load-bearing and elec-

tromagnetic (EM) wave absorption functions. The goal of 

RASs is to reduce the radar cross-section (RCS) of the target 

and increase its survivability [1].  

In recent years, RASs have been actively researched and im-

plemented in various forms with various types of absorbing ma-

terials. Although previously reported RASs can effectively re-

duce RCS through their unique absorbing materials and/or by 

changing the lay-up structure to optimize the absorption per-

formance [2–12], most of the proposed RASs have been fo-

cused on the X-band (8.2–12.4 GHz). 

When the radar absorber is designed for a narrowband appli-

cation and radar frequencies other than the design frequency, 

the design values deviate from the optimal values, significantly 

degrading the absorption performance. Moreover, the perfor-

mance of narrowband designs is sensitive to fabrication toler-

ance. Therefore, a robust design considering the changes in ra-

dar frequencies and fabrication tolerance is required. 

The Jaumann absorber is the representative broadband ab-

sorbing structure [1, 13–15]. It is a multilayered structure that 

consists of dielectric spacers and resistive sheets. Although the 

Jaumann absorber can perform broadband absorption, the die-

lectric thickness and resistance of each layer should have differ-

ent design values for optimal performance. Despite its excellent 

absorption performance, such a structure is burdensome at the 
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In this study, a novel broadband radar absorbing volume structure (RAVS) is proposed and demonstrated with a practical point of view 

from design to fabrication. The proposed RAVS uses a design concept of repeatedly stacked carbon nanotube (CNT) composites and 

foam cores of the same thickness to improve the applicability to real structures while maintaining absorption performance. The repeatedly 

stacked CNT composites, which act as electrically lossy materials, result in the multiple scattering of incident electromagnetic waves 

trapped inside the structure. The trapped incident waves then lose their energy by multiple scattering. Based on this design concept, the 

RAVS designed through field analysis and parametric study achieved a −10 dB absorption performance from 4 GHz to 16 GHz. With 

reference to the design values, RAVS was fabricated for verification, and the absorption performance was measured using a free space 

measurement system. The measurement result showed excellent absorption performance that satisfied −10 dB from 5.8 GHz or less to 14 

GHz. 
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time of fabrication because there are many design parameters to 

be controlled. In addition, although the absorption performance 

in the planar structure is excellent, the absorption performance 

on a planar structure cannot be fully achieved when applied to 

curved structures [16]. Choi and Kim [17] reported a broad-

band radar absorbing honeycomb structure with a design con-

cept that uses the transverse direction of the hexagonal passages 

to increase the effective thickness. The researchers have present-

ed a design concept that utilizes the entire volume of a leading-

edge structure. However, when the full-depth honeycomb core 

is applied to such a leading-edge shape, the additional compo-

site materials should be laminated for fastening with other parts. 

In this case, the bonding strength at the interface between the 

honeycomb core and the additional laminated composite is like-

ly to be weak because of the small contact area. Although the 

proposed broadband radar absorbing honeycomb structure 

shows an outstanding absorption performance, there is limited 

applicability to the leading-edge shape, which is essential for 

reducing RCS over a wide frequency range. 

To resolve such issues, this study proposes a broadband radar 

absorbing volume structure (RAVS) that uses the entire volume 

of the structure for EM wave absorption. To improve applica-

bility and manufacturability, the proposed RAVS uses a struc-

ture in which the carbon nanotube (CNT) composites and foam 

cores are repeatedly stacked with the same thickness. The re-

peatedly stacked CNT composites, which act as electrically lossy 

materials, trap the multiple scattering of incident EM waves 

inside the structure. The trapped incident waves then lose their 

energy by multiple scattering.  

Fig. 1 shows the application concept of the proposed RAVS 

using the leading-edge shape. As shown in Fig. 1(a), first, a core 

block in which foam cores and CNT composites are repeatedly 

stacked is fabricated, and the fabricated core block is machined 

according to the shape to be applied. Finally, the machined core 

block is stacked with other composite materials for autoclave 

cure. Fig. 1(b) shows the final form of the RAVS applied to the 

leading-edge shape. As shown in Fig. 1(b), because the interface 

between the core block and the composite shear web is bonded 

face-to-face, the bonding strength can be increased compared 

with the radar absorbing honeycomb core. 

II. MATERIAL PREPARATION  

To design a broadband RAVS, CNT prepreg, foam core, and 

glass fiber reinforced polymer (GFRP) were prepared. Here, 

CNT prepreg refers to the prepreg coated on the glass fabric 

with CNT-dispersed epoxy resin. The role of a CNT is to in-

crease the loss tangent of resin. The CNT is a multi-walled de-

sign purchased from Carbon Nanotech, Pohang, Korea. Carbon 

purity was greater than 95%, and the average diameter was 15  

(a) 

 

(b) 

Fig. 1. Schematic diagram of the application concept of the RAVS: 

(a) fabrication of the core block and (b) final form of the 

RAVS in a leading-edge shape. 

 

nm. To fabricate the CNT prepreg, the prepared CNT powder 

was dispersed in epoxy resin using a planetary mixer. The final 

CNT content of the mixed constituent material was 3.0 wt%. 

Using a prepreg manufacturing machine, the mixed constituent 

materials were coated on a dry glass fabric. The GFRP and 

foam core used for the RAVS were purchased from Cytec (Cy-

com), Brussels, Belgium and Evonik (Rohacell), Essen, Ger-

many, respectively.  

A free space measurement system was used to measure the 

permittivity of the prepared composite materials [18, 19]. The 

free space measurement system consists of two spot-focusing 

horn antennas, a sample holder, and a network analyzer. The 

role of the spot-focusing horn antennas is to minimize meas-

urement inaccuracies caused by scattering at the edge of the 

specimens. By replacing the focusing horn antennas with differ-

ent frequency bands, the system can measure in the frequency 

range of 5.8–18 GHz. The through-reflect-line (TRL) calibra-

tion technique and time-domain gating were used to eliminate 

undesirable reflections. The free space measurement system was 

controlled using a computer connected with a general-purpose 

interface bus cable.  
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Fig. 2 shows the measurement results for the broadband 

permittivity characteristics. As shown in Fig. 2(a) and (b), the 

permittivity of the GFRP and foam core did not significantly 

depend on the frequencies. However, in the case of the CNT-

composite, the change in permittivity exhibited a frequency de- 

 

(a) 

 

(b) 

 

(c) 

Fig. 2. Permittivity measurement results: (a) GFRP, (b) foam core, 

and (c) CNT composite. 

pendence due to the effects produced by the dispersion of the 

conductive CNT fillers in epoxy resin. 

III. DESIGN PRINCIPLES  

To design a radar absorber, the theoretical relationship be-

tween thickness and material properties should be understood. 

Rozanov and his colleagues [20, 21] reported the theoretical 

bandwidth limitations of radar absorbers for a given thickness 

and set of material properties. In the case of a multi-layer ab-

sorber, the largest possible bandwidth for a given physical thick-

ness and permeability can be written as: 
 

     
  (1)

 

where 𝜌  is the desired reflection coefficient, ∆𝜆 is the band-

width defined by ∆𝜆 𝜆 𝜆  (𝜆  and 𝜆  are 

the wavelengths at the lower and upper band edge, respectively), 

and 𝜇 ,  and  𝑑  are the static permeability and thickness at 

each layer, respectively. As described in Eq. (1), to enlarge the 

bandwidth of the radar absorber, the permeability and thickness 

of each layer should be large. Generally, magnetic materials are 

beneficial for implementing broadband absorbing performance. 

However, in the case of the radar absorber using magnetic ma-

terials, a large number of magnetic particles should be impreg-

nated in the matrix for a sufficient absorption performance in 

the high-frequency ranges. This approach is accompanied by a 

weight increase. Moreover, because having too many magnetic 

particles negatively impacts the mechanical properties, magnetic 

absorbers are not suitable as a load-bearing composite structure 

[22]. However, in the case of non-magnetic materials, according 

to Eq. (1), the absorption bandwidth is only controlled by 

thickness; that is, if the total thickness increases, the weight 

increases. Therefore, to minimize the weight increase, a low-

density foam core was used as the primary material. 

For the design of the RAVS, the transmission line Eq. (1) 

was used and is written as Eqs. (2) and (3) as follows: 
 

. 
 

(2)

. 
 

(3)
 

Using Eqs. (2) and (3), the input impedance and reflection 

coefficient of the multilayered structures were calculated. Here, 

𝜂  is the input impedance on the surface of the absorber; 𝜂
 

and 𝜂  are the impedances in the nth and n−1st layer, respec-

tively; kn is the wave number in the nth layer; and dn is the thick-

ness in the nth layer.  

Unlike conventional radar absorbers, the proposed design 

concept uses the attenuations of EM waves by multiple scatter-

ing. Fig. 3 shows the principles of the design concept of the  
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(a) 

(b) 

Fig. 3. Principles of the RAVS: (a) ray interactions and (b) field 

intensity distribution. 

 

RAVS through ray interaction analysis and field analysis. Note 

that although Fig. 3(a) illustrates the case of oblique incidence 

differently from Fig. 3(b), this is only for convenience of expla-

nation because the ray trajectory is visible at the oblique inci-

dence. In Fig. 3(a) when the incident wave impinges on the 

surface of the RAVS, the EM waves are trapped inside the 

RAVS. These trapped EM waves proceed to lose their energy 

by successive transmissions and reflections by the repeatedly 

stacked CNT composites. As a result, the field intensity de-

creases as the EM waves propagate from the surface to the bot-

tom of the RAVS as shown in Fig. 3(b). Here, the small peaks 

denoted in the field intensity graph as triangle symbols indicate 

the presence of reflections and transmissions due to the differ-

ence in the wave impedance of the foam core and the CNT 

composite.  

As shown in Figs. 1 and 3, the proposed RAVS has a struc-

ture stacked with the same thickness of CNT composites and 

foam cores. Such a design approach is different from the design 

concept of the conventional RAS in which the thickness of each 

layer is different for an optimal design. As the RAVS has few 

design variables, it has the advantage of design simplicity and 

hence manufacturability. 

IV. DESIGN OF THE RAVS  

Fig. 4 shows the schematic diagram of the initial design con-

figuration of the RAVS. Note that the number of CNT com-

posite layers is N−1, where N is the number of foam cores.  

First, to determine the design range, the absorption band-

width for the change in thickness of the CNT composite and 

foam core was analyzed (Fig. 5).  

Fig. 5(a) shows the −10 dB bandwidth for the change in 

thickness of the CNT composite and foam core. The target 

zone was set to a bandwidth greater than 10 GHz. However, 

there was no information on which frequency band the −10 dB 

bandwidth should cover. Therefore, as the X-band is the most 

important frequency band for RCS reduction, the return loss for 

the design variables within the target zone at 10 GHz was ana-

lyzed as shown in Fig. 5(b). The return loss distribution shows 

that the best performance for the foam core thickness at 10 

GHz was approximately 4 mm. To determine the number of 

foam cores, the return loss was analyzed depending on the 

number of foam core layers. Fig. 6 shows the return loss vs. the 

number of foam core layers at each frequency. As shown in the 

figure, the return loss converges at more than 10 layers of foam 

cores.  

Return loss convergence can also be confirmed in the field 

distribution depending on the number of foam core layers. To 

simulate the field distribution in the RAVS, CST Microwave 

Studio [23] was used.  

Fig. 7(a) shows the analysis unit-cell model of the RAVS 

 

Fig. 4. Initial configuration for the design of the RAVS. 
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(a) 

(b) 

Fig. 5. Design procedures of the RAVS: (a) setup for the design 

target zone and (b) selection of design parameters. 

 

Fig. 6. Change in absorption performance vs. the number of foam 

core layers. 

 

with boundary conditions. Tangential fields, Et and Ht, were set 

to 0 for the periodic boundary characteristic of the unit-cell. As 

shown in Fig. 7(b), compared with the foam cores with 7 and 

13 layers, the foam cores with 10 layers were sufficient for the 

attenuation of field intensity. As the absorption mechanism of  

 

(a) 
 

(b) 

Fig. 7. (a) Simulation model for field analysis with a boundary con-

dition and (b) a field distribution depending on the number 

of foam core layers. 

 

the RAVS is field attenuation trapped inside the structure by 

multiple scattering, no additional layers were found to be neces-

sary when the RAVS was designed with sufficient layers. With 

reference to the analysis results, the thicknesses of the foam core 

and CNT composite were determined to be 4 mm and 0.3 mm, 

respectively, and the total numbers of foam cores and CNT 

composites were set to 10 and 9, respectively. In the following 

section, the proposed RAVS was verified through fabrication 

and measurement using the determined design parameters. 

V. FABRICATION AND MEASUREMENT OF THE RAVS  

The fabrication process flow for the RAVS is summarized in 

Fig. 8. With reference to the design values, the foam cores were 

machined to the designed thickness using a composite trim 

router. The thickness tolerance of the machined foam cores was 

less than 0.15 mm. In the lay-up step, two plies of GFRP were 

laid up on the tool, and then the CNT prepregs and foam cores 

were repeatedly stacked. As a ground material, a flexible copper 

clad laminate was laid up for fabrication simplification. After 

finishing the lay-up step, curing accessories, such as a non-

perforated release film, breather, and bagging film, were placed 

onto the stacked RAVS specimen. The layered RAVS speci-

men was cured in an autoclave with the curing accessories for 

120 minutes at 130°C. The cured specimen was cut to the di- 
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mensions of 180 mm × 180 mm to measure its absorption per-

formance. 

The absorption performance of the fabricated specimen was 

measured using the free space measurement system. Fig. 9(a) 

shows the free space measurement system with spot-focusing  

 

(a) 
 

(b) 

Fig. 9. (a) Free space measurement system and (b) return loss mea-

surement result of the fabricated specimen. 

horn antennas and a specimen inserted into the sample holder. 

In Fig. 9(b), the results of the measurement of absorption per-

formance and the simulation in the frequency range of 5.8–18 

GHz were compared. As shown in Fig. 9, the overall tendency 

of the measurement result was in good agreement with the sim-

ulation result, even though there was a small shift in the fre-

quency at approximately 1 GHz from the simulation result due 

to the permittivity variation depending on the dispersibility of 

the CNT in epoxy. Furthermore, the fabricated RAVS satisfied 

the −10 dB absorption bandwidth at frequencies greater than 

8.6 GHz. The proposed RAVS showed excellent absorption 

performance in terms of the absorption bandwidth. Although 

the proposed RAVS has a smaller absorption bandwidth of 

about 5 GHz than previously reported broadband radar absorb-

ers [17], which utilize similar application concepts, the proposed 

RAVS is meaningful in that it improved the applicability by 

simplifying the structure and proposed a specific application 

concept. 

VI. CONCLUSION  

This study proposes a broadband RAVS to improve applica-

bility and manufacturability. The proposed RAVS has a stacked 

structure of CNT composites and foam cores of the same thick-

ness to simplify the structure by minimizing the design variables. 

The absorption mechanism of the RAVS is explained using 

multiple scattering by the CNT composite walls. The repeated-

ly stacked CNT composites, which act as electrically lossy mate-

rials, trap the multiple scattering of incident EM waves inside 

the structure. The trapped incident waves then lose their energy 

by multiple scattering. As an application concept of the RAVS, 
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(f)                            (e)                              (d) 

Fig. 8. Fabrication process flow of the designed RAVS: (a) GFRP and foam core lay-up, (b) CNT composite prepreg, (c) repetition of 

foam core and CNT composite prepreg, (d) lay-up of ground material, (e) vacuum bagging with curing accessories, and (f) auto-

clave cured specimen. 
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a core block is machined into the shape to be applied. The pro-

posed RAVS has a smaller absorption bandwidth than previ-

ously reported broadband radar absorbers. However, it has an 

absorption performance of −10 dB or more in the C-band and 

X-band, which are important frequency bands at the radar fre-

quency. From a practical point of view, this study provides an 

important concept and application method for the RAVS. 
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I. INTRODUCTION 

A ballistic missile is a great threat in the modern battlefield 

because of its high maneuvering speed and low radar cross-

section (RCS). Specifically, it releases a decoy to avoid the de-

tection of the warhead by radar. Therefore, it is necessary to 

discriminate the warhead from the decoy. However, conven-

tional methods based on the range profile and the inverse syn-

thetic aperture image in [1] and [2] have limited ability to dis-

criminate them because of the similarity in shape and the overall 

trajectory of the warhead and the decoy. The problems of exist-

ing methods can be overcome by exploitingthe difference in 

their micro-Doppler (MD) effect [3–8]; the warhead is much 

heavier due to various devices, and thus its micromotion is dif-

ferent from that of the decoy. The parameter estimation for a 

ballistic warhead with micromotion can be utilized to solve the 

problem of discrimination between warhead and decoy. How-

ever, this inevitably requires both signal decomposition and data 

association because of the simultaneous appearance of individual 

signals corresponding to the multiple scatterers of a ballistic 

warhead. In addition, the estimation of several parameters 

makes the optimization task quite difficult. 

To solve this problem, many studies have been carried out on 

parameter estimation based on two trajectories: the high-re-

olution range profile (HRRP) trajectory in [9–12] and the MD 

frequency trajectory in [13, 14]. Parameter estimation can be 

achieved using HRRP trajectories for the multiple scatterers of a 

ballistic warhead with micromotion. For example, HRRP tra- 
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jectories can be obtained using both the theory of sparse repre-

sentation in [9] and the dynamic programming in [10] for pa-

rameter estimation. Luo et al. [11] proposed the parameter es-

timation framework using HRRP trajectories in distributed 

radar networks. Hong et al. [12] developed a factorization-

based approach with sparse representation. However, the con-

ventional methods in [9–12] require a large bandwidth to obtain 

HRRP trajectories from a high-quality two-dimensional (2D) 

range-time map, leading to inefficiency in terms of radar re-

sources. Alternatively, the MD frequency trajectories can be 

utilized to estimate the parameters for a ballistic warhead with 

micromotion despite the small bandwidth. For example, Li and 

Varshney [13] used a parametric sparse representation to focus 

on the decomposition of echo signals received from multiple 

scatterers and the estimation of their parameters. Zhou et al. [14] 

used a modified general parameterized time-frequency trans-

form to increase the accuracy of signal decomposition. However, 

the methods in [13] and [14] require a complex image pro-

cessing procedure to decompose the MD frequency trajectories 

from a high-quality 2D joint time-frequency (JTF) image, re-

sulting in a considerable computational time. The problem of 

signal decomposition can be solved by the independent compo-

nent analysis (ICA) technique in [15]. Nevertheless, the draw-

back in terms of robustness against noise still exists in [15] be-

cause MD frequency trajectories are extracted to take the time 

derivative of the phase term of decomposed individual signals. 

Therefore, a new framework based on the MD frequency trajec-

tories is required for an efficient and robust parameter estima-

tion for a ballistic warhead with micromotion. 

In this paper, we suggest a novel framework to estimate the 

parameters of a conical ballistic warhead with micromotion. 

First, we assume that a phased array antenna with M elements 

observes a conical target composed of N scatterers (N < M) with 

micromotion (e.g., coning and nutation). Second, the ICA de-

composes M one-dimensional (1D) time domain complex echo 

signals into N individual signals corresponding to each scatterer 

by exploiting their statistically independent nature [16, 17]. 

Third, the 1D MD frequency trajectories are extracted by se-

lecting a Doppler frequency of a maximum peak along the time 

direction in the 2D JTF image of the decomposed individual 

signals. Finally, the parameters that best match the mathemati-

cal model composed of unknown parameters to the 1D MD 

frequency trajectories are estimated using the adaptive particle 

swarm optimization (APSO), which is the elitist learning strat-

egy based on the evolutionary state estimation approach [18]. In 

simulations using a computer-aided design (CAD) model for a 

conical target and a commercial numerical electromagnetic solv-

er VIRAF, which is a commercial numerical electromagnetic 

solver based on both physical optics and the physical theory of 

diffraction, the proposed method successfully estimates the pa-

rameters for a ballistic warhead with micromotion. 

II. MODELING AND THE PROPOSED METHOD 

1. Signal Model 

The micromotion of the ballistic warhead is composed of 

spinning, coning, and nutation; spinning and coning are the 

rotation around the z-axis, and nutation is the sinusoidal wob-

bling on the plane formed by the spinning and coning axes (Fig. 

1). A simple conical warhead does not have spinning scatterers 

[14], and thus the micromotion consists only of coning and 

nutation, unlike in [15]. Assuming that the translational motion 

of the conical warhead is successfully compensated and that the 

flight direction is fixed along the z-axis, the rotation by coning 

at time t around the z-axis can be represented by the Rodriguez 

rotational formula as follows: 
 

  2sin(2 ) + 1 cos 2c c cf t f t   R I E E ,      (1) 
 

where fc is the coning frequency, I is the identity matrix, and E 

is the cross-product matrix composed of the x-y-z elements of 

the unit coning axis [3]. Nutation is expressed by the product of 

three matrices: 
 

T
n T T TR A B A ,                   (2) 

 

where the superscript T indicates a transpose, AT is the trans-

formation matrix into the coordinate formed by the spinning 

and coning axes, BT is the rotation matrix by θn(t) = θn0sin(2πfnt) 

where fn is the nutation frequency, and AT is the transformation 

matrix back to the original coordinate (refer to [3]). 

If scatterer P1 is initially at r10 = [x10, y10, z10]T, its location at  

t is 
 

1 10( ) n ct r R R r ,                    (3) 
 

the distance to the scatterer along the radar line-of-sight 

(RLOS) rRLOS is (rRLOS)Tr1(t), and the mathematical model that 

represents the 1D MD frequency trajectory of the scatterer P1 at  
 

cf

nf

c

Fig. 1. Micro-motion dynamics of a conical warhead. 
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t can be defined using (1) and (2) as 
 

 2
( )

T

D RLOSF t


 r
 

T TT T
T T T T

d d

dt dt

 


A B
B A A A  

10
T cT

T T c n

dd

dt dt

  
  

RA
B A R R r ,      

(4)
 

 

where  is the wavelength. Note that the mathematical model 

FD(t) composed of six parameters, namely x10, y10, z10, fc, θn0, and 

fn, can be utilized as the basis function for parameter estimation, 

leading to a six-dimensional (6D) optimization task, unlike the 

10-dimensional (10D) optimization task in [15]. 

 

2. Signal Decomposition using the ICA 

Individual signals corresponding to multiple scatterers occur 

simultaneously in the echo signal received from the conical war-

head, resulting in a significantly degraded accuracy of the pa-

rameter estimation due to mutual interference between individ-

ual signals [3, 4]. This problem is easily solved using the ICA, 

which decomposes the echo signals received from multi-cha-

nnels into the individual signals corresponding to multiple scat-

terers. 

Assuming that the s(t) = [s1(t), s2(t), …, sN(t)]T is an Nⅹ1 

vector of the individual signals corresponding to N scatterers, 

the x(t) = [x1(t), x2(t), …, xM(t)]T, which is an Mⅹ1 vector of 

the echo signal received from the M channels of the phased 

array antenna equally spaced by d at an angle π/2 – φ (Fig. 2), 

can be written as 
 

( ) ( )t tx As ,                    (5) 
 

where the m-th echo signal xm(t) in x(t) is 
 

 ,
1

( ) ( )exp
N

m m n n m
n

x t s t j 


 ,
            (6) 

 

and the nth individual signal sn(t) in s(t) is 
 

 
Fig. 2. Geometry of the phased array antenna with three elements. 
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(9)

 

 

where σ m,n is the RCS of the nth scatterer observed by the m-

th channel. 

ICA obtains the individual signal s(t) by finding W = A-1. 

After centering and whitening using the eigenvalue decomposi-

tion to remove any correlations among the elements of x(t) [16, 

17], the nth column vector wn of W can be obtained iteratively 

using both the fixed-point algorithm and the Newton method 

given as 
 

    * 2
( 1) ( ) ( ) ( ) ( ) ( )H H
n n nj E t j t g j t  w z w z w z

 

  2 2
( ) ( ) ( ) ( )H H

n nE g j t j t w z w z  

 2
( ) ( )

( )

H
n

n

dg j t
j

dt


 



w z
w ,           

(10)

 

 

where j is the iteration number, z(t) is the transformed x(t) by 

centering and whitening, the superscript H is a Hermitian 

transpose, wn(j) is the unit vector of wn at the j-th iteration, and 
 

2

( ) exp
2

y
g y y

 
  

 
.                  (11) 

 

Subsequently, decorrelation is conducted to make all ele-

ments independent: 
 

  1/2
( 1) ( 1) ( 1)Hj j j


   W W W W ,

         (12) 
 

and this procedure is repeated until W converges. 
 

3. Proposed Method 

The proposed method is simple and composed of three parts: 

(i) decomposition of individual signals using ICA, (ii) extraction 

of 1D MD extraction trajectory from the decomposed individu-

al signal for the n-th scatterer at time t, i.e., Fn(t), and 

(iii) estimation of parameters using the APSO (Fig. 3). The 

proposed method is an improved version of the method in [15]. 

The improvements are (i) a modified signal model for a conical 

warhead that considers the location and micromotion, thus in-

creasing the accuracy due to the reduced optimization dimen-

sion (i.e., 10D → 6D); (ii) insensitivity to noise as a benefit of  

array
(t)

array
(t)

array
(t)

Warhead

(t)

(t)

(t)
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Fig. 3. Flow chart of the proposed method. 

 

parameter estimation using the 1D MD frequency trajectory 

extracted from the 2D JTF image, not the phase information as 

in [15]; and (iii) verification of the proposed method using the 

CAD model of the real conical warhead. 

The first step applies the ICA using (10)–(12) to x(t), which is 

composed of the echo signals received from M channels, to yield 

s(t), which is composed of individual signals corresponding to N 

scatterers. If N = M, N independent signals are obtained, and if 

M > N, then M – N signals are repeated in s(t). The existence of 

the repeated signals is simply found by checking the correlation 

of two normalized signals in s(t), i.e., 
 

0 0 0 22 *
,

0 0 0

( ) / ( ) ( ) / ( )
T T T

i j i i j j
t p p

cor s t s p s t s p
  

  
   

  
   ,

  (13) 
 

where T0 is the total observation time. If cori,j ≈ 1, sj(t) is similar 

to si(t), sj(t) is discarded, and N dissimilar signals are found by 

repeating the same procedure for all remaining elements in s(t). 

The second step extracts the 1D MD frequency trajectory 

Fn(t) from the decomposed individual signals to estimate the 

parameters using the mathematical model FD(t) in (4). For this 

purpose, the 2D JTF image of sn(t) is obtained using the short-

time Fourier transform (STFT) in [3–5] as follows: 
 

0

0

( , ) ( ) ( )exp( 2 )
T

n nf t s w t j f


    


   ,
       (14) 

 

where T0 is the same as in (13), and w(•) is a proper short-time 

window function. Then, Fn(t) is found by selecting a Doppler 

frequency of a maximum peak along the time direction in the 

2D JTF image 𝜒 𝑓, 𝑡  as follows:  
 

  
/2 /2

( ) arg max ( , )
s s

n n
f f f

F t f t
  

 ,
          (15) 

 

where fs is the sampling frequency. In this step, individual sig-

nals s(t) corresponding to each scatterer are decomposed using 

the ICA, and the 1D MD frequency trajectories Fn(t) are ob-

tained using the STFT for s(t), leading to robustness against 

noise. Therefore, the parameter estimation using Fn(t) is much 

more accurate than that using the phase information in [15]. 

The existing method [15] often fails at estimating the 1D MD 

frequency trajectories because this method utilizes the phase 

information of two neighboring elements of the signal in the 

time domain; these elements are significantly affected by noise. 

Conversely, in the proposed method, the influence of noise is 

considerably reduced in the process of coherent signal integra-

tion in the STFT (see (14)), yielding an increased accuracy in 

estimating the 1D MD frequency trajectory Fn(t). 

The third step is the 6D optimization task for estimating the 

parameters, namely xn0, yn0, zn0, fc, θn0, and fn, by maximally 

matching FD(t) in (4) to Fn(t) in (15) for all n. Owing to the 1D 

cost function, much time is saved compared with conventional 

methods [13, 14] that use a 2D JTF image. Note that three 

parameters, namely fc, fn, and θn0, are common in all individual 

signals corresponding to each scatterer, and thus the estimation 

of these values is required only for the first scatterer. Therefore, 

the dimension of the optimization task is reduced to a 3D space 

consisting of xn0, yn0, and zn0 for the other scatterers. For the 

first scatterer, the 6D parameter vector p1 = [x10, y10, z10, fc, fn, θ 

n0]T is obtained as 
 

   
0

10 10 10 0

2

1 1
( , , , , , ) 00

1
arg min ( )

c n n

T

D
x y z f f t

F t F t
T 

 p ,
      (16) 

 

where [x10, y10, z10]T is the 3D coordinate of the first scatterer in 

the Cartesian space. Then, the APSO searches for a global par-

ticle optimum by changing the parameters, xn0, yn0, zn0, fc, θn0, 

and fn, in (16). Specifically, the APSO performs a real-time evo-

lutionary state estimation procedure, resulting in improved per-

formance in terms of convergence speed and global optimality 

over other optimization techniques [18]. The APSO that up-

dates each particle is 
 

1 2( ) ( )i i pb i gb iw c c       p p p p p p ,      (17) 
 

where pi is the i-th particle, ppd is the particle’s best, pgb is the 

swarm’s best, c1 and c2 are the acceleration coefficients, and w is 

the inertial weight. Using the estimated parameters, such as fc, fn, 

and θn0, in (16), the coordinate [x20, y20, z20]T of the second scat-

terer is found using the APSO as follows: 
 

   
0

20 20 20

2

2 2
( , , ) 00

1
arg min ( )

T

D
x y z t

F t F t
T 

 p .

       (18) 
 

The proposed algorithm is repeated until the coordinates of 

all scatterers are estimated. 

III. SIMULATION RESULTS 

To demonstrate the effectiveness of the proposed method, we 
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considered a conical CAD model (Fig. 4(a)), which is similar to 

an actual ballistic warhead [4–6]. The echo signals were com-

puted using Virtual Aircraft Framework (VIRAF) software 

(Table 1). Each array signal (Fig. 2) was constructed by choos-

ing the raw data of the VIRAF corresponding to the aspect an-

gle observed at each RLOS in Table 1. To simulate a received 

echo signal in a noisy environment, white Gaussian noise was 

added to achieve the given signal-to-noise ratios (SNRs). The 

APSO used 100 iterations with 5,000 particles for the first scat-

terer and 1,000 particles for the others. 

The 2D JTF images were formed by applying the STFT to 

x1(t) at SNR = 25 dB (Fig. 4(b)). Here, the 1D MD frequency 

trajectories of each scatterer are periodic with a period = 0.1 
 

 
(a) 

 
(b) 

Fig. 4. (a) CAD model of the conical warhead and (b) 2D JTF 

image of x1(t) received by the first array at SNR = 25 dB. 
 

Table 1. Simulation parameters 

Parameter Value 

Carrier frequency 10 GHz 

Observation time (T0) 0.5 s 

Sampling frequency (fs) 4 kHz 

Wavelength (λ) 0.03 m 

Coning frequency (fc) 10 Hz 

Coning angle (φc) 10˚ 

Nutation frequency (fn) 15 Hz 

Nutation angle amplitude (φn0) 10˚ 

Polarization HH 

RLOS for the 1st array [0, cos(60º), sin(60º)]T

RLOS for the 2nd array [0, cos(60.1º), sin(60.1º)]T

RLOS for the 3rd array [0, cos(60.2º), sin(60.2º)]T

RLOS for the 4th array [0, cos(60.3º), sin(60.3º)]T

seconds, and each 1D MD frequency trajectory is slightly dis-

torted due to nutation. Individual signals corresponding to each 

scatterer are decomposed using the ICA at SNR = 25 dB with-

in 0.02 seconds. MATLAB R2017a that runs on Windows 10 

on an Intel i7 processor was utilized for this simulation (Fig. 5). 

However, the existing methods in [9–14] require exhaustive 

searching steps for signal decomposition based on the image 

processing procedure. For example, [14] exhaustively estimates 

the parameters from the 2D JTF image using the coherent sin-

gle-range Doppler interferometry, resulting in a computation 

time of 56.966 seconds. This leads us to conclude that the pro-

posed method is computationally more efficient compared with 

the signal decomposition based on the image processing proce-

dure in [9–14]. 

Fig. 6 shows the 1D MD frequency trajectories extracted us-

ing conventional methods in [14] and [15] and the proposed 

method. Note that the 1D MD frequency trajectories extracted 

using the conventional method in [15] are contaminated by 

noise, but these extracted trajectories using other methods are 

significantly insensitive to noise (Fig. 6). This is due to the fact 

that the 1D MD frequency trajectories of the proposed method 

are extracted from the 2D JTF images, not the phase infor-

mation, as in [15]. However, the conventional method in [14] 

requires significantly more computation time (e.g., 56.966 sec-

onds) than the proposed method for signal decomposition. In 

the case of the proposed method, a small amount of the indi-

vidual signal of the second scatterer overlaps with that of the 

first scatterer because the individual signal of the first scatterer 

appears in those of the second and third scatterers. However, 

these overlaps do not influence Fn(t) because they were removed 

by appropriate thresholding. 

To quantify the accuracy of the parameter estimation, we 

computed the mean μ and standard deviation  of the esti- 

mated parameters of 100 Monte Carlo simulations, with SNRs 

= 10, 15, 20, and 25 dB (Table 2). Estimates by the proposed 

method were not affected by noise when SNR ≥ 15 dB, and 

the estimated coordinates of the scatterers clearly represented 

the shape and size of the warhead (Fig. 7). However, the esti-

mation accuracy decreased rapidly at SNR = 10 dB because the 

noise was louder than the individual signals corresponding to 

the second and third scatterers, causing the ICA to fail some-

times. Likewise, the simulation results of the conventional 

method using the high-quality 2D range-time map in [12] 

show that the mean error related to the estimated parameters of 

fc, θn0, and fn was 0.07 at SNR = 25 dB due to the weak scatterer 

signals contaminated by noise [12]. However, the proposed 

framework can provide a more accurate estimation than the 

other approaches in [9–12]. We conclude that the proposed 

scheme provides more accurate parameters of a conical warhead 

in a noisy environment. 
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Fig. 7. Estimated scatterers for SNR ≥ 15 dB. 

 

IV. CONCLUSION 

This paper introduces a new framework for an effective esti-

mation of the parameters of a conical warhead with micromo-

tion. The method uses three steps: (i) signal decomposition of 

individual signals corresponding to each scatterer using the ICA, 

(ii) extraction of the 1D MD frequency trajectory from the de-

composed individual signals, and (iii) estimation of the parame-

ters using the APSO. The simulations using a conical CAD 

model and VIRAF software demonstrate that the proposed 

method can decompose the individual signals efficiently and 

estimate the parameters precisely in a noisy environment. 

 

(a) (b) (c) 

Fig. 5. The 2D JTF images of the decomposed individual signals for the CAD model at SNR = 25 dB: (a) s1(t) of the first scatterer, (b) s2(t) 

of the second scatterer, and (c) s3(t) of the third scatterer. 

 

 
  (a)   (b)   (c) 

Fig. 6. The 1D MD trajectories of the decomposed individual signals for the CAD model at SNR = 25 dB: (a) F1(t) of the first scatterer, (b) 

F2(t) of the second scatterer, and (c) F3(t) of the third scatterer. 

 

Table 2. Mean (μ) and standard deviation (σ) of the estimated parameters 

SNR 

(dB) 

Estimated parameter

fc (Hz) fn (Hz) θn0 (º) x10 (m) y10 (m) z10 (m) x20 (m) y20 (m) z20 (m) x30 (m) y30 (m) z30 (m)

10 μ 8.1989 16.1353 9.1578 0.3205 0.1649 1.2360 0.4146 -0.5520 -0.5741 -0.0761 0.1248 -0.6162

σ 6.5901 3.2914 3.2580 0.4148 0.4060 0.4104 0.1781 0.6580 1.9531 0.2611 0.2348 1.4096

15 μ 9.9997 15.0003 10.0244 0.0925 0.1219 0.9963 0.1339 0.0212 -0.1573 -0.2579 0.1467 -0.3108

σ 0.0022 0.0014 0.0982 0.0005 0.0009 0.0098 0.0009 0.0010 0.0038 0.0010 0.0010 0.0057

20 μ 9.9995 14.9998 9.9995 0.0925 0.1219 0.9989 0.1335 0.0213 -0.1569 -0.2577 0.1465 -0.3115

σ 0.0018 0.0010 0.0018 0.0005 0.0003 0.0065 0.0006 0.0006 0.0020 0.0009 0.0008 0.0031

25 μ 9.9992 15.0005 9.9965 0.0927 0.1221 1.0001 0.1336 0.0215 -0.1568 -0.2580 0.1461 -0.3120

σ 0.0011 0.0007 0.0331 0.0003 0.0002 0.0035 0.0003 0.0005 0.0011 0.0003 0.0005 0.0014
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I. INTRODUCTION 

Wireless power transfer (WPT) has attracted much attention 

because of its potential application in consumer electronic prod-

ucts, portable devices, robotics, electric vehicles, and charging 

systems [1–6]. With the occurrence of portable device explosion, 

the demand for wireless charging is necessary to reduce the mass 

of the traditional wire charge system. The WPT system for 

portable devices has some restrictions. A conventional WPT 

system still suffers from efficiency degradation due to changes in 

the position of the receiver, such as the variations in the distance, 

angle, and axial misalignment. For convenient wireless charging 

and for overcoming the restrictions of the conventional WPT 

system, free positioning is necessary to create reliable wireless 

charging systems and maintain the power transfer efficiency 

(PTE). In recent research, the free-positioning WPT has been 

explored in comparison with the use of one direction or two 

directions on the same plane [7–9]. In [10], a WPT system us-

ing a bowl-shaped transmitting (Tx) coil for free-positioning is 

proposed for charging small electronic devices, such as hearing 

aids and wearable electronic devices with a rechargeable battery. 

However, the bowl-shaped coil presents a restriction when the 

small receiver (Rx) coil is in the perpendicular arrangement. 

Therefore, the mutual inductances between the Tx and Rx res-

onant coils are small, leading to a low performance of the system. 

Moreover, a resonant WPT system that allows the free-

positioning of a wearable device at a 360º axis of rotation and 

the simultaneous charging of a mobile phone is proposed in 

[11]. The smartwatch is placed at a small fixed distance around 

the cylindrical charging surface. The application of this structure 
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is quite specific and can charge a smartwatch and a mobile 

phone.  

In [12, 13], a multi-directional magnetic resonant coupling 

WPT is presented using a cubic Tx design. A receiver (Rx) is 

placed outside of the Tx coil, and the spatial freedom of the Rx 

coil is not developed. In the current study, a WPT system with 

an Rx coil placed inside the cubic-shaped Tx coil is proposed for 

free-positioning. The WPT system is a two-coil WPT system 

that is compact and suitable for consumer applications com-

pared with the four-coil WPT system, such as portable and 

wearable device chargers, mobile phones, and tablets. A circuit 

analysis of the proposed system is presented to obtain the max-

imum PTE. The system is simulated using Ansoft HFSS soft-

ware and fabricated to evaluate performance.  

This paper is organized as follows. The magnetic field of a Tx 

coil is evaluated and analyzed for free-positioning charging in 

Section II. The sceneries of the Rx positions inside the Tx coil 

are demonstrated to validate the spatial freedom charging. In 

Section III, the Tx and Rx coils are fabricated and measured to 

evaluate the efficiencies. The conclusion is presented in Section 

IV.  

II. FREE-POSITIONING WPT ANALYSIS 

In general, WPT through magnetic resonant coupling is ex-

perimentally demonstrated in a system with two resonant loop 

antennas in one or two directions on the same plane. A conven-

tional WPT system suffers a misalignment between the Tx coil 

and the Rx coil on the planar charging platform. A coil de-

signed with different geometries can modify the radiation pat-

tern, which overcomes the inconvenience by increasing the di-

rection of mutual coupling. A cubic-shaped Tx coil is proposed 

for free-positioning wireless charging with a small Rx coil that 

remains in spatial freedom. The purpose is to overcome the lim-

itations of the conventional system. 
 

1. WPT System with a 3D Transmitting Coil 

Fig. 1 shows the Tx coil structure and the magnetic field vec-

tor generated by the driven current on each loop side of the cu-

bic-shaped Tx coil [12]. The cubic Tx is constructed by folding 

the copper wire along the edges of the cube. The folding wire 

should be positioned in such a way that the current is driven as a 

closed-loop on each side of the cube, as shown in Fig. 1(a). In 

the first half of the period, the current follows counter-clockwise, 

resulting in the directions of the magnetic field to be perpendic-

ular to each side of the cube and vice-versa using the right-hand 

screw rule, which is expressed as 𝐻⃗~𝐻⃗. To verify the theoret-

ical analysis, the cubic- shaped Tx structure is simulated to plot 

the magnetic field at the operating frequency of 13.56 MHz 

band for consumer electronics to avoid the need for frequency  

(a) 
 

(b) 

Fig. 1. The cubic-shaped Tx coil structure: (a) magnetic field vector 

in each of the half-operating period T/2 and (b) magnetic 

field simulation with its magnetic field density and magnet-

ic field vector. 

 

allocation. With this operating frequency, the wavelength of the 

current is much larger than the circuit dimension. Therefore, we 

can assume that the driven current in each side loop of the Tx 

coil is identical and in phase. The magnetic field inside the Tx 

coil is omnidirectional and has a significantly strong magnitude, 

as shown in Fig. 1(b). The snapshots of the simulated distribu-

tions of the magnetic field vectors generated by the Tx coil 

agree well with the theoretical analysis in the above section. The 

magnetic vectors are perpendicular to the loop sides and emitted 

at the corners of the cubic Tx coil. Therefore, a small Rx coil 

can be put inside the Tx coil to receive the energy from magnet-

ic resonant coupling. 

 

2. Mutual Inductance Calculation 

Fig. 2(a) shows the schematic diagram of the system for mu-

tual inductance calculation, with the Rx position determined by 

the rotation angles 𝜑 and 𝜃 and the movement parameters 

𝑑 , 𝑑 , and 𝑑 . To derive the mutual inductance between two 

coils, the Tx and Rx structures are divided into multiple pieces. 

Each Tx and Rx coil pieces are represented by a vector 

𝑢 𝑥 , 𝑦 , 𝑧  and 𝑢 𝑥 , 𝑦 , 𝑧 , respectively, and the vector 

direction is decided by the current direction in the correspond-

ing coil. The transformation vector coordinates 𝑢 𝑥 , 𝑦 , 𝑧  

and 𝑢′⃗ 𝑥′ , 𝑦′ , 𝑧′  of the Rx coil are determined by 
 

 

𝑥 𝑥 cos 𝜑 cos 𝜃 𝑦 cos 𝜑 sin 𝜃 sin 𝜑
𝑧 cos 𝜑 sin 𝜃 𝑑  

(1)

𝑦 𝑥 sin 𝜑 cos 𝜃 𝑦 cos 𝜑 cos 𝜃 𝑧 cos 𝜃 sin 𝜑 𝑑 (2)
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𝑧 𝑥 sin 𝜃 𝑧 cos 𝜃 𝑑  (3)
 

The overall mutual inductance between the Tx and Rx coils is 

obtained by the summation of the individual mutual inductanc-

es between two arbitrary coil pieces: 
 

  

𝑀
𝜇
4𝜋

𝜇
4𝜋

𝑢 . 𝑢′⃗  
𝑟

 

𝜇
4𝜋

𝑥 𝑥 𝑦 𝑦 𝑧 𝑧  

𝑥 𝑥 𝑦 𝑦 𝑧 𝑧

 
 

(4)
 

where 𝑁  and 𝑁  are the number of discrete segments in the 

Tx coil and Rx coil, respectively, and 𝜇  is the permeability of 

the free-space medium. 

A comparison of mutual inductance between the calculated 

and simulated results is plotted in Fig. 2(b). There is a good 

agreement between the simulated and the calculated results ob-

tained using (4). Owing to the cancellation of the magnetic field 

in the center region, the mutual inductances between the Tx 

and Rx coils are conducive to the low values in this area. The 

mutual inductances at the receiving angle θ are higher than the 

others because there are two diagonally folded wires at the bot-

tom of the cubic Tx coil. 

 

3. Circuit Model and System Analysis 

Fig. 3(a) shows the sketch of the WPT system with the Rx 

coil placed inside the Tx structure. The volume of the Tx coil is 

20 cm × 20 cm × 20 cm, and the dimension of the Rx coil is 

10 cm × 10 cm. Both the Tx and Rx coils are made with cop-

per wire with a diameter of 5 mm. Fig. 3(b) shows the equiva-

lent circuit model of the proposed WPT system to analyze the 

transfer efficiency. The schematic is composed of two resonant 

circuits corresponding to the Tx and Rx coils. By using a series 

capacitor and a shunt capacitor, the coil impedance can be  

 

Fig. 3. (a) Free-positioning WPT system in a 3D view. (b) Equiva-

lent circuit model of the resonant coupling two-coil system, 

which is composed of lumped components. 

 

matched with almost all load impedances [13]. Kirchhoff’s volt-

age law (KVL) is used to determine the currents as presented by 
 

𝐼 𝐼 𝑍 𝑗𝜔𝑀 𝐼 𝐼 𝐼 𝑅 𝑉
𝐼 𝐼 𝑍 𝑗𝜔𝑀 𝐼 𝐼 𝐼 𝑅 0

 

(5)
 

where 

𝑍 𝑅 𝑗𝜔𝐿
1

𝑗𝜔𝐶
 

𝑍 𝑅 𝑗𝜔𝐿
1

𝑗𝜔𝐶
 

𝑉 𝐼 𝑅
𝐼

𝑗𝜔𝐶
 

𝑉 𝑅 𝐼
𝐼

𝑗𝜔𝐶
. 

 

(6)

 

The KVL equations are derived to explore the transfer func-

tion VL/VS: 
 

𝑉
𝑉

𝑗𝜔𝑘 𝐿 𝐿 𝑅
𝜔 𝑘 𝐿 𝐿 𝐶 𝐶 𝑅 𝑅 𝑗𝜔 𝑘 𝐿 𝐿 𝐶 𝑅 𝐶 𝑅

 

𝜔 𝑘 𝐿 𝐿 𝐶 𝐶 𝑅 𝑅 𝑍 𝑍 𝑗𝜔 𝐶 𝑅 𝑍 𝑅  

𝑍 𝐶 𝑅 𝑍 𝑅 𝑍 𝑅 𝑍 𝑅 𝑍 .

(7)

             
Fig. 2. (a) Schematic diagram of the free-positioning WPT system; (b) calculated and simulated results of the mutual inductance between 

the Tx and Rx coils. 
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The PTE is calculated according to the 𝑆  by 𝑃𝑇𝐸
|𝑆 | 100 % . The equivalent |𝑆 | scattering parameter 

can be calculated by 
 

    |𝑆 | 2
𝑉
𝑉

𝑅
𝑅

  

(8)
 

Fig. 4 illustrates the receiving positions of the Rx coil corre-

sponding to the receiving angles φ, θ. With each receiving an-

gle, the Rx coil is moved around the origin of the coordinate. By 

adjusting the Rx’s positions inside the space of the Tx coil, the 

PTEs of the system are verified, demonstrating the feasibility of 

the free-positioning wireless charging of the proposed system. 

The fabrication and experiment of the WPT system are pre-

sented in the following section. 

III. FABRICATION AND EXPERIMENTAL VALIDATION  

OF THE WPT SYSTEM 

To verify the theoretical analysis, the resonant coupling sys-

tem is constructed using a long copper wire with a radius of 2.5 

mm for both the Tx and Rx coils. The total length of the cop-

per wire for the cubic Tx coil is approximately 870 cm. The 

lengths of the edge sides of the Tx coil are the same at 20 cm. 

The real volume of the cubic Tx coil is 20.6 cm × 20.8 cm × 

20.5 cm. The dimension of the Rx coil is 10 cm × 10 cm. To 

determine the working frequency, each coil is tested separately 

with a Protek A333 network analyzer (GS Instech, Incheon, 

Korea). The measured resonant frequencies of the Tx and Rx 

coils are 13.586 MHz and 13.574 MHz, respectively. The de-

tailed values of the lumped elements and extracted parasitic 

components of the Tx and Rx coils are listed in Table 1. Fig. 5 

illustrates the configuration of the free-positioning WPT sys-

tem using a Protek A333 network analyzer. 

 

 
Fig. 4. Cubic-shaped Tx coil structure with the Rx coil positions 

corresponding to the receiving angles φ, θ. 
 

Table 1. Extracted component values of the Tx and Rx coils 

Tx coil Rx coil

Parameter Value Parameter Value

𝑅 50 Ω 𝑅  50 Ω

𝑅 0.59 Ω 𝑅  0.31 Ω 

𝐶 81 pF 𝐶  256 pF 

𝐶 470 pF 𝐶  910 pF 

𝐿 1.9 μH 𝐿  0.4 μH 

𝑄 274 𝑄  110 

 

Fig. 5. Measurement configuration of the resonant coupling system. 

Ports 1 and 2 of the Network Analyzer Protek A333 are 

connected to the Tx and Rx coils, respectively. 

 

Once the Tx and Rx parameters and their working frequen-

cies are established, the Rx coil is displaced up to 8 cm from the 

origin of the coordinate system inside the cubic Tx coil. Alter-

natively, the PTE of the WPT system can be measured as the 

ratio of the output power to the input power. A signal generator 

(Agilent E4436B; Agilent Technologies Inc., Santa Clara, CA, 

USA) is used to supply the input power to the Tx coil, and 

while a power meter is used to measure the delivered power of 

the Rx coil by a spectrum analyzer (Agilent 85665EC). The 

signal generator has a maximum generating power of 19 dBm. 

To extend the input power range, a +45-dBm drive amplifier is 

added to a transmitting module. The spectrum analyzer has a 

measured limitation of 30 dBm. Therefore, a –40-dB attenuator 

is used to reduce the power transferred to the spectrum analyzer. 

The experimental setup of the WPT system is shown in Fig. 6.  

In this experiment, the generating Tx coil is maintained in a 

fixed position, and the Rx coil is arranged inside the Tx coil at 

various receiving angles. The PTEs of the WPT system are 

illustrated in Fig. 7. 

The Rx coil receives the highest energy at a distance of 4 cm 

from the origin of the coordinate system. In the small middle 

area of the Tx coil, the magnetic field is canceled because of 
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Fig. 6. Experiment setup of the WPT system. 

 

 

Fig. 7. Dependence between the PTE and the resonant coil dis-

tance. The distance is from the origin of the coordinate sys-

tem to the Rx coil. 
 

symmetric construction.  

Therefore, the PTEs are almost zero in the middle position 

leading to the dead zone of the Tx structure. However, the ef-

fective area inside the Tx coil is dominated in the small dead 

zone, which occupies over 62% of the spatial area. The Rx coil is 

freely placed in parallel and perpendicular arrangements. At 

effective distances, the PTEs can achieve 50%–60% at the oper-

ating frequency of 13.56 MHz at almost receiving angles. Table 

2 shows a comparison of the structure types, system characteris-

tics, possible arrangement, and performance of this study with 

those of previous research. Almost structures present some re- 

 
 

 

strictions for wireless charging, such as dead zone existence, 

limited arrangement, and incomplete spatial freedom charging. 

The proposed cubic Tx coil still contains a small dead zone in 

the central region inside the structure. However, the Tx coil 

presents a compatible high PTE for the free-positioning WPT 

system, with the free placement of the Rx coil in parallel and 

perpendicular arrangements except for the narrow dead zone.  

IV. CONCLUSION   

We presented a cubic Tx coil design for the free-positioning 

magnetic resonant coupling WPT system. The proposed Tx 

coil could deliver power to the Rx coil arranged inside it with an 

efficiency of 50% at an operating frequency of 13.56 MHz and 

an optimum distance of 4 cm. The dependence between PTE 

and distance was investigated to validate the performance of the 

WPT system. In conclusion, low-cost fabrication without the 

current control methodology was implemented to verify the 

practical design of a cubic Tx coil with a simple single Rx coil. 
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I. INTRODUCTION 

The finite-difference time-domain (FDTD) method [1–4] 

has been popularly used for a variety of electromagnetic (EM) 

wave propagation phenomena in the Earth’s atmosphere [5, 6]. 

The Earth’s atmosphere consists of the troposphere, the strato-

sphere, and the ionosphere [7]. In the troposphere and strato-

sphere, only the refraction and attenuation phenomena affect 

EM wave propagation. However, EM wave propagation in the 

ionosphere is complicated because of various propagation envi-

ronments, such as the static magnetic field of the Earth and 

plasma. Therefore, it is of great importance to accurately analyze 

EM wave propagation in the ionosphere modeled as anisotropic 

magnetized plasma. Plasma is a frequency-dependent dispersive 

medium, and it can be implemented in FDTD using various 

methods, such as the recursive convolution method [8], the Z-

transform method [9], and the auxiliary differential equation 

(ADE) method [5, 6, 10]. The ADE-FDTD method is highly 

preferable because it involves a simple arithmetic implementa-

tion, and it can also be straightforwardly applied to nonlinear 

dispersive media, unlike other methods [11, 12]. There are two 

particular implementations in ADE-FDTD for the EM analy-

sis of anisotropic magnetized plasma. First, the magnetic field 

(H) and the current density ( J) are collocated at the same time 

step and position when discretizing J [5]; this is called the H-J 

collocated FDTD method. Second, the electric field (E) and J 

components are collocated at the same time step and position; 

this is called the E-J collocated FDTD method [6]. Unlike that 

of the H-J collocated method, the numerical stability condition 

of the E-J collocated method is independent of medium proper-

ties and remains the same as the Courant stability limit for free 

space [6]. Moreover, the E-J collocated method is more accurate 

than the H-J collocated method [6]. Note that unconditionally 

stable FDTDs for magnetized plasma have been proposed 

based on the weighted Laguerre polynomials [13] or the Crank-

Nicolson-approximate-decoupling algorithm [14].  
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In FDTD, applying an appropriate boundary condition 

(ABC) to truncate the computational domain is necessary. Cur-

rently, the most efficient and commonly used ABC for FDTD 

is the perfectly matched layer (PML) [15, 16]. However, the 

PML implementation is not straightforward in the E-J collo-

cated method, as a matrix calculation is involved in the FDTD 

update equations. To the best of our knowledge, the PML im-

plementation to the E-J collocated FDTD scheme for aniso-

tropic magnetized plasma has not yet been discussed. In this 

work, we propose a stable PML implementation suitable for the 

E-J collocated FDTD approach for anisotropic magnetized 

plasma. Toward this purpose, we employ complex stretching 

variables for the nabla operator when deriving FDTD update 

equations. Numerical examples are used to validate our proposed 

PML implementation. 

II. FORMULATION 

1. FDTD Update Equations 

Let us consider the FDTD update equations for anisotropic 

magnetized plasma based on the E-J collocated method. The 

EM wave propagation in the anisotropic magnetized plasma 

region can be analyzed by Maxwell’s equations coupled with the 

Lorentz equation of motion. The governing equation set is giv-

en by 
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where νc is the collision frequency, ωp is the plasma frequency, ωb 

is the cyclotron frequency, and ε0 and μ0 are the permittivity and 

permeability of free space, respectively. The cyclotron frequency 

is a function of the static magnetic field. Therefore, the cross-

product term in Eq. (3) can lead to anisotropy of plasma so that 

the EM wave behavior depends on the direction of the static 

magnetic field relative to the EM wave propagation direction. In 

the E-J collocated method, the current density vectors are collo-

cated at the same time step and position of the electric field vec-

tors. Therefore, by applying the central difference scheme (CDS) 

in both time and space to Eqs. (1)–(3), one can obtain the 

FDTD update equations consisting of three standard update 

equations for the magnetic field components and six coupled 

update equations for the electric field and current density com-

ponents. 

The update equations for Eq. (1) using CDS are as fo-  

llows: 
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The update equations for Eq. (2) using CDS are as follows: 
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The update equations for Eq. (3) using CDS are as follows: 
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Here, the superscript and the subscript refer to the time and 

spatial indexing, respectively. The ωbx, ωby, and ωbz are the cyclo-

tron frequencies along each direction. As shown in Eqs. (7)–(12), 

the update equations of E and J are required at the same time 

step, and thus the final FDTD update equations are expressed in 

a matrix form. For brevity’s sake, we use the following notation: 
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where A[6 × 6], B[6 × 6], and C[6 × 6] are the coefficient ma-

rices that depend on the anisotropic magnetized plasma proper-

ties and the FDTD modeling parameters for time and space. It 

should be emphasized that the matrix calculation is performed 

only once before FDTD time marching, and thus the demand-

ing computational cost is negligible. Note that there is a spatially 

non-collocated status of electric fields, magnetic fields, and cur-

rent densities. To address this problem, we use the space averag-

ing technique for all the spatially non-collocated components to 

maintain second-order accuracy [6]. For example, the final up-

date equation of Ex for anisotropic magnetized plasma can be 

expressed as 
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where the superscript <a, b> refers to the corresponding index 

of the matrix element of [A-1B] and [A-1C]. In Eq. (17), the 

electric fields (𝐸), magnetic fields (𝐻), and current densities (𝐽) 

should be considered by applying spatial averaging at position (i 

+ 1/2, j, k) of the Ex field component. The other coupled com-

ponents, Ey, Ez, Jx, Jy, and Jz, are obtained in a similar manner as 

Eq. (17). Note that the final update equations for the magnetic 

field component can be obtained through the standard FDTD 

process (Eqs. (4)–(6)) because there is no field coupled with 

other field components. 
 

2. PML-FDTD Update Equations 

Let us consider the ABC for the E-J collocated FDTD 

method. In this work, the complex frequency-shifted (CFS)-

PML is employed to prevent the spurious late-time growth of 

EM fields [16]. By using a modified nabla operator with com-

plex stretching variables, 
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where a CFS stretching is utilized so that 
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Here, ζ = x, y, z. The CFS stretching (αζ ≠0) leads to a slightly 

more costly time-domain implementation than the standard 

PML stretching (αζ = 0), but the former is more effective at 

absorbing evanescent waves and low-frequency fields, as it can 

correctly operate for ω→ 0. Except for considering κζ variable,  

the update equations of the CFS-PML E-J collocated FDTD 



JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 20, NO. 4, OCT. 2020 

280 
   

  

are almost the same as those of the E-J collocated FDTD based 

on Eqs. (7)–(12). In general, PML implementation is straight-

forwardly applied to most FDTD update equations. However, it 

is not straightforward in the E-J collocated FDTD, as the cur-

rent density components are collocated at the same time step 

and position of the electric field components. Therefore, the 

CFS-PML implementation is also included in matrix form for 

the update equations of the E-J collocated FDTD: 
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The final update equation of Ex for anisotropic magnetized 

plasma in the PML region can be expressed as 
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Here, fxy, fxz, fyz, fyx, fzx, and fzy are the auxiliary variables of 

CFS-PML implementations [17]. The auxiliary variables are 

given by 
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and σζ, κζ, and αζ are the parameters related to the CFS-PML 

[16]: 
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where d is the thickness of the PML. The remaining auxiliary 

variables can be obtained similarly to Eq. (23) and Eq. (24). 

D[6×6] is the coefficient matrix that depends on the modeling 

parameters. Similarly, the PML implementation should be con-

sidered for the other coupled components (Ey, Ez, Jx, Jy, and Jz) in 

the matrix of Eq. (20).  

Before proceeding with the numerical examples, note that 

other PML implementation can be possible. Similar to conven-

tional PML implementation, PML can be implemented by 

simply adding auxiliary variables. In this approach, the final up-

date equation of Ex for anisotropic magnetized plasma in the 

PML region is expressed as 
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(29)

However, this conventional PML implementation in aniso-

tropic magnetized plasma may lead to diverging FDTD results, 

which will be shown in the next section. 

III. NUMERICAL EXAMPLES 

For simplicity, without loss of generality, the one-dimensional 

(1D) problem (along the z-axis) is considered for analyzing the 

EM wave interaction with anisotropic magnetized plasma. An 

x-polarized differentiated Gaussian pulse is considered in the 

1D region of the anisotropic magnetized plasma region with an 

arbitrary angle θ (0º, 30º, 60º, and 90º) between the wave-

number vector and the DC bias magnetic field. The computa-

tional domain contains 500 cells with a uniform grid Δz = 75 

μm and a temporal cell size Δt = 0.2475 ps. Ten cells of CFS-

PML were used at the terminations of the space to eliminate 

unwanted reflections. The plasma parameters are modeled to 

have an electron density without ions under an applied 1.7 T 

magnetic field. Therefore, the electron plasma frequency ωp = 

2π  50  109 rad/s, the electron cyclotron frequency ωb = 

3  1011 rad/s, and the electron collision frequency vc = 20 109 

Hz [18].  

Let us consider the conventional PML implementation, e.g., 

(29). Fig. 1 shows the time-domain waveforms of the Ex field 

component at the observation point located 50 cells away from 

the source. As shown in Fig. 1, the conventional PML-FDTD 

simulation results are inaccurate and even divergent in all cases. 

Now, let us consider the proposed PML implementation, e.g., 

(22). Fig. 2 shows that the FDTD simulation results are numer-

ically stable in this case. As shown in Fig. 2, the Ey field compo-

nent exists under the x-polarized incident field. This implies 

that the proposed FDTD algorithm can successfully analyze the 

anisotropic phenomenon of magnetized plasma. 

We then conduct a parametric study for the proposed PML 

performance. An angle between the wavenumber vector and the 

DC bias magnetic field is 0º. All the other parameters are the 

same as in the previous simulation. The reference solution is  

 
Fig. 1. Conventional PML implementation results of the Ex field component in the anisotropic magnetized plasma region with an arbi-

trary angle θ. (a) θ = 0º, (b) θ = 30º, (c) θ = 60º, and (d) θ = 90º. 
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obtained using a large FDTD domain such that the reference 

solution is not contaminated by PML reflections [1]. The reflec-

tion error from the PML is defined as  

  

    
   

  10Rel.error 20 log
max

ref

ref

E t E t
t

E t


   

(30)
 

where E(t) is the proposed PML implemented electric field, and 

Eref(t) is the reference electric field. 
 

 

Here, σopt is scaled as follows [1]: 
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0.8 1
=
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(31)

 

where η0 is the free-space wave impedance, and Δ is the lattice-

cell dimension. As shown in Fig. 3, the optimum CFS factors 

are m = 2, σmax/σopt = 1.4, κmax = 2, and αmax = 2. These factors  
  

         
(a)                                                    (b) 

(c) 

Fig. 3. Contour plots of the maximum reflection error as a function of the CFS factors. (a) κmax = 2, αmax = 0.45. (b) m = 2, αmax = 0.45. (c) m = 2, 

κmax = 2. 

(a) (b) 

Fig. 2. Proposed PML implementation results of the electric field components in the anisotropic magnetized plasma region with an arbi-

trary angle θ. (a) Ex field and (b) Ey field.  
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yield the lowest reflection error of −90 dB. We also compute the 

relative error for the optimum CFS factors under various DC 

bias magnetic fields. Fig. 4 shows that the PML performance is 

good, and thus the proposed PML implementation is suitable 

for the EM analysis of anisotropic magnetized plasma. 

Finally, we compute the right-hand circularly polarized (RCP) 

and left-hand circularly polarized (LCP) reflection coefficients 

of the EM wave in the magnetized plasma slab with an arbitrary 

angle θ (0º, 30º, and 60º). The computational domain is divided 

into 500 cells, and the plasma slab occupies 120 cells. All the 

other parameters are kept the same as in the previous simulation. 

As shown in Fig. 5, the proposed E-J PML-FDTD simulation 

results have a good agreement with the analytic results [19]. 

 

Fig. 4. Relative error of the CFS-PML E-J collocated FDTD. 

 

(a) 

(b) 

Fig. 5. Reflection coefficients: (a) RCP and (b) LCP. 

IV. CONCLUSION 

In this work, we have proposed a stable PML implementa-

tion suitable for the accurate FDTD method for the analysis of 

EM wave propagation in anisotropic magnetized plasma. To-

ward this purpose, we have developed an accurate E-J collocated 

FDTD algorithm for the plasma region with an arbitrary geo-

magnetic field by including the PML variables in the FDTD 

matrix update equations. The proposed PML-FDTD method 

can be applied to accurately predict EM wave propagation in 

the atmosphere for radio and satellite communication. 
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I. INTRODUCTION 

Several nondestructive testing (NDT) techniques can be used 

to detect surface cracks in metal materials. These techniques 

include eddy current testing, AC (alternating current) field 

measurement, acoustic emission testing, and ultrasonic testing 

[1–3]. Cracks in metal that are concealed by paint, composite 

laminates, corrosion protection substances, and rust can be de-

tected easily using microwave techniques compared with other 

techniques. Studies have shown that nondestructive surface 

crack detection at the microwave and mm-wave frequencies is 

capable of detecting and sizing surface cracks in metals [4–9]. In 

[4], an open-ended waveguide operating at 20 GHz was utilized 

as a sensor to detect smaller surface cracks, such as fatigue cracks 

from changes in the reflection coefficient. However, it can easily 

be affected by noise, air gap, and other factors [5]. To resolve this 

problem, several critical parameters of the open-ended wave-

guide technique have been investigated [6, 7]. To obtain a higher 

spatial resolution, the open-ended waveguide technique needs to 

be used at higher frequencies [8]. Alternatively, open-ended 

coaxial probes have also been examined [9]. Recently, resonant 

probes have been reported to design near-field sensors for crack 

detection in metallic materials [10]. Resonant probes provide 

many advantages compared with other probes based on measure- 
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ing changes in the reflection coefficient. Several technologies 

with resonant probes for crack detection have been reported, 

including a microstrip linear resonator, a quarter-wavelength 

microstrip line, a dual-behavior resonator filter, and a comple-

mentary split-ring resonator [11–14]. A more general review of 

state-of-the-art NDT techniques using microwave technologies 

is described in [15]. These techniques require a vector network 

analyzer (VNA), which makes the application of these types of 

probes difficult from a practical standpoint.  

Conversely, cutoff cavity probes using forced resonance have 

been utilized for crack detection in metallic materials [16]. This 

method is called the forced resonance microwave method 

(FRMM). The advantage of this method is that VNA is not 

required, and thus the crack detection system can be established 

at low cost. FRMM consists of two stages: preparation and de-

tection. It uses the current deviation from the resonance state for 

the cutoff cavity probe without a crack (corresponding to the 

preparation stage) and with a crack (corresponding to the detec-

tion stage). Therefore, knowledge of the current characteristics 

and the forced resonance modes of the cutoff-cavity probe in 

the preparation stage is needed as a reference to obtain the crack 

signals. 

This paper presents the current states of the forced resonance 

of the cutoff cavity applied to crack detection using FRMM. 

The cutoff-cavity probe produces forced resonance by adjusting 

a control element. There are two kinds of forced resonance: se-

ries resonance (SR) and parallel resonance (PR). The SR causes 

a maximum current, and the PR and the region surrounding it 

produce sluggishly gradient currents. The steepest gradient cur-

rents occur around the SR. The minimum current occurs at 

non-resonance (NR) using the control element. Therefore, there 

are four types of current states in FRMM: maximum current (at 

the SR), minimum current (at the NR), rapidly changing cur-

rent (around the SR), and slowly changing current (at the PR 

and around it). These current characteristics have been classified. 

The FRMM mainly uses SR, but PR and NR can also be used 

for crack detection. However, PR and NR are not as advanta-

geous as SR. To verify the current state inside the cutoff cavity, 

the experimental results are compared with the theoretical re-

sults. 

II. SYSTEM DESCRIPTION 

The geometry of the surface crack detection system is shown 

in Fig. 1. The detection system consists of four parts: (1) the 

cutoff cavity-backed narrow slot probe with internal posts #1 

and #2, (2) the external control element 𝑗𝑋  for cavity reso-

nance control, (3) the signal generator, and (4) the detector for 

reading the current states on post #2 and the crack signals. A 

voltmeter or an ammeter can be used as a detector. In Fig. 1(a),  

(a) 

(b) 

Fig. 1. A cutoff cavity-backed slot probe for crack detection. (a) In 

the detection stage, the cavity probe and metal are in per-

fect contact and scanned on the metal surface. (b) In the 

preparation stage, the probe is enclosed by a shorting plate. 

 

the probe and metal are presented separately, but in actual detec-

tion, they are in perfect contact. In the preparation stage, the slot 

is short, and the probe becomes a perfect cavity, as shown in  

Fig. 1(b). 

The probe dimensions are chosen such that the cross-section 

a 𝑏 of the cavity corresponds to the cutoff condition for the 

waveguide of the same cross-section when the cavity is empty. 

For this reason, it is called a cutoff cavity. In the probe, a feed 

post (#1) of radius r1 is located at x = t1 and z = s1. The external 

control element jX1 acts as a reactance element and is connected 

to the top of the feed post. A detector is connected to the bot-

tom of the parasitic post (#2) of radius r2 at x = t2 and z = s2. 

The detector is used to check the desired forced resonance or 

non-resonance currents and to measure the output crack signals. 

Each parameter referenced in Fig. 1 is listed in Table 1. 

To obtain the forced resonance and non-resonance current 

characteristics, Galerkin’s method of moments (MoM) is used 

to solve the integral equations for the current distributions on 

the two posts inside the probe. For the evaluation of the forced 

resonance characteristics, a two-port network representation is 

used with admittance parameters to derive the deterministic 

equation for the length of the control element, as described in 

Section III-2.  
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Table 1. Geometric parameters 

Parameter Value (mm) 

Cavity width, 𝑎 40 

Cavity height, 𝑏 20

Cavity depth, 𝑐 80

𝑥 position of the feed post #1, 𝑡  20

𝑥 position of the parasitic post #2, 𝑡 20

z position of the feed post #1, 𝑆  30

z position of the parasitic post #2, 𝑆 60

Radius of the feed post #1, 𝑟  1

Radius of the parasitic post #2, 𝑟  1

Slot center position, 𝑦  10

Crack center position, 𝑦  −

Slot width, 𝑊  5

Slot length, 𝐿  40

Crack width, 𝑊 1

Crack length, 𝐿 40

Crack depth, 𝑑 1

External reactance, 𝑋  Variable

Detector impedance, 𝑍  5 kΩ

III. THEORETICAL ANALYSIS OF FRMM 

1. Integral Equations 

As shown in Fig. 1(b), for the preparation stage, the probe 

with a metal shorting plate in the absence of a crack resonates 

forcefully in the cutoff cavity using the control element 

𝑗𝑋  connected to the top of feed post #1. The voltage V1 is ap-

plied at y = 0, x = t1, and z = s1. The detector is also connected 

to the bottom of parasitic post #2 at y = 0, x = t2, and z = s2.  

If the cutoff cavity is fed by a delta gap generator as a voltage 

source, the integral equations for the unknown electric currents 

𝐽 ̅  and 𝐽 ̅  on feed post #1 and parasitic post #2 can be respec-

tively written as follows:  
 

𝐾 ∙ 𝐽 ̅ 𝑑𝑆 𝐾 ∙ 𝐽 ̅ 𝑑𝑆                        

𝑦𝑉 δ 𝑦 𝑦𝑗𝑋 𝐼 𝑏 𝛿 𝑦 𝑏          (1) 

 

𝐾 ∙ 𝐽 ̅ 𝑑𝑆 𝐾 ∙ 𝐽 ̅ 𝑑𝑆   

 𝑦𝑍 𝐼 0 𝛿 𝑦                     (2) 
 

where 𝐾  𝑖, 𝑗 1 or 2  is the dyadic Green function in 

region I (inside the cavity), which yields the electric field due to 

the current source. Superscript I denotes cavity region I, and 

subscripts 1 and 2 represent feed post #1 and parasitic post #2, 

respectively. 𝛿 ∗  is the Dirac delta function, and 𝑦 is a unit  

vector in the y-direction. 𝐼 0  is the current at the ammeter 

loading position, and 𝐼 𝑏  is the current at the loading posi-

tions of control element 𝑗𝑋 . 𝑍  is the impedance of the de-

tector. For convenience and simplicity, the current 𝐼 0  at the 

ammeter loading position is expressed as 𝐼 . 

To solve the simultaneous integral equations for the un-

knowns, 𝐽 ̅  and 𝐽 ̅  are expanded as follows: 
 

𝐽 ̅ 𝑦 𝑦 ∑ 𝑎  𝑐𝑜𝑠                (3) 
 

𝐽 ̅ 𝑦 𝑦 ∑ 𝑎  𝑐𝑜𝑠                 (4) 
 

where 𝑎  and 𝑎  are complex expansion coefficients. The 

integral equations are solved by applying Galerkin’s MoM. 

Once the current distributions on the internal posts are obtained, 

the forced resonance characteristics can be considered for the 

probe by adjusting the control element. 

 

2. Forced Resonance of Cutoff Cavity 

When the probe is short-circuited with a shorting plate, we 

can obtain the forced resonance characteristics by treating the 

cutoff cavity as a two-port network, with a voltage applied at 

port 1 and the control element at port 2, as shown in Fig. 1. The 

relations between the terminal voltages and currents at each port 

can be expressed using admittance parameters 𝑦  𝑖, 𝑗 1, 2 : 
 

      
𝑖
𝑖

𝑦 𝑦
𝑦 𝑦

𝑣
𝑣  .               (5) 

 

The terminal voltage at port 2 can be expressed as 𝑖
1/𝑗𝑋 𝑣 𝑌 𝑣 , as a reactance element is connected to 

port 2. Therefore, by putting this relationship in (5), we can ob-

tain the input impedance at the driving point in the following 

form: 
 

𝑍  .                 (6) 
 

If the above impedance expression is used, the resonant con-

dition of the cutoff cavity is 
 

𝐼𝑚 𝑍 𝑦 , 𝑗𝑋 0.                 (7) 
 

The short-circuited transmission line with the characteristic 

impedance Z0 and length h1 constitutes the control element (re-

actance element). Therefore, the expression for the reactance is 

𝑗𝑋 𝑗𝑍 tan 𝑘ℎ , where 𝑘 is the propagation constant of 

the two parallel wires.  

The reactance of the control element that forcibly resonates 

the cutoff cavity can be obtained from (7). Thus, the length of 

the reactance that resonates with the cutoff cavity can be ex-

pressed as:  
 

  𝑘ℎ 𝑡𝑎𝑛                (8) 
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where 
 

   𝐹 𝑦 𝑦 2𝑦 𝑦 𝑦 𝑦              (9) 
 

         𝐻 𝑦 𝑦 𝑦 𝑦 𝑦 𝑦  
       𝑦 𝑦 𝑦 𝑦 𝑦 𝑦 𝑦 𝑦 𝑦        (10) 

 

𝑦  and 𝑦  are the real and imaginary parts of 𝑦 , respectively. 

In (8), the positive and negative signs in the denominator pro-

duce SR and PR, respectively. 

IV. THEORETICAL RESULTS AND CLASSIFICATION  

OF CURRENT STATES 

1. Forced Resonance Characteristics 

The dimensions of the cutoff cavity probe used in the numer-

ic calculation are 𝑎 40 mm , 𝑏 20 mm , 𝑐 80 mm , 

𝑠 30 mm, 𝑠 60 mm, 𝑡 𝑡 𝑎/2, and 𝑟 𝑟
1 mm. The operating frequencies are 1 GHz and 2 GHz, and 

the dimension a = 40 mm (cutoff frequency 3.75 GHz) meets 

the cutoff conditions for these frequencies. An ammeter is used 

as a detector, but a voltmeter can also be used. The ammeter and 

a diode detect the crack signals rectified by the high-frequency 

diodes (1SS99; NEC Corp., Tokyo, Japan) connected to parasit-

ic post #2. Their impedance is 𝑍 5.23 kΩ [5 kΩ (amme-

ter) + 230 Ω diode ]. 

The probe can resonate forcefully in SR or PR by adjusting 

the control element according to (8), and SR is used for crack 

detection [16]. This paper presents the current states of the 

forced resonance of the cutoff cavity for crack detection using 

FRMM.       

Fig. 2 shows the frequency characteristics of the length of the 

control element, 𝑗𝑋 𝑗𝑍 𝑡𝑎𝑛 𝑘ℎ ,  which occurs with 

forced resonance from (8) when the cutoff cavity probe reso-

nates forcefully from adjusting the control element for the am-

meter (𝑍 5.23 kΩ) connection. For the ammeter connec-

tion at 1 GHz, SR and PR occur at 𝑘ℎ 1.936 𝑋
130.77 Ω and 𝑘ℎ 0.971(𝑋 73.18 Ω , respectively. 

At 2 GHz, SR occurs at 𝑘ℎ 1.411 𝑋 310.71 Ω , and 

PR occurs at 𝑘ℎ 2.134 𝑋 79.17 Ω . These reso-

nance modes are summarized in Table 2. 

As shown in Fig. 2, the cutoff cavity probe generates SR or 

PR at given frequencies by adjusting the control element 𝑗𝑋  

for the ammeter connection. The PR for the ammeter connec-

tion occurs at 𝑘ℎ 0 𝑋 0 Ω  at around 1.60 GHz, as 

shown in Fig. 2. The frequency of 1.60 GHz is critical for de-

termining the resonance. The vicinity of 1.60 GHz is sensitive 

when obtaining the resonance by adjusting the control element 

and should not be in the crack detection using FRMM. The 

characteristics of a voltmeter connection are almost the same as 

those of the ammeter connection. As mentioned previously, the 

forced resonances other than those at 1.60 GHz are useful for 

crack detection by the FRMM. It is necessary to analyze the  

(a) 

(b) 

Fig. 2. Frequency characteristics of (a) the reactance and (b) length 

of the control element (𝑘ℎ ) for an ammeter as a detector. 

 

Table 2. Resonance modes of the cutoff cavity probe 

Resonance  

frequency (GHz)

Type of 

resonance 

External 

reactance (Ω)
𝑘ℎ  

1 SR −130.77 1.936

PR 73.18 0.971

NR 192.76 1.317

2 SR 310.71 1.411

PR −79.17 2.134

NR 95.39 1.088

 

current states of the cutoff cavity probe at the resonance and 

around it. Knowledge of the input impedance characteristic of 

the cutoff cavity and the detector current (the ammeter connec-

tion point current) is needed to check the types of resonance. 

Fig. 3 shows the detector current and input reactance versus 

the length of the control reactance when the operating frequen-

cy is fixed at 1 GHz and 2 GHz as an example. To determine 

whether SR or PR is occurring, it also shows the input reactance 

of the cutoff cavity probe. As shown in Fig. 3(a), for the amme-

ter connection at 1 GHz, SR occurs when 𝑘ℎ 1.936  

𝑋 130.77 Ω . The maximum current state also occurs.   
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(a) 

 

(b) 

Fig. 3. Load current and input reactance of the cutoff cavity probe 

versus control element length: (a) 1 GHz and (b) 2 GHz. 

 

PR occurs when 𝑘ℎ 0.971 𝑋 73.18 Ω , and the cur-

rent state slowly changes. The minimum current ( 0 mA) 

appears when 𝑘ℎ 1.317 𝑋 192.76 Ω , which is the 

NR state. For the ammeter connection at 2 GHz shown in Fig. 

3(b), SR occurs when 𝑘ℎ 1.411 𝑋 310.71 Ω , and 

the input reactance, 𝑋 , changes from capacitive to inductive. 

The maximum current state occurs. PR occurs when 𝑘ℎ
2.134 𝑋 79.17 Ω , and the input reactance changes 

from inductive to capacitive. The current state slowly changes. 

The detector current also appears to be minimized (≈0 mA) at 

𝑘ℎ 1.088 (𝑋 95.39 Ω), which is the NR state. 

 

2. Classif ication of Current States 

Based on the current states for the ammeter connection in 

Fig. 3, the current states of the cutoff cavity probe have a maxi-

mum current (at SR), minimum current (at NR), rapidly chang-

ing current (around SR), and slowly changing current (at PR 

and around it). These detector current states and resonant types 

are illustrated in Fig. 4. There are four kinds of current states: (1) 

SR with maximum current, (2) PR and the surrounding region, 

which has a slowly changing current, (3) NR with minimum 

current, and (4) region around the SR with a rapidly changing  

 

Fig. 4. Current configuration. 

 

current. These current states are applicable to crack detection 

using FRMM. One of the four current states can be used for 

more sensitive crack detection when setting the reference cur-

rent in the preparation stage. Crack signals are detected from 

the deviations of the reference current. 

Fig. 5 shows the classification of resonant types and directions 

of the detector needle movement as the crack signal appears 

with the four current states in the crack detection stage. Fig. 5(a) 

shows the three types of resonance: (1) forced resonance (SR 

and PR), (2) NR, and (3) region around the forced resonance. 

As mentioned previously, SR has the maximum current, NR has 

the minimum current, PR and the surrounding region have a 

slowly changing current, and the region around the SR has a 

rapidly changing current, as shown in Fig. 4. For these current 

states, the directions of the needle movement are shown in Fig. 

5(b). The needle moves in the lower or upper direction depend-

ing on the state of crack at a given frequency. The needle 

movement direction should be discussed in detail at the crack 

detection stage. However, this paper presents only one example. 

The needle movement directions for the crack of W = 1 mm 

and d = 1 mm are shown in Fig. 5(b). In this case, when the 

probe scans a crack in the detection stage, the needle moves in 

the lower directional movement if we use SR (maximum current) 

and NR (minimum current). For PR (slowly changing current), 

the needle moves in the upper direction. Using the region 

around SR (rapidly changing current) and around PR (slowly 

changing current), the needle also moves in the upper directions 

when the probe scans a crack. To check the needle movement 

shown in Fig. 5(b), the experimental results for the crack of W = 

1 mm and d = 1 mm at 1 GHz are shown in Table 3. As a fu-

ture study on the detection stage, more detailed research on the 

movement direction of the needle for various crack dimensions 

is needed. 

As a result, using SR and the region around SR leads to the 

best sensitivity for crack detection, as the current changes have 

the steepest gradient. PR and the region around the PR can be 

used for crack detection, but sensitivity is lower than that of the  
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(a) 

 

(b) 

Fig. 5. Classification of (a) resonant types and (b) movement direc-

tions of a needle according to the current configuration. 
 

Table 3. Experimental results of the movement direction of the 

needle 

Type of 

resonance 

Reference 

|I | (μA) 

Crack 

signal  

(μA)

𝑘ℎ  

Movement 

direction of 

the needle

Around SR 16.50 16.80 1.908 →

SR 17.20 16.90 1.936 ←

Around SR 15.10 15.40 1.971 →

Around PR 0.69 0.84 0.923 →

PR 0.60 0.75 0.971 →

Around PR 0.45 0.60 1.020 →

NR 0.12 0.02 1.317 ←

 

region around the SR. Using NR is also possible, but sensitivity 

will be even lower. Therefore, PR and NR can also be used for 

crack detection, but they are not as advantageous as SR. 

Based on the classification of resonant types, the result of 

crack detection using SR is presented in [16], and the results of 

crack detection using the other resonant types are given in [17, 

18]. 

V. EXPERIMENTS 

To validate the forced resonance and non-resonance currents 

of the probe, the calculated resonant currents were compared 

with the measured currents. The cutoff cavity was made with 

copper using electroforming technology and plated with gold, 

and a coaxial sliding short (Model 1909C2 at 0.8–4 GHz; 

Maury Microwave Corp., Ontario, CA, USA) was used as a 

control element. The dimensions of the cutoff cavity used in the 

experiments are 𝑎 40 mm , 𝑏 20 mm , 𝑐 80 mm , 

𝑠 30 mm, 𝑠 60 mm, 𝑡 𝑡 𝑎/2, and 𝑟 𝑟
1 mm. An NEC 1SS99 diode and ammeter (20 μA range) 

were connected to the parasitic post. The operating frequency 

used was 1 GHz, and the length of the control element was 

adjusted to obtain the forced resonance in the cutoff cavity. 

Fig. 6 shows a photograph of the manufactured cutoff cavity 

probe with the control element and experimental setup. Fig. 7 

shows the calculated and measured resonance currents for the 

ammeter connection. The calculated currents showed a reason-

able agreement with the experimental results. The deviation 

could be due to the losses of the cutoff cavity and the control 

element and the effect of fabrication errors. 

VI. CONCLUSION 

This study considered the forced resonance characteristics of 

a cutoff cavity probe that could be applied to crack detection  

 

 

Fig. 6. Photograph of the experimental setup. 

 

 

Fig. 7. Measured detector currents. 
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using FRMM. There were four kinds of current states: maxi-

mum current (at the SR), minimum current (at the NR), rapidly 

changing current (around the SR), and slowly changing current 

(at the PR and around the PR). These current characteristics 

were classified. The SR (maximum current) and the region 

around SR were the most applicable current states. The NR, PR, 

and the region around PR are also available for crack detection, 

but their sensitivity is lower than that of SR and the surround-

ing region. The actual crack detection using these current states 

can be examined in future works. 
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I. INTRODUCTION 

Electronic warfare is largely classified into three categories: 

electronic support, electronic attack, and electronic protection. 

The electronic support field of electronic warfare is a function 

that identifies the electromagnetic energy emitted by the enemy, 

such as search, tapping, and direction detection. To detect the 

fine signal of the target, all frequencies should be received and 

analyzed as much as possible. In other words, it is necessary to 

search for and analyze all the frequencies used in the satellite 

frequency and the group from the mobile communication fre-

quency that is used commercially. In the future, electronic sup-

port equipment will be developed into various platforms, such as 

portable and remote control. This is expected to change such 

characteristics as frequency use, digital modulation, and data 

coding. Therefore, techniques such as miniaturization, weight 

reduction, and broadband search processing are required [1]. 

Electronic support (ES) equipment for electronic intelligence 

requires receivers with a multi-octave bandwidth, and the receiv-

ers required for most electronic warfare system (EW systems) 

have very strict performance requirements.  

In addition, each component is connected using a microstrip 

line or a short RF cable for fabrication and testing. Additional 

tuning is also required to reduce mutual mismatching [2–4]. As 
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Abstract 
 

In this paper, we design and fabricate a broadband switching matrix box with low-noise figure, flat gain characteristics, and reliability by 

applying the chip-and-wire process using a bare-type MMIC device. To compensate for the mismatch among many components, the 

limiter, switch, amplifier, and power divider, which are suitable for sub-band frequency characteristics, are designed and applied to the 

matrix box. The matrix box has three submodules that are phase-matched for each frequency band and one built-in test (BIT) submodule 

to select the BIT path for calibration. Phase-matched RF semi-rigid cables of different lengths are used to connect to the external inter-

face of the matrix box. The main RF line is a dielectric substrate, RT/Duroid 5880, with a relative dielectric constant of 2.2 and a dielec-

tric thickness of 0.127 mm. The BIT path is a dielectric substrate, ceramic alumina (AI2O3), which has a relative dielectric constant of 9.8 

and a dielectric thickness of 0.254 mm. In the wideband switching matrix box, the gain is from −1.71 dB to −2.69 dB at LB (input fre-

quency, 0.5−2 GHz), with a flatness of 1.0 dB. Th e gain is from +14.8 dB to +12.4 dB at MB (input frequency, 1−6 GHz), with a flat-

ness of 2.4 dB. The gain is from +12.6 dB to +9.4 dB at HB (input frequency, 6−18 GHz), with a flatness of 3.2 dB. The measured 

values of the noise figure are 2.69 dB at low band, 4.4 dB at medium band, and 5.95 dB at high band with a maximum value. The meas-

ured value of phase matching at high band is 7º with a maximum value. 
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previously discussed, the broadband switching matrix module 

connected to the rear end of the antenna in the electronic sup-

port equipment system is a key element determining the overall 

system performance. 

In this paper, we designed and implemented a sub-unit mod-

ule in which the frequency of 0.5–18 GHz is divided into three 

bands of LB (low band, 0.5–2 GHz), MB (medium band, 1–6 

GHz), and HB (high band, 6–18 GHz). The design approach 

and contents proposed in this paper are as follows. 

First, the switching matrix module for receiving multiple an-

tenna signals individually consists of four channels in each band. 

Each channel is designed to have three input ports and one out-

put port; therefore, each channel needs 12 antenna connections. 

Second, to improve the overall noise figure characteristics 

through a low-noise amplifier (LNA) for MB and HB except 

LB, we used a bare-type switch and low-loss PCB to minimize 

loss to the LNA front end. 

Third, a broadband distributor (1:4) was designed to select 

the first switch to check whether each channel is operating 

normally. In this case, the distributor is located at the center of 

the module so that the built-in test (BIT) signal can be supplied 

to the same position in each channel. To secure high reliability 

in a high-frequency band, alumina material was used having a 

high permittivity (𝜀  = 9.8). 

The direction of arrival is determined using a point in which 

a received signal has a phase difference according to a distance 

from a reference antenna. In this case, self-phase matching in a  

 

Table 1. Comparison table between the ESM system and the pro-

posed system 

ESM requirement (º) Proposal value (º)

LB (0.5–2 GHz) ±3.0 ±2.0 (PTP = 4)

MB (1–6 GHz) ±4.0 ±3.0 (PTP = 6)

HB (6–18 GHz) ±5.0 ±4.0 (PTP = 8)

EMS=electronic support measurement, PTP=peak to peak. 

 

plurality of channels existing in a receiver should be performed 

[5]. The requirements of the electronic warfare system and the 

specifications proposed in the paper are shown in Table 1. 

II. WIDEBAND SWITCHING MATRIX STRUCTURE 

Fig. 1 shows the configuration of a broadband switching ma-

trix box required for ES systems, including switches, limiters, 

and LNAs. As shown in the diagram, it is designed to collect 

radio waves from low band to high band, and it is possible to 

correct the RF line and the box part (BIT PATH) to separately 

secure the built-in test equipment port [6]. 

The product to be studied is a broadband switching matrix 

box, which is designed and implemented by dividing the fre-

quency of 0.5–18 GHz into three submodules (LB, MB, and 

HB). Each submodule is connected to the back of an antenna. 

Each port is defined as follows: 
 

1) All J ports are connected to the antenna. 
 

 

 
Fig. 1. Block diagram of the switching matrix box. 
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2) All P ports are connected to a filter bank except for P13 

and J4. 

3) The ports of P13 and J4 are for receiving signals from an 

external synthesizer. 

 

Each submodule operates according to an external control 

command. For example, when a command to select an antenna 

path is received, all bands move equally. 

It is necessary to amplify and select a path, and the phase-

matching characteristic should be excellent for each path. Each 

submodule has four RF channels, and each channel has three 

RF input ports and one BIT port. 

The reason for separating the submodules (LB, MB, and 

HB) in the box is that the antennas connected in the system 

units are divided into sub-bands rather than into designing and 

manufacturing broadband (0.5–18 GHz). In addition, phase 

matching is required for each channel until the analog-to-digital 

converter is taken by the corresponding path in addition to the 

front-end (FE) module in the ES system. Fig. 2 shows the 

phase-matching calculation between the FE module for the four 

paths on the system side and each corresponding path (matrix 

box) on the downstream side, including the RF cable required 

for connection. What is important here is that even if the sys-

tem phase matching can be adjusted to 4º or less, the phase 

matching of the antenna path itself must also be matched with-

in 5º (matrix box; a 20º difference is not acceptable). 

III. DESIGN AND SIMULATION 

1. Feed-thru Design for the H Structure 

In the module form of an H structure (upper layer is RF line; 

lower layer is power supply circuit), a glass bead (signal connect-

or) is used to prevent loss and impedance mismatch in the upper 

layer (RF path). The signal should be supplied vertically [7]. Fig. 

3 shows the design of the feed-through in the vertical structure 

for the simulation. As a result of the simulation in Fig. 4, the 

insertion loss is 0.13 dB at 18 GHz, and the return loss is 23.9 

dB or less. 
 

2. Limiter Design for the MB (1–6 GHz) Frequency 

Among the RF signals received from the antenna, a limiter is 

designed and applied to the MB (1–6 GHz) submodule to pro-

tect the LNA part located at the beginning of the module when 

a high signal is applied. The limiter circuit, including the induc-

tor and the PIN diode, uses the inductor to remove the minute 

current while operating the PIN diode when the PIN diode 

(MG20T47) receives high power. Figs. 5 and 6 show the simu-

lation circuit, including the PCB artwork and a graph of the 

leakage power, according to the input power of the limiter cir-

cuit. The input power increases linearly up to the input of +10 

dBm, and the output power is suppressed little by little from the 

input power. When the input power is +30 dBm, the output 

leakage amount is about +16.6 dBm. The results show that the 

internal LNA components can be protected even if unwanted  

 
Fig. 2. Block diagram for the phase-matching calibration from the FE module to the MTX (matrix) module. 
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Fig. 3. Side image of the vertical structure using feed-through. 

 

Fig. 4. Simulation results in the vertical structure using feed-thru. 

 

external signals are introduced up to +30 dBm. 

 

3. Wideband Power Combiner Design 

A broadband two-way power combiner is needed to branch 

the BIT signal from the box to multiple channels. This is neces-

sary to obtain normal RF presence and calibration. In addition 

to using a typical 3-dB Wilkinson power divider, a multistage 

circuit is used to operate the wideband frequency [8].  

 

 

Fig. 5. Simulation circuit (top) and PCB artwork (bottom) includ-

ing the inductor and the PIN diode. 

Fig. 6. Simulation result for the limiter circuit. 

 

In the MB (1–6 GHz) frequency, the quarter wavelength is 

difficult to apply to a submodule with a limited size. 

Therefore, a thin film resistor is designed as an R divider with 

18 Ω, which can be applied to an alumina PCB. Fig. 7 shows 

the artwork designed with an alumina PCB—based on a ceram-

ic alumina (AI2O3) of 0.508 mm with a specific inductive capac-

ity of 9.8—to distribute one input to four using the three-stage 

power combiners. As shown in the simulation result of the 

power combiner structure in Fig. 8, the insertion loss is about 

11.8 dB, and the return loss is less than 22.7 dB at the maxi- 

 

Fig. 7. PCB artwork for the three-stage power combiner. 

 

Fig. 8. Simulation results for the three-stage power combiner. 
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mum frequency of 6 GHz for MB. 

 

4. Wire Bonding Analysis 

To make mutual connections among numerous transmission 

lines and parts in the very wide ultra-high-frequency range up to 

18 GHz without any loss or impedance mismatching, the de-

sign should meet the requirements for PCB spacing and the 

number and angles of wire bonding. As the PCB types required 

for wideband receiver modules are the RT/Duroid 5880 (Rog-

ers Corp., Chandler, AZ, USA) 0.127 mm (specific inductive 

capacity = 2.2) and alumina-based ceramic alumina (AI2O3) 

0.508 mm (specific inductive capacity = 9.8), the insertion loss 

and standing wave ratio characteristics vary within the operating 

frequency (0.5–18 GHz) band according to the spaces between 

the PCBs. 

Fig. 9(a) shows a 3D structure modeling according to differ-

ent PCB spacings (left side, 150 μm; right side, 380 μm) be-

tween the alumina and the Duroid PCB. Bonding is commonly 

applied to two places. Fig. 9(b) shows the results of a simulation 

conducted when the PCB spacing is 380 μm on the right side.  
 

(a) 

(b) 

Fig. 9. (a) Different PCB spacing structures (380 μm on the right 

side). (b) Simulation results when the PCB spacing is 380 

μm on the right side. 

(a) 

(b) 

Fig. 10. (a) Different PCB spacing structures (150 μm on the right 

side). (b) Simulation results when the PCB spacing is 150 

μm on the right side. 
 

A maximum insertion loss of −0.41 dB is shown at 18 GHz and 

a maximum return loss of −10 dB at 15.7 GHz. 

Fig. 10(a) and (b) illustrate the 3D structure and simulation 

that narrows the interval on the right side, with a low insertion 

loss (−0.34 dB at 18 GHz) and a good return loss (−15 dB at 

15.7 GHz). Therefore, the signals can be transmitted within the 

band without a large signal loss. This result shows the mini-

mum gap to secure the performance up to 18 GHz operated by 

checking the characteristic difference according to the PCB 

spacing when connecting PCBs of different materials using wire 

bonding. 

IV. FABRICATION AND MEASUREMENT 

A GaAs MMIC chip was mounted on a gold-plated sub-

strate to provide good grounding. A high-frequency Duroid 

PCB was placed around the chip to connect the DC bias, and 

input and output lines were wire-bonded using the chip-and-

wire process [9]. 

A broadband switching matrix box was made with 36 RF in-

put ports (0.5–18 GHz), 12 output ports (0.5–18 GHz), and 1 

external BIT input port. We also designed and manufactured an 
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RF cable (semi-rigid type) to transmit the submodules inside. 

Each submodule was assembled by submodule units. Each 

submodule used a bare-type MMIC and RT/Duroid 5880 

(thickness, 0.127 mm) PCB to achieve miniaturization and 

weight reduction [8]. The frequency of the −18 GHz band was 

transferred through the transmission line so that the signal was 

transmitted without loss or distortion. To overcome the low 

frequency and narrow bandwidth limitations of existing prod-

ucts, instead of fabrication using general package components, 

bare-type MMIC devices with high operating frequency and 

wide bandwidth were used to directly mount the components to 

the housing. The chip-and-wire process was applied to mini-

mize mismatch. 

Fig. 11 shows the assembled inner figure of the whole box 

with four submodules (LB, MB, HB, and BIT), the control 

board, and the RF semi-rigid cable. Many cables are needed to 

connect the ports of the inner submodule to the interface of the 

outer box. Figs. 12–14 show the inner shape of each submodule. 

To perform phase matching between the submodules, the 

corresponding paths were tuned individually using the tuning 

pad, the reference channel was normalized, and the phase dif- 

ference of the other channels was determined. Fig. 15 shows a 

 

 

Fig. 11. Photograph of the broadband switching matrix box (0.5–

18 GHz). 

 

 

Fig. 12. Photograph of the LB submodule (0.5–2 GHz). 

Fig. 13. Photograph of the MB submodule (1–6 GHz). 

 

Fig. 14. Photograph of the HB submodule (6–18 GHz). 

 

Fig. 15. Photograph of the tuned photos for the MB submodule 

(1–6 GHz). 

 

photograph of the tuned form. 
 

1. GAIN and Return Loss Measurement Results 

Fig. 16 shows the gain and reflection coefficient graphs for 

the LB path (frequency, 0.5–2 GHz), with a gain of at least 
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−2.69 dB in the band, a gain flatness of 1.0 dB at maximum, and 

an input reflection coefficient of −15.8 dB. 

Fig. 17 illustrates the gain and reflection coefficient graphs for 

the MB path (frequency, 1–6 GHz), with a gain of at least 

+12.4 dB in the band, a gain flatness of 2.4 dB at maximum, 

and an input reflection coefficient of −12.0 dB. 

Fig. 18 shows the gain and reflection coefficient graphs for 

the HB path (frequency, 6–18 GHz), with a gain of at least 

+9.4 dB in the band, a gain flatness of 3.2 dB at maximum, and 

an input reflection coefficient of −13.8 dB.  

Figs. 16–18 show the input R/L, gain and gain flatness, and 

output R/L characteristics in each band as a whole test result 

after mounting the submodules in the matrix box. 

The measured results of each path are shown in Table 2. 

 

2. NF Measurement Results 

The noise figure of the receiver, which is the most important 

index, was measured as a pure insertion loss of 2.69 dB because 

there was no LNA in the RF line in the 0.5–2 GHz (LB) band. 
 

 

Fig. 16. Results of the measurement of gain and return loss (LB). 

 

Fig. 17. Results of the measurement of gain and return loss (MB). 

 

Fig. 18. Results of the measurement of gain and return loss (HB). 

 

Table 2. Summarized values of the main items for each frequency 

band (unit: dB) 

Gain Flatness Input R/L 

LB (0.5–2 GHz) –2.69 1.0 –15.8

MB (1–6 GHz) +12.4 2.4 –12.0

HB (6–18 GHz) +9.40 3.2 –13.8

 

Figs. 19 and 20 show the noise figures of MB and HB at 4.4 dB 

in the 1–6 GHz band and 5.95 dB in the 6–18 GHz band. 

 

 

Fig. 19. Results of the measurement of noise figure (MB). 

 

 

Fig. 20. Results of the measurement of noise figure (HB). 
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3. Phase Matching Measurement Results 

Figs. 21–23 show the phase-matched measurements for each 

path for each sub-band. After normalizing antenna #1 to the 

reference path, the phase difference from the other paths (#2, #3,  

Fig. 21. Results of the measurement of phase matching (LB). 

 

Fig. 22. Results of the measurement of phase matching (MB). 

 

Fig. 22. Results of the measurement of phase matching (HB). 

and #4) was measured. LB (0.5–2 GHz) was −2.3°, and MB (1–

6 GHz) was from −2.2° to 5.0°. HB (6–18 GHz) showed the 

measurement results within 7°. This was the measurement re-

sult in the box unit, including the RF cable, which proved to be 

excellent in the broadband frequency. 

V. CONCLUSION 

In this paper, we designed and fabricated a broadband switch-

ing matrix box with low-noise figure, flat gain characteristics, 

and reliability by applying the chip-and-wire process using a 

bare-type MMIC device. To compensate for the mismatch 

among many components, the limiter, switch, amplifier, and 

power divider suitable for sub-band frequency characteristics 

were designed and applied to the matrix box. The matrix box 

had three submodules that were phase-matched for each fre-

quency band and one BIT submodule to select the BIT path for 

calibration. Phase-matched RF semi-rigid cables of different 

lengths were used to connect to the external interface of the 

matrix box.   

The main RF line was a dielectric substrate (RT/Duroid 

5880) with a relative dielectric constant of 2.2 and a dielectric 

thickness of 0.127 mm. The BIT path was a dielectric substrate, 

ceramic alumina (AI2O3) from ATC Co. (USA), and it had a 

relative dielectric constant of 9.8 and a dielectric thickness of 

0.254 mm.  

In the switching matrix box, the gain was from −1.71 dB to 

−2.69 dB at LB (input frequency, 0.5–2 GHz), with flatness 

about 1.0 dB. The gain was from +14.8 dB to +12.4 dB at MB 

(input frequency, 1–6 GHz), with flatness of 2.4 dB. The gain 

was from +12.6 dB to +9.4 dB at HB (input frequency, 6–18 

GHz), with flatness of 3.2 dB.  

The measured noise figure value was 2.69 dB with a maxi-

mum value at LB, 4.4 dB with a maximum value at MB, and 

5.95 dB with a maximum value at HB.  

The measured phase-matching value was −2.3° within the 

bandwidth at LB, from −2.2° to 5.0° within the bandwidth at 

MB, and 7° within the bandwidth at HB.  

The proposed 0.5–18 GHz broadband switching matrix box 

can be applied to the switching matrix, which requires path se-

lection at the back of the antenna of the ESM system. 
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I. INTRODUCTION 

Interest in non-contact sensor-based vital-sign detection has 

been growing, and several studies have been published that show 

that each individual has a unique pattern of breathing signals [1, 

2]. Based on these results, it has been shown that user identifica-

tion is possible using a pattern of vital signals [2]. Radar sensors 

have attracted particular attention as they are non-contact sensors, 

providing convenience to the user, and use radio waves, so they 

are resistant to external environmental factors, such as strong 

light, darkness, and fog. Radar systems can also continuously au-

thenticate users [2]. 

In [2], the authors tried to identify users using a continuous 

wave (CW) radar and a K-nearest neighbor (KNN) machine 

learning algorithm. However, CW radar employs only the fre- 

quency domain, making it difficult to distinguish the vital signals 

of multiple users, and the classification accuracy of the KNN al-

gorithm can be degraded when the feature vector is not properly 

set. 

This letter details two developments to improve the classifica-

tion accuracy of radar-based authentication: first, a frequency-

modulated continuous wave (FMCW) radar-based simultaneous 

recognition method, which has the advantage over CW radar of 

using both range and vital Doppler frequency parameters [3, 4], 

and second, a deep learning algorithm with enhanced perfor-

mance for vital sign-based user authentication. A deep neural 

network (DNN) is suitable for the detection of vital signs with 

waveforms that change over time, and we therefore show in this 

letter improvement in the accuracy of user identification using the 

proposed algorithm. 

 

Human Identification by Measuring Respiration  

Patterns Using Vital FMCW Radar 
Sangdong Kim1,2,* ‧ Bongseok Kim1 ‧ Youngseok Jin1 ‧ Jonghun Lee1,2 

 

 
   

Abstract 
 

This letter proposes a method of human identification that measures respiration patterns using frequency-modulated continuous wave 

(FMCW) radar. We exploit the fact that respiration signal patterns are unique to each individual, and FMCW radar is employed to obtain 

the respiration information. Based on the strengths of FMCW radar, the proposed algorithm compensates for the inability to distinguish 

the respiration signals of multiple users, which are difficult for continuous wave radar to measure. The proposed algorithm also employs a 

deep neural network algorithm instead of the K-nearest neighbor algorithm that was used in a previous study. The proposed algorithm 

further improves the performance by using a least mean square filter in the input signal of the DNN. The experimental results show that 

the proposed human identification method successfully classified four persons. 

Key Words: Human Identification, Non-contact Radar, DNN, Vital FMCW Radar.   
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II. SYSTEM MODEL AND PROPOSED ALGORITHM 

This section describes the system model and the proposed al-

gorithm of the vital FMCW radar. Let a total of L chirp signals 

be transmitted, reflected by M targets, and received. The received 

signal is dechirped by mixing the conjugate of the TX signal, and 

the dechirped signal is sampled as analog-to-digital converter 

(ADC). The l-th sampled beat signal is denoted by yl[n] for 0 ≤ 

n ≤ Ns - 1, where the number of samples is Ns. By omitting the 

noise term, yl[n] is expressed as 
 

 

(1)
 

where am is the complex amplitude of the m-th target, μ is the 

frequency slope of the FMCW chirp symbol, τm is the delay term 

due to the distance, Ts is the sampling interval, T is the duration 

of a chirp symbol, and ( )h
mx  and ( )

,
r
m px  represent the m-th hu-

man’s body motion by heartbeat and p-th harmonic term of res-

piration, respectively [5]. The sampled beat signal yl[n] is a col-

umn vector of size Ns for 1 ≤ l ≤ L and is represented as a ma-

trix Y: 
 

 1 2[ ], [ ], ..., [ ] .Ly n y n y nY
             (2) 

 

The beat signal 𝒀 is the input to the human identification 

method using a respiration pattern; this method is performed as 

follows: 

 The proposed algorithm finds the distance parameter of mul-

tiple targets by using the fast Fourier transform results of the 

received beat signal [5]; high-classification accuracy is then ob-

tained by performing the DNN using the vital Doppler signal of 

the distance index. When the heart rates of multiple targets are 

different, each target has a different vital Doppler component 

from the perspective of the FMCW signal. To classify targets 

based on each vital Doppler signal, various classification methods 

are usually employed. Of these, a KNN classifier is used for con-

ventional identification systems [2], which is a kind of su- 

 

Fig. 1. Block diagram of KNN. 

 

pervised learning that uses the labeled data to classify by referring 

to close labels of k different data, as shown in Fig. 1. The KNN 

algorithm is a simple and effective method for multi-class classi-

fication and can model non-linear distributions. The KNN clas-

sifier uses a Euclidean distance method to calculate the distance 

between the i-th feature Si obtained from the training data and 

the features obtained from the testing data. The KNN classifier 

chooses k training data, and the input feature is then assigned 

based on the smallest distance difference. However, the KNN al-

gorithm is part of the machine learning category, and machine 

learning has lower accuracy than deep learning algorithms, such 

as the DNN algorithm upon which this paper focuses. Compared 

to other conventional machine learning algorithms, the DNN 

employs a multi-layer structure to improve generalization and ab-

straction performance. 

For DNN training and testing, the vital Doppler signal from 

the received data is used to construct the complete dataset. In Fig. 

2, the received vital Doppler signal is fed into the least mean 

square filter, which achieves signal-to-noise ratio improvement. 

The filtered signal matrix R is the result of the adaptive filter. The 

output of the DNN is denoted by H and is represented as 
 

 

 

(3)
 

 

where Wk is the k-th weight matrix k = 1, 2, …, K; (∙)T is a trans-

pose operator; and ( )   defines the activation function, such as 

ReLU. 

The DNN with three hidden layers is selected as a network 

structure with final Softmax activation, as shown in Fig. 2. The 

activation function selected in the hidden layers is ReLU. By 
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Fig. 2. Structure of proposed DNN. 
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using three hidden layers, it is possible to represent an arbitrary 

decision boundary with a rational activation function that can ap-

proximate any type of smooth mapping to any degree of accuracy, 

and additional layers can learn more complex representations. 

However, there is a tradeoff between architecture layers (deepness) 

and the computational complexity of the proposed system. In this 

work, significant accuracy improvements were not achieved by in-

creasing the number of layers (K>3), whereas the training process 

time was longer. 

III. EXPERIMENTS 

This section presents experimental results to verify the im-

provement of the proposed algorithm. An experiment was con-

ducted in an indoor room in DGIST in South Korea. The overall 

experimental environment is shown in the simulation section. 

We utilized the 24 GHz FMCW radar system in [6]. The ex-

periment sought the vital Doppler signal of the target selected 

from among the range estimation results from the human targets. 

The four human subjects described in this letter produced differ-

ent vital Doppler signals, and these are shown in Fig. 3. For this 

experiment, various subjects’ respiration and heartbeat signals, ob-

tained for user authentication, were acquired. 

Since the field of view for the radar system is within ±15º in 

[6], the number of people who can be measured simultaneously  

is two. The distance between the people in each experiment was 

therefore set to 2 m. The experimental results are presented to 

demonstrate the improvement of the proposed algorithm. The 

four Doppler signals of the individuals are shown in Fig. 3. Hu-

man subjects have various vital Doppler signals, as shown in   

Fig. 3. 

Table 1 shows the classifications of the KNN-based and pro-

posed algorithms, comparing their performance. The input fea-

ture was of size 1 × 60 and k was set to 3, but the KNN-based 

user identification results are worse than those of the DNN-based 

algorithm. 

The DNN used to classify the users consisted of an input layer 

of size 1 × 60, a 1st hidden layer of size 60 × 500, a 2nd hidden 

layer of size 500 × 250, a 3rd hidden layer of size 250 × 
 

Table 1. Classification accuracy of KNN-based and proposed algo-

rithms 

  
Accuracy (%) 

User 1 User 2 User 3 User 4

User 1 70/100 0/0 30/0 0/0

User 2 10/0 90/100 0/0 0/0

User 3 0/0 0/0 90/100 10/0

User 4 0/0 0/0 0/0 100/100

Values are presented as KNN/proposed algorithms. 

(a) (b) 

(c) (d) 

Fig. 3. Doppler signals of four subjects: (a) 1st person, (b) 2nd person, (c) 3rd person, and (d) 4th person. 
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350, and an output layer of size 350 × 4. The DNN-based user 

identification results are better than those of the KNN-based al-

gorithm, as shown in Table 1, because the conventional algorithm 

using KNN had 95% accuracy. 

IV. CONCLUSION 

This letter proposed a method of human identification by 

measuring respiration patterns using radar. The radar system 

overcomes the drawbacks of identification using specific body 

parts. Using KNN algorithms to classify multiple users has rela-

tively poor classification results, and so a DNN algorithm was 

proposed to classify the respiration patterns of each person. The 

DNN-based user identification radar system was shown to clas-

sify four persons with 100% accuracy. In future research, heartbeat 

and respiration-based vital-sign data for user identification will 

be accumulated to improve vital monitoring techniques. 
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I. INTRODUCTION 

Alzheimer’s disease (AD) is an irreversible, progressive neu-

rodegenerative brain disorder that slowly deteriorates memory 

and causes cognitive impairment. Although the cause of AD is 

not fully understood, several hypotheses have been proposed. 

The amyloid hypothesis is the most commonly accepted model, 

according to which the accumulation of amyloid β (βA) in the 

brain is one of the pathological markers of AD [1, 2]. The amy-

loid hypothesis, that the accumulation and deposition of oligo-

meric or fibrillar βA peptide is the primary cause of AD, has 

been the mainstream concept underlying AD research for over 
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Abstract 
 

The growing concerns regarding the adverse biological effects of radiofrequency electromagnetic fields (RF-EMFs), which are generated 

by common electronic devices, on the human brain led us to investigate their impact on Alzheimer’s disease (AD). We aimed to establish 

the effects of RF-EMF on the expression of molecular markers associated with amyloid precursor protein (APP), cell death, and clono-

genic survival in HT22 and APP-overexpressing 7w-PSML cells. We compared the effects of RF-EMF at a high specific absorption rate 

(SAR) level with the neuronal-cell-death-inducing effects of ionizing radiation (IR). RF-EMF exposure (8 W/kg SAR) promoted the 

protein expression of ADAM10 (-secretase) in the HT22 cells (p < 0.05) and downregulated the APP mRNA level in the 7w-PSML 

cells (p < 0.01). In contrast, IR (10 Gy) significantly reduced the APP and a disintegrin and metalloproteinase 10 (ADAM10) levels with-

out altering their respective mRNA levels in these cells. Interestingly, IR exposure significantly upregulated BACE1 (-secretase) at both 

the protein and mRNA levels, suggesting adverse effects in AD. IR induced cell death and reduced clonogenic survival in both cell lines. 

Although RF-EMF (high SAR level) influenced APP processing, it did not induce any deleterious change in either cell line. Thus, fur-

ther studies are necessary to clarify the influence of RF-EMF on AD. 
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20 years [3–6]. In the normal condition, βA is cleaved from 

amyloid precursor protein (APP) by β- and γ-secretase and re-

leased from the cell, where it is rapidly degraded or removed. 

However, in AD patients, the abnormally increased βA induces 

βA amyloid fibril formation and accumulation in the brain, 

leading to neuronal cell death and neurodegeneration [3].  

βA processing involves two pathways: the non-amyloidogenic 

pathway and the amyloidogenic pathway [7]. APP synthesized 

de novo in the endoplasmic reticulum is the basis for both path-

ways [8]. In the non-amyloidogenic pathway, α-secretases start 

a series of chemical reactions. ADAM10 is an α-secretase en-

zyme that belongs to the family of a disintegrin and metallopro-

teinase (ADAM). ADAM10 cleaves APP to generate sAPPα 

and P83. Then P83 is cleaved by γ-secretase into P3 and the 

APP intracellular domain [1, 9]. In contrast, in the amyloido-

genic pathway, APP is first cleaved by β-secretase (BACE1) to 

produce sAPPβ and C99. This pathway also releases the neuro-

toxic Aβ peptide, which forms oligomers that further aggregate 

into amyloid plaque deposits [8], which are found in the brains 

of AD patients. The abnormal accumulation of Aβ occurs in 

the early stages of the pathological phase, and this eventually 

leads to AD [10]. The correlation between memory deficits and 

amyloid plaque deposits in AD transgenic mice models supports 

this hypothesis. Compared to other hypotheses, the amyloid 

hypothesis remains the best-defined and most widely accepted 

theory on the pathogenesis of AD [2].  

Neurodegenerative diseases and the cognitive functions of the 

brain may be influenced by radiofrequency electromagnetic 

fields (RF-EMFs), to which we are continuously exposed. With 

the rapid increase in the use of mobile phones, the adverse ef-

fects of these radiations have been recognized as a matter of 

public concern. Many studies have been carried out to discern 

whether RF-EMF exposure affects the cognitive functions of 

the brain. The results have revealed that RF-EMF exposure can 

lead to positive beneficial effects [11–15], negative harmful ef-

fects [16, 17], or no effects [1, 18–20]. In AD transgenic animal 

models, positive beneficial effects after long-term RF-EMF 

exposure were usually observed [11–14]. Although the RF-

EMF exposure was for a relatively short period of time (2 

months), beneficial effects were observed in models with severe 

AD, such as 5xFAD and old APPsw mice models [14]. On the 

contrary, following exposure to RF-EMF, harmful effects were 

observed in non-AD transgenic mouse models, such as C57-  

BL/6 or CD-1 [16, 17]. In the case of in vitro experimentation, 

there have been very few studies on neurodegenerative diseases 

such as AD. In one study, possible therapeutic beneficial effects 

were observed on βA-induced oxidative stress when primary-

cultured rat astrocytes were exposed to RF-EMFs for 24 

hours [15]. However, some studies have also shown no changes 

in the neuronal cells after RF-EMF exposure [1, 21].  

Cognitive impairment is a major side effect of the brain’s ex-

posure to ionizing radiation (IR) [22]. It has been reported that 

a single dose of 10 Gy can cause memory impairment in animal 

models [23, 24]. Exposure to radiation may also lead to the loss 

of neural precursor cells and to impeded hippocampal neuro-

genesis [25, 26]. Moreover, the brain’s exposure to IR has been 

reported to promote the development of AD [27]. A case con-

trol study of brain radiotherapy suggested an increased risk of 

developing AD and radiotherapy (RT)-related cognitive defects 

after whole-brain irradiation [28]. Although cognitive impair-

ment has been observed in humans and animals following brain 

irradiation, the underlying mechanisms leading to brain dys-

function remain largely unknown.  

In this study, we performed in vitro experiments to elucidate 

whether long-term-evolution (LTE) RF-EMF or IR affect the 

expression of molecular markers of APP processing, cell death, 

and clonogenic survival in HT22 or the APP-overexpressing 

7w-PSML cells. The 7w-PSML is a stably transfected Chinese 

hamster ovary (CHO)-based cell line that expresses both the 

wild-type human APP and mutant presenilin-1 (M146L), and 

is an efficient model for the detection of APP [29]. Because the 

endogenous expression of APP in the neuronal cells is usually 

very low, it poses a technical barrier to studying APP processing 

and its mechanism [1]. Thus, 7w-PSML has been used as a 

cellular model system for studying APP processing in AD in 

vitro. 

II. MATERIALS AND METHODS 

1. Radio Frequency Exposure System 

The radial transmission line (RTL) exposure system [30–32] 

was used as an in vitro exposure system because it can simulta-

neously expose large numbers of culture flasks. The LTE signal 

(1.76 GHz) [33] was applied to the RTL exposure system (Fig. 

1(a)). The exposure level and schedule were controlled by a con-

trol unit, and the maximum input power was 60 W. The input 

signal was fed through a conical antenna. The conical antennas 

typically have broadband characteristics, and the return loss of 

the exposure system with an antenna was under –10 dB from 

800 MHz to 5 GHz. The external dimensions of the exposure 

system were 843 mm, 825 mm, and 315 mm (Fig. 1(b)). The 

exposure system was specifically designed for controlling the 

environmental conditions, including the ventilation, humidity, 

and temperature. To maintain the CO2 density and humidity 

inside the chamber, the gas from an incubator was circulated 

throughout the chamber. Additionally, a water pump that circu-

lated water throughout the bottom of the cavity was used to 

control the temperature; the pump was used to protect the cul-

ture medium from temperature rises during the exposure by 

circulating water throughout the cooling system. The SAR  
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measurement was performed using a Luxtron 812 fiber-optic 

thermometer (Luxtron Corp., Santa Clara, CA, USA) with a  

thermal resolution of 0.1C. For the measurement, the probes 

were located at nine points inside a petri dish (Fig. 1(c)). Fig. 

1(d) shows the graphs of the temperature of the cell culture at 

the center of the inside of a petri dish for LTE 1.76 GHz. The 

SAR values were calculated from the temperature rise using  

Eq. (1). 
 

SAR 𝐶
∆

∆
𝐶 ,                   (1) 

 

where Cp, T, and t are the specific heat (J/kg ‧C), temperature 

rise by exposure (C), and exposure time (s), respectively. Three 

measurements were carried out at nine points, as shown in Fig. 

1(d). The mean value and standard deviation of the SAR meas-

urements in the entire sample were 0.155  0.004 W/kg, which 

were normalized to the input power at the feeding point. Pic-

tures of the exposure system are shown in Fig. 1(e). No signifi-

cant rise in temperature was noted as a result of the cooling sys-

tem during RF-EMF exposure (Fig. 1(f)). 

 

2. Radiation Exposure 

The cells in the 60 mm and 100 mm petri dishes were ex-

posed to radiation (0–10 Gy as a single dose) generated by a 
137Cs gamma ray source (Elan 3000; Atomic Energy of Canada, 

Mississauga, Canada) at a dose rate of 3.81 Gy/min. The radia-

tion workers received annual radiation safety management train-

 

(a) (b) 

 

(c) (d) 

(e) (f) 

Fig. 1. RF radiation exposure system for the in vitro study. (a) Block diagram of RTL exposure. (b) Cross-sectional view of the RTL expo-

sure chamber. (c) Measurement points in the culture plate. (d) Temperature and linear fitting for the center point at the LTE 1.76 

GHz frequency. The temperature was measured without circulating water during RF exposure. (e) External pictures of the exposure 

system: CO2 incubator, water pump, power supplier with computer (arrows, upper panels), and ferrite shielding system inside a CO2 

incubator (lower panels). (f) Maintenance of temperature in the exposure location during the exposure period. 
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ing from the Korea Foundation of Nuclear Safety (KoFONS). 
 

3. Cell Culture 

HT22 is an immortalized mouse hippocampal cell line. 

These cells have been used as established in vitro cellular models 

for AD, and have functional cholinergic properties related to the 

cognitive defects of AD. The 7w-PSML cells were provided by 

Dr. Inhee Mook (Seoul National University College of Medi-

cine, Seoul, Korea). The 7w-PSML is a CHO cell line that is 

stably transfected with both wild-type human APP and mutant 

presenilin-1 (M146L); thus, it is an effective model for the de-

tection of APP and its own metabolites [30]. This cell line was 

grown in high-glucose Dulbecco’s Modified Eagle Medium 

(DMEM) containing 10% fetal bovine serum and 1% penicil-

lin-streptomycin solution (100×). The exponentially growing 

cells were maintained at 37C in an incubator with a humidified 

atmosphere of 95% air and 5% CO2. HT22 cells were utilized 

to establish an HSP25-overexpressing cell model; transfection 

of the stable cell line was carried out using Lipofectamine 2000 

(Invitrogen). HSP25 was cloned into p3xFLAG-Myc-CMV 

containing an N-terminal Flag tag. After transfection, the cells 

were incubated for 24 hours. Next, geneticin disulfate (G418) 

was used to select the transfected cells. HT22 stable cells ex-

pressing HSP25 were cultured under the same conditions as 

with the HT22 control cells. 

 

4. Cell Viability Assay 

Cell viability against EMF exposure (SAR 8 W/kg) and γ-

ray irradiation was determined using 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Amersham 

Pharmacia Biotech, Buckinghamshire, UK). Briefly, the cells 

were seeded at a 1 × 104 cells/well density in 96-well plates and 

exposed to RF-EMF or γ-rays. After 24-hour incubation, the 

optical-density readings were recorded. 

 

5. Flow Cytometry Analysis  

The cells were washed once with phosphate-buffered saline 

(PBS), dissociated using Trypsin-EDTA, and centrifuged for 3 

minutes at 1,300 rpm and 4C. The pellet was washed with 1 

mL of PBS. Then PBS and 1 g/mL propidium iodide (1 mL 

each) were added to each polystyrene round-bottom tube. Fi-

nally, flow cytometric analysis was performed using a FACScan 

flow cytometer (BD Bioscience, Franklin Lakes, NJ, USA). 

 

6. Quantitative Real-Time Polymerase Chain Reaction (qRT-

PCR) 

Total RNA was extracted using QIAzol (QIAGEN). The 

RNA purity and concentration were measured with a 

NanoDrop (ND-2000; Thermo Scientific, Waltham, MA, 

USA), and cDNA was synthesized using the ReverTra Ace 

RT-PCR kit (Toyobo Co. Ltd., Osaka, Japan). PCR was per-

formed to assess the expression of the candidate genes using 

primers designed for SYBR Green-based detection (BIO-

92020; Bioline Inc., Memphis, TN, USA). The APP, BACE1, 

ADAM10, and β-actin (internal control gene) were measured 

via qRT-PCR using the sequences provided in Table 1. 
 

7. Cycloheximide (CHX) Chase Assay 

HT22 and 7w-PSML cells were seeded (4 × 105 cells) and 

treated with 20 or 40 μg/mL CHX, respectively. Following 

CHX treatment, the cells were exposed to 5 or 10 Gy IR. 
 

8. Western Blotting 

Cells were lysed with immune precipitation buffer, and the 

protein concentration of each sample was determined through 

the Bradford method (Bio-Rad, Hercules, CA, USA). The 

samples were boiled for 5 minutes, and an equal amount of pro-

tein was analyzed with sodium dodecyl sulfate and polyacryla-

mide gel (6%–15%) under the standard conditions. The horse-

radish peroxidase activity was measured using enhanced chemi-

luminescence (EzWestLumi, Tokyo, Japan). The protein band 

intensity was visualized using ChemiDoc (Bio-Rad) and was 

quantified using ImageJ Software 1.45 (National Institutes of 

Health, Bethesda, MD, USA). 
 

9. Colony-Forming Assay (CFA) 

The colonies of HT22 or 7w-PSML cells that survived were 

Table 1. Primer sequences for qRT-PCR 

 Sequence (5’-3’) Species

APP Forward 5′-CATCTTCACTGGCACACCGT-3′ Human/mouse 

 Reverse 5′-CAAACTCTACCCCTCGGAAC-3′

ADAM10 Forward 5′-AATTCTGCTCCTCTCCTGGGC-3′ Human/mouse

 Reverse 5′-CCTCTTCATTCGTAGGTTGA-3′

BACE1 Forward 5′-TGTGGAGATGGTGGACAACCTG-3′ Human/mouse

 Reverse 5′-TGCCTCTGGTAGTAGCGATG-3′

β-actin Forward 5′-CGCCACCAGTTCGCCATGGA-3′ Human/mouse

 Reverse 5′-TACAGCCCGGGGAGCATCGT-3′
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determined after 9 days of IR or RF-EMF exposure. The cells 

were fixed by adding a fixation solution (methanol:acetate = 7:3, 

RT for 10 minutes), and the colonies were stained by adding 

500 mL PBS containing 0.4% trypan blue. The colonies con-

sisting of >50 cells were counted using a Fluorchem SP counter 

(Alpha Innotech, San Leandro, CA, USA). Each assay was 

performed in triplicate. 

 

10. Antibodies 

The following antibodies were used in this study: anti-APP 

(A8717; Sigma-Aldrich, St. Louis, MO, USA), purified-βA 

antibody (BioLegend Cat# 803001), APP/βA antibody (2450S; 

Cell Signaling Technology, Danvers, MA, USA), BACE1 an-

tibody (sc33711; Santa Cruz Biotechnology, Dallas, TX, USA), 

ADAM10 antibody (ab1997; Abcam, Cambridge, UK), 

cleaved caspase-3 antibody (9661S, Cell Signaling Technology), 

cleaved PARP1 (9451S, Cell Signaling Technology), and β-

actin antibody (sc47778, Santa Cruz Biotechnology). 

 

11. Statistics 

Values are displayed as mean  SEM (standard error of the 

mean). Student t-test was used for comparing two groups, and 

one-way ANOVA was applied for experiments with more than 

three subgroups, using the GraphPad Prism program (version 

8.0; GraphPad Software, San Diego, CA, USA). The results 

were considered statistically significant when the p-values were 

less than 0.05. 

III. RESULTS 

1. Effects of RF-EMF and IR on the Molecular Markers of APP 

Processing 

First, we compared the APP levels of the HT22 and 7w-

PSML cells using Western blotting and confirmed that APP 

was stably overexpressed in the 7w-PSML cells (Fig. 2(a)). Next, 

we quantified the mRNA levels of APP, BACE1, and AD-

AM10 (which are involved in APP processing) in the HT22 

and 7w-PSML cells using qRT-PCR. As expected, the 7w-

PSML cells showed higher mRNA levels of APP and BACE1, 

major factors contributing to A production. However, the 7w-

PSML cells also exhibited a high mRNA level of ADAM10 

(Fig. 2(b)). 

The expression levels of the APP processing proteins, APP, 

BACE1, ADAM10, and βA in the HT22 and 7w-PSML cells 

were examined 24 hours after their exposure to RF-EMF (8 

W/kg SAR). In the case of the 7w-PSML cells, βA could not 

be detected. The level of ADAM10 was increased by RF-EMF 

in the HT22 cells compared to that in the non-exposed cells. 

The 7w-PSML cells, on the other hand, exhibited slightly de-

creased APP levels following RF-EMF exposure, but the de-

crease was not statistically significant. The levels of BACE1 and 

ADAM10 were not altered in the 7w-PSML cells (Fig. 3(a)). 

To determine whether exposure to RF-EMF affects the 

mRNA levels, HT22 and 7w-PSML cells were harvested at 24 

hours after RF-EMF exposure, and qRT-PCR was performed. 

In contrast with the Western blotting results, the mRNA levels 

of APP, BACE1, and ADAM10 were not altered by RF-EMF 

exposure in the HT22 cells. Interestingly, downregulated APP 

mRNA was observed in the 7w-PSML cells due to RF-EMF 

(Fig. 3(b)). These data suggest that RF-EMF may influence 

APP processing in both the HT22 and 7w-PSML cells, alt-

hough their effects may not be sufficiently associated with A 

alteration. 

To clarify the effect of IR on APP processing in the neuronal 

cells, the levels of APP, BACE1, ADAM10, and Aβ were 

measured in both the HT22 and 7w-PSML cells 24 and 48 

hours after exposure to 10 Gy IR. The APP expression was de-

creased by IR in both cell lines, and these effects were more 

profound at 48 hours than at 24 hours. Notably, the expression 

level of BACE1 in the HT22 cells was significantly increased at 

24 and 48 hours after IR exposure. As for the 7w-PSML cells, 

the BACE1 expression was increased only at 48 hours. Only the 

expression level of ADAM10 at 48 hours was decreased by IR 

in both the HT22 and 7w-PSML cells. In the case of the amy- 
 

 

 

(a) (b) 

Fig. 2. Expression of the basal levels of molecular markers for APP processing in the HT22 and 7w-PSML cells. (a) Representative photo of 

the Western blots for APP; β-actin was used as a loading control. (b) qRT-PCR analysis of the APP, BACE1, and ADAM10 

mRNAs. The data are expressed as foldwise increases of the levels in the HT22 cells (*p < 0.05 and **p < 0.01 compared to the HT22 

cells, n = 3, mean ± SEM). 
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(a) 

(b) 

Fig. 3. Expression variations of molecular markers for APP pro-

cessing in the HT22 and 7w-PSML cells due to RF-EMF. 

The HT22 and 7w-PSML cells (5 × 105 cells) were seeded 

and irradiated with RF-EMF (8 W/kg) for 24 hours. The 

cells were harvested, and (a) Western blotting and (b) qRT-

PCR were performed. The qRT-PCR data were expressed 

as foldwise increases of the unexposed control, and β-actin 

was used as the loading control. The relative band density of 

Western blotting was also analyzed (*p < 0.05 and **p < 0.01 

compared to the corresponding unexposed control cells, 

mean ± SEM, n = 3). 

 

loidogenic APP processing product, βA could hardly be detect-

ed, but the expression levels were decreased 24 and 48 hours 

after IR in the HT22 cells, which may be due to the decreased 

expression of APP. Similar to RF-EMF exposure, βA expres-

sion in the 7w-PSML cells could not be detected at all (Fig. 

4(a)). To elucidate whether the altered expression of APP-

processing proteins by IR was regulated at the transcriptional 

level, qRT-PCR analysis was performed. The HT22 and 7w-

PSML cells were irradiated with 10 Gy IR to assess the mRNA 

expressions of APP, BACE1, and ADAM10 24 hours after  

irradiation. Only the mRNA expression of BACE1 was signifi-

cantly increased by IR exposure in both the HT22 and 7w-

PSML cells (Fig. 4(b)). Interestingly, IR influenced the APP 

levels, but not the mRNA levels. Further, the APP stability was 

examined using CHX treatment. In both the HT22 and 7w-

PSML cells, the expression level of APP decreased proportion-

ally with the time after CHX treatment. Moreover, IR de-

creased the APP stability in both the HT22 and 7w-PSML 

cells (Fig. 4(c)). 

 

2. Effect of RF-EMF and IR on Cell Death and Clonogenic 

Survival 

In this study, we applied LTE exposure with a relatively high 

SAR (8 W/kg) compared to the permissible limit 1.4 W/kg 

SAR for local exposure allowed by the International Commis-

sion on Non-Ionizing Radiation Protection (ICNIRP) guide-

line. We aimed to investigate the effects of RF-EMF on cell 

death or clonogenic survival in the HT22 and 7w-PSML cells 

24 hours after exposure to 8 W/kg SAR RF-EMF. Apoptotic 

markers, such as cleaved PARP1 and cleaved caspase-3, were 

detected via Western blotting, but RF-EMF exposure did not 

affect them in either the HT22 or 7w-PSML cells (Fig. 5(a)). 

Next, experiments were performed to measure the extent of cell 

death or growth inhibition resulting from RF-EMF exposure 

using flow cytometry, MTT assay, and CFA. No significant 

differences were observed between the RF-EMF-exposed cells 

and the non-exposed controls in either cell line (Fig. 5(b)–(d)). 

To determine the effect of IR on cell death, the cleaved PARP1 

and caspase-3 were quantified at 24 hours after IR exposure. 

The expressions of cleaved PARP1 and caspase-3 were in-

creased after exposure to 10 Gy IR in both the HT22 and 7w- 

PSML cells (Fig. 6(a)). The evaluation of cell death or growth 

inhibition through flow cytometry and MTT assay showed that 

the IR-induced cell death significantly increased and the cell 

proliferation of both cell lines was inhibited (Fig. 6(b) and (c), 

respectively). The clonogenic survival data also revealed that the 

colony number of the HT22 cells was significantly decreased by 

IR in a dose-dependent manner (p < 0.01). The colonies of the 

7w-PSML cells were also decreased by IR in a dose-dependent 

manner (p < 0.01). Notably, there was no statistical difference in 

the colony-forming ability against IR between the HT22 and 

7wPSML cells (p = 0.23, analyzed via two-way ANOVA) (Fig. 

6(d)). 

It was previously reported that HSP25 (or HSP27 for hu-

mans) protected neuronal cells from IR-induced cell dam-

age [34]. This drove us to examine whether HSP25 overexpres-

sion protected HT22 cells from IR-induced cell death. Notably, 

IR exposure reduced the cleaved PARP1 and caspase-3 expres-

sions when HSP25 was overexpressed (Fig. 7(a)). Moreover, 

HSP25 overexpression increased the APP level (Fig. 7(b)),  
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(a)

(b)

 
(c)

Fig. 4. Expression of molecular markers for APP processing by IR in the HT22 and 7w-PSML cells. The HT22 and 7w-PSML cells were 

seeded (3 × 105 cells) and exposed to 10 Gy IR. After 24 or 48 hours, the cells were harvested, and cell lysates were used to perform 

(a) Western blotting and (b) qRT-PCR. The qRT-PCR data were expressed as foldwise increases of the non-irradiated control, and 

β-actin was used as the loading control. (c) HT22 and 7w-PSML cells were treated with CHX at 40 g/mL and 20 g/mL, respec-

tively, with or without 10 Gy IR. At the indicated time points, the cells were harvested, and Western blotting was performed. -

actin was used as the loading control. The relative band density of Western blotting was also analyzed (*p < 0.05 and **p < 0.01 com-

pared to the corresponding non-irradiated cells, mean ± SEM).

CHX                         CHX + IR (10Gy)

HT22

CHX (h)       0       2      4      6             0       2      4      6
- 140 kDa

- 100 kDa

- 43 kDa

APP

β-actin

A
P

P
/β

-a
ct

in
 r

at
io

Time (h)



JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 20, NO. 4, OCT. 2020 

314 
   

  

which was mediated by the increased stability of APP (Fig. 7(c)). 

These results suggest that IR-induced cell injury can modulate 

the APP levels and their stability. 
  

IV. DISCUSSION 

To investigate how RF-EMF affects neurodegenerative dis-

eases such as AD, we compared the effects of RF-EMF and IR 

on APP processing using in vitro AD models. In this study, we 

exposed the cells to 8 W/kg SAR, which is over fivefold higher 

than the permissible limit (1.4 W/kg SAR) according to the 

ICNIRP local-exposure guidelines. However, we did not detect 

any induction of cell death or inhibition of clonogenic survival. 

Lee et al. [21] also simultaneously exposed HT22 cells to two 

types of RF-EMF to evaluate their effects on cell death and 

beta amyloid treatment (4 W/kg SAR level; CDMA 2 W/kg + 

WCDMA 2 W/kg for 2 hours). Similarly, no effects were ob-

served on cell proliferation, cell cycle distribution, and cell death 

as a result of RF-EMF in the absence or presence of Aβ treat-

ment in the cells. Moreover, we found that RF-EMF induced  

 

(a) (b) 

 

(c) (d) 

Fig. 5. Effects of RF-EMF on cell death. HT22 and 7w-PSML cells were seeded (5 × 105 cells) and then exposed to RF-EMF (8 W/kg) 

for 24 hours. (a) The cells were harvested, and Western blotting was performed for cleaved PARP1 and cleaved caspase-3; -actin 

was used as the loading control. The relative expressions compared to those in the non-exposed control were quantified (n = 3). (b) 

The cell death and (c) the cell viability were analyzed using flow cytometry (n = 5) and MTT assay (n = 5), respectively. (d) Colo-

ny-forming assay (CFA) was performed for the HT22 and 7w-PSML cells, which were seeded at 1 × 103 cells/well. The cells were 

then exposed to RF-EMF (8 W/kg) for 24 hours and were incubated for another 9 days prior to CFA (n = 3). The data are repre-

sented as mean ± SEM. n.s.=no significance. 
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the upregulation of ADAM10 in the HT22 cells, a significant 

downregulation of APP at the transcriptional level, and a slight 

decrease in the APP level in the APP-overexpressing 7w-

PSML cells. These results suggest that RF-EMF may provide 

some beneficial effects on APP processing; however, we were 

not able to directly observe changes in βA. These results are 

consistent with those of our previous study, which showed the 

positive effects of RF-EMF, such as a reduction of APP and 

βA deposition in the brain and improvement in the behavioral 

disorders of 5xFAD mice after long-term WCDMA RF-EMF 

exposure (over 8 months) [11]. However, in contrast to our re-

sults, Park et al. [1] reported that the RF-EMF (WCDMA, 6 

W/kg SAR, 2 hours per day for 3 days) exposure of the HT22 

and 7w-PSML cell lines did not induce any change related to 

APP-processing proteins. Unlike Park et al. [1], we applied 

higher electromagnetic exposure levels and a longer exposure 

 

(a) (b) 

 

(c) (d) 

Fig. 6. Effects of IR on cell death. HT22 and 7w-PSML cells were seeded (5 × 105 cells) and exposed to 10 Gy IR for 24 hours. The cells 

were harvested, and (a) Western blotting, (b) flow cytometry analysis, and (c) MTT assay were performed on them. The relative 

band density of Western blotting was also analyzed and compared to that of the respective non-irradiated controls; -actin was used 

as the loading control. (d) Colony-forming assay (CFA) was performed after seeding HT22 and 7w-PSML cells at a density of 1 × 

103 cells/well and exposing them to IR at the indicated doses. After 9 days of IR exposure, CFA analysis was performed. The graph 

shows the related foldwise decreases compared to each non-exposed control. Each experiment was conducted in triplicate (*p < 0.05 

and **p < 0.01 compared to the corresponding non-irradiated cells, mean ± SEM). 



JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 20, NO. 4, OCT. 2020 

316 
   

  

time to the cells and found some significant changes in APP 

processing. Further studies are thus needed to investigate 

whether various experimental conditions, including extended 

exposure time (over 24 hours) and/or higher SAR levels, at 

more than 8 W/kg RF-EMF affect APP processing. 

Interestingly, in our experiment, IR significantly upregulated 

BACE1 at both the transcriptional and protein levels. However, 

βA was not increased despite the decrease in the APP levels of 

both the HT22 and 7w-PSML cells. Instead, the βA expression 

was decreased due to the decreased APP level. IR may affect the 

APP processing signaling cascade by influencing the APP sta-

bility. Moreover, HSP25, which was reported to inhibit IR-

induced brain damage [35], reduced the IR-mediated damages 

such as cell death indicated by cleaved PARP1 and cleaved 

caspase-3, and regulated the stability of APP. This finding is 

notable and implies that RT may have adverse effects on the 

brain of AD patients; however, the IR dose was too high to 

effectively investigate its effect on only APP processing without 

compromising or evaluating the survival of the cells. Therefore, 

further studies should be conducted at lower IR doses that will 

 

(a) (b) 

 

Fig. 7. HSP25 overexpression protects cells from IR and stabilizes 

APP. Control and Flag-tagged HSP25-overexpressing 

HT22 cells were seeded (8 × 105 cells). (a) Cell death 

markers were detected using Western blotting 48 hours af-

ter IR (5 and 10 Gy). (b) The expression of molecular 

markers for APP processing after IR was detected using 

Western blotting in the control HT22 and HSP25-

overexpressing HT22 cells. The graph shows the results ob-

tained by measuring the density of the band determined by 

Western blotting. (c) Cells were seeded at 2 × 105 and 

treated with CHX (100 μg/mL). At the indicated time 

points, the cells were harvested, and cell lysates were used to 

perform Western blotting; -actin was used as the loading 

control. *p < 0.05 and **p < 0.01 vs. the corresponding unex-

posed control HT22 cells; #p < 0.05 and ##p < 0.01 vs. the 

corresponding unexposed HSP25-overexpressing HT22 

cells, mean ± SEM, n = 3. (c) 
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not affect the cell fate. Additionally, more detailed experiments 

are needed to elucidate the APP stability during IR exposure in 

the context of HSP25 expression.  

V. CONCLUSION 

Our study demonstrated that RF-EMFs altered APP pro-

cessing, one of the main pathways in the pathogenesis of AD. 

RF-EMFs affected the level of ADAM10 and the transcription 

level of APP without any effect on cell death or clonogenic sur-

vival. These results suggest the potential of RF-EMFs to influ-

ence the pathogenesis of AD. Therefore, our finding can be used 

as evidence of the biological effect of RF-EMFs. Further studies 

should be conducted to clarify the effects of RF-EMF on AD 

using various cell organelles.  
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I. INTRODUCTION

Wireless communication in the radio shadow zone, such as a 

building cellar or underground, has not been aggressively im-

proved, even though mobile communication has been rapidly 

developed. To satisfy the bandwidth required for wireless com-

munication, various broadband printed dipole antennas have 

been proposed [1, 2] mainly as small antenna applications. In 

[1], a coupled-fed printed dipole antenna for direction finding 

was operated at 1.575–2.4 GHz. In [2], a printed dipole anten-

na with a split-ring resonator showed good resonance results of 

1.4–2.5 GHz. Although these types of antennas show good 

performance, the fundamental problems of a low-gain and 

high-frequency operation due to antenna size are not yet solved. 

A microstrip patch array antenna for indoor repeater application 

was proposed in [3]. As an important application for mobile 

communication in places such as the inside of a building or an 

offshore plant structure, radio shadow zones that hinder com-

munication can develop. To solve this problem, various antenna 

designs have been considered for in-building mobile communi-

cation [4–6]. Specifically, a radio firefighting alarm system 

should be established legally in buildings in Korea. As the fire-

fighting radio band of 440–450 MHz is of a lower frequency 

than the mobile indoor repeater band, creating a multiband sin-

gle-antenna design poses a challenge. The antennas mentioned 

in [1, 2, 7] have not been operated in a low-frequency band, 

such as the firefighting radio band and the LTE band 5. Even 

these antennas are broad bandwidth and achieve good perfor-

mance at the mobile communication band. Owing to its broad 

bandwidth and omni-directional radiation pattern, a discone 
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antenna operating at very high frequency (VHF) band has been 

considered for ultra-wideband applications [8]. A discone an-

tenna has also been proposed to reduce antenna size [9]. Alt-

hough several low-profile antennas for the VHF band were 

proposed in [8, 9], they were not enough for high-frequency 

bands, such as Wi-Fi, LTE, and 5G mobile communication, 

mainly because of radio shadow zone applications, such as in-

building cellars or underground. Therefore, the design of a nov-

el multiband antenna for radio shadow zones is greatly required 

[5–7]. In keeping with the national legal requirement, a broad-

band antenna for radio shadow zones, including in-building 

mobile communication, such as the firefighting radio band, 

LTE band 5, and mobile repeater band, is continuously being 

designed and proposed [4–6]. However, designing a multiband 

single-antenna with a firefighting radio band of 440–450 MHz 

is not easy. Overcoming the difficulties inherent in a multiband 

antenna design poses a challenge. A multiband cross-shaped 

inverse triangular notch antenna on the circular ground plane 

for radio shadow zone communication is proposed in this paper. 

To realize multiband characteristics, the notch antennas for 

ultra-wideband with a band stop have been studied [10, 11]. As 

similar approach for multiband performance, a notch structure 

was considered. To achieve broad bandwidth and omni-

directional radiation pattern for a firefighting radio application, 

an advanced discone antenna structure was applied in this study. 

To utilize the discone antenna characteristics, a cross-shaped 

inverse triangular structure was adopted in this study. Therefore, 

the important characteristics of the proposed antenna such as 

broadband and omni-directional radiation pattern by a cross-

shaped inverse triangular structure, and a multi-resonance by a 

notch structure were implemented. These characteristics were 

simulated by the HFSS (ANSYS Inc., Canonsburg, PA, UAS). 

Especially, an omni-directional radiation pattern is commonly 

implemented by a cross-shaped notch antenna similar with a 

discone antenna principle. 

A conventional circular discone antenna must have an un-

wieldy size to accommodate the firefighting radio band [5]. To 

solve this problem, a circular ground plane diameter of 200 

mmϕ is considered, even though its wavelength is too short 

compared with the firefighting band. The resulting design has 

multiband capabilities, and its application service band covers 

the firefighting radio band (440–450 MHz), LTE band 5 (824–

894 MHz), DSC band (1,710–1,880 MHz), PCS band (1,850–

1,990 MHz), WCDMA1 band (1,920–2,170 MHz), and Wi-

Fi 802.11 b/g band (2,400–2,470 MHz). Therefore, a broad 

bandwidth capability was achieved by adjusting the length and 

width of the circular ground plane and the cross-shaped notch 

element. The proposed antenna exhibited reasonable reflection 

coefficients of −10 dB lower, covering the firefighting radio 

band and the mobile repeater band. The simulated radiation 

patterns and gains also agreed well with the measured patterns. 

 

II. ANTENNA DESIGN 

Fig. 1 shows the structure of the cross-shaped inverse trian-

gular notch antenna on the circular ground plane. The cross-

shaped notch parameters having a reverse triangular structure 

are fed by a probe through the center of the circular plate, as 

shown in Fig. 1(c). The dielectric substrate considered in this 

antenna design is the FR-4 epoxy substrate of 1 mm thickness, 

with a relative permittivity of 4.4 + j 0.04. The circular plate 

shown in Fig. 1(a) is the ground plane; its diameter is fixed at 

200 mmϕ in the simulation. 

To better understand the cross-shaped inverse triangular 

notch behavior of the antenna, the impedance characteristics by 

the reflection coefficients with respect to the various parameters 

as shown in Fig. 1 are presented and discussed. The optimum 

parameters of a proposed antenna are obtained by iteration. For   
 

Fig. 1. Structural design of the cross-shaped notch antenna: (a) 3D 

structure, (b) side view, and (c) magnified feeding structure. 

(a) 

 
(b) 

(c) 
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example, satisfying for broad bandwidth of a cross-shaped in-

verse triangular structure, the reflection coefficients as functions 

of the various parameters are simulated and derived as shown in  

 

Fig. 2. 

Fig. 2(a) and (b) depict the simulated reflection coefficients 

resulting from the change in H2 and W5, respectively. H2 and 

(a) (b) 
 

(c) (d) 
 

(e) (f) 
 

(g) (h) 

Fig. 2. Simulated reflection coefficients as functions of the variations in (a) H2, (b) W5, (c) W2, (d) W3, (e) W4, (f) H4, (g) W1, and (h) H3.
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W5 are the length and width of the transmission line, respective-

ly, between the notch and the ground plane, indicated as the 

cross connection in Fig. 1(c). When the H2 length is altered in 

the simulation, the reflection coefficients in all bands are also 

changed. Variations in the H2 length are particularly influential 

on the firefighting radio band, and variations in the W5 width 

are less influential on the low-frequency bands than on the 

high-frequency Wi-Fi band. If the H2 length exceeds 6 mm, 

the reflection coefficients suffer; thus, the H2 length is set to 6 

mm, and for similar reasons, the W5 width is set to 1 mm. As 

shown in Fig. 1(b), the optimal reflection coefficients for pa-

rameters such as H1, H3, H4, W2, W3, W4, and W5 are decided 

in a similar fashion. 

Fig. 2(c), (d), (e), and (b) show the simulated reflection coef-

ficients resulting from the change in W2, W3, W4, and H4, re-

spectively. Although the discone and notch parameters with a 

reverse triangular structure are changed, the simulated reflection 

coefficients remain −10 dB below in the interested band. This 

means that these parameters are not sensitive and have enough 

margin.  

Fig. 2(g) and (h) illustrate the simulated reflection coefficients 

resulting from the change in the length and height of the notch, 

respectively. When the W1 length and the H3 height are altered 

in the simulation, the reflection coefficients in the high-

frequency band of 2 GHz above are slightly changed and almost 

maintained −10 dB below in all bands simultaneously. As W1 

and H3 are designed by considering an electric length operated 

in the low-frequency band, the variations in W1 and H3 are 

much less influential in the low-frequency band than in the 

high-frequency band. If W1 and H3 exceed 200 mm and 160 

mm, respectively, the reflection coefficients suffer; thus, W1 and 

H3 are set to 200 mm and 160 mm, respectively. 

III. MEASUREMENT AND TEST RESULTS 

Fig. 3 shows a photograph of the actual fabricated antenna. 

This antenna is a cross-shaped printed four-notch structure 

with an FR-4 epoxy substrate and a circular ground plane of 

200 mmϕ diameter. As mentioned previously, the operating 

principle of a fabricated antenna with a reverse triangular struc-

ture fed by a probe through the center of the circular plate is 

based on a discone antenna structure. To satisfy the broad and 

multi-resonance bandwidth, an inverse discone structure is 

combined with a cross-shaped notch structure to realize the 

omni-directional pattern. 

The measured results of the reflection coefficients of the fab-

ricated antenna were analyzed using the HP Vector Network 

Analyzer 8722ES (Hewlett-Packard, Palo Alto, CA, USA). 

The radiation patterns and gains were measured in a 20 m × 7 

m × 7 m anechoic chamber. Thus, the results obtained were 

compared with simulated values to demonstrate the validity of 

the design. 

Fig. 4 presents the comparison graph of the simulated and 

measured reflection coefficients of the proposed antenna that 

shows the simulation results to be generally generally consistent 

with the measured values. The broad and multi-bandwidth 

characteristics were observed by the measured reflection coeffi-

cients much lower than −10 dB. It is not so serious for data dif-

ference even though the measured data observed a little differ-

ent from the simulated ones. Because the simulated reflection 

coefficients also shown −10 dB below in the interested band. 

Fig. 5 compares the simulated and measured two-dimen-

sional (2D) radiation patterns on the X-Z plane, with the meas-

ured patterns agreeing well with the predictions. Fig. 5(a) shows 

the omni-directional pattern at 445 MHz, which indicates that 

the ground size of 200 mmϕ is too small to compare with the 

operating frequency of 445 MHz. By contrast, measurements at 

1,800, 2,100, and 2,450 MHz show diminutive directional pat-

terns toward 10° to 50° and −10° to −50°. The measured pat-

terns, as shown in Fig. 5, agree well with the predictions. 

Fig. 6 shows the comparison of the simulated and measured 

2D radiation E-patterns on the Y-Z plane. It is theoretically a 

matter-of-fact result that the simulated and measured radiation 

patterns are similar to the findings in Fig. 5 because of the cross-

shaped symmetrical structure. The measured patterns show rea- 

 

Fig. 3. Photograph of the fabricated antenna. 

 

Fig. 4. Comparison of the simulated and measured reflection coef-

ficients of the proposed antenna. 
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sonable agreement with the simulation. 

Fig. 7 compares the simulated and measured 2D radiation 

patterns on the X-Y plane, with the measured patterns agreeing 

well with the predictions. A distorted radiation pattern at 2.45 

GHz is observed through the multiplication phenomenon of 

inherence frequency. 

Fig. 8 shows the simulated and measured average gains of the 

proposed antenna. These gains are calculated by the root mean 

square for the radiation pattern at each frequency. As the pro-

posed antenna size is relatively small in comparison with the 

wavelength of 400 MHz, the gain values observed at low-

frequency bands are low. Nevertheless, the measured gains show  

 
(a)  (b) (c) 

 

              
 

 (d) (e) 

Fig. 5. Comparison of the simulated and measured 2D radiation patterns on the X-Z plane: (a) 445 MHz, (b) 890 MHz, (c) 1,800 MHz, 

(d) 2,100 MHz, and (e) 2,450 MHz. 

 

(a) (b) (c) 
 

             
 

                 (d) (e) 

Fig. 6. Comparison of the simulated and measured 2D radiation patterns on the Y-Z plane: (a) 445 MHz, (b) 890 MHz, (c) 1,800 MHz, 

(d) 2,100 MHz, and (e) 2,450 MHz. 
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Fig. 8. Simulated and measured gains of the proposed antenna. 

 

good agreement with the simulation. 

IV. CONCLUSION 

A multiband cross-shaped inverse triangular notch antenna 

on circular ground plane for radio shadow zone mobile commu-

nication is proposed in this paper. The main feature of the pro-

posed antenna is the broad and multi-bandwidth repeating an-

tenna for in-building mobile communication services, including 

the firefighting radio band. Broad- and multi-bandwidth were 

achieved by finely adjusting the transmission line with the cross-

shaped notch antenna between the inverse triangular structure 

and the circular ground plane, optimizing the length and width 

of the notch through iterative simulation. The measured reflec-

tion coefficients were observed −10 dB lower in the firefighting 

band (440–450 MHz) and the mobile repeater band (890–

2,450 MHz), and they agreed well with those obtained through 

simulation. The desired omni-directional patterns by a cross-

shaped inverse triangular structure were obtained in the fire-

fighting band, even though the radiation patterns in the Wi-Fi 

band had directivity at 10° to 15° and −10° to −50°. The meas-

ured radiating patterns and gains exhibited a reasonable degree 

of agreement with the predictions. Future works will focus on 

reducing the antenna size. 
 

 

Following are results of a study on the "Leaders in Indus-
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