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I. INTRODUCTION 

Electromagnetic field transmission through a slot aperture in 

a conducting plate is a canonical problem that has attracted the 

attention of many researchers. The coupling problem of elec-

tromagnetic fields between regions through slots and apertures 

in conducting planes is widely encountered in electromagnetic 

pulse (EMP) studies and in areas of electromagnetic compatibil-

ity (EMC) and electromagnetic interference [1–5]. Another 

application field is microscopy, where super resolution based on 

near-field imaging has been investigated [6–9]. In addition, ex-

traordinary optical transmission phenomena have been observed 

through a subwavelength slit, and enhanced optical transmission 

through multiple grooves in the vicinity of a slit has been re-

ported for dual metal plates [10]. Electromagnetic coupling be-

tween two half-space regions separated by two slot-perforated 

parallel conducting screens has been reported on a transmission 

cross-section (TCS) [11]. 

Recent studies have focused on the reduction of electromag-

netic penetration through narrow slots in a conducting screen, 

and electric shielding effectiveness has been considered for a dual 

plate with narrow slots [12–18]. The resonant behavior of a small 

aperture backed by a conducting body has been reported [19], and 

enhanced resonance transmission has been investigated on shaped 

apertures, narrow small slots, and small square slots using two 

parallel wires (acting as a reactance) loaded in the slot [20–26]. 
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Abstract 
 

This paper presents the transmission cross-section (TCS) of a dual plate with narrow small slots when a plane wave is incident from the 
left half-space. Numerical results show that the TCS depends mainly on the plate spacing for a specified frequency. The TCS fluctuates 
with the plate spacing; the fluctuation period is approximately 0.5λ. When the plate spacing is larger than 0.5λ, the TCS reduces to 90% 
in the single plate case, and TCS enhancement is extremely difficult. However, when the plate spacing is less than 0.5λ, the TCS decreas-
es gradually to approximately 36% in the single plate case, and TCS enhancement can be realized using two parallel wires. The analysis 
results show that resonance transmission is effectively obtained by the wires connected on the slots for a plate spacing within 0.5λ. Exper-
imental measurements are presented to validate the theory. 
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This study focuses on the TCS between two half-space re-

gions separated by two narrow, small, slot-perforated parallel 

conducting planes. Subsequently, a formulation based on a cou-

pled integral equation on slot aperture magnetic currents similar 

to Leviatan’s report [11] on a two-dimensional problem per-

taining to transmission resonances is presented, which is known 

as the transmission resonance. In this study, the dual plate prob-

lem is addressed as a three-dimensional problem; the method of 

moments (MoM) using Galerkin’s procedure is used to deter-

mine the TCS through narrow small slots. 

The numerical results show that the TCS of the narrow small 

slots between two plates became extremely small. The electro-

magnetic transmission through the narrow small slots cannot be 

large at a specified plate spacing owing to the propagated power 

in a region between the two plates. In this study, the enhanced 

characteristics of the TCS for narrow small slots on two plates 

were investigated using two parallel wires loaded into the slots. 

The maximum transmission resonance occurred when a reac-

tance was connected to the narrow small slots for a specified 

plate spacing. When the plate spacing was larger than 0.5λ, the 

TCS was reduced to ≈90% in the single plate case, and TCS 

enhancement was extremely difficult. In particular, for small 

slots, the TCS did not increase satisfactorily because of the pow-

er propagated between the two plates. However, when the plate 

spacing was less than 0.5λ, the TCS decreased gradually to ap-

proximately 36% in the single plate case; TCS enhancement can 

then be realized using two parallel wires. The results show that 

the wire loaded in slot #1 is thought to play an important role in 

increasing the coupled power from Region I to Region II, 

whereas the wire loaded in slot #2 efficiently transmitted elec-

tromagnetic waves into Region III. The calculated transmission 

coefficient (TC) of the dual metallic wall with narrow small 

slots was compared with the experimental results. 

II. PROBLEM FORMULATION 

Fig. 1 shows the geometry and coordinate system of a dual 

conducting plane with narrow small slots. Conducting ground 

plane #1 was located in the xy-plane with the origin at the cen-

ter of the slot aperture; ground plane #2 was placed in the xy-

plane apart from ground plane #1 at a distance z = d. Narrow 

small slot #1 of length 𝑎  and width 𝑏  was placed in infinite 

conducting ground plane #1 at z = 0 and near slot #2 of length 𝑎  and width 𝑏  in infinite conducting ground plane #2, 

which was placed by offsets 𝑥  and 𝑦  from the x- and y-axes, 

respectively. The conducting ground planes were perfect electric 

conductors with zero thickness. 

As shown in Fig. 1, the dual conducting wall structure was cat-

egorized into three regions: a half-space containing the incident 

plane wave (Region I (z 0)), an interior region comprising the 

two conducting ground planes (Region II (0 < z < d)), and a 

half-space comprising the penetrating field (Region III (𝑧 0)). 

These three regions were assumed to be free-space regions. 

If the plane wave is incident on the narrow slot in metallic 

ground plane #1, then the simultaneous integral equations for 

the unknown magnetic currents 𝑀  and 𝑀  on the slot aper-

tures can be expressed as follows: 
 �̂� × 𝐾 + 𝐾 ∙ 𝑀 𝑑𝑆  

+ �̂� × 𝐾 ∙ 𝑀 𝑑𝑆  

= z × (−𝐻 )             for Fig. 1(a)z × −𝐻 − 𝑦𝐼 𝛿(𝑥 − 𝑐 )   for Fig. 1(b) 
(1a)�̂� × 𝐾 ∙ 𝑀 𝑑𝑆  

+ �̂� × 𝐾 + 𝐾 ∙ 𝑀 𝑑𝑆  

= 0          for Fig. 1(a)z × −𝑦𝐼 𝛿(𝑥 − 𝑐 )      for Fig. 1(b) 
(1b)

(a) 

(b) 

Fig. 1. Geometry and coordinate system of narrow small slots in 

dual plates excited by an incident plane wave. (a) unloaded 

slots and (b) loaded slots with two parallel wires. 
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where 𝐼 ̿ is a unit dyadic, δ(∙) is the Dirac delta function, 𝑘 =𝜔 𝜀 𝜇 , and ω is the angular frequency. Superscripts I and II 
denote the corresponding regions. 𝑦 and �̂� are unit vectors in 

the y and z directions, respectively. Position vectors �̅� and �̅�′ 
correspond to the observation and source points, respectively. 𝑑𝑆  and 𝑑𝑆  denote the area elements on the slot apertures, 

whereas 𝐾  and 𝐾  are the dyadic Green functions of the 

half-space yielding a magnetic field due to a magnetic current. 𝑀± = ∓�̂� × 𝐸  and 𝑀± = ∓�̂� × 𝐸 ; and 𝐸  and 𝐸  

represent the aperture electric fields at the corresponding slot 

apertures. A time-dependent function, exp(jωt), was assumed in 

this study. 

In Eq. (1), the incident magnetic field and current at the con-

necting position of the two parallel wires can be expressed as 

follows: 
 𝐻 = −𝑥 𝐸 , 

(2)𝐼 = 𝑉𝑍 , 𝐼 = 𝑉𝑍 , (3)
 

and 
 𝑍 , = −𝑗120ln + − 1 cot 𝛽ℎ , , 

(4)

 

where 𝐻  is the short-circuited magnetic field when the nar-

row small slot is covered by a conducting plate; 𝐸  is the am-

plitude of the incident electric field; η is the wave impedance of 

free space; 𝑉  and 𝑉  are the voltages of wire loading points 𝐶  and 𝐶 , respectively;  𝑍  and 𝑍  are the impedances of 

the two parallel wires [27]; β is the propagation constant of the 

wires; 𝑠 (= 𝑎/2 + 𝑟) and r denote the half-spacing and radi-

us of the wires, respectively. 

To solve the simultaneous integral equations for the unknown 

variables, the aperture electric fields on the slots, 𝐸  and 𝐸 , 

are expanded as follows: 
 𝐸 (𝑥) = 𝑦 𝑉 𝐹 (𝑥) 

(5a)𝐸 (𝑥) = 𝑦 𝑉 𝐹 (𝑥) 
(5b)

 

 

where 𝑉  and 𝑉  are the coefficients to be determined, 

whereas Fn and Fm are piecewise sinusoidal expansion func-

tions.  

III. TRANSMITTED, PROPAGATED POWER, AND TCS 

When a plane wave excites narrow small slot #1, the time 

average power transmitted from Region I to Region II through 

slot #1 is expressed as 
 

      𝑃 = Re ∬ 𝐸 × 𝐻∗ ∙ �̂�𝑑𝑆 , (6)
 

where the asterisk denotes a complex conjugation. Similarly, the 

power transmitted from Region II to Region III through slot #2 

is expressed as 
 

     𝑃 = Re ∬ 𝐸 × 𝐻∗ ∙ �̂�𝑑𝑆 . (7)
 

In addition, the TC through narrow small slot #2 is defined 

as follows: 
 

     𝑇𝐶 = , (8)
 

where 𝑃  denotes the average incident power intercepted by 

narrow small slot #1. For an incident plane wave, 
 

   𝑃 = Re ∬ 𝐸 × 𝐻 ∙ �̂�𝑑𝑆 = 𝜂𝐴|𝐻 | , (9)
 

where A is the area of aperture #2, and 𝐻  is the incident mag-

netic field. 

When a plane wave excites a narrow, small slot, the TCS of 

the narrow, small slot is defined as the area for which the inci-

dent wave contains the power transmitted by the narrow small 

slot. It follows that the TCS is equal to 𝑇𝐶 · 𝐴. 
 

       𝑇𝐶𝑆 = 𝑇𝐶 · 𝐴 =  
(10)

 

For a small, electrically thin antenna, the maximum absorp-

tion area (TCS) is equal to 3λ2/4π (= 2Gλ2/4π, G = 1.5); moreo-

ver, it is a Hertzian source. If the thin dipole or narrow slot reso-

nates at near half the wavelength, then the TCS becomes 

3.28λ2/4π (= 2Gλ2/4π, G = 1.64). 

This study focuses on the TCS problem when all three re-

gions are free-space regions. A method for obtaining an en-

hanced TCS through the two narrow small slots separated by 

plate spacing is demonstrated herein. The dissipated power for a 

lossy material filling (Region II) case will be discussed in another 

paper. 

IV. NUMERICAL RESULTS AND DISCUSSION 

The slot used in the calculation was small and narrow com-

pared with the wavelength. The dimensions of the slot were as 

follows: 𝑎 = 𝑎 = 3 cm, 𝑏 = 𝑏 = 1 mm, and 𝑑 = 1 cm. 
Low frequencies below the resonant frequency (4.65 GHz) 

were used to consider the TCS of the narrow small slots. To 

obtain the maximum transmission, two slots were placed on the 

same axis (𝑥 = 𝑦 = 0 cm). 

Fig. 2 shows the TCS for a narrow slot with 𝑎 = 𝑎 =3 cm without the two parallel wires. As shown in Fig. 2, the 
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maximum transmission (TCS = 6.42 cm ) for 𝑎 = 𝑎 =3 cm occurred at a resonant frequency of 4.65 GHz when the  

plate spacing was 𝑑 = 1 cm. Furthermore, Fig. 2 shows that 

TCS = 3.28λ2/4π (= 2Gλ2/4π, G = 1.64), which is the maxi-

mum TCS (see dash-dotted lines) for the resonant source (i.e., 

when the narrow slot resonates at near half the wavelength). 

For example, the predicted maximum TCSs of the narrow slot 

with 𝑎 = 𝑎 = 3 cm were 58.73, 26.10, and 10.86 cm  

at 2, 3, and 4.65 GHz, respectively, as shown in Fig. 2. However, 

because the slot length was small compared with the wavelength 

at these frequencies, the transmission power was extremely low: 

TCS = 7.79 × 10  cm  at 1 GHz, 2.07 × 10  cm  at 2 

GHz, and 0.004 cm  at 3 GHz. The fixed plate spacing of 𝑑 = 1 cm was 0.155λ at a resonant frequency of 4.65 GHz for 

slot lengths of 3 cm. As previously mentioned, the TCS was 

extremely small at 1 GHz, but it increased when the slot length 

was half the wavelength and the plate spacing was small. Hence, 

the plate spacing affected the TCS because power was propagat-

ed in Region II (between the two plates). The small plate spac-

ing increased the TCS, as predicted. 

The TCS characteristics in Region III as a function of plate 

spacing d (or d/λ) for 4.65 GHz when the plane wave is incident 

to the unloaded narrow small slots of 𝑎 = 𝑎 = 3 cm are 

shown in Fig. 3. The TCS fluctuated with the plate spacing, and 

the fluctuation period was approximately 0.5λ; however, the 

TCS decreased gradually within 0.5λ. For a plate spacing exceed-

ing 0.5λ, these periodic TCS patterns decreased rapidly as the 

spacing between plates #1 and #2 increased. The TCS was re-

duced by approximately 92.5% from the maximum owing to the 

propagated power in the two parallel plate regions (Region II). 

However, when the plate spacing was less than 0.5λ, the TCS 

decreased gradually to approximately 36% in the single plate 

case; TCS enhancement can be realized using two parallel wires. 

The method by which low frequencies below the resonant fre-

quency were transmitted from a narrow small slot with 𝑎 =𝑎 = 3 cm (resonant frequency of 4.65 GHz) using two par-

allel wires was investigated in this study. By this wire loading 

procedure, the transmission can be enhanced; this enhanced 

transmission is called the maximum transmission (known as 

resonance transmission), as shown in [20, 25]. 

Fig. 4 shows the plate spacing characteristics of the TCS for a 

slot length of 3 cm at a frequency of 2 GHz. The 3-cm slot 

length was electrically small for this frequency. The maximum 

TCS (6.42 cm ) occurred at 4.65 GHz for d = 1 cm, as shown 

in Fig. 3. However, the TCS for 2 GHz was extremely small 

because the 3-cm slot length was electrically small for this fre-

quency, as shown in Fig. 4. The frequency of 4.65 GHz corre-

sponded to the resonance frequency of two narrow slots with a 

length of 3 cm, and the maximum TCS occurred at 4.65 GHz. 

For a slot length of 3 cm, the resonant frequency can be reduced 

from 4.65 GHz to various desired frequencies of 1 GHz (78.5% 

reduction), 2 GHz (57.0% reduction), and 3 GHz (35.5% re-

duction) by adding two parallel wires into the slot. 

 
Fig. 2. TCS characteristics of unloaded dual plates with narrow 

slots of 3 cm length excited by an incident plane wave. 

 
Fig. 3. TCS versus plate spacing for unloaded dual plates with 

narrow slots excited by an incident plane wave at a resonant 

frequency of 4.65 GHz. 

 

 
Fig. 4. TCS versus plate spacing for unloaded dual plates with 

narrow slots excited by an incident plane wave at 2 GHz. 
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To enhance the TCS for a slot length of 3 cm at a low fre-

quency of 2 GHz, two parallel wires can be connected to the 

slot. The two parallel wires serve as reactance elements. The 

impedance of the slot is effectively controlled by the wires, and 

the slot resonance occurs when the two parallel wires are adjust-

ed to zero the slot reactance. This method has been shown to 

successfully enhance the TCS in a single slot [20]. In this study, 

two cases were addressed: 

 

(1) Slot #1 Loading Case: structure ℎ  connected to slot #1; 

(2) Slot #1 and #2 Loading Case: structures ℎ  and ℎ   

connected to slots #1 and #2, respectively. 

 

For the Slot #1 Loading Case, the TCS vs. reactance length 

for a 3-cm slot length at frequency 2 GHz is shown in Fig. 5. 

For reactance length ℎ = 2.72 cm, the TCS was enhanced to 0.188 cm  from 2.07 × 10  cm , i.e., approximately 908 

times larger than that of the unloaded slot at 2 GHz. Hence, 

the TCS can be effectively enhanced using two parallel wires 

connected to the slot. Adjusting the plate spacing to within 0.5λ 

can increase the TCS more significantly, as shown in Fig. 3. 

For the Slots #1 and #2 Loading Case, the TCS vs. length ℎ  

for a 3-cm slot length at a fixed length of ℎ  is shown in Fig. 6. 

When ℎ = 2.58 cm and ℎ = 2.72 cm were selected, the 

TCS was enhanced to 3.12 cm  from 2.07 × 10  cm , 

i.e., approximately 15,072 times larger than that of the unloaded 

slot at 2 GHz. The TCS of the two slot-loaded cases (Slots #1 
and #2 Loading Case) at 2 GHz became approximately 17 times 

that of the single loaded case (Slot #1 Loading Case). Hence, the 

TCS can be enhanced more effectively using the two parallel 

wires connected to both slots #1 and #2. 

As shown in Figs. 5 and 6, when ℎ = 3.450 cm and ℎ =3.480 cm, the minimum TCS was obtained at 2 GHz. The 

length of ℎ = 3.450 cm  and ℎ = 3.480 cm  correspond 

to ℎ = 0.230λ  and ℎ = 0.232λ  at 2 GHz, respectively. 

These results are similar to the single plate case and operate as 

an aperture cutoff filter. For the single plate, the penetrated elec-

tric field is reduced to zero by the two parallel wire lengths of 

around 0.27λ [12, 16]. 

Fig. 7 shows the frequency characteristics of the TCS for a 3 

cm slot length at fixed lengths of ℎ  and ℎ , which yielded the 

maximum TCS at the target frequency of 2 GHz. To compare 

the TCS for the three-case structure, the TCSs of the Unloading 
Slot Case, Slot #1 Loading Case, and Slots #1 and #2 Loading Case 
are shown in Fig. 7. 

For the Slot #1 Loading Case, when ℎ = 2.72 cm was se-

lected and fixed, the maximum TCS (0.188 cm ) was obtained 

at 2 GHz. For the Slots #1 and #2 Loading Case, when ℎ =2.72 cm  and ℎ = 2.58 cm were selected and fixed, the 

maximum TCS (3.12 cm ) was obtained at 2 GHz. These 

results show that the TCSs of both slot loading cases were larger 

than that of the Slot #1 Loading Case. 
In addition, the minimum TCS was obtained at around 2.5 

GHz when ℎ = 2.72 cm (= 0.227λ) and ℎ = 2.58 cm (=
 

Fig. 6. TCS versus wire length ℎ  for Slots #1 and #2 Loading Case 
at 2 GHz. 

 

Fig. 7. Frequency characteristics of TCS at fixed lengths of ℎ =2.72 cm and ℎ = 2.58 cm. 

 

 
Fig. 5. TCS versus wire length ℎ  for Slot #1 Loading Case at 2 

GHz. 
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0.215λ), as previously explained in Figs. 5 and 6. 

From the aforementioned results, it is clear that the wire load-

ed in slot #1 is thought to play an important role in increasing 

the coupled power from Region I to Region II, whereas the wire 

loaded in slot #2 efficiently transmitted the electromagnetic 

waves through slot #2 from Region II to Region III. 

As shown in Fig. 7, the desired maximum TCS for a single 

plate was 3.28λ2/4π (= 2Gλ2/4π, G = 1.64), which was the TCS 

for the resonant slot near the half- wavelength. In fact, as shown 

in Fig. 7, the TCS of the dual plate did not reach the desired 

maximum TCS because of the propagated power in Region II. 

The differences between the desired maximum TCS (3.28λ2/4π) 

and actual TCS for the plate spacing are shown in Fig. 3. There-

fore, for a specified plate spacing, the maximum TCS can be 

effectively obtained using parallel wires loaded in the slot. In 

addition, a smaller plate spacing increased the TCS. 

The TCS in Region II was not considered in this study be-

cause the TCS characteristics for Region III focused primarily 

on power transmission applications and EMC problems. 

Experimental results are provided to validate the numerical 

calculations. Fig. 8 shows a photograph of the experimental set-

up for measuring the transmission characteristics of the dual-

plate slot-loaded structure. Two small narrow slots (3 cm × 1 

mm) were attached to two large ground planes (2 m × 4 m and 

1 m × 1 m) with a gap of 1 cm in an anechoic chamber. Two 

parallel wires with a radius of 0.5 mm made from copper were 

connected at the center of the narrow slot as a capacitive reac-

tance. Broadband double-ridged horn antennas made by the 

ICU (model No. ICU-MA-04-2, 0.75-6 GHz) were used as 

the transmitting and receiving antennas. The S-parameters were 

measured by the antennas under a normal incidence using a 

Wiltron 37225A vector network analyzer. The antennas were 

placed 150 cm away from the structure to satisfy the far-field 

condition. 

Fig. 9 shows a comparison of the experimental and theoretical 

results. The calculated TCs agreed relatively well with the meas-

ured data. The maximum deviation of the frequency was ap-

proximately 6%. In addition, inherent fluctuations remained in 

the measurements. The fluctuations and deviations were at-

tributed mainly to the mutual coupling effects between the an-

tenna and slot as well as the interactions between the transmit-

ting horn antenna and ground plane. 

V. CONCLUSION 

TCS characteristics from an incident plane wave penetrating 

narrow small slots in dual conducting planes were explained 

herein. An analysis was performed wherein integral equations 

for aperture electric fields were derived and solved by applying 

Galerkin’s MoM. For two slots with an electrically small length, 

a high-level TCS, known as the transmission resonance, was 

obtained for a plate spacing within 0.5λ. The analysis results 

demonstrated that the maximum transmission resonance oc-

curred effectively when using two parallel wires loaded into both 

slots instead of a single slot loading for a small plate spacing. 

The wire loaded in slot #1 is thought to play an important role 

in increasing the coupled power from Region I to Region II, 

whereas the wire loaded in slot #2 efficiently transmitted elec-

tromagnetic waves into Region III, as a result of which a signifi-

cant increase in the total TCS results was seen in the experi-

mental results. 
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I. INTRODUCTION 

In an antenna array, thinning refers to the switching off of 

certain antenna elements at a fixed rate from a full array system 

without causing major degradation of the performance metrics. 

These metrics include the gain, half-power beam width 

(HPBW), and peak side-lobe level (PSLL) [1]. In general, 

thinned arrays offer reduced power consumption and less com-

plex beamforming network [2, 3]. However, reducing the num-

ber of active elements can reduce the gain or increase the PSLL 

compared to a reduction of the full elements. 

In recent years, optimization techniques such as the genetic 

algorithm (GA) or particle swarm optimization (PSO), which 

do not require gradient information of the objective function, 

have been applied to the thinning of arrays [4, 5]. These meth-

ods can find the global optimum in the case of smooth objective 

functions. However, when the objective function has many local 

optima, these methods are likely to converge to one of them. To 

prevent this problem, these methods require higher populations 

and more iterations. 

Similarly, in an array antennas with many elements, optimal 

thinning is deterred by numerous local optima. Various hybrid 
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GA methods have been proposed to enhance the search per-

formance of thinning designs [6, 7]. However, these methods 

have only been applied to linear or two-dimensional (2D) arrays 

with a small number of elements. In this paper, a nonlinear chirp 

function (NCF) is used to achieve an efficient thinning algo-

rithm. With the oscillation of the NCF determined by a design 

variable, the proposed thinning process is conducted by switch-

ing off several array elements whose NCF values are below the 

threshold. 

We propose a new hybrid GA that improves the convergence 

rate and the global search performance by exploiting the moving 

least squares (MLS) method. Here, MLS obtains local polyno-

mial functions from non-uniform sample data and interpolates 

the sample data [8]. By applying MLS to the population and 

the value of the objective function, an interpolated objective 

function is obtained. Subsequently, a conjugate gradient (CG) is 

applied to the interpolated objective function for improved local 

optima. After additional GA processes, the obtained solution is 

added to the population of the next generation. The proposed 

hybrid method (MLS-GA) enhances the rate of convergence 

and increases the possibility of finding a global optimum. It is 

then applied to a test function and a thinning design algorithm 

for verification. 

The hybrid algorithm combines conventional GA and CG 

and can be divided into three types according to the timing of 

the CG application. These are pre-hybridization methods that 

generate initial solutions of GA through CG, organic-hybridization 

methods that use CG as an operator of the GA, and post-

hybridization methods that apply CG to the results of the GA. 

The first method exhibits good performance when solving spe-

cific problems, although it cannot be applied to general prob-

lems. While the second method improves convergence, it has 

limitations in finding global solutions. Therefore, GA was per-

formed n times using the third method, and CG was applied to 

the best solution [9]. Unlike previous studies, we obtained local 

optima that applied gradient information to interpolated data 

acquired through MLS for each generation. The local optima 

and the solution of conventional GA are preserved for the next 

generation. 

A GA that adds gradient information through the MLS con-

cept is also presented in [10]. However, the algorithm design in 

this paper is based on discrete design variables compared to the 

continuous design variable utilized in [10]. In addition, the ele-

ment position (presented as 2D information) is also regarded as 

a design variable, and the solution can be derived from the NCF 

described previously. 

II. PROPOSED THINNING DESIGN ALGORITHM 

The conventional GA for a thinned array converts the location of 

each array element into a binary form: "1" (switch-on) or "0" 

(switch-off) [4, 6]. However, the number of local optimum in-

creases as the number of array elements increases using this ap-

proach; consequently, the optimization performance decreases. 

In this paper, we propose an indirect thinning algorithm (based 

on an NCF) that provides multiple oscillations compared to a 

conventional thinning algorithm. In general, chirp signals are 

used in radar and sonar systems, and their frequencies increase 

(up-chirp) or decrease (down-chirp) with time [11]. The pro-

posed NCF ( )tℑ  is defined as follows. 
 

( ) ( )( )cos ,  0 1t t tψℑ = ≤ ≤
 

(1)

( ) ( )( ) ( )1 2 ,  1 1L lt t t tψ α τ τ τ β τ= − − − + − ≤ ≤ (2)
 

where t represents the normalized location of the array elements, 

and ( )tψ  is a phase function of ( )tℑ . With increases in the 

phase function ( )tψ , the oscillation density of ( )tℑ  also in-

creases. In Eq. (2), controls the interval of the oscillation of 

( )tℑ  and β is the starting point of oscillation. These parame-

ters (α, β, lτ ) determine the shape of the NCF. 

The proposed thinning algorithm obtains the NCF value of 

each array element and switches off any elements whose NCF 

values do not meet the threshold. The term χ refers to the 

threshold value, where −1 ≤ χ ≤ 1.  

The process of the proposed thinning algorithm with 12 array 

elements is presented in Fig. 1. Here, the design variables are α, 

β, { }: 1,2, ,l l Lτ =  , and the threshold χ. 

We assume that α = 70, β = 0, lτ = [0.16, -0.12, -0.1, 0.25, 

0.21, 0.5], and χ = -0.2; hence, NCF ( )tℑ  is determined as 

shown in Fig. 1. Because the NCF values of array elements 10 

and 11 are less than the threshold, they are "OFF." 

For simplicity of computation, the 2D planar array is rear-

ranged as a one-dimensional (1D) linear array. The rearrange-

ment order was set according to the distance from each element 

 
Fig. 1. Process of the thinning algorithm with α = 70, β = 0, lτ  =  

[0.16, -0.12, -0.1, 0.25, 0.21, 0.5], and N = 12.
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to the center of the 2D array. After applying the proposed thin-

ning algorithm to the converted 1D linear array, it was recon-

verted back into a 2D array. For the sake of simplicity, this pa-

per assumes that the planar array has rotational symmetry. Ac-

cordingly, only the 1st quadrant of the planar array was designed. 

An example of the conversion and reconversion process is 

shown in Fig. 2. If the number of planar arrays in the 1st quad-

rant is 9, the elements are rearranged, as shown in Fig. 2(a). 

Additionally, the proposed thinning algorithm was applied to 

the rearranged 1D linear array. The result of the algorithm with 

the seventh and ninth elements switched off is displayed in Fig. 

2(b). The result is then reconverted into a 2D planar array, and 

the result of the entire quadrant is obtained by rotational 

symmetry. 
In this paper, the thinning coefficient is defined as 

 

       100 [%]OFFN
N

η = ×  (3)
 

where N is the number of array elements and NOFF is the 

number of "OFF" elements. For example, in the case shown in 

Fig. 1, η = 16.7%. 

III. PROPOSED HYBRID GA BASED ON MLS 

The MLS is a local approximation method that is used to es-

timate the value at an arbitrary point. Moreover, the MLS can 

obtain local interpolation functions from scattered data or non-

uniform sample data. The local interpolation function in the 

local domain D can be represented as follows [8]: 
 

( ) ( ) ( ) ( ) ( ),
1

K

D k k D D
k

f p a
=

= = Tx x x p x a x
, (4)

( ) ( ) ( ) ( ){ }1 2, ,... Kp p p=p x x x x , (5)

( ) ( ) ( ) ( ){ }1, 2, ,, , ...,D D D K Da a a=a x x x x . (6)
 

Here, D denotes the local domain of estimation, ( )Df x  de-

notes the local interpolation function, ( )kp x  is the kth basis 

function, K represents the number of the basis functions, and 

( ),k Da x  denotes the kth coefficient at the local domain D. In 

addition, x is the position vector, which acts as a population. In 

general, the basis functions for the MLS consist of polynomial 

functions. For example, the basis function of the quadratic order 

is expressed as ( ) { }2 2
1 2 1 1 2 21, , , , ,x x x x x x=p x . The weighted least 

square method is used to obtain the coefficient vector ( )Da x . 

This has the form 
 

 

( ) ( ) ( ) ( )( )
( )( ) ( )( )

2

,
1

DN

D i i D i D
i

D D D D

J w f
=

= −

= − −

 T

T

x x p x a x

Pa x f W Pa x f , (7)
 

where 
 

  
( ) ( )

D D
i N N

diag w
×

  W x = x
 (8)

 

( )
( )2 2

2

/ 1/

1/
, for

1
0 , otherwise

i DL

i D
i

e e Lw e

α α

α

− −

−

 − ≤=  −



x-x

x - xx
(9)

   
{ }1, 2, ,, ,...,

DD D D N Df f f=f
 (10)

  
( )

D
i j N K
p

×
  P = x

 (11)
 

Here, ND is the number of sample data instances in the local 

domain D, LD is the size of the local domain D, xi is the ith 

sample data, ,i Df  is the value of the objective function of xi, 

( )iw x  is the weighting function due to the distance between xi 

and x, and ( )W x  is a diagonal matrix with ND × ND. The 

range of the weighting function is limited by the following 

conditions: the weight should be (1) equal to 1 if x = xi and (2) 

equal to 0 if |x = xi| > LD [8]. Various weighting functions can 

be used in the MLS interpolation process [12]. In this paper, the 

weighting function expressed by Eq. (9) is used. From Eq. (7), 

the local interpolation function to minimize ( )DJ x  is ex-

pressed as follows: 
 

        
( ) ( ) ,

1

DN

D i i D
i

f fφ
=

=x x
, (12)

(a) 

(b) 

 

Fig. 2. (a) Conversion of the 2D array into 1D linear array. (b) Re-

conversion of the 1D linear array into 2D planar array after 

applying the thinning algorithm.
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where ( ) ( ) ( ) ( )1

1

K

i k
k ki

pφ −

=

 =  x x A x B x , ( ) = TA x PWP  and 

( ) =B x PW . 

After obtaining the local interpolation function, the CG 

method is applied to find the local optimal population in each 

local domain, as shown in Fig. 3. 

For enhanced clarity, Fig. 3 depicts an interpolation concept 

based on one dimension. The blue circles represent the previous 

populations, and the red circles are the local optima obtained 

through the interpolation function for each local domain. If the 

local optimum at the local domain D is better than the previous 

best value of the objective function (as depicted in Fig. 3), the 

population becomes a new population candidate for the parents 

of the next generation.  

A flowchart of the proposed MLS-GA is presented in Fig. 4. 

In the first step, initial populations are generated and the objec-

tive function value is evaluated. The next step involves checking 

whether new local optima are created in the local domain. 

The MLS interpolation is only conducted when the new local 

optima have been created; otherwise, the MLS process is skipped 

for computational efficiency. 

When performing MLS interpolation, the local optimal 

point is obtained using the CG method in the obtained local 

interpolation function [13]. Subsequently, selection, crossover, 

and mutation processes are performed, similar to the conven-

tional GA [14]. The next step is a replacement process, in which 

the population of the next generation is selected. This only 

leaves the best solutions from those generated by the MLS pro-

cess and from the conventional GA process and previous parent 

solutions. We then return to the MLS interpolation step, and 

the process is repeated until the termination criteria are fulfilled.  

The proposed MLS-GA is a hybrid optimization algorithm 

that combines the CG method (offering fast local search per-

formance) and the conventional GA. Accordingly, the algorithm 

is capable of strong global search performance and offers a fast 

convergence rate. To verify the performance, the algorithm was 

applied to the test functions for optimization and to the optimal 

design of a thinned array. 

IV. APPLICATION TO TEST FUNCTIONS 

The proposed MLS-GA was applied to test functions for 

verification, and the conventional GA was also applied for com-

parison purposes. The proposed thinning design algorithm re-

quired nine design variables, and the test function should have 

many local optimal values. Therefore, a 9D Rastrigin function 

was selected [15]. In addition, a 9D Rosenbrock function was 

selected because of its gentle slope, rendering it difficult to find 

precise optimal values [16]. The two test functions are repre-

sented in Eqs. (13) and (14): 
 

    
2

1
( ) 10 [ 10cos(2 )]n

i ii
f n x xπ

=
= + −x , (13)

       
1 2 2 2

11
( ) [100( ) (1 ) ]n

i i ii
f x x x−

+=
= − + −x . (14)

 

The shape of the 9D test functions cannot be drawn; hence, Fig. 3. Interpolated objective function.

 

Fig. 4. Flow chart of the proposed MLS-GA. 
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2D test functions are depicted in Fig. 5 for further comprehen-

sion. The Rastrigin function is a function with many local opti-

mal points similar to the global optimal point, rendering it very 

difficult to find the global optimal point.  

With the Rosenbrock function, finding the exact global op-

timal point is more difficult because the slope becomes gentler 

when approaching the global optimum point. 

At the beginning of the optimization process, the population 

was 200, the number of generations was 200, and the termina-

tion condition was that the change rate of the average value of 

the top 20% solutions during the fifth generation < 0.1%. The 

GA and MLS-GA were applied with Rastrigin and Rosen-

brock under the conditions defined previously. Both algorithms 

shared an initial generated set of solutions to obtain results un-

der identical conditions [15]. 

The Rastrigin function has a minimum value of 0 at x = 

(0,…,0), while the Rosenbrock function has a minimum value 

of 0 at x = (1,…,1). The optimization was performed 100 times, 

and the average value was obtained. The optimization results are 

shown in Figs. 6 and 7 and Table 1. The results in Fig. 6 

demonstrate that the MLS-GA found a better solution com-

pared to the GA. The mean value of the objective function is 

the average value of the entire solution set, and the best value of 

the objective function is the minimum value. The best value of 

the objective function was close to the exact solution in the case 

of MLS-GA. Therefore, we arrived at the conclusion that the 

MLS-GA addresses the problem of many local optimal values 

better than the GA. In Fig. 7, it is difficult to recognize the val-

ues because the graphs overlap; therefore, the area from 0 to 50 

on the y axis is enlarged. This also demonstrates that the MLS-

GA outperforms the GA. 

To analyze the results quantitatively, the optimal values and 

the function calls were compared, as shown in Table 1. In the 

Rastrigin function, the MLS-GA had a better optimal value. 

However, it can be observed that the convergence speed was 

slower than that of the GA. 

As shown in Fig. 6, the MLS-GA was quick to find a value 

close to the optimum. However, it does not satisfy the termina-

tion condition and converges later. 

This occurs because the optimization algorithm incurs a 

trade-off between the variety of solutions and the rate of con-

vergence. In the Rosenbrock function, it can be observed that 

the MLS-GA is superior to the GA in terms of optimal value 

and convergence speed. 

V. OPTIMAL DESIGN OF A THINNED ARRAY WITH THE 

MLS-GA 

The proposed design algorithm was then applied to a circular 

planar array with a rectangular grid and circular boundary [1]. 

Fig. 6. Mean and best value of the objective function for each genera-

tion (Rastrigin function). 
 

Fig. 7. Mean and best value of the objective function for each gen-

eration (Rosenbrock). 

 

Table 1. Optimization results of the conventional GA and the 

proposed MLS-GA 

Function GA MLS-GA

Rastrigin Optimal value 5.1079 0.0082

Function call 15,682 25,210

Rosenbrock Optimal value 14.0630 7.0254

Function call 16,734 14,270

 

 
(a) (b) 

 

Fig. 5. Test functions: (a) Rastrigin and (b) Rosenbrock. 
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The radius was 4.75λ, N = 316, and the uniform spacing of 

elements was d = λ/2, where λ denotes the wavelength. In this 

model, 79 elements of the 1st quadrant were aligned linearly 

according to the distance from the array center. The beam pat-

tern in the array can be calculated according to [17] as follows: 
 

( ) ( ) ( ){ }0 0
1

2, exp
N

n n n
n

AF w j x u u y v vπθ φ
λ=

 = − + −  


,   (15)
 

where 
 

        0 0 0 0 0 0

sin cos ,  sin sin ,  
sin cos ,  sin sin

u v
u v

θ φ θ φ
θ φ θ φ

= =
= = . (16)

 

In (15), 𝑤  is the weighting factor of the nth array element, 

which is assumed to have a uniform weighting value of 𝑤 = 1. 

Further, (𝑥 , 𝑦 ) is the location of the nth array element and (𝜃 , 𝜙 ) is the steering angle. 

The GA parameters were set as follows: population number 𝑁  = 200, number of iterations 𝑁  = 50, and probability of 

mutation 𝑃  = 0.05. In this model, the thinning objective is to 

minimize the gain loss and the PSLL while maintaining a thin-

ning coefficient η of ≥ 25%. This minimization problem was 

performed for all desired azimuth and elevation angles. The 

objective function of the kth population is defined as 
 

   ( )
( )

( )
cal min

1 1
cal

, ,

, ,

s sNN
k i j

k
s si j

k i j

G G
F

PSLL

φθ θ φ

θ φ= =

   − +   =
 
  


ζ

ζ
ζ ,

 

(17)
 

where kζ  is the kth population and 𝑁  and 𝑁  are the num-

ber of elevation and azimuth steering angles, respectively. In 

(17), [[ ]]⋅  is defined as follows:  
 

       0,  when 0
[[ ]]

,  otherwise
A

A
A

≥
= 
 .

 
(18)

 

In (17), Gcal refers to the gain derived from the designed 

thinned array, and Gmin is the minimum desired gain. In this 

case, Gmin was set to 45 dB. If Gcal ≥ Gmin, the objective function 

is completely dependent on the PSLL; otherwise, the objective 

function is determined by adding the gain losses and the PSLLs. 

To consider the effects of steering angles, we calculated the ob-

jective function at two elevation angles 𝜃  = {0º,30º} and four 

azimuth angles, 𝜙  = {0º, 30º, 60º, 90º}. Here, only the 1st quad-

rant angles of the azimuth direction are considered according to 

the rotational symmetry of the array antenna. As mentioned 

previously, these parameters (α, β, lτ ) determine the shape of 

the NCF, while the threshold χ determines the selected array 

elements. In this paper, it is assumed that 40 10α< <  and 

1 1β− < < , with lτ  being L = 6. Accordingly, there are nine 

design variables. 

Fig. 8 displays the mean and best value of the objective func-

tion of each generation after averaging the results of 50 trials. 

To mitigate any effects due to the choice of initial populations, 

the same randomized population set was used for the conven-

tional GA and the MLS-GA. As demonstrated in Fig. 8, the 

MLS-GA achieved better performance in finding the optimal 

solution and with faster convergence compared to the conven-

tional GA. 

At the boresight (𝜃  = 0º, 𝜙  = 0º), the gains and PSLLs 

designed by the conventional GA and the MLS-GA are com-

pared in Table 2. Here, it can be observed that the designed 

gain and PSLL obtained by the GA decreased by 4.7 dB and 

3.22 dB, respectively, compared to the full array. In addition, 

the designed gain and PSLL obtained by the MSL-GA corre-

spondingly decreased by 4.51 dB and 2.82 dB, respectively, 

compared to the full array. The result of the MSL-GA was 

superior to the GA with regard to gain. However, the GA was 

superior for the PSLL, as the optimization was performed for 

every elevation and azimuth angle. This implies that there are 

some angles for which the results of the GA are superior to the 

MSL-GA. Therefore, it is reasonable to compare the results for 

various angles, which is presented in Fig. 9. In addition, the 

thinning coefficient of the MLS-GA was slightly less than that 

of the GA. However, this disadvantage can be ignored, because 

the design satisfied the constraint of η ≥ 25%. 

Fig. 10 indicates the optimum thinning configurations de-

signed by the conventional GA and the MLS-GA. In this pa-

per, only elements in the 1st quadrant were designed. However, 

Fig. 8. Convergence curve of average value of the objective function 

for MLS-GA and GA over 50 trials. 

 

Table 2. Results of optimization at boresight 

Gain (dB) PSLL (dB) η (%)

Full array 49.99 -17.53 0

Designed by GA 45.29 -20.75 41.8

Designed by MLS-GA 45.48 -20.35 40.5
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due to rotational symmetry, the result can be extended to the 

entire quadrant, as shown in Fig. 10. 

To confirm the result of the steering, the gain and PSLL 

were evaluated according to the azimuth angle at a fixed angle 

of elevation, as shown in Fig. 9. In the figure, the gain and 

PSLL are displayed according to the azimuth angle (ranging 

from 0º to 360º) with an elevation angle of 𝜃  = 30º. Generally, 

the higher the steering angle, the lower the beam-steering per-

formance. Therefore, only the result of 𝜃  = 30° is considered. 

The results of the GA and MLS-GA both satisfied the re-

quirement of Gcal > Gmin at all azimuth angles. Term Gmin is the 

minimum desired gain, and its value was 45 dB. The gain of the 

MLS-GA was approximately 0.2 dB better than that of the GA. 

Further, the PSLL of the MLS-GA was better than that of the 

conventional GA. Therefore, the proposed MLS-GA achieves 

superior performance compared to the GA when designing 

thinned arrays. 

VI. CONCLUSION 

In this paper, a new hybrid GA was proposed to enhance the 

convergence rate and search performance of the optimal solu-

tion based on the MLS method. With the MLS, the local 

interpolation function is constructed at each local domain, 

and solutions that are superior to the previous best value of the 

objective function are obtained. 

These solutions are included in the new solutions for the next 

generation. A nonlinear chirp function was proposed to achieve 

an efficient thinning design, and the design variable that deter-

mined the shape of the nonlinear chirp function was defined. To 

verify the proposed MLS-GA, it was applied to a test function 

for optimization and then to a design problem of a thinned array. 

The proposed algorithm was found to be superior to the con-

ventional GA in terms of both the global search performance 

and the convergence rate. 
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I. INTRODUCTION 

Unmanned aerial vehicles (drones) have wide applications, 

such as military reconnaissance, areal mapping, and environ-

mental monitoring. However, drones can also be used for illegal 

surveillance or military purposes. Therefore, efficient methods 

are required to detect drones and to distinguish them from simi-

lar targets, mainly birds. 

Automatic target recognition (ATR) [1] using radar signals 

can effectively detect and classify drones. ATR recognizes a tar-

get by analyzing the data collected from radar, which uses wide-

band electromagnetic signals. ATR has been used to classify 

enemy jets, tanks, and other weapons in warfare. It analyzes a 

compressed wideband signal to extract two signatures: a high-

resolution range profile (HRRP) and an inverse synthetic aper-

ture radar (ISAR) image, which represents the radar cross-

section (RCS) distribution information [1–3]. However, these 

two methods might be inefficient when the size and RCS of the 

target are similar or if the target is engaged in additional motion 

during the coherent processing interval (CPI). Drones have 

similar RCS to that of birds (approximately 20 dBsm), which 

impedes the classification performed using RCS and HRRP. 

Furthermore, ISAR images can be significantly blurred due to 

the time-varying micro-Doppler (MD) effect [4] caused by the 

rotating blades of a drone or the flapping wings of a bird. 

MD represents the time-varying micro-motion of a target 

[4–8]; thus, MD analysis has high potential for use in ATR. 

The basic principle of MD analysis is that the rapid mechanical 

rotation and vibration components of a rigid body cause addi-

tional Doppler frequency modulation on the returned radar 
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signal. This additional modulation can significantly blur the 

ISAR image in the cross-range direction and change the ampli-

tude of the range bin that corresponds to the blade position in 

the HRRP, thereby degrading the ATR accuracy [9–12]. How-

ever, MD can effectively distinguish drones from birds because 

they both have distinct micro-motions and therefore different 

MD signatures. A drone blade is engaged in two-dimensional 

(2D) rotation, so its MD in the time-frequency (TF) domain is 

symmetric, and the rotation period is well-represented [5, 6]. In 

addition, the MD bandwidth is relatively large due to the large 

rotation speed of the blade, and blade flashes appear due to the 

blade RCS. In contrast, the MD of the bird is caused by wing 

flapping, which is not symmetric and has a narrower bandwidth 

than the signature of the drone blade. Therefore, MD can be used 

to achieve high ATR accuracy to distinguish drones from birds. 

In this study, we evaluated how various MD features of a fre-

quency-modulated continuous-wave (FMCW) radar signal [13] 

affect the accuracy of discrimination between birds and drones. 

For this purpose, we constructed a radar signal by using a rotat-

ing blade and a bird wing composed of a plate and an ellipsoid, 

each of which have an analytically defined RCS. In addition, 

efficient features for classifying drones and birds were proposed 

by expanding the features previously proposed in a conference 

[14]. Classifications were conducted for various observation 

scenarios and the usefulness of each feature was analyzed. In 

addition, the improvement achieved by the feature fusion was 

analyzed, and the accuracies of a nearest-neighbor classifier 

(NNC1) [15] and a neural network classifier (NNC2) [16] were 

compared. The classification results showed that the MD 

bandwidth was the most adequate for short observation time Tob 

but that to exploit the time-periodic nature of MD, Tob must be 

extended. The correct classification ratio Pc ≈ 100% was 

achieved by using only three features. NNC1 was found to be 

more appropriate than NNC2 for drone–bird classification. 

II. MATHEMATICAL MODELING AND PROPOSED METHOD 

1. Mathematical Modeling of the Rotating Drone Blade and 
Flapping Bird Wing 

A drone blade can be modeled using two collinear plates of 

width 2ab and length 2bb, which are rotated around the x-axis, 

one by ±45º and another by -45º (Fig. 1). The coordinates of a 

blade tip rotating clockwise at frequency fb around the z-axis are 

obtained as 
 

      

2 cos(2 ) sin(2 ) 0 2
( ) 0 sin(2 ) cos(2 ) 0 0

0 0 0 1 0

2 cos(2 )
2 sin(2 )

0

b b b

b b b
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       = = −       
             

 
 = − 
 
  (1)

Assuming that a plate is observed at a line-of-sight (LOS) 

vector composed of an azimuth angle 𝜙 and an elevation θ 

(Fig. 2), the RCS of the flat plate rotated by 45º is analytically 

given as [13]: 
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Fig. 1. Drone blade model. 

Fig. 2. Observation geometry to calculate the RCS of a blade. 
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Using the same R(t) as that in (1), Vi for i = 1, 2, 3, 4 change 

accordingly as 
 

         ( ) iV R t V= •  for i = 1, 2, 3, 4, (8)
 

so the RCS of the rotating blade can be obtained at each LOS 

by using (2). 

The bird motion was modeled using the upper and back 

muscles of the wing (Fig. 3). With the same sinusoidal frequen-

cy fw, the analysis assumed that the lower muscle tip at (x1, y1, z1) 

rotated by 1 40 cos(2 ) 15wf tθ π= ° + ° and the upper muscle tip 

at (x2, y2, z2) rotated by 2θ  = 30°
 
cos(2 )wf tπ + 40° . The 

forward–backward movement of the upper wing was modeled 

by rotating (x2, y2, z2) by 20 sin(2 ) 40w wf tφ π= ° + °  in the x-y 

plane. Thus, the two-muscle position can be expressed as 
 

21 2

1 1 1 2 1 2 1 2

1 1 1 2 1 2 1 1 2
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tan ( ) tan( )
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w

rx x
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z y z z y y
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where r1 and r2 are 
 

       
( ) ( ) ( )
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2 2 2
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= + +

= − + − + − . 
(10)

The wing muscle can have various shapes but our main concern 

is the MD analysis; thus, the muscle was modeled as an ellipsoid 

(Fig. 4). As in the case of a flat plate, the RCS of the ellipsoid 

observed at an observation angle θw with respect to the major 

axis is analytically given as 

    

4 2

2 2 2
( / 2) ( / 2)RCS

(( / 2 sin ) ( / 2 cos ) )
w w

w w w w

a b
a b

π
θ θ

=
× + × , (11)

where aw and bw are the lengths of the minor and major axes, 

respectively [13]. Assuming that the vector of the major axis of 

the lower and upper muscles is ip  (i = 1 for the lower and 2 

for the upper muscle), θw is calculated as 
 

   𝜃 = cos ̅  ∙ | ̅ || |   for i = 1 and 2 (12)
 

where 

      

2

1 1 2 2 1

1 2 1

0
,

x
p y p y y

z z z

  
  = = −  
   −     

(13)
 

are the centers of muscles 1 and 2, respectively. 

 

2. Radar Signal Modeling and Principle of MD 
In this study, we used an FMCW signal to form the re-

ceived radar signal. FMCW is a widely used, low-cost and 

low-power radar system that can be implemented in a small 

system and is widely used for short-range detection and imag-

ing. The FMCW radar continuously transmits and receives a 

chirp signal within a given period Tchirp [13] (Fig. 5). 

The transmitted chirp signal, which is repeated at intervals 

Tchirp, is expressed as 

      

2

0( ) exp 2 ( )
2
r

T
K ts t j f tπ 

= + 
  (14)

 

where f0 is the minimum frequency and Kr is the chirp rate (Fig. 

5). The bandwidth B, Kr, and Tchirp are related as 

         
r

chirp

BK
T

=
. (15)

The received chirp from a scatterer at r is given by 
 

      

2

0
( )( ) exp 2 ( ( ) )

2
r

R
K ts t j f t τπ τ −= − + 

  , (16)
 

where the time delay τ = 2r/c and c is the speed of the light. For 

the bistatic observation scenario, 2r is replaced by rt + rr, where 

rt is the distance from the transmitting radar to the target and rr 

is the distance to the target receiving radar.  

Dechirping the received chirp yields an intermediate signal: 
 

Fig. 3. Geometry of bird-wing micro-motion. 
 

Fig. 4. Ellipsoid used for bird muscle and observation geometry. Fig. 5. Transmitted and received FMCW signals.
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2

( ) exp 2 ( )
2
r

IF c r
Ks t j f K t τπ τ τ 

= + − 
  , (17)

where Krτ is the beat frequency: 

         

2 r
b r

Kf K r
c

τ= =
, (18)

where the residual video phase Krτ2/2 has been removed. 

Assuming that a target with an RCS A0 is observed for a CPI 

TCPI, (11)–(15) are used for each slow time ts = kTchirp during TCPI. 

Thus, the received signal can be expressed as 
 

0

2
0

0

( , )

4 ( ) 2 ( )exp exp

s

s s
r

s t t

f R t R tA j j K t
c c

π π
    = − −          ,    (19)

 

where R(ts) is the distance to the target at ts. Dechirping changes 

s0(t, ts) to s0d(t, ts) as  

      

0
0 0

2

4 ( )( , ) exp

1exp 2
2

s
d s

c r r

f R ts t t A j
c

j f K t K

π

π τ τ τ

 = − 


  × + −     . (20)
 

If the third term in the above equation is ignored [17], a Fou-

rier transform (FT) from the t-domain to the f-domain yields a 

dechirped signal in HRRP at ts (i.e., sr(f, ts): 
 

     

( )0
0

( , )

4
exp ( ) ( )

r s

s r r

s f t

f f
A j R t p f K

c
π

τ
 += − − 
  , (21)

 

where pr(·) is a sinc function formed by a rectangular window of 

length Tchirp. The down-range location of the target can be cal-

culated by determining the peak of pr(·).  

The signal sMD(ts) = sr(Krτp, ts), where τp is the time delay of 

the signal reflected from the target. sMD(ts) is the time-varying 

signal of the target caused by the micro-motion and sampled at 

ts. However, sMD(ts) is time-varying and thus should be analyzed 

in the TF domain rather than the frequency domain. In this 

study, we used the short-time Fourier transform (STFT), which 

is simple to implement and free from cross-term interference. 

STFT transforms sMD(ts) to MD [18, 19]: 
 

( ) ( ) ( ) 2*, sj f
s s MD sMD t f s W t e dπ ζζ ζ ζ

∞ −

−∞
= − .   (22)

 

where fs is the frequency and W is the window function. To re-

duce the sidelobe caused by the rectangular window, we used 

the Hamming window. In discrete form, (22) is expressed as 
 

    

1 (2 )/
0

[ , ] [ ] [ ]L qk L
k

MD p q s k W k p e π− −
=

= − , (23)
 

 

where k is the time index, L is the window length, p is the sam-

pled time index, and q is the sampled frequency index. 

The MD image was transformed to the TF domain (Fig. 6). 

The received signal (19) was dechirped to obtain HRRP for 

each ts. Then, the range bin with the highest amplitude was 

selected and STFT was applied to obtain the MD image in the 

TF domain. 

 

3. Feature Vectors for Classif ication 
The following features are proposed in this paper (Table 1).  

The frequency frcs of the MD signal variation in the time do-

main represents the rotation frequency of the drone blades; thus, 

frcs is used as a feature and is defined as 
 

        
argmax( FT( ( ) ))rcs f

f rcs τ= , (24)
 

where ( ) ( )MDrcs sτ τ= . 

The frequency fh of the MD change in the time domain dif-

fers considerably between the drone and the bird; thus, this 

change is used as a feature. To obtain fh, the frequency-domain 

image Iff is obtained by the FT of the MD image in (23) in the 

time domain as 
 

      
FT ( [ , ])ff qI MD p q= , (25)

 

where FTq is the FT in q for each p. Then, fh is obtained as 

Fig. 6. Procedure to obtain the MD image. 

 

Table 1. Features proposed in this paper 

Feature Definition Feature Definition

f1 frcs (monostatic) f2 fh (monostatic)

f3 fv (monostatic) f4 frcs (bistatic)

f5 fh (bistatic) f6 fv (bistatic)

f7 enth (monostatic) f8 entv (monostatic)

f9 ent2D (monostatic) f10 enth (bistatic)

f11 entv (bistatic) f12 ent2D (bistatic)

f13 fpk,h (monostatic) f14 fpk,v (monostatic)

f15 fpk,2D (monostatic) f16 fpk,h (bistatic)

f17 fpk,v (bistatic) f18 fpk,2D (bistatic)

f19 cor± (monostatic) f20 cor± (bistatic)

f21 cormb - -
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max [ , ]h ff
p

f I p q
 

=   
 


. (26)
 

Due to the difference in the rotation speed, the MD band-

width fv is used as a feature and can be defined as 
 

          

fmax [ , ] ,v ff
q

f I p q γ
 

=   
 


, (27)
 

where fmax(s(k), γ) is the maximum k corresponding to a value 

larger than γ% of the maximum s(k). 
The MD frequencies in the positive and negative directions 

differ between drones and birds. Drones have symmetric rotation, 

whereas birds do not; thus, the 2D correlation cor± of ±MD 

frequencies is used as a feature. The correlation cor± is defined as 
 

    

1 1

0 0

[ , ] [ , ]
( ) ( )

M N

m n

X m n X Y m n Ycor
V X V Y

− −

±
= =

  − − − −=     
  


, (28)

 

 

where X and Y are the MD images clipped from 𝐼  for posi-

tive and negative MD frequencies, respectively; X and Y are 

the averages of X and Y; and V(·) is the variance. 

Drone blades rotate symmetrically in the x-y plane, so the 

monostatic/bistatic MD images of MD drones are similar, 

whereas bird wings flap in the z-y plane. The correlation cormb 
obtained using the monostatic and bistatic images is used as a 

feature: 
 

1 1
, , , ,

0 0 , ,

[ , ] [ , ]
( ) ( )

mb

M N
ff m ff m ff b ff b

m n ff m ff b

cor

I m n I I m n I

V I V I

− −

= =

   − − − −
   =
   
   


,    (29)

 

 

where 𝐼 ,  and 𝐼 ,  are monostatic and bistatic 𝐼 , respec-

tively, and 𝐼 ̅ ,  and 𝐼 ̅ ,  are the averages of 𝐼 ,  and 𝐼 , . 

The MD of the drone is widespread; thus, the peak value of 

the normalized MD frequency is small. However, the MD of 

the bird is narrowly spread; thus, the peak is large. Therefore, the 

peak value fpk,v is used as a feature: 
 

         

, max
[ ]
v

pk v
v

n

Z
f

Z n

 
 =  
 
 


, (30)

where Zv[n] = 
[ , ]ff

q
I p q  is the projected sum onto the vertical 

axis. 

fpk,h is used as a feature and is defined as 
 

        

, max
[ ]
h

pk h
h

n

Zf
Z n

 
 =  
 
 


, (31)

where Zh[n]
 
= [ , ]ff

q
I p q , which is the projected sum onto the 

horizontal axis.
 

Similarly, the peak value fpk,2D in the normalized 𝐼  is 
 

        
( ),2 maxpk D Nf I= , (32)

where 

        
[ , ]

ff
N

ff
p q

I
I

I p q
=


. (33)
 

Entropy is a good measure of disorder [20]. It increases with 

the width of a profile but not with a narrowly distributed profile. 

Therefore, the entropy entv of Zv is used as a feature and can be 

expressed as 
 

       

( )( )[ ] log [ ]v v v
n

ent Z n Z n= − ×
. (34)

 

The entropy of Zh is also used as a feature: 
 

       

( )( )[ ] log [ ]h h h
n

ent Z n Z n= − × . (35)
 

Similarly, ent2D, as the 2D entropy of IN, is used as a feature: 
 

   

( )( )2 [ , ] log [ , ]D N N
p q

ent I p q I p q= − × . (36)
 

For the convenience of combining features, they are defined 

as fi for i = 1, 2, …, 21 (Table 1). 

 

4. Construction of the Training Database, Classif ier, and Overall 
Procedure 

To obtain a classification ratio of approximately 100%, the 

training database should be constructed for all combinations of 

azimuth and elevation angles. In addition, the direction of flight 

and frequencies of blade rotation and wing flapping should be 

considered; thus, the computation time and memory space are 

huge. To circumvent these problems, we constructed a training 

database for flight scenarios [2] (Fig. 7). We uniformly sampled 

the three-dimensional space (training space) and assumed that 

Fig. 7. Method to construct the training database.
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the target flew at a given velocity in a given direction, starting 

from each given grid point. Then, the MD image was obtained 

and stored in the training database. 

To consider the variation in flight direction and MD fre-

quency, the MD image was obtained at each grid point by uni-

formly sampling the flight direction within ±θt in increments 

of Δθt. In addition, for each flight direction, fb of the drone 

blade was sampled between fb,1 and fb,2 in increments of Δfb, and 

fw of the bird wing was sampled between fw,1 and fw,2 in incre-

ments of Δfw. In the bistatic observation scenario, a receiving 

radar was located at a distance rb from the transmitting radar, 

and the training database was constructed using the same grid 

points and motion parameters. 

The classifiers used in this study were NNC1 and NNC2, and 

their classification accuracies were compared. NNC1 uses a sim-

ple Euclidean norm as [15] 
 

          
( )min i ui

i g x=


,
 

(37)

with 

      
( )i u u ig x x f= − , 

(38)

where ux  is a test vector and if  is a training vector that be-

longs to the ith class. The class i that yields the minimum Eu-

clidean norm is the class that includes ux . 

As NNC2, we constructed a neural network composed of two 

hidden layers: the first layer had five nodes and the second had 

three [16] (Fig. 8). Training was conducted using a backpropa-

gation algorithm; the output was set to "1" for drones and "0" 

for birds. Because the decrease in the training error after 5,000 

iterations was slight, 10,000 iterations were conducted to prevent 

time consumption. The classification was performed by following 

the general target recognition procedure (Fig. 9). When the test 

data were obtained, the target location and motion parameter 

were not known; thus, the target was randomly positioned in 

the training space, and the micro-motion was modeled using a 

parameter that was randomly set within the range of that pa-

rameter in the training data. Then, an MD image was obtained 

following Fig. 6. Classification was conducted using the defined 

features (Table 1), and the importance of each feature and the 

classification accuracy of the two classifiers were evaluated. 

III. SIMULATION RESULT 

1. Simulation Condition 
Simulations were conducted using an X-band FMCW radar 

with center frequency = 9.6 GHz and pulse-repetition frequen-

cy (PRF) = 4 kHz, which are the specifications of a tracking 

radar that we are developing. To analyze the importance of the 

features that represent the periodicity of the MD signal, obser-

vations were conducted for two values of TCPI. The first was 

0.0385 seconds, which is the standard dwell time of the scan-

ning radar, and the second was 1.001 seconds, so that a long 

observation time could exploit the periodicity of the MD signal. 

The bandwidth was assumed as B = 150 MHz; however, we 

reduced it to 0.150 MHz for fast computation, because the MD 

image is not relevant to range resolution but sampling the target 

using PRF, which exists in a range bin (Fig. 10). 

We assumed a normal-sized drone composed of four wings, 

each of which had four blades rotating at a frequency between 

fb,1 = 40 Hz and fb,2 = 50 Hz. The blade dimensions were select-

ed as ab = 8 cm and bb = 1.5 cm (Fig. 2). For the bird, we as-

sumed a wing span = 60 cm (i.e., aw = bw = 15 cm) at a flapping 

frequency fw,1 = 4 Hz or fw,2 = 7 Hz. As mentioned above, the 

MD of a bird is very different from that of a drone (Fig. 11). 

 
Fig. 8. Architecture of NNC2 used in this paper. 

 

Fig. 9. Classification procedure. 

(a) 

(b) 

Fig. 10. Comparison of MD images obtained using bandwidths: (a) 

150 MHz and (b) 0.150 MHz. 
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Due to the asymmetric motion of a bird, its MD is not symmet-

ric and blade flashes are not observed. In addition, the period of 

MD is much smaller than that of the blade. 

In constructing the training database, the training space was 

divided into 250 subspaces by using a grid. The range on the x-

axis between 300 and 1,500 m was divided into ten equal inter-

vals; the range on the z-axis between 10 and 1,000 m was divid-

ed into five equal intervals; and the azimuth angle between -45º 
and +45º was divided into five equal intervals (Fig. 12(a)). At 

each grid point, the flight direction was set between -θt = -30º 
and +θt = 30º in increments of Δθt = 12º. For each flight direc-

tion on each grid point, the MD image was obtained by varying 

fb and fw in increments of 1 Hz. The test data were randomly 

obtained. Identical simulations were conducted for bistatic ob-

servations with a receiving radar located at 1,000 m on the y-

axis from the transmitting radar at the origin. 

At a random position in the training space (i.e., 300 m ≤ x ≤ 

1,500 m, 10 m ≤ z ≤ 100 m, 0º ≤ azimuth angle ≤ 45º), the 

target was flown in a random direction at -30 ≤ θt ≤ 30º with a 

random micro-motion frequency (Fig. 12(b)). For TCPI = 0.0385 

seconds, 2,500 test images were used per target; for TCPI = 1.001 

seconds, this number was decreased to 300 due to the increased 

computation time. As in the training phase, the bistatic test data 

were obtained using the same parameters. The classification 

accuracy was expressed as the correct classification percentage: 
 

          Pc = Mc/Mte × 100%, (39)
 

where Mc is the number of correct classifications and Mte is the 

number of test samples. 

 

2. Classif ication Results 
1) Classif ication results for the stationary target 

Classifications were performed assuming that the targets were 

stationary with the random micro-motion parameters at a ran-

domly selected position. The signal-to-noise ratio (SNR) was 

varied from -15 to 20 dB in increments of 5 dB, and NNC1 

was used as the classifier. The Pc values for both TCPI were pro-

portional to the SNR, except for f21 for TCPI = 0.0385 seconds. 

Pc was approximately 100% at SNR = 20 dB (Fig. 13). Compar-

ing the features for each TCPI, the highest Pcs at low SNRs were 

obtained using f2 and f5 (i.e., MD frequency fh for monostatic 

and bistatic scenarios), which is a rather unexpected result. These 

results are attributed to the fact that for the short CPI, the frequen-

cy of MD change of the bird is approximately 0 Hz due to the 

slow variation in bird flapping, whereas the blade rotation is fast 

enough to yield a certain value of fh. As a result, Pc was high. 

Comparing the results obtained at the two TCPI values, the 

features that exploited the MD periodicity and the projected 

sum onto the horizontal axis (i.e., f1, f7, f10, f13, f16) were signifi-

cantly improved at TCPI = 1.0 second because the increased ob-

servation time allowed the periodicity to be represented by FT 

along the time domain (= horizontal axis). f2 and f5 are also the 

features representing MD periodicity; however, the Pcs of these 

vectors for TCPI = 1.0 second were lower than those for TCPI = 

0.0385 seconds because of the large zero–nonzero difference.  

Likewise, f21 increased for TCPI because the increased observa-

tion time represented the MD image in detail. The entropy-

related features (f7–f12) yielded a high Pc value but were sensitive 

to noise. 

 

2) Classif ication results for the moving target 
To represent a real observation scenario, the first set of classi-

fications was performed to study the effect of velocity v and 

acceleration a of a moving target by randomly selecting 0 ≤ v 

≤ 10 m/s and 0 ≤ a ≤ 10 m/s2.  

As v of the rigid body shifted the MD and a tilted the MD 

upward or downward, the test MD image was significantly dif-

ferent from the training image (Fig. 14). Other simulation con-

ditions were the same as those mentioned in Section III-2-1. 

The classification results demonstrated that v and a should be 

accurately estimated and compensated for (Fig. 15). Compared  

 
Fig. 11. MD image of the bird model. 

 
(a) 

 
(b) 

Fig. 12. (a) Training space and (b) test space.  
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Fig. 13. Pcs for the stationary target (see Table 1 for the meaning of each feature). 

 
 

(a) (b) 

Fig. 14. Comparison of MD images of the stationary target (a) and moving target (b). 

 
 

 
Fig. 15. Pcs for the moving target (see Table 1 for the meaning of each feature).
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to the result of the stationary target (Fig. 13), Pc of the features  

decreased significantly. Due to the change in MD frequency 

caused by v and a, the RCS frequency varied; thus, f1 and f4 

yielded poor Pc. In addition, Pc of the features (f7, f10, f13, f16) us-

ing the horizontally projected sum decreased considerably due 

to the tilted MD image in the TF domain; the amount of de-

crease was larger at TCPI = 1.001 seconds than that at TCPI = 

0.0385 seconds because the tilt of the MD frequency in the TF 

domain was larger at TCPI = 1.001 seconds than that at TCPI = 

0.0385 seconds. Thus, the test Iff became totally different from 

the training Iff s after FT on the horizontal axis. 

TCPI affected several Pc values. At a short TCPI, the Pc values 

were high because these features are nonzero for a bird and close 

to zero for a drone. However, at a long TCPI, the frequency of 

the MD change affected by v and a was represented by FT, so 

Pc decreased to approximately 50%. The MD bandwidth (f3 and 

f6) was less affected because the MD bandwidth of the drone 

was much larger than that of the drone. The entropy obtained 

using the projected sum onto the vertical axis (f7 and f10, "fast") 

was less affected by v and a than the MD bandwidth because 

the entropy is not determined by the MD bandwidth but by the 

overall distribution. The Pc values of f19 and f20 were also affected 

by v and a, and those of f21 increased for TCPI due to the simi-

larity between the monostatic and bistatic MD images for the 

increased observation time. 

The second set of classifications was performed to study the 

effect of multiple targets because birds and drones may fly in 

groups with similar motion parameters. The variables v and a 

were assumed to have been perfectly compensated for, the num-

ber of targets was randomly selected between 1 and 5 inclusive, 

and the classifications were conducted using the same parame-

ters as those used in the first classification. 

Because the effects of v and a were completely removed, Pc 

(Fig. 16) was slightly lower than the values shown in Fig. 13. 

The Pc values for both TCPI values were proportional to SNR 

except for f21 for TCPI = 0.0385 seconds. f2 and f5, which repre-

sent MD frequency fh, yielded the highest Pc at low SNRs due 

to zero and nonzero MD frequencies. f1, f7, f10, f13, and f16, which 

represent the projected sum onto the horizontal axis, improved 

significantly for TCPI = 1.0 second due to the increased observa-

tion time. f2 and f5 for TCPI = 1.0 second yielded lower Pc than 

those for TCPI = 0.0385 seconds because of the large zero–

nonzero difference. The entropy-related features (f7–f12) yielded 

high Pc but were sensitive to noise, and f21 increased for TCPI due 

to the increased observation time. 

 

3) Classif ication results for the fusion of features 
To demonstrate the improvement in feature fusion, classifica-

tions were conducted by fusing the features. Combinations of 

21 features were used as the feature vector, and Pcs of NNC1 

and NNC2 were compared for various SNRs using the training 

and test data same as those presented in Section III-2-1. The 

number of combinations was large, many of which had Pc ≈ 

100%, so combinations of two and three among the 21 features 

were analyzed, and the optimal combinations that yielded Pc ≈ 

100% were found. 

For combinations of two features, and considering the sum of 

Pc at SNR = 0 dB and 20 dB, the best five combinations ob-

tained Pc ≥ 95% for SNR = 0 dB and Pc ≥ 98% for SNR = 20 

dB (Fig. 17). As in the classifications conducted above, Pc was 

proportional to SNR. For TCPI = 0.0385 seconds, NNC1 using 

f2 + f5, f2 + f15, f2 + f18, f5 + f15, and f5 + f18 yielded high Pc ≈ 100% 

 
Fig. 16. Pcs for the multiple target (see Table 1 for the meaning of each feature).
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for SNR = 20 dB, and for NNC2, f2 + f5, f2 + f7, f5 + f10, and f5 

+ f13 were more effective than other features. Comparing NNC1 

and NNC2, the Pc of NNC1 was higher than that of NNC2. 

This is because the designed NNC2 (Fig. 8) was rather simple 

and the training data were over-fitted to NNC2; thus, Pc was 

lower because of the lack of the generalization capability. 

Pcs for TCPI = 1.001 seconds were much higher for both clas-

sifiers than for TCPI = 0.0385 seconds. For NNC1, Pcs of f2 + f3, 

f2 + f6, and f3 + f7 were approximately 100% for all SNRs, and f3 
+ f13 was sensitive to noise. For NNC2, Pcs of f1 + f4, f1 + f20, f4 + 

f15, f4 + f19, and f4 + f20 were slightly lower than those of NNC2 

at SNR ≥ -10 dB but close to 100%. The reason for the im-

provement was that for TCPI = 1.001 seconds, the features f2 and 

f7 for NNC1 and the features f1, f4, f19, and f20 better represented 

the periodicity of MD than that at TCPI = 0.0385 seconds. 

Combinations of three features increased the Pc value com-

pared to those using combinations of two features, so the re-

quirement to sift the classification results was changed. For TCPI 

= 0.0385 seconds, the best five combinations that satisfied Pc ≥ 

90% for SNR = -10 dB and Pc ≥98% for SNR = 20 dB were 

displayed (Fig. 18). For TCPI = 1.001 seconds, the combinations 

for NNC1 that yielded Pc = 100% for all SNRs were used, and 

for NNC2, the combinations that yielded Pc ≥ 95% for all SNRs 

were used.  

At TCPI = 0.0385 seconds Pc improved only slightly at low 

SNRs because of the poor representation of the target by the 

features that exploit periodicity. Using NNC1, f2 + f5 + f15 and f2 

+ f5 + f15 satisfied the requirement; using NNC2, f2 + f5 + f10, f2 

+ f5 + f13, f2 + f5 + f16, f2 + f5 + f20, and f2 + f7 + f13 satisfied the 

requirement. Pcs of NNC1 were slightly higher than those of 

NNC2, although the number of feature combinations for NNC1 

was smaller than that for NNC2. For both classifiers, features f2 

and f5 worked well because of the zero–nonzero MD relation-

ship (Section III-2-1).  

For TCPI = 1.001 seconds, 23 feature combinations for NNC1 

yielded Pcs = 100% for all SNRs: f2 + f3 + f7, f2 + f3 + f9, f2 + f3 + 

f10, f2 + f3 + f12, f2 + f3 + f13, f2 + f3 + f14, f2 + f3 + f15, f2 + f3 + f16, 

f2 + f3 +  f18, f2 + f3 + f19, f2 + f3 + f20, f2 + f3 + f21, f2 + f7 + f9, f2 

+ f7 + f10, f2 + f7 + f12, f2 + f7 + f13, f2 + f7 + f16, f2 + f7 + f21, f2 + f9 

+ f13, f2 + f10 + f13, f2 + f13 + f16, f2 + f13 + f21, f5 + f6 + f7, f5 + f6 + 

f10, f5 + f6 + f12, f5 + f6 + f13, f5 + f6 + f16, f6 + f10 + f12, f6 + f10 + f16, 

and f6 + f10 + f21. The increased observation time made the fea-

tures related to the horizontal component work very well, and 

the increased dimension provided additional information to 

separate the two classes further. For NNC2, f2 + f3 + f16 satisfied 

the requirement; at SNR = 5 dB, Pc was only 95.2% due to the 

lack of generalization capability, so further study is required to 

achieve high Pc. 

IV. CONCLUSION 

This paper proposes efficient features to classify drones and 

birds by using an FMCW radar. We conducted simulations to 

evaluate the effectiveness of each feature. The radar signal was 

constructed using the analytically known RCS of the drone 

blade and bird wing. A training database that considered flight 

scenarios was constructed to reduce the required memory space 

and computation time. The simulation results suggested that 

features that represent the vertical component of the MD image 

can be used regardless of the observation time, but those that 

represent the horizontal component of the MD image are only 

effective if the observation is extended. For a target that had v 

and a, Pc decreased considerably, so the effects of v and a should 

be removed before the features are extracted. The proposed fea-

tures were also robust to the existence of multiple targets, yield-

ing a small decrement in Pc . High Pc values were obtained by 

combining the features; as the observation time increased, the 

discriminant ability of the features related to the horizontal axis 

increased, so the improvement in Pc increased. NNC1 yielded a 

higher Pc than NNC2, which is attributable to the simple struc-

ture of the neural network. Further studies should be conducted 

to increase the number of neurons or use convolutional neural 

network structures.  

The classification results were obtained assuming the specifica-

Fig. 17. Fusion result for two combinations. 

 

Fig. 18. Fusion result for three combinations. 
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tions of a radar system that we are currently developing. Therefore, 

noise, clutter, and antenna beam shape might make the modeled 

radar signal differ from the measured signal. The blade and wing 

models used here are only one of the wide range of models. The 

materials that constitute the blade might affect its RCS. Birds 

have wings of many shapes and flap them at a range of frequen-

cies. Currently, we are conducting experiments to measure the 

MD signal of real flying drones and birds and to remove clutter 

from the measured signal. Further research on classification per-

formed using the measured signal will be conducted, and used to 

improve the features and the classification methods. 

 

This work was supported by the Institute of Information 

& communications Technology Planning & Evaluation 

(IITP) grant funded by the Korea government (MSIT) (No. 

2018-0-00197, Development of ultra-low power intelligent 

edge SoC technology based on lightweight RISC-V proces-

sor). This research was supported by Basic Science Research 

Program through the National Research Foundation of Ko-

rea (NRF) funded by the Ministry of Science, ICT & Future 

Planning (No. 2018R1D1A1B07044981). This research was 

supported by the National Research Foundation (NRF), Ko-

rea, under project BK21 FOUR (Smart Robot Convergence 

and Application Education Research Center). 

 REFERENCES 

[1] P. Tait, Introduction to Radar Target Recognition. London, 

UK: The Institution of Engineering and Technology, 2005. 

[2] S. H. Park, M. G. Joo, and K. T. Kim, "Construction of ISAR 

training database for automatic target recognition," Journal of 
Electromagnetic Waves and Applications, vol. 25, no. 11-12, 

pp. 1493-1503, 2011. 

[3] S. K. Han, H. T. Kim, S. H. Park, and K. T. Kim, "Efficient 

radar target recognition using a combination of range pro-

file and time-frequency analysis," Progress in Electromag-
netics Research, vol. 108, pp. 131-140, 2010. 

[4] V. C. Chen, F. Li, S. S. Ho, and H. Wechsler, "Micro-

Doppler effect in radar: phenomenon, model, and simula-

tion study," IEEE Transactions on Aerospace and Electronic 
Systems, vol. 42, no. 1, pp. 2-21, 2006. 

[5] T. Thayaparan, S. Abrol, E. Riseborough, L. J. Stankovic, D. 

Lamothe, and G. Duff, "Analysis of radar micro-Doppler 

signatures from experimental helicopter and human da-

ta," IET Radar, Sonar & Navigation, vol. 1, no. 4, pp. 289-

299, 2007. 

[6] J. H. Jung, U. Lee, S. H. Kim, and S. H. Park, "Micro-

Doppler analysis of Korean offshore wind turbine on the 

L-band radar," Progress in Electromagnetics Research, vol. 

143, pp. 87-104, 2013. 

[7] J. H. Jung, K. T. Kim, S. H. Kim, and S. H. Park, "Micro-

Doppler extraction and analysis of the ballistic missile us-

ing RDA based on the real flight scenario," Progress in 
Electromagnetics Research M, vol. 37, pp. 83-93, 2014. 

[8] L. Liu, D. McLernon, M. Ghogho, W. Hu, and J. Huang, 

"Ballistic missile detection via micro-Doppler frequency 

estimation from radar return," Digital Signal Processing, vol. 

22, no. 1, pp. 87-95, 2012. 

[9] J. Li and H. Ling, "Application of adaptive chirplet repre-

sentation for ISAR feature extraction from targets with ro-

tating parts," IEE Proceedings-Radar, Sonar and Naviga-
tion, vol. 150, no. 4, pp. 284-291, 2003. 

[10] L. Stankovic, I. Djurovic, and T. Thayaparan, "Separation 

of target rigid body and micro-Doppler effects in ISAR 

imaging," IEEE Transactions on Aerospace and Electronic 
Systems, vol. 42, no. 4, pp. 1496-1506, 2006. 

[11] Q. Zhang, T. S. Yeo, H. S. Tan, and Y. Luo, "Imaging of a 

moving target with rotating parts based on the Hough 

transform," IEEE Transactions on Geoscience and Remote 
Sensing, vol. 46, no. 1, pp. 291-299, 2008. 

[12] A. Ghaleb, L. Vignaud, and J. M. Nicolas, "Micro-

Doppler analysis of wheels and pedestrians in ISAR im-

aging," IET Signal Processing, vol. 2, no. 3, pp. 301-311, 

2008. 

[13] B. R. Mahafza, Radar Systems Analysis and Design Using 
MATLAB. Boca Raton, FL: CRC Press, 2000. 

[14] S. Park, J. Jung, S. Cha, S. Kim, S. Youn, I. Eo, and B. Koo, 

"In-depth analysis of the micro-Doppler features to dis-

criminate drones and birds," in Proceedings of 2020 Inter-
national Conference on Electronics, Information, and Com-
munication (ICEIC), Barcelona, Spain, 2020, pp. 1-3. 

[15] R. O. Duda, P. E. Hart, and D. G. Stork, Pattern Classifi-
cation, 2nd ed. New York, NY: John Wiley & Sons Inc., 

2001. 

[16] C. C. Aggarwal, Neural Networks and Deep Learning: A 
Textbook. New York, NY: Springer, 2018. 

[17] A. Meta, P. Hoogeboom, and L. P. Ligthart, "Signal pro-

cessing for FMCW SAR," IEEE Transactions on Geosci-
ence and Remote Sensing, vol. 45, no. 11, pp. 3519-3532, 

2007. 

[18] S. Qian and D. Chen, Joint Time-Frequency Analysis: Methods 
and Applications. Upper Saddle River, NJ: Prentice-Hall, 

1996. 

[19] S. Qian, Introduction to Time-Frequency and Wavelet 
Transforms. Upper Saddle River, NJ: Prentice-Hall, 2002. 

[20] X. Li, G. Liu, and J. Ni, "Autofocusing of ISAR images 

based on entropy minimization," IEEE Transactions on 
Aerospace and Electronic Systems, vol. 35, no. 4, pp. 1240-

1252, 1999. 



YOON et al.: EFFICIENT CLASSIFICATION OF BIRDS AND DRONES CONSIDERING REAL OBSERVATION SCENARIOS USING FMCW RADAR  

281 

  
 

Se-Won Yoon 
received his B.S. and M.S. degrees in electronic 

engineering from Pukyong National University, 

Busan, Korea, in 2017 and 2019, respectively, where 

he is currently working toward the Ph.D. degree in 

electronic engineering. His research interests are in 

the areas of radar target imaging and recognition, 

radar signal processing, target motion compensation, 

pattern recognition using artificial intelligence, and 

RCS prediction. 
 

 

Soo-Bum Kim 
received B.S. and Ph.D. degrees in electronics engi-

neering from Pohang University of Science and 

Technology (POSTECH), Pohang, Korea, in 1997 

and 2002, respectively. He was with the Electronics 

and Telecommunications Research Institute (ETRI), 

ISR Center of LIG Nex1, and Digitron Co. Ltd., as 

a senior member of the research staff, from 2003 to 

2014. Since 2015, he has been the CEO of RADSYS 

Co. Ltd., Daegu, Korea. His research interests include the system design 

and signal processing of radar and SAR systems. 

 

 

 

 

 

 

Joo-Ho Jung 
received his B.S. degree in the Korea Air Force Aca-

demy, Cheongju, Korea, in 1991 and his M.S. and 

Ph.D. degrees in electronic engineering from Po-

hang University of Science and Technology (POS-

TECH) in 1998 and 2007, respectively. From 2008 

to 2012, he was a lieutenant colonel in the Defense 

Acquisition Program Administration, Seoul, Korea. 

In 2012, he joined the Department of Electrical 

Engineering, POSTECH, as a research associate professor, and in 2015, 

he was with Unmanned Technology Research Center, Korea Advanced 

Institute of Science and Technology, Daejeon. In 2020, he joined Kook-

min University, Seoul, as the Director of EM Technology Research Center. 

His research interests are radar target recognition, radar signal processing, 

and electromagnetic analysis in wind farms by various military radars. 
 
 

Sang-Bin Cha 
received his B.S. and M.S. degrees in electronic 

engineering from Pukyong National University, 

Busan, Korea, in 2017 and 2019, respectively, where 

he is currently working toward the Ph.D. degree in 

electronic engineering. His research interests are in 

the areas of radar target imaging and recognition, 

radar signal processing, target motion compensation, 

pattern recognition using artificial intelligence, RCS 

prediction, and electromagnetic analysis of the windfarm. 

 

 

Young-Seok Baek 
received his B.S., M.S. degrees in electronic engi-

neering from Hanyang University, Seoul, Korea, in 

1985 and 1987, respectively. In 1989, he joined the 

Electronics and Telecommunications Research In-

stitute (ETRI), Daejeon, Korea, where he is current-

ly a senior engineer. His research interests are CAD 

in semiconductor, digital design and verification 

methodology, wireless communication, face recogni-

tion, and radar signal processing. 

 
 

Bon-Tae Koo 
received his M.S. degrees in electrical engineering 

from Korea University, Seoul, Korea, in 1991. In 

1991, he was with the System Semiconductor Divi-

sion, Hyundai Electronics Company, Ichon, Korea, 

where he was involved in the chip design of video 

codec and DVB modem. From 1993 to 1995, he was 

with HEA, San Jose, USA, where he was responsible 

for the design of MPEG2 video codec chips. From 

1996 to 1997, he was with TVCOM, San Diego, USA. In 1998, he joined 

Dongbu Electronics as a team leader with the system semiconductor Lab 

and focused on the methodology of semiconductor chip design. In 1999, he 

joined the Application SoC team, ETRI, where he is currently a team 

leader and his research activities included the chip design of MPEG4 video, 

T-DMB receiver, LTE femtocell modem, and DSP processor. His re-

search activities focused on millimeter‐wave AI radars. 
 

 

In-Oh Choi 
received his B.S. and M.S. degrees in electronic 

engineering from Pukyong National University, 

Busan, Korea, in 2012 and 2014, respectively, and 

his Ph.D. degree in electronic engineering from 

Pohang University of Science and Technology 

(POSTECH), Pohang, Korea, in 2019, respectively. 

From 2019 to 2021, he was a senior researcher with 

the Agency for Defense Development. In 2021, he 

joined the faculty of the Department of Electronics and Communications 

Engineering, Korea Maritime & Ocean University, Busan, Korea, where 

he is currently a assistant professor. His current research areas of interest 

include micro-Doppler analysis, ballistic target discrimination, vital sign 

detection, automotive target recognition, and calibration of polarimetric 

synthetic aperture radar. 
 

 

Sang-Hong Park 
received his B.S., M.S., and Ph.D. degrees in elec-

tronic engineering from Pohang University of Sci-

ence and Technology (POSTECH), Pohang, Korea, 

in 2004, 2007, and 2010, respectively. In 2010, he 

was a Brain Korea 21 Postdoctoral Fellow at the 

Electromagnetic Technology Laboratory, POS-

TECH. In 2010, he joined the faculty of the De-

partment of Electronics Engineering, Pukyong Na-

tional University, Busan, Korea, where he is currently a professor. His re-

search interests are radar target imaging and recognition, radar signal pro-

cessing, target motion compensation, and radar cross-section prediction. 



282 

 
 

I. INTRODUCTION 

The low electromagnetic field (EMF) produced by electric 

vehicle (EV) engines and electric components might pose a 

health risk to the driver and occupant(s) [1–4]. Several studies 

have investigated this possibility, but there is no general consen-

sus as to whether the MF levels generated cause harm to hu-

mans. EV usage and patronage is on the rise due to global con-

cerns regarding greenhouse gas emissions, which are projected 

to double by 2050 if current energy consumption indexes persist 

[5]. Additionally, the governments of some countries have im-

plemented tax waivers and other benefits to entice consumers to 

purchase EVs [6, 7]. This is in line with global climate change 

policies, such as the recent Paris Agreement of 2016 [8]. 

To address the concern of the potential harm of EVs, several 

researchers have measured EMF levels and compared these 

measures to the limits set by regulatory agencies. Predominately, 

the most commonly used regulations are those of the Interna-

tional Commission on Non-Ionizing Radiation Protection 

(ICNIRP) [9, 10] and the Institute of Electrical and Electronics 

Engineers (IEEE) [11], but other agencies [12–15] have differ-

ent limits due to differences in opinion and scientific deduction 

[16, 17]. For example, the BioInitiative Working Group [17] 

argued that the ICNIRP limits were obtained using anatomical 

models and thus may not reflect the real human body. Other 

studies have observed and recorded human physiological reaction 
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to EMF exposure, such as delayed response time [18, 19], visual 

problems [10, 20–22], and aggravated annoyance [23]. 

Tell et al. [24] measured and averaged EMF emissions in 14 

different EVs and hybrid EVs to obtain a mean value. Hareu-

veny et al. [25] assessed 10 vehicles and provided a range of av-

erage EMF values for each vehicle and levels at various points 

within the vehicles. They found notably stronger EMF in EVs 

compared to internal combustion engine vehicles. Halgamuge et 

al. [26] measured and reported the level from a single hybrid 

EV at different points in the vehicle. Vassilev et al. [27] com-

pared the EMF levels of 11 different cars using 11 sample 

points. Vedholm and Hamnerius [28] measured the readings of 

seven cars using 20 sample points. Their study was the first to 

hypothesize that the battery position may have some effect on 

EMF emission production. Stankowski et al. [29] considered 

the driver’s head and feet position as important for EMF EV 

testing. This was based partly on the ICNIRP’s conclusion that 

the head (specifically the eyes) is a target area [9, 10]. 

Monero-Torres et al. [30] initiated EMF deduction using 

simulations. In their experiment, they theoretically deduced the 

EMF for an EV via finite models using the EV’s battery and 

later its inverter [31]. Campi et al. [32] used numerical charac-

terization to assess the EMF of an EV with a wireless power 

transfer system. Lennerz et al. [33] assessed the EMF within 

several cars to investigate its effect on cardiac implants. Ruddle 

et al. [34] assessed EMFs caused by current transients within 

the EV. They hypothesized that human harm is likely. Milham 

et al. [35] assessed EMF considering the steel-belted radial tires 

of the EV. The study established that the tires are sources of 

EMF, but the level dropped when measurements were taken 

within the vehicle, which is in line with the findings of [29]. 

Ruddle et al. [34, 36] employed simulations to test several EV 

models and reported a value of 52.9 μT. Other reports have also 

delt with this subject matter [37–42]. Snyder [43] was awarded 

a government grant to study EMF shielding in EVs. Pittsyna et 

al. [44] reviewed past studies and estimated the EMF of an EV 

to be 129 μT. 

Although numerous studies have revealed the EMF levels 

generated by various EVs, these previous studies have had sever-

al drawbacks: 

1. The experiments conducted were not replicable in some 

situations (e.g. [45]); 

2. Parameters such as amplitude, field type (if DC or AC), 

frequency spectrum, and field distribution complicated the 

task of measurement with relation to biological creatures 

(e.g. [45]) and; 

3. It remains unclear which regulatory agencies’  limits are best 

suited to this area of study. 

The purpose of this paper is to determine the level of DC 

and AC EMFs generated in an EV; reveal their relationships; 

and obtain the EV’s EMF intensity, distribution, and frequency 

for different operating conditions. We reviewed previous studies 

to determine the best measuring equipment and environment 

for data collection, how to interpret the results, and which regu-

latory agencies’ safety limits to compare the results to. 

II. METHODOLOGY 

As already mentioned, previous studies have used different 

protocols, such as spot measurement, continuous measurement, 

or measurement at varying speeds, as well as different equip-

ment. While reviewing previous studies, we noted the EMF 

levels found, measuring equipment used, frequency range, vehi-

cle type, data collection environment, and type of field measured. 

Based on these previous reports, we noted a gap in terms of the 

use of a new technologically advanced meter specifically de-

signed for detecting extremely low-frequency (ELF) fields. The 

various measuring devices available were analyzed based on the 

device specifications. 

Its AC measurement was in the range of approximately 16 to 

2,000 Hz. Additionally, it used either fast Fourier transformation 

for frequency domain measurements or the weighted peak 

method in the time domain mode, which offers great precision. 

The Vector/Magnitude Gauss Meter (Alpha Lab, Salt Lake 

City, UT, USA) was also used and fitted with a Hall probe to 

increase its accuracy in detecting DC magnetic fields. Magnetic 

field data were collected using the Gauss meter for DC magnet-

ic field information and NFA 1000 meter for AC magnetic in-

formation. 

Data collected were logged into a Microsoft Excel sheet (Mi-

crosoft, Redmond, WA, USA) and statistically analyzed using 

the 2016 Excel toolbox feature. The NFAsoft software (Giga-

hertz Solutions, Langenzenn, Germany) was used for the data 

analysis of the obtained EMF data. Table 1 highlights the vehi-

cle specification [46]. A fully EV, the IONIQ 2016 (Hyundai 

Motors, Seoul, Korea) was used. 

A route for the experiment was selected based on the follow-

ing considerations. The route had to have open lanes allowing 

for speeds of up of 40 km/h, 80 km/h, and 100 km/h to be 

achieved. There also had to be comparatively low vehicular traf-

fic and minimal interference from power transmission lines. 

Thus, the Anseong to Chincon expressway within the Gyeong-

gi-do province of South Korea was the route taken as the drive 

path. A map of the route is provided in Figs. 1 and 2, which 

show the locations of the roads travelled for fast- and slow-

speed data collection. 

Data were obtained for the following conditions: at rest and 

at speeds of 40 km/hr and 80 km/hr. These conditions were 

picked based on other papers with similar conditions (e.g. [24, 

25]). Hence, the data can be compared to the results of those 

studies. 
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Fig. 3 provides the sample collection point(s) [47]. The order 

of sample collection went from left to right (rear to front): 

BLMN–IJK–FGH–CDE, with position A collected only dur-

ing rest, startup, or idling. Idling here refers to when the car was 

on, but there was no acceleration or motion. The positions 

CFIL-DGJM-EHKN correspond to the head, chest, and feet 

region, respectively. 

Fig. 4 provides a diagram of the position(s) earmarked in Fig. 

3 and shows how the instruments were used to conduct the EV 

EMF test. 

The equipment was calibrated at the beginning of the exper-

iment according to the manufacturer’s specifications. NFA and 

NFAsoft were used to support the measurement of the working 

environment. In this case, the 6D feature was used to measure 

six positions (H, G, F, N, M, L) and to generate the EMF field 

pattern, as shown in Section III. In addition, the EMF field 

pattern in the horizontal plane was generated using the posi-

tions of nine points (HAE, F, C, between F and C, and LBI; 9D 

feature). The NFA software guides the user through the nine 

points by means of short audio signals (beeps). These nine 

points were processed in the order presented in Fig. 3. This 

method was used to ascertain if the EV emits DC and AC 

EMFs. 

Table 1. EV (IONIQ) specifications 

 Specification 

EV type Powertrain 

Engine Permanent magnet synchronous motor

Class All electric compact 

Electric range 169 km (Korea) 

Power Approximately 136 hp 

Transmission Single speed reduction gear

Battery 28 kWh lithium-ion polymer battery

Source from [46]. 

 

Fig. 1. High-speed road test route (speed at 80 km/hr; map extracted 

using kakaomap application, version 6.0). 

 

Fig. 2. Low-speed road test route (speed at 40 km/hr; map extracted 

using kakaomap application, version 6.0). 

Fig. 3. Measurement points. Adapted from [47]. 

 

Fig. 4. Measurement setup; collection point from Fig. 3.
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III. RESULT 

Table 2 provides specifications for the most used EMF me-

ters from various studies. Based on these results, EMF data in 

our study were collected using the Gauss meter for DC MF and 

the NFA 1000 meter (Gigahertz Solutions) for AC MF due to 

their advantages in terms of accuracy and data logging. Table 3 

displays the data obtained from the road test. The DC and AC 

components of the EMF generated at different operating condi-

tions were obtained and recorded. Additionally, the frequency 

levels at each sample collection point were also recorded. The 

results revealed the difference in frequency for different sample 

point(s). 

As seen in Table 3, the NAF meter recorded AC and AC 

peak data. Fig. 5 graphically represents their relationship. 

The data were analyzed using the statistical tools provided in 

Microsoft Excel to determine the correlation between the AC 

and DC fields detected. Table 4 shows the correlation coeffi-

cient between the DC and AC EMFs analyzed under different 

operating conditions [46, 48-50]. The relationship between the 

DC and AC fields at rest was negligible. While idling, there was 

an increase, but the correlation was low. When changing speeds, 

they were strongly positively correlated. This can be interpreted 

as an increase in speed results in greater EMF generation. 

Next, the field distribution pattern was obtained using NFA-

soft for the car at rest and when idling. Fig. 6 shows the field 

pattern using the data obtained for the EMF and the varying 

frequencies obtained at different points during measurement. 

The image shows an aerial view of the EV similar to a horizontal 

(or flat) plane (9D) and a vertical representation capturing the 

seating position from head to feet (6D).  

As can be seen, a field pattern was found, with the bulk of the 

field at the front section of the EV. The seat positions were ana-

lyzed again when the car was switched on. Fig. 7 shows the field 

distribution. There was a considerable increase in EMF due to 

the change in the operating condition of the EV. A clear indi-

cation of a stronger EMF as the car moved from idling to low 

Table 2. Data obtained at different conditions 

Sample  

points 

Rest (mG) Idling (mG) 40 km/hr (mG) 80 km/hr (mG) 
Dominating  

freq. (Hz)  

2nd dominating 

freq. (Hz) 

DC AC 
AC  

peak 
DC AC 

AC  

peak 
DC AC

AC 

peak
DC AC

AC  

peak

At  

rest 

During 

motion 

At  

rest

During

motion

Motor 2.8 0.79 6.45 2.15 1.8 4 - - - - - - 50/60 - < 2,000 -

Trunk 2.73 0.1 0.7 1.2 0.11 0.33 1.9 0.33 5 1.22 1.19 5.89 50/60 50/60 < 2,000 < 2,000

Left rear head 1.34 0.09 0.42 0.97 0.22 0.58 1.96 0.5 4.2 1.77 1.1 16.13 50/60 < 2,000 < 2,000 50/60

Left rear chest 0.66 0.06 0.45 1.36 0.31 0.6 1.09 0.58 4.2 2.13 1.45 36 50/60 50/60 < 2,000 < 2,000

Left rear floor 6 0.06 0.24 6.76 1.42 2.6 4.99 1.8 8.79 6 6.45 0.145×103 50/60 50/60 < 2,000 < 2,000

Right rear head 1.39 0.07 0.24 1.2 0.14 0.54 0.8 1.5 5 1.61 4.79 30.7 50/60 50/50 150/180 150/180

Right rear chest 1.26 0.05 0.21 1.34 0.14 0.39 1.36 1.46 5.69 1.59 2 16.99 50/60 < 2,000 < 2,000 50/60

Right rear floor 5.8 0.06 0.24 7.33 0.48 0.91 6 2.4 6.75 5.45 6.7 0.142×103 50/60 50/60 < 2,000 < 2,000

Passenger head 1.93 0.07 0.25 0.63 0.17 0.6 1.1 0.26 3 1.9 0.66 30.1 50/60 50/60 < 2,000 150/180

Passenger chest 1.97 0.05 0.22 1.74 0.4 0.96 2.23 0.43 3.27 1.87 0.69 30.93 50/60 < 2,000 < 2,000 >2,000

Passenger floor 4.25 0.04 0.22 3.4 2.21 4.94 4.8 2.35 8.65 4.41 6.6 0.199×103 50/60 < 2,000 150/180 50/60

Driver head 1.96 0.09 0.25 0.99 0.18 0.51 1.27 0.28 2 2.05 0.39 9.3 50/60 < 2,000 < 2,000 50/60

Driver chest 1.39 0.07 0.28 1.4 0.33 0.78 1.45 0.53 5.93 1.84 0.91 40 50/60 < 2,000 < 2,000 150/180

Driver floor 3.98 0.09 0.4 3.6 1.53 3 3.2 2.02 8.82 3.03 8.1 0.111×103 < 2,000 < 2,000 150/180 50/60

The dominating and second dominating frequency represents the highest first and second frequencies for MF detected. 

Frequency detection is an added feature of the NAF meter. We measured MF at the AC band (16 to 2,000 Hz). 

According to the meter manual, the NAF meter frequency-LEDs change their color in proportion to their contribution to the total field 

strength: 50/60 Hz, mains frequency. The bandwidth only covers individual frequencies of 50 Hz and 60 Hz with their respective lock-in 

ranges; 100/120 Hz, this LED indicates the contribution of the second through fourth "even" harmonics; 150/180 Hz, this LED indicates 

the contribution of the third through fourth "uneven" harmonics. The third harmonics will presently be found in many homes and most of-

fices as a significant portion of the total measurement; and < 2 kHz, means remainder of frequencies below 2 kHz. 

Source of the magnetic field are attributed to the motor speed. 

Table 3. Correlations analysis of DC to AC across conditions

DC/AC value

Rest 0.006

Idling 0.475

40 km/hr 0.770

80 km/hr 0.756
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Fig. 6. Horizontal and vertical field distribution for the front and 

rear seat during rest (9D and 6D). Values are in mG. Dark 

green represents field levels similar to the earth natural field 

and brighter colors depict an increase in MF. The brighter 

the color, the stronger the MF intensity. Building biology 

standards are employed by the meter here. 

 
 

Fig. 7. MF pattern at low speed (40 km/hr) for the front and rear 

seat during rest (6D). Values are in mG. Dark green repre-

sents field levels similar to the earth natural field and brighter 

colors depict an increase in MF. The brighter the color, the 

stronger the MF intensity. Building biology standards are 

employed by the meter here. 

 
Fig. 5. AC and AC peak relationship. 

 

Table 4. EMF meter specifications 

 
FW BELL 5170 

[46] 

Combinova  

MFM10 [48] 

EMDEX II 

[49] 

EMDEX Lite

[49] 

Narda EHP-50D

 [50] 

Narda EFA-200 

[50] 

Accuracy 2% ±1% of reading

±0.003 μT 

- - - - 

Frequency 20 kHz (DC) 5–2,000 Hz 40–1,000 Hz 40–1,000 Hz 1–400 kHz 20 mT (at 50 Hz)

Sampling rate (s) 5 - 1.5 4 - - 

Range 200–20 KG 0.01–10,000 μT 3 Gauss 0.7 Gauss 0.3 nT to 10 mT - 

Measurement unit G, T, k/Am μT μT μT nT, mT nT, mT 

Operating temperature (°C) 0 to 50 -20 to 50 - - -20 to 55 -20 to 23 

Data logging - Up to 4,000 result 20 data set 1 data set Yes Yes 

Price $1,482.86 $1,350.00 $3,000.00 $1,135.00 €5,769.20 Approx. €7,500.00

 



ENEGBUMA and KIM: ANALYZING DC AND AC MAGNETIC FIELD INTENSITY, DISTRIBUTION, AND RELATIONSHIP IN A HYUNDAI IONIQ 2016 ELECTRIC VEHICLE 

287 

  
 

speeds of 40 km/hr is hereby firmly established. 

Finally, to determine the location with the highest EMF level 

(potential harmful zone), a bar chart was created from the data 

obtained (Fig. 8). The sample points from Fig. 3 (with the ex-

ception of points A and B and peak data) are grouped. 

As seen in Fig. 8, the feet/floor region emitted the highest level 

of EMF. The field levels were almost the same in each section, 

with the exception of the left rear chest and right rear chest re-

gions. A maximum value of about 6.00 mG was obtained during 

the test drive, with an average of 1.41 mG and SD of 1.12 mG. 

IV. DISCUSSION 

In most of the previous research, the EMF obtained from 

EV(s) was compared to a regulatory limit, usually that of the 

ICNIRP. The majority of studies have focused on EMF emis-

sions from EVs alone [28–33, 37–43, 51, 52]. Others studies 

have gone a step further and compared the emissions of EVs 

and other types of vehicles, such as hybrid EVs [24–26, 35, 38, 

44, 53] and conventional gasoline engine vehicles [27, 35]. 

However, certain parameters remain unaccounted for, and mul-

tiple regulatory bodies exist with varying limits. 

Based on our literature review, we narrowed down our 

equipment of choice while keeping in mind the shortcomings in 

the overall research in this field. It was observed that some stud-

ies only recorded the DC EMF field generated. While all me-

ters are certified by a competent authority, more recent meter(s) 

have some technological upgrades, such as data logging capabil-

ity, temperature resistance, and a wider range of measurement. 

The data obtained established that both DC and AC EMFs are 

emitted during operation of the EV. The DC field levels were 

always higher than the AC field levels, as seen in Table 3. This 

might be due to the interaction of the AC field produced by the 

car components (for example, the inverter) and the earth’s natu-

ral DC field. We can infer that some of the AC fields may be 

superimposed, leading to higher DC levels. 

Magnetic field levels increased with speed. Each field level 

showed a significant increase in value across each measurement 

position for the different operating conditions selected. Addi-

tionally, switching operating conditions resulted in a significant 

increase in the fields produced, with the highest values seen at 

the front passenger floor (DC field increased from 0.04 mG at 

rest to 4.8 mG at 40 km/hr). 

A relationship between the DC to AC fields during different 

conditions was determined by means of correlation coefficient 

analysis. The results revealed that the fields are positively corre-

lated when the EV is switched on (approximately 0.5 at idling 

and 0.8 at speeds of 40 km/hr and 80 km/hr). Thus, this implies 

that an increase in the DC magnetic field is accompanied by an 

increase in the AC magnetic field and vice versa. An increase in 

speed resulted in greater EMF generation. 

The frequency spectrum for the fields produced in the EV 

fell within: 16.7 Hz, 50/60 Hz, 100/120 Hz, 150/180 Hz, R < 2 

kHz and > 2 kHz. The greatest concern regarding EMF is the 

dominating frequency of the EV, as the other frequencies are 

usually negligible. The dominating frequency for the car at rest 

was 50/60 Hz, with < 2 kHz as the second dominating frequency. 

The only exception was at the driver’s foot region.  

A frequency of 50 or 60 Hz is found in most household ap-

pliances [54]. However, during operation, the frequency of the 

EV changed from 50 or 60 Hz to < 2 kHz. The change in fre-

quency was more predominant at the front of the EV (the front 

passenger and driver regions). We were unable to determine why 

different frequency distributions occurred at varying points. 

The DC and AC values obtained were below most regulatory 

agencies’ safety limits except for the limit set by the Building 

Biology Standards [14] (2.01 mG). Table 3 shows that the AC 

meter recorded peak values for very strong fields. Although 

 

Fig. 8. MF sample point analysis using a bar chart. 
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these fields were unsteady, they represented the highest values 

obtainable. Based on our sampling, these values were not con-

stant but rather fluctuating, and they could not be obtained on 

repeated trials. It is reasonable to infer that this level is fleeting 

and unstable, thus making it not harmful. 

Occupants sit close to a powerful electric system when riding 

in an EV. The field pattern revealed that the EMF emission 

levels increased when the car was on and in use. Additionally, 

the pattern revealed that the front seats had higher EMF levels 

than the rear seats, even at rest. In this study, the EV’s battery 

was situated beneath the vehicle. 

Braking and acceleration during the road tests caused fluctua-

tions in EMF values. As such, it can be deduced that accelera-

tion and deceleration affect EMF levels. The EMF was ob-

served to increase with increasing speed, which agrees with [25]. 

The peak values for the AC magnetic field were unpredictable 

and changed when the test was repeated; thus, the data cannot 

be interpreted with certainty.  

A shortcoming of this study may be attributable to the lim-

ited sample size. Future studies should experiment with large 

sample sizes and more statistical tests, like analysis of variance, 

for comparison. Additionally, the combination of DC and AC 

fields may affect biological systems, but that is beyond the scope 

of this work. One study did infer that the combination of AC 

and DC fields coupled with their fluctuating levels might be 

harmful [55]. Future works should consider the effects of these 

weak fields on human subjects using physiological tests, such as 

heart rate variability, gaze technology, and galvanic skin response, 

while driving the EV. 

V. CONCLUSION 

Similar to other studies on EV EMF emissions, the values 

obtained in this study were below the ICNIRP and IEEE limits. 

In future studies, these values can be used to replicate the level 

generated by an EV to determine if it is harmful. This study 

established that both AC and DC fields were generated in the 

EV during operation (switching on and in motion) of the vehi-

cle. The driver’s and front passenger’s feet region generated 

stronger EMF levels than any other location, at a frequency of 

50/60 Hz, which is similar to that of home appliances [45, 54]. 

This study provides useful information on EMF intensity, fre-

quency, field distribution, and conditions generated in the EV. 
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I. INTRODUCTION 

Compact broadband omnidirectional antennas are in high 

demand for a wide range of applications in the wireless commu-

nication and defense system industries. Discone and biconical 

antennas are conventional broadband omnidirectional antennas 

designed to operate over multi-octave frequency ranges [1, 2]. 

However, the conical sections of these antennas have dimen-

sions of the order of quarter wavelength at the lowest frequency. 

Thus, the dimensions of these antennas become large when 

implemented in VHF/UHF bands. Researchers in the field 

have been active in studying design techniques for realizing om-

nidirectional antennas with broad bandwidth and compact size 

with several notable findings reported in the literature. Sleeve 

monopole antennas using open sleeve configurations have been 

reported for broad bandwidths [3, 4]. Such antennas require 

very large ground planes. Dual sleeve antennas with reduced size 

ground planes have also been reported in [5]. A sleeve antenna 

mounted on a cylindrical ground plane having 4:1 bandwidth 

ratio is presented by Zhou et al. [6]. Yang et al. [7] designed a 

novel wideband sleeve dipole array operating between the fre-

quency range 707–3,300 MHz. A sleeve monopole antenna 

with top-loading and shorting pins have been implemented by 

Ravipati and Reddy [8], achieving a bandwidth ratio of 3.7:1 

and a bandwidth ratio of 4.28:1 by Ghafari and Aloi [9]. Band-

width enhancement using matching networks are reported by 

several studies [10–13]. Matching networks enhance bandwidth 

at the expense of antenna efficiency. Dual sleeve antenna with  
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Abstract 
 

In this paper, a novel compact broadband antenna at UHF frequencies is presented with canonical shapes. Hemispherical, conical and 

cylindrical shapes have all been considered for antenna configuration. The designed antenna provides an instantaneous frequency range 

from 370 to 5,000 MHz with omnidirectional characteristics. The antenna was simulated in CST Microwave Studio, fabricated and eval-

uated; the results are presented. The simulated and measurement results are in good agreement. The antenna has voltage standing wave 

ratio (VSWR) ≤ 1.9:1 in 400–570 MHz, 2,530–3,740 MHz and 4,180–4,620 MHz; it has VSWR ≤ 3:1 over the operating frequency 

range 370–5,000 MHz and the measured gain varies from -0.6 to 4.5 dBi over the frequency band. The concept of canonical-shaped 

antenna elements and the incorporation of triple sleeves resulted in a reduction of the length of the antenna by 62% compared to the 

length of a half-wave dipole antenna designed at the lowest frequency. The antenna can be used for trans-receiving applications in wireless 

communication. 
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load is demonstrated in [14] operating between the frequency 

range 57–103 MHz. 

Several other dual sleeve antenna designs have also been re-

ported. These antenna designs operated in different frequency 

ranges as follows: 400–900 MHz by Wang et al. [15], 500–

2,100 MHz by Thomas et al. [5] and 120–520 MHz by Zhang 

et al.[16]. Sleeve dipole antenna with 2.9:1 bandwidth is report-

ed in [17]. Sleeve dipole antenna with three sleeves was reported 

in [18]. An Antenna with conical shaped sleeve operating be-

tween the frequency range 446–732 MHz was demonstrated by 

Zhang et al. [19]. A low profile antenna with conical shaped 

radiator, cylindrical sleeve, top-loading and shorting pins is de-

signed to operate in the frequency range 750–2,660 MHz [20]. 

A compact broadband omnidirectional antenna using canonical 

structures and single sleeve configuration was designed by Sai-

Ram et al. [21] to operate in the frequency range 500–3,000 

MHz. Half disc dipole antenna has been noted to exhibit 

broadband omnidirectional characteristics [22]. Finally, Gao and 

Lu [23] designed a printed wideband dipole antenna operating 

in the range of 650–1,150 MHz. 

In this paper, a canonical triple sleeve antenna having compact 

broadband omnidirectional characteristics in 370–5,000 MHz is 

presented overcoming several limitations of earlier designs men-

tioned above. Novel concepts using canonical shaped radiating 

elements with triple sleeves are employed for achieving much 

wider bandwidth with compact form factor, compared to other 

sleeve antennas reported in the literature. 

II. DESIGN AND IMPLEMENTATION OF CANONICAL TRI-

PLE SLEEVE ANTENNA 

A conventional cylindrical dipole antenna is a narrowband 

resonant antenna. The bandwidth of this dipole antenna can be 

increased by increasing the diameter of the dipole. More band-

width is achieved by increasing the resistance and reducing the 

reactance, compared to a thin dipole antenna.  

The concept of sleeves can also be used to increase the band-

width of this dipole antenna. A sleeve modifies the current dis-

tribution of the antenna and enhances its bandwidth. The de-

sign of the canonical triple sleeve antenna begins with a basic 

canonical antenna structure, resulting from a combination of 

hemispherical dipoles with conical and cylindrical extensions, 

fed at the center, as shown in Fig. 1.  

The antenna is designed for the center frequency of fo = 

2,685 MHz, and the corresponding wavelength is λo = 111.73 

mm. Antenna design is carried out using genetic algorithm op-

timization in CST Microwave Studio for the operating fre-

quency band of 370–5,000 MHz. 

The design parameters of the antenna are varied around their 

nominal design values as follows:  

1) Design of canonical antenna: The canonical antenna is de-

signed as a combination of the hemisphere, cone and cylinder, 

respectively, starting from the feed gap. 

2) Design of hemisphere section: The diameter of the hemi-

sphere is obtained as 0.13λo. 

3) The diameter of the conical section at its one end is selected 

to match the hemispherical section, which is 0.13 λo and the 

diameter of the other side of the cone is obtained as 0.77λo. 

4) The conical section is further extended with a cylindrical sec-

tion of diameter 1.01λo and a height of 0.17λo. 

This antenna structure is further augmented by a single sleeve 

placed symmetrically with respect to the feed point resulting in 

canonical single sleeve antenna as shown in Fig. 1(b). The details 

of this augmentation are as follows:  

1) Design of canonical single sleeve antenna: A canonical an-

tenna is designed with a central sleeve. The diameter and 

length of the first (central) sleeve are obtained as 1.05λo and 

0.22λo, respectively. 

2) Design of canonical dual sleeve antenna: canonical antenna is 

designed with two sleeves symmetrically placed around its 

feed point. The diameter and length of the sleeves are ob-

tained as 0.81λo and 0.12λo, respectively. Canonical antenna 

with two sleeves result in the canonical dual sleeve antenna as 

shown in Fig. 1(c).  

3) Design of canonical triple sleeve antenna: canonical antenna 

 
(a) (b) 

 

 

(c) (d) 

Fig. 1. Simulation models of (a) canonical antenna, (b) canonical 

single sleeve antenna, (c) canonical dual sleeve antenna, and 

(d) canonical triple sleeve antenna. 
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is designed with a first (central) sleeve and two sleeves sym-

metrical around it. Canonical triple sleeve has evolved from 

the canonical single sleeve antenna by adding two more 

sleeves and placing them equidistant from the first sleeve and 

is shown in Fig. 1(d). 

The simulation models of these antennas are shown in Fig. 1.  

The diameter of the hemisphere is obtained as 0.13λo. The 

diameter of the conical section at its one end is selected to 

match to the hemispherical section, which is 0.13λo, and the 

diameter of the other side of the cone is obtained as 0.77λo. The 

diameter and length of the first (central) sleeve are obtained as 

1.05λo and 0.22λo, respectively. The diameter and length of the 

second and third sleeves are obtained as 0.81λo and 0.12λo, re-

spectively. The parameters of the canonical triple sleeve antenna 

are given in Table 1. 

The variations in resistance and reactance of the input imped-

ance of the proposed antenna configurations are shown in Fig. 

2(a) and 2(b). 

As inferred from Fig. 2(a) that the resistance of input imped-

ance has lower values for canonical antenna and canonical single 

sleeve antennas compared to canonical dual sleeve and canonical 

triple sleeve antennas. There is a substantial increase in re-

sistance of input impedance for canonical dual sleeve and ca-

nonical triple sleeve antennas. The overall variation in resistance 

of input impedance is comparatively lower for the canonical 

triple sleeve antenna than canonical dual sleeve antenna over the 

frequency band 370–5,000 MHz. Variation in the reactance of 

input impedance is observed to be more for canonical antenna 

and canonical single sleeve antenna, and less for canonical dual 

sleeve and canonical triple sleeve antennas. The comparison of 

simulated voltage standing wave ratio (VSWR) of these antenna 

configurations is shown in Fig. 3. 

It can be observed from Figs. 2 and 3 that the canonical triple 

sleeve antenna has the best impedance matching and hence 

VSWR performance in the broadband scenario from 370–5,000 

MHz. 
 

1. Parametric Study 
The structure of the proposed antenna the, canonical triple 

sleeve antenna is shown in Fig. 4. The performance of the ca-

nonical triple sleeve antenna was simulated with respect to the 

dimensions and placement of the sleeve. Initially, parametric 

analysis was performed for the first/central sleeve. The diameter 

of the first sleeve, j, varied from 50 to 150 mm in seven steps; 

the results are presented in Fig. 5(a). 

(a) 

(b) 

Fig. 2. Comparison of (a) resistance and (b) reactance. 

 

Fig. 3. Simulated VSWR of antennas. 

Table 1. Canonical triple sleeve antenna parameters 

No. Parameter of antenna Value (mm)

1 Diameter of top cover, a  113.57

2 Length of cylindrical extension, b 19.02

3 Length of second sleeve, c  13.84

4 Length of first sleeve, d 25.60

5 Spacing between first and second sleeve, e 7.65

6 Diameter of hemispherical section, f  15.52

7 Feed gap, g 2.35

8 Height of conical section, h   48.87

9 Diameter of second sleeve, k 91.40

10 Diameter of first sleeve, j 118.02

11 Top diameter of cone, i 86.42

12  Overall dimensions (height × diameter)  153.68 × 118.02
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The plot also represents the VSWR for the best value of j = 

59.01. The parametric study with respect to the first sleeve 

length, d is presented in Fig. 5(b). The results of the parametric 

study with respect to the diameter of the second and third 

sleeves, k, is shown in Fig. 5(c). The value of k is varied from 60–

120 mm, and the best value is found to be 91.4 mm. The results 

of the parametric study for length of the second and third 

sleeves, c, are shown in Fig. 5(d). The parametric study with re-

spect to the position of the second and third sleeves, e, is shown 

in Fig. 5(e). 

The values of the best parameters for the canonical triple 

sleeve antenna are shown in Table 1. 

The canonical triple sleeve antenna has a height of 153.68 

mm and a diameter of 118.02 mm. The size of a half-wave di-

pole antenna at 370 MHz is 405.4 mm. Hence, the design of 

this antenna has resulted in a 62% size reduction compared to a 

half-wave dipole antenna at its lowest operating frequency. 

The surface current distribution of the antennas was also 

studied by simulation. The current distributions at 370, 2,000, 

and 5,000 MHz are shown in Fig. 6.   

It was observed that the current is at its maximum at the feed 

point with all antenna configurations. At a low frequency of 

operation, significant current distribution exists over the whole 

antenna structure for the canonical antenna and canonical single 

sleeve antenna. Significant current distribution exists on the 

sleeves and accounts for the broadband performance of these 

antennas. As the frequency increases, the current intensity re-

duces towards the ends with all antennas. However, this trend is 

more pronounced as the number of sleeves increases. The length 

 
Fig. 4. Structure of canonical triple sleeve antenna. 

 

(a) 

(b) 

(c) 

(d) 

Fig. 5. Results of parametric study: (a) diameter of first sleeve, j, (b) 

length of first sleeve, d, (c) diameter of second sleeve, k, 

and (d) spacing between first and second sleeve, e.

 
(a) (b)

Fig. 6. Current distributions for canonical antenna, canonical single 

sleeve antenna, canonical dual sleeve antenna and canonical 

triple sleeve antenna (a) at 370 MHz, 1,000 MHz and 

2,000 MHz and (b) at 3,800 MHz and 5,000 MHz.
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of all antennas is 2.56 wavelengths at 5,000 MHz. A conven-

tional dipole of this length would have multiple lobes. 

The simulation model and the photograph of the realized ca-

nonical triple sleeve antenna are shown in Fig. 7. The metallic 

portions of this antenna were fabricated using aluminum alloy. 

Poly-urethane foam (PUF) supports were used for the assembly 

of the antenna.  

The antenna was fed using a semi-rigid coaxial cable of 

0.141-inch diameter. The coaxial cable was assembled with an 

SMA connector at one end as shown in Fig. 4. 

III. MEASURED RESULTS AND DISCUSSION 

The VSWR measurement of canonical triple sleeve antenna 

is performed using a Vector Network Analyzer. The comparison 

of simulated and measured VSWR is given in Fig. 8. 

The antenna has VSWR ≤ 1.9:1 in the frequency bands 

415–530 MHz, 1,630–2,500 MHz and 4,560–5,000 MHz and 

VSWR ≤ 3:1 over the operating frequency range 370–5,000 

MHz. 

The measured and simulated E-plane and H-plane patterns 

of canonical triple sleeve antenna are shown in Fig. 9. It can be 

seen from Fig. 9 that the canonical triple sleeve antenna exhibits 

good omnidirectional characteristics. The measured omni-

deviation is less than ±3 dB. The measured E-plane 3 dB 

beamwidth of the antenna varies from 15º to 120º over the fre-

quency range 370–5,000 MHz. The measured radiation pat-

terns are in good agreement with the simulated patterns.  

The comparison of simulated and measured gain of the an-

tenna is shown in Fig. 10. The measured gain of the antenna 

varies from -0.6 dBi to 4.5 dBi.  

A comparison of the performance of the canonical triple 

sleeve antenna with existing published literature is shown in Table 

2. It can be inferred that the proposed antenna, canonical triple 

sleeve antenna, has wideband characteristics and overcomes the 

limitations of the earlier designs with small form factor. 

IV. CONCLUSION 

A compact broadband canonical triple sleeve antenna was  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 9. Simulated and measured radiation patterns of canonical triple 

sleeve antenna at 370 MHz (a), 2,000 MHz (b), 3,500 

MHz (c), and 5,000 MHz (d). 

  
     (a) (b) 

Fig. 7. (a) Simulation model and (b) realized antenna. 
 

Fig. 8. Simulated and measured VSWR of canonical triple sleeve 

antenna. 
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designed and realized, to operate in the frequency range 370–

5,000 MHz. The antenna has a bandwidth ratio of 13.51:1, ca-

tering to the needs of several wireless communication systems, 

spectrum monitoring, law enforcement and defense systems. 

The antenna configuration consists of a basic antenna com-

prised of canonical shaped hemispherical dipoles with conical, 

cylindrical extensions and three coaxial sleeves. The novel con-

cepts of canonical antenna structure and triple sleeves has result-

ed in broadband antenna with compact form factor. 
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I. INTRODUCTION 

Recently, microstrip patch antennas (MSAs) have become 

more popular and attractive in mobile communication, global 

positioning system, satellites, military applications, and modern 

wireless systems due to their exciting attributes they are light-

weight, have low production costs, are low profile, have confor-

mal configuration, and are ease to integrate and fabricate [1]. 

Designing antennas with wideband characteristics is an im-

portant aspect to ensuring high data rates. However, microstrip 

antennas intrinsically have narrow bandwidth and low gain. 

However, practical applications currently require wider imped-

ance bandwidth and small antennas. Many approaches have 

been tried to improve the bandwidth of various microstrip an-

tennas [2–4]. These antenna designs have been performed 

through simulation and experimental studies. The initial design 

procedure was based on engineering experience and parametric 

research but was not carried out systematically. 

 The Theory of Characteristic Modes (TCM) was initiated 

by Garbacz [5] in 1965 and subsequently revised by Harrington 

and Mautz [6, 7] in the 1970s. TCM can provide physical in-

sights into the potential radiation properties of a conductive 

object. A conductive object naturally consists of characteristic 

modes (CMs), which are calculated numerically before using the 

source. Each CM consists of a characteristic angle or an eigen-

value that provides information about the mode resonance and 

resonant behavior. CMs depend only on the shape and size of 

the radiation element to govern the performance of the antenna 

design. TCM has been involved in the design of antennas for 

wireless applications [8]. 

The potential of TCM has been successfully extended to en-

hance the bandwidth of antennas including the bowtie antenna  
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[9], an antenna with circular aperture [10], a dodecagonal-

shaped antenna [11], a circular ring antenna [12], and an H-

shaped slot antenna [13]. TCM was used to design a metallic 

loop wideband antenna with a size of 36 mm × 36 mm × 0.8 

mm, in which two CMs were combined to improve the imped-

ance bandwidth by 51.6% [14]. A combination of a dipole and a 

loop antenna with a size of 80 mm × 40 mm × 0.8 mm was 

proposed, in which a wide impedance bandwidth reached up to 

44.2% by simultaneous excitation of the first two modes [15]. 

TCM was used to analyze the resonance behavior of the rectan-

gular U-slot patch antenna with the various feed techniques, 

exciting the modes that contribute to the total radiation [16]. 

The size of the proposed model was 140.17 mm × 134.54 mm 

× 7.62 mm, which aimed to achieve a wide impedance band-

width of 96% by exciting three CMs such as 1, 3, and 4. These 

antennas have a complex feed structure to excite the desired 

modes and improve the antenna impedance bandwidth. The 

present paper aims to improve the bandwidth of a simple and 

small antenna structure by simultaneously exciting the first two 

modes with higher order modes using a simple microstrip feed 

technique.  

II. CHARACTERISTIC MODE ANALYSIS 

CM analysis is a process of solving an eigenvalue problem. 

The eigenvalues describe the radiation behavior of a radiating 

structure. Two important parameters involved in CMA for eval-

uating each CM of a given object are presented as per Chen and 

Wang [17]. 

Modal significance (MS) is represented as 
 

       MS = | |, a real quantity. (1)
 

In this case, λ  is real eigenvector and n is the index of the 

order of each mode. MS is an inherent characteristic of each 

mode, specifying the ability to connect each mode to external 

sources. It measures each mode’s contribution to the total elec-

tromagnetic response regarding a particular source. In some cas-

es, it is easier to use the MS in addition to eigenvalues to exam-

ine the resonance of a structure. Regions of the frequency spec-

trum with MS > 0.7 are considered significant modes that are 

suitable for radiation. Ideally, the perfect radiating mode should 

be MS = 1 for 𝜆  = 0. 

Characteristic angle (CA) is defined as 
 

       𝐶𝐴 = 180 − 𝑡𝑎𝑛 ( 𝜆 ). (2)
 

CA can provide information about the behavior of the mode 

near the resonance. For CA = 180º, the mode will be resonant. 

CA values are between 90º and 180º or 180º and 270º; the 

modes are inductive or capacitive, respectively. For a good radia-

tor, the CA = 180º for 𝜆  = 0. 

III. CMA OF THE ANTENNA STRUCTURE 

The CMA of antenna structures was analyzed using a multi-

layer solver of the full-wave simulator. In the case of a multilayer 

solver, the radiating elements and ground plane were set as per-

fect electric conductors with a zero thickness, and the substrate 

component was set at loss-free with a thickness of 1.6 mm. 

CMA was applied to the antenna structure without a feed port. 

The basic structure of antenna-1 used for CMA is shown in Fig. 

1 with the x-radius and the y-radius of the ellipse set to 5 mm 

and 6 mm, respectively. The geometry of the antenna-1 consist-

ed of an ellipse-shaped patch and the partial ground plane, 

which were arranged on the top and bottom of the FR4 sub-

strate. 

The MS of the first six CMs is shown in Fig. 2. In this, 

modes 1, 2, 5, and 6 have large MS values at frequencies of 4.9, 

8, 14.6, and 12 GHz; these modes are good radiators. Modes 3 

and 4 have small MS values, so these modes are not good radia-

tors. Here, surface currents are only considered for the radiating 

patch. 
According to Fig. 3, the surface currents of the first six modes 

of antenna-1 are described as follows: 

ㆍMode 1 consists of medium current density at the bottom of 

the ellipse contour. 

ㆍModes 2 and 5 have more current density on the left and 

Fig. 1. Geometry of basic antenna-1. 

 

Fig. 2. Modal significance of the first six CMs of basic antenna-1.
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right contours and less inside the ellipse. The surface current 

direction for mode 2 is vertical upward, while for mode 5, it is 

the opposite. The centers of the top and bottom edges have 

null currents. 

ㆍModes 3 and 4 form the current loops, indicating that these 

modes are not involved in radiation. 

ㆍMode 6 has more current density on the top and bottom con-

tour and less inside the ellipse. The surface current direction 

for mode 2 is horizontal. There are null currents at the centers 

of the left and right edges. 

To reconfigure the surface currents of antenna-1, the dimen-

sions of the ellipse in antenna-1 change according to the x- and 

y-radius of 8 mm and 4 mm, respectively, (as shown in Fig. 4). 

The geometry of antenna-2 is the same as that of antenna-1 

with a modified dimension of the ellipse-shaped patch. 

Compared with Fig. 2, Fig. 5 shows that mode 1 is almost 

identical at 4.9 GHz; however, mode 2 shows a shift from 8 

GHz to 9.3 GHz. In addition to modes 5 and 6, mode 4 also 

has a large MS value at 14.6 GHz. Like antenna-1, mode 3 has 

a small MS value, so this mode is not a good radiator. 

Fig. 6 describes the surface currents of the first six modes of 

antenna-2 as follows: 

ㆍMode 1 consists of medium current density at the lower edge 

of the ellipse contour, which corresponds to that of mode 1 in 

antenna-1, and nulls appear in the upper area. 

ㆍMode 2 has a current density at the bottom of the ellipse and 

flows in the opposite direction to the null current. 

ㆍMode 3 forms the current loop and indicates that this mode 

is not involved in the radiation. 

ㆍMode 4 has a current distribution over the entire area of the 

ellipse in the horizontal direction. Null currents are present in 

the upper left and right angles. 

ㆍIn mode 5, null is in the middle of the ellipse and medium 

current is present at the lower center. 

ㆍIn mode 6, the current flow along the x-axis is split about null 

in the middle of the y-axis in the opposite direction. 

Antenna-1 and antenna-2 are not suitable for wideband op-

eration because the modes do not have common surface current 

areas for excitation. Therefore, to reconfigure the surface cur-

rents, the geometry of the new antenna-3 is formed by subtract-

ing the radiating patch on antenna-2 from the radiating patch 

on antenna-1; then the resulting structure is rotated 90°. The 

proposed elliptical ring antenna is presented in Fig. 7. 

The MS of the first six modes of antenna-3 is shown in Fig. 8. 

Here, only three modes 1, 2, and 4 are significant modes that 

Fig. 5. Modal significance of the first six CMs of antenna-2. 

 

Fig. 6. Surface currents of the first six CMs of antenna-2. 

 
Fig. 3. Surface currents of the first six CMs of basic antenna-1. 

 

Fig. 4. Geometry of antenna-2. 
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resonate at frequencies of 4.8, 6.7, and 7.54 GHz. Other modes 

are not significant. Unlike the surface current distributions of 

Figs. 3 and 6, Fig. 9 shows that the current distributions are con-

centrated in the four corners of the proposed antenna. The cur-

rents at four corners are described as follows: 

ㆍAt the top left corner: the current flow of the three modes 1, 

2, and 4 are in one direction. 

ㆍAt the top right corner: the current flow of modes 1 and 4 is 

in the same direction, but for mode 2, it is the opposite. 

ㆍAt the bottom left corner: the current directions of modes 1 

and 2 are the same, but for mode 4, it is the opposite. 

ㆍAt the bottom right corner: the current directions of modes 2 

and 4 are the same, but for mode 1, it is the opposite. 

Through analysis of the surface currents of the CMs of the 

proposed antenna, four corners were found to be suitable for 

arranging the feed line in order to excite the desired modes. The 

bottom right corner of the radiating patch on antenna-3 was 

selected for placement of the microstrip feed line. This feed line 

had a width of 1.7 mm and length of 6 mm for wideband char-

acteristics, as shown in Fig. 10. So that wider bandwidth can be 

achieved [18, 19], exciting multiple modes at their common 

current maximum with a suitable feeding technique and when 

they are proximally close enough is desirable. 

Adding a microstrip line to antenna-3 creates a new mode 6 

at 10 GHz along with modes 1, 2, and 4. This mode is called 

the feed mode. The modal significance of these modes, whose 

resonance frequencies are close to each other, is presented in Fig. 

11. Fig. 12 show the surface current distributions for antenna-3 

in the presence of the feed line. Fig. 12 shows that three modes 

1, 2, and 6 have a similar current distribution through the feed 

line at their resonant frequencies of 4.8, 6.7, and 10 GHz. Fig. 13 

 

Fig. 9. Surface currents of modes 1, 2, and 4 at frequencies of 4.8 

GHz, 6.7 GHz, and 7.54 GHz of antenna-3. 

Fig. 7. Geometry of antenna-3. 

 

Fig. 8. Modal significance of the first six CMs of antenna-3. 

 

Fig. 10. Geometry of antenna-3 with a microstrip line. 

 

Fig. 11. Modal significance of the first six CMs of antenna-3 with 

a microstrip feed line.
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shows that all modes have the maximum radiation in the z-

direction, with the exception of mode 4, (the null current in the 

z-direction). As shown in Figs. 11–13, modes 1, 2, and 6 are 

significant modes and are likely to be excited due to their large 

MS values, similar current distribution on the feed line, and 

maximum radiation in the z-direction. Therefore, these three 

modes contribute more radiation in wideband operation. How-

ever, mode 4 is significant due to its large MS value, contrib-

uting less radiation to the total radiation of the antenna. 

IV. WIDEBAND ANTENNA DESIGN 

Characteristic mode analysis (CMA) can also provide insight 

into the physical aspects of the radiating patch. CMA also al-

lows for change in the size and shape of the patch, offering use-

ful information regarding the optimization of the feed position 

of the basic antennas. By analyzing the modal significance of 

CMs and their surface currents, the four corners of the proposed 

structure are found to be well suited for the excitation of the 

desired modes. The same return loss S11 is obtained by placing 

the microstrip feed line at the four corners with the same di-

mensions of the substrate, feed line, and ground plane. Therefore, 

the microstrip line is considered properly selected at the bottom 

left corner of the proposed patch. 

The geometry of the proposed antenna consists of an ellipti-

cal patch ring, microstrip feed line (FW × FL), and the ground 

plane on the top and bottom of the substrate (WS × LS) as 

shown in Fig. 14. The proposed antenna is printed on an FR-4 

substrate of 18 mm × 20 mm × 1.6 mm, εr = 4.3 and tanδ = 

0.025 as shown in Fig. 15. The dimensions of the wideband 

monopole antenna are presented in Table 1. 

 

1. Parametric Study 
A parametric study was conducted to understand the perfor-

mance of some parameters of the proposed design. The effect of 

Fig. 12. Surface currents of modes 1, 2, 4, and 6 at frequencies of 

4.6, 5.4, 7.4, and 10 GHz of antenna-3 with a microstrip 

line. 

 

Fig. 13. The 3D patterns of first six CMs of antenna-3. 

 

(a) (b)

Fig. 14. Geometry of the proposed wideband monopole antenna: 

(a) top view and (b) bottom view. 

 

(a) (b)

Fig. 15. Photograph of the fabricated elliptical ring-shaped mono-

pole wideband antenna: (a) top view and (b) bottom view.
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the tapered microstrip feed line and the length of the ground 

plane, GL, on the return loss parameter, S11 were considered as 

discussed below. 

Fig. 16 shows the variation in the width of the tapered mi-

crostrip feed line, FWt, from 0.2 to 1.0 mm and its effect on the 

return loss, S11. The FWt value increases, the second resonant fre-

quency shifts towards a higher frequency, while it decreases, the 

required bandwidth is smaller and the return loss does not fall 

below -10 dB. In both cases, the first resonant frequency does 

not significantly change. When FWt = 0.6 mm, the antenna has 

good return losses with a wide bandwidth. Therefore, FWt = 0.6 

mm is chosen as the finest value of ground length over the oper-

ating frequency. 

Fig. 17 shows the effect of a tapered microstrip line on the re-

flection coefficient. The proposed antenna is effectively excited 

by tapering the microstrip line (compared with no tapering) to 

achieve good return loss characteristics that provide a wide im-

pedance bandwidth. 

The effect of changing the ground length (GL) on the return 

loss is shown in Fig. 18. With GL = 6.3 mm, the antenna exhib-

its good return losses with a wide bandwidth. To decrease the 

value of GL, the higher band moves toward a lower band of fre-

quency and return loss does not fall below -10 dB. While in-
creasing, the return loss is smaller and the required bandwidth 

decreases. Therefore, ground length GL = 6.3 mm is chosen as 

the finest value to achieve wide bandwidth. 

V. RESULTS AND DISCUSSION 

The network analyzer (Anritsu MS2037C/2) provided the 

measurement of electrical parameters of the proposed antenna. 

The wideband characteristics of the monopole antenna are dis-

cussed here. 

The simulated and measured results of the return loss and 

gain of the elliptical ring wideband monopole antenna with good 

agreement are shown in Figs. 19 and 20. Fig. 19 describes the 

way that the lower resonant frequency of 5 GHz is almost the 

same in both cases, but the higher resonant frequency of 12 

GHz shifts to a higher frequency compared to the simulation. 

The gain of the proposed model is maintained constant over the 

operating frequency range. 

Table 1. Dimensions of the proposed antenna 

Parameter Value (mm) 

Ws 18 

Ls 20 

GL 6.3 

FW 1.7 

FL 0.6 

FWt 0.6 

Fig. 17. Reflection coefficient of the proposed antenna with and 

without tapered microstrip feed line. 

 

Fig. 18. Effect of the ground length GL on the reflection coefficient. 

Fig. 16. Effect of the tapered microstrip line width FWt on the reflec-

tion coefficient. 
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The radiation patterns of H-plan and E-plane are presented 

at 5 GHz and 12 GHz resonant frequencies, respectively, as 

shown in Fig. 21. At higher frequencies, the radiation patterns 

are distorted due to higher order modes. 

As shown in Table 2, the antenna size, number of modes ex-

cited, bandwidth, and gain of the proposed work are compared 

with the performance of existing antennas provided in existing 

literature [14–16]. 

VI. CONCLUSION 

A new elliptical ring-shaped monopole wideband antenna 

was designed using CMA. The modal significance, surface cur-

rents, and modal patterns of first six CMs of the antenna struc-

ture were analyzed. The optimal feed position for driving multi-

ple modes such as lower and higher order modes has been iden-

tified; a microstrip feed line was placed at respective current 

maximum to excite for wide bandwidth. The proposed antenna 

was shown to have a large impedance bandwidth of 124.4% in 

the range from 3.6 to 15.46 GHz, covering various wireless ap-

plications such as Wi-Fi and satellite communication. 
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I. INTRODUCTION 

The Federal Communications Commission (FCC) has for 

the first time authorized ultra-wideband (UWB) range from 3.1 

to 10.6 GHz in 2002 [1]. UWB requires very low transmittance 

power, achieves very high data rates and is not in a line of sight. 

Despite various advantages, UWB also have drawbacks like in-

terference with existing narrow bands and multipath fading. 

Various techniques have been used to overcome interference pro-

blems [2–5], and multiple-input and multiple-output (MIMO) 

antennas have been used on both transmitting and receiving 

sides to reduce multipath fading [6–9]. The intent of the present 

research work is to study miniaturized MIMO antennas with 

decoupling stubs for low transmission coefficients and etched 

slits in radiating patches for stop-band features. 

Various techniques have been used to reduce mutual coupling, 

such as decupling stubs, electromagnetic band gaps (EBG), split 

ring resonators, LC resonance, and suspended lines [10–25]. 

The author designed a MIMO antenna with decoupling stub 

for isolation, where isolation is 15 dB and ECC is less than 0.08; 

the dimension of the antenna is 26 mm × 28 mm × 0.8 mm 

[10]. In the study by Liu et al. [11], the authors designed a single-

notched band MIMO antenna with decoupling stub for mutual 

coupling reduction, where the dimension of the antenna was 22 

mm × 36 mm, the envelope correlation coefficient (ECC) was 

less than 0.1 and the transmission coefficient was less than -15 

dB. A circular-shaped MIMO antenna with dual-stopped bands 

of WiMAX and WLAN was presented, where the dimension of 

the antenna was 35 mm × 68 mm; a simple decoupling stub was 

used to reduce mutual coupling [12]. Jaglan et al. [13] designed a 

circular-shaped MIMO antenna with EBG for dual-stop bands 

and decoupling strips for isolation; the dimension of the antenna  
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was 64 mm × 45 mm × 1.6 mm. Haq and Koziel [14] de-

signed a MIMO antenna with decoupling stub, where the 

transmission coefficient was less than -20 dB and the ECC 

was less than 0.005; the dimension of the antenna was 25 mm 

× 32 mm. 

Li et al. [15] presented a Vivaldi MIMO antenna with dual-

stopped bands, where the size of the antenna was 26 mm × 26 

mm, the isolation was greater than 16 dB and the ECC was less 

than 0.02 [15]. Kumar et al. [16] designed an octagonal-shaped 

MIMO antenna with dual-stop bands; the dimension of the 

antenna was 19 mm × 30 mm × 0.8 mm, isolation was greater 

than 18 dB and the ECC was less than 0.13 [16]. Chattha et al. 

[17] designed a MIMO antenna with a dimension of 23 mm × 

26 mm × 0.8 mm with a single-stopped band of WLAN; the 

isolation was greater than 20 dB and the ECC was less than 

0.06. In the study by Babu and Anuradha [18], the authors de-

signed a large rectangular antenna with the dimensions 60 mm 

× 35 mm, a transmission coefficient less than -16.53 dB and an 

ECC less than 0.04. In [19], the authors designed a large dual-

notched band MIMO antenna with the dimensions 40 mm × 

20 mm and isolation greater than 15 dB. In [20], the authors 

designed a circular-shaped MIMO antenna with EBG structure 

for isolation, where the overall dimension of the antenna was 

27.2 mm × 46 mm, the isolation was greater than 18 dB and 

the ECC was less than 0.018. In the study by Khan and Khattak 

[21], the authors proposed a MIMO antenna with a T-shaped 

decoupling stub and dual-stop band of WiMAX and WLAN; 

the dimension of the antenna was 18 mm × 36 mm, the isola-

tion was greater than 20 dB and the ECC was less than 0.05. 

Overall, the above designs are large in size, have low isolation 

and add additional complexity to the antenna structures. A de-

tailed comparison among the proposed designs within the exist-

ing literature is shown in Table 1. 

In the current paper, a dual-notched band MIMO antenna 

that is compact in size is presented, where the decoupling stub is 

used to achieve a low transmission coefficient. The overall size 

of antenna is 15 mm × 25 mm × 1.6 mm. Two slits are etched 

in the radiating patch to stop the bands of WiMAX and 

WLAN. The proposed antenna has high isolation, compact size 

and good diversity performance compared with the designs in 

the cited literature. 

II. ANTENNA DESIGN CONFIGURATION 

1. Antenna Design 
The proposed antenna is printed on low cost FR4 dielectric 

substrate with a height of 1.6 mm, relative permittivity of 4.4 and 

loss tangent of 0.02. The proposed design consists of two similarly 

structured radiating patches, a mountain-shaped ground plane 

and a T-shape decoupling stub. The overall dimensions of the 

proposed design are 15 mm × 25 mm × 1.6 mm. The top and 

bottom views of the designed MIMO antenna are depicted in 

Fig. 1 and their |S|-parameters are illustrated in Fig. 2. 

The width of the radiating patch (wr) is 7.7 mm, the outer 

and inner lengths of the radiating patch are 9.5 mm and 3.5 

mm, denoted respectively by l4 and l1. The space between the 

two radiating elements is 9.6 mm. The length and width of the 

feed line are 7.5 mm and 1.4 mm, respectively. The ground 

plane consists of two half-circular discs and decoupling stubs. 

The radius of the half circular disc is 6 mm, and the length and 

width of the decoupling stub are 15 mm and 3 mm, respectively. 

Various other design parameters are summarized in Table 2. 

 

2. Decoupling Stub 
Mutual coupling is a basic problem in MIMO antenna sys-

tems. The deployment of multiple antennas across small dis- 

Table 1. Comparison among proposed designs with literature cited

Study  Size  

(mm) 

Isolation 

(dB) 

ECC Diversity 

gain (dB)

Zhao et al. [10] 26 × 28 > 15 < 0.08 > 9.5 

Liu et al. [11] 22 × 36 > 15 < 0.1 - 

Li et al. [12] 35 × 68 > 20 < 0.035 - 

Jaglan et al. [13] 64 × 45 > 15 < 0.02 - 

Haq and Koziel [14] 25 × 32 > 20 < 0.005 > 9.9 

Li et al. [15] 26 × 26 > 16 < 0.02 - 

Kumar et al. [16] 19 × 30 > 18 < 0.13 - 

Chattha et al. [17] 23 × 26 > 20 < 0.06 - 

Babu and  

Anuradha [18] 

60 × 35 > 16.53 < 0.04 9.99 

Mathur and Dwari [19] 40 × 20 > 15 < 0.30 - 

Dabas et al. [20] 27.2 × 46 > 18 < 0.018 > 9.9 

Khan and Khattak [21] 18 × 36 > 20 < 0.05 > 9.8 

Lee et al. [22] 90 × 50 > 15 < 0.08 - 

Lim et al. [23] 70 × 48 > 15 < 0.08 - 

Kumar et al. [26] 36 × 36 > 18 < 0.06 > 9.95 

Biswal and Das [27] 30 × 30 > 20 < 0.013 > 9.51 

Kang et al. [28] 38.5 × 38.5 > 15 < 0.02 - 

Rajkumar et al. [29] 40 × 40 > 20 < 0.04 - 

Proposed 15 × 25 > 20 < 0.02 > 9.9 
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tances causes strong mutual coupling, and placing MIMO an-

tennas spanning large distances necessitates increased antenna 

size; a decoupling stub is designed to overcome this problem. In 

the presented MIMO system, the T-shaped decoupling stub is 

designed for high isolation. The decoupling stub is evaluated in 

various steps, as shown in Fig. 3, and their |S|-parameters are 

illustrated in Fig. 4. As shown in Fig. 4, the mutual coupling of 

(a) 

(b) 

(c) 

Fig. 1. Design of proposed MIMO-UWB antenna: (a) top view, (b) 

bottom view, and (c) perspective view. 

 

Fig. 2. Simulated |S|-parameters of presented MIMO antenna. 

 

Table 2. Design dimension parameters of presented MIMO antenna

Parameter Value (mm) Parameter Value (mm)

W 25 l4 9.5

L 15 wr 7.7

lf 7.5 e1 3

wf 1.4 e2 18

l1 3.5 ls 12

l2 6.1 ws 3

l3 8 rg 6

S1 4.3 S6 1.1

S2 1.7 S7 2.5

S3 3 S8 1.2

S4 1.7 S9 3.6

S5 2.3 S10 1.8

(a) 

(b) 

(c) 

Fig. 3. Evaluation steps of decoupling stub in MIMO antenna: (a) 

without decoupling stub, (b) with I-shaped decoupling stub, 

and (c) with T-shaped decoupling stub. 
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a MIMO antenna without a decoupling stub and an I-shaped 

decoupling stub are much higher than with the proposed T-

shaped decoupling stub. 

Surface current distribution at 3.5 GHz and 5.5 GHz is 

shown in Fig. 5. Port1 is excited to examine surface current dis-

tribution with and without decoupling stub. In Fig. 5, without 

the decoupling stub, strong transmission between ports is noted; 

this occurred because a portion of the current was transmitted 

from Port1 to Port2 due to the small space between the radiat-

ing elements. The decoupling stub was added to utilize most of 

the current on left side of the stub and to isolate the other port. 

 

3. Stop Band Characteristics 
The frequency range of UWB is between 3.1 GHz and 10.6 

GHz, but there are also some narrow bands, such as WiMAX 

and WLAN, that interfere with UWB communication. The 

slits are etched in radiating elements to stop such narrow bands. 

The total length of slot1 is 13 mm (slot1 = S1 + S2 + S 3 + S 4 

+ S 5) and the total length of slot2 is 10.2 mm (slot2 = S 6 + S 7 + 

S 8 + S 9 + S 10); the detail values of the dimension of the slots are 

summarized in Table 2. The lengths of the slots are dependent 

on the relative permittivity of the substrate and the center fre-

quency of the stop band. The lengths of the slots are deter-

mined from Eq. (1) [30]. 

 

𝐿 𝐿 𝑐4𝑓 (𝜀 1)/2 
(1)

 𝜀  is relative permittivity, 𝑓  is notch frequency and c is speed 

of light. The evaluation steps of the notch characteristics are 

depicted in Fig. 6, and their |S|-parameters are illustrated in Fig. 

7. slot1 is used to stop the band of WiMAX and slot2 is used to 

Fig. 4. Isolations of decoupling stub in presented MIMO antenna. 

 

Fig. 5. Surface current distribution of MIMO antenna at: (a) 3.5 

GHz with decoupling stub, (b) 3.5 GHz without decou-

pling stub, (c) 5.5 GHz with decoupling stub, and (d) 5.5 

GHz without decoupling stub. 

(a) 

(b) 

(c) 

(d) 

Fig. 6. Evaluation steps of notch characteristics in MIMO antenna: 

(a) MIMO Ant1, (b) MIMO Ant2, (c) MIMO Ant3, and 

(d) MIMO Ant4 (proposed design). 

 

Fig. 7. Reflection coefficients of design evaluation steps of notch 

characteristics in proposed MIMO antenna.
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stop the band of WLAN, which are justified through Fig. 7. 

The MIMO Ant1 is a simple UWB antenna ranging from 3 

GHz to 10.9 GHz, while the MIMO Ant2 stops the band of 

WiMAX, the MIMO Ant3 stops the band of WLAN, and the 

MIMO Ant4 stops both the bands; this is all shown through 

Fig. 7. 

 

4. Parametric Analysis 
The parametric analysis was accomplished by observing the 

variations in reflection coefficients and isolations with the varia-

tion in different parts of the antenna such as radius of the 

ground plane (rg), width of the decoupling stub (ws), the length 

and width of the radiating patch (l3) and the width of the feed 

(wf). The ground plane and decoupling stub have two main 

functions: providing impedance matching and reducing mutual 

coupling.  

The parametric analysis of ground plane is depicted in Fig. 8. 

The reflection coefficient is relatively better in the entire UWB 

for rg = 6 mm. The mismatch losses have been increased in the 

4–5 GHz frequency band and above 9 GHz for rg = 5 mm; 

similarly mismatched losses occur over the entire UWB for rg = 

7 mm. The isolations are nearly same up to 8 GHz but are de-

graded after 8 GHz for both smaller and larger values of rg. 

When the width of the decoupling stub (ws) varies from 2–4 

mm, variations in the reflection coefficients and isolations are 

observed; this is shown in Fig. 9. Relatively better response over 

the entire UWB band is observed for ws = 3 mm. The imped-

ance matching is poor beyond 9 GHz, and similarly, isolations 

are degraded beyond 6 GHz for both smaller and larger values 

of (ws). 

The parametric analysis of the radiating patch is depicted in 

Fig. 10. Isolation is nearly the same for all values of l3, but re-

flection coefficients are drastically affected if l3 is increased or 

decreased by 2 mm. The reflection coefficient is poor between 

4–8 GHz for l3 = 6 mm, and there is a poor reflection coeffi-

cient beyond 7 GHz for l3 = 10 mm. The parametric analysis of 

the feed line is depicted in Fig. 11. The reflection coefficient is 

relatively better across the entire UWB for wf  = 1.4 mm. Isola-

tion is nearly the same for all values of feed width (wf). The 

mismatched losses increase across the 6–9 GHz frequency band 

for wf  = 1.2 mm; similarly mismatched losses occur across the 

4–5 GHz for wf  = 1.6 mm. 

III. RESULTS AND DISCUSSION 

The proposed MIMO antenna is printed on FR4 substrate 

and simulated in CST Microwave Studio. The prototype of the 

proposed design is depicted in Fig. 12, and the measured and 

simulated |S|-parameters are illustrated in Fig. 13. The latter 

figure outlines the fact that both measured and simulated reflec-

tion coefficients are less than -10 dB between 3–10.9 GHz, 

Fig. 8. Parametric analysis by varying the radius of ground plane (rg). 

 

Fig. 9. Parametric analysis by varying the width of decoupling stub (ws).

Fig. 10. Parametric analysis by varying the length and width of radiat-

ing patch (l3). 

 

Fig. 11. Parametric analysis by varying the width of feed of radiating 

patch (wf).
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except in the cases where the bands of WiMAX (3.2–3.7 GHz) 

and WLAN (5–6 GHz) covered the entire UWB communica-

tion. Similarly, the measured and simulated isolation is greater 

than 20 dB across the entire band of UWB; both measured and 

simulated results are nearly same and show significant agree-

ment. The measured and simulated E-plane (YZ, ϕ = 90) and 

H-plane (XZ, ϕ = 0) radiation patterns at various frequencies 

are illustrated in Fig. 14. From Fig. 14, it is justified that the ra-

diation pattern at 4.5 GHz in both yz-Plane and xz-Plane are 

omni-directional radiation pattern, the radiation pattern at 7.5 

GHz are also form nearly omni-directional radiation pattern in 

both yz-Plane and xz-Plane; the radiation patterns are stable in 

both planes on given frequencies. 

Diversity performance is evaluated in terms of the ECC, di-

versity gains and multiplexing efficiency. Ideally, the ECC is 
equal to zero; practically, an ECC < 0.5 may be acceptable. 

Diversity gains and ECC are calculated using Eqs. (2) and (3) [31]. 
 

   ECC = 
|𝑺𝟏𝟏∗ 𝑺𝟏𝟐  𝑺𝟐𝟏∗ 𝑺𝟐𝟐|𝟐(𝟏 |𝑺𝟏𝟏|𝟐 |𝑺𝟐𝟏|𝟐)(𝟏 |𝑺𝟐𝟐|𝟐 |𝑺𝟏𝟐|𝟐) (2)

 

   DG = 10 1 − (𝐸𝐶𝐶)  (3)

 

The measured and simulated ECC is depicted in Fig. 15. The 

ECC is 0.02 at notched frequency and almost zero at resonance 

frequencies. Similarly, the diversity gain is 9.9 dB at notched fre-

quencies and almost equal to 10 dB at resonance frequencies 

(shown in Fig. 16). Peak gain and multiplexing efficiencies are 

depicted in Fig. 17; measured and simulated peak gains are 

 
(a) (b) 

Fig. 12. Prototype of proposed MIMO-UWB antenna: (a) top view 

and (b) bottom view. 

 

Fig. 13. Measured and simulated |S|-parameters of MIMO antenna. 

 

(a) 

(b) 

Fig. 14. Measured and simulated E-plane and H-plane radiation pat-

terns at: (a) 4.5 GHz and (b) 7.5 GHz. 

Fig. 15. Measured and simulated ECC of MIMO antenna. 
 

Fig. 16. Measured and simulated diversity gain of MIMO antenna.
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nearly same and much lower at notched frequencies when com-

pared with other frequencies. Similarly, multiplexing efficiency 

was -10 dB at notched frequencies and varies between -4 dB 

and -2 dB on other frequencies (shown in Fig. 17). 

IV. CONCLUSION 

In this paper, a compact and new design of a MIMO system 

is presented. Isolation is achieved with the help of a T-shaped 

decoupling stub; dual bands of WiMAX (3.2–3.7 GHz) and 

WLAN (5–6 GHz) are stopped with the help of slits in the 

radiators. The antenna is printed on FR4 substrate and opti-

mized and simulated in CST Microwave Studio. The ECC is 

less than 0.02, and the diversity gain is greater 9.9 dB. The peak 

gain, ECC, multiplexing efficiency, diversity gain and radiation 

pattern show that the designed antenna can be used for UWB-

MIMO communication systems. 
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I. INTRODUCTION 

The field of microwave and radio frequency communication 

continuously demands a compact wireless transceiver for com-

mercial products, especially in the combination of IEEE 

802.11b/g (GSM), IEEE 802.11a wireless local area network 

(WLAN), global position system (GPS), radio frequency iden-

tification (RFID), and automotive radar system. One of the key 

components in such a system is a bandpass filter (BPF) with a 

compact size and high isolation, and its performance dominates 

the entire microwave communication system. For this, the de-

sign of a triple-band BPF with a compact size and low insertion 

loss plays an important role in the wireless transceiver, but this is 

a great challenge for circuit designers [1–6]. 

 In the past several years, triple-band BPFs have been inten-

sively proposed and investigated by combining two or more sin-

gle BPFs, a stub loaded resonator (SLR), a step impedance reso-

nator (SIR) with one or more step discontinuities, and multi-

mode resonators (MMRs). The SIR with one-step discontinuity 

has more design freedom to control the spurious bands when 

compared to the traditional SIR, which has two step discontinu-

ities, leading to more losses and a larger circuit size. It has the 

advantages of designing higher-order compact BPFs with a high 

selectivity and low insertion losses, such as dual-, tri-, quad-, 
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Abstract 
 

In this article, a simple method is developed to design a highly miniaturized tri-band bandpass filter (BPF) utilizing two asymmetric cou-

pled resonators with one step discontinuity and one uniform impedance resonator (UIR) for worldwide interoperability for microwave 

access (WiMAX) and radio frequency identification (RFID) applications. The first and second passbands located at 3.7 GHz and 6.6 

GHz are achieved through two asymmetric coupled step impedance resonators (SIRs), while the third passband, centered at 9 GHz, is 

achieved using a half-wavelength UIR, respectively. The fundamental frequencies of this BPF are implemented by tuning the physical 

length ratio (α) and impedance ratio (R) of the asymmetric SIRs. The proposed filter is designed and fabricated with a circuit dimension 

of 13.69 mm × 25 mm (0.02 λg × 0.03 λg), where λg represents the guided wavelength at the first passband. The experimental and meas-

ured results are provided with good matching. 

Key Words: Asymmetric SIR, Tri-band Filter, Uniform Impedance Resonator, Wireless Applications. 
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or quintuple BPFs, because of its inherently higher order reso-

nant modes [7]. A tri-band BPF loaded with a pi-section SIR 

was presented in [8] for GPS (Link-2), WiMAX, and WLAN 

applications, with the merit of a greater bandwidth but also with 

issues related to filter selectivity, insertion losses, and a larger size. 

In [9], another triple-band response was achieved using asym-

metric SLRs for wireless medical telemetry service (WMTS), 

WLAN, and WiMAX applications, with the shortcomings of a 

high insertion loss, low fractional bandwidth (FBW), poor se-

lectivity and larger circuit dimensions. To improve the isolation 

between the passbands as well as the passband insertion losses, a 

high-frequency selectivity triple-band BPF was designed and 

fabricated with Rogers RO-4003 material in [10] using a novel 

MMR for WCDMA/WiMAX/WLAN wireless applications. 

The filter had the strong merits of a greater bandwidth and low 

insertion loss, but the size of the filter still needs to be improved, 

and the circuit complexity also increases using MMRs. In [11], 

the authors utilized a double mode to design a filter giving three 

passbands for GSM and GPS wireless applications. The filter 

showed a good performance for insertion loss as well as high-

frequency selectivity via exciting six transmission zeros (TZs) 

between the bands, but a larger circuit size was still considered a 

major drawback associated with the design. Another three-

working band filter was designed using a composite-right/left-

handed (CRLH) resonator in [12]. The presented filter had 

serious issues regarding FBW, circuit size, poor isolation be-

tween the passbands as well as insertion losses, especially for the 

first and third passbands, which were greater than 3 dB. To 

overcome this size problem and make the filter suitable for 

compact wireless transceivers, in [13], a high-selectivity dual- 

and tri-band filter was designed and implemented on Roger’s 

substrate material using a common resonator feeding technique. 

However, while the presented filter had good passband insertion 

loss, it also had lower FBW, and its size could still be upgraded. 

In [14], an asymmetric T-shaped SLR-based tri-passband filter 

was designed for 2.48/3.58/4.48 GHz wireless applications, 

resulting in wider FBW and low in-band insertion loss; however, 

the larger circuit area and poor isolation between the passbands 

were its major disadvantages. The authors of [15, 16] designed a 

triple-band BPF using SIR structure with good passband selec-

tivity, but larger circuit dimensions were a major drawback asso-

ciated with the design. Moreover, the later study had poor inser-

tion loss as well as low FBW. Recently a uniform impedance 

resonator (UIR)-based tri-band filter was designed and imple-

mented in [17]. The proposed design included a larger circuit 

area, poor FBW, and insertion losses. To improve the passband 

insertion loss, a compact three-passband filter was designed us-

ing ring MMRs in [18]. The proposed filter had good selectivity, 

but, again, the larger circuit area was still an issue. 

In this article, an ultra-compact triple-band BPF is proposed 

that uses two asymmetric coupled resonators with one step dis-

continuity and one UIR for IEEE 802.16 (WiMAX) and RFID 

wireless applications at 3.7 GHz, 6.6 GHz, and 9 GHz with a 

FBW 7.52%, 5.1%, and 4.44%, respectively. The first and second 

passbands are achieved through asymmetric coupled SIRs, while 

the third passband are obtained using a half-wavelength UIR. 

The resonance frequencies of this BPF are determined by tun-

ing the physical length ratio (α) and impedance ratio (R) of the 

asymmetric SIRs. Additionally, the coupling coefficient can be 

determined based on the space between the two resonator and 

the coupling gap between the pair of asymmetric SIRs and the 

50-Ω input/output ports. The proposed triple-band BPF is then 

fabricated on a Rogers substrate, with the experimental results 

matching well with the measured results. Overall, this article 

presents a simple method for designing an ultra-compact triple-

passband filter without a complex design and fabrication process. 

II. DESIGN PROCEDURE OF THE ASYMMETRIC SIRS 

 

The basic structure of an asymmetric SIR is illustrated in Fig. 

1, while the proposed filter topology along with the geometrical 

dimensions in millimeters (mm) is depicted in Fig. 2, where it is 

shown that it is fabricated on Rogers RO-4350 substrate with a 

thickness of 0.762 mm. The proposed asymmetric SIR topology 

consists of a high-impedance section (Z1) cascaded with a low-

impedance section (Z2) which are bent in a ring-like shape to 

reduce the circuit size. A pair of 50-Ω coupling ports are at-

L2, θ2

W2, Z2 L1, θ1

W1, Z1

     Yin

Fig. 1. Proposed asymmetric SIR configuration with one step dis-

continuity. 

L5

L7

L2

L1

L8

W4
L6

L4

S1

L3

W3

S2

W2
W1

 

Fig. 2. Proposed topology of the tri-band filter with geometrical 

dimensions in millimeters ( 𝐿 = 6.8, 𝐿 = 11, 𝐿 = 3.7,𝐿 = 5, 𝐿 = 10, 𝐿 = 1,  𝐿 = 4.5,  𝐿 = 6, 𝑊 = 0.23,𝑊 = 1.4, 𝑊 = 0.25,  𝑊 = 0.8,  𝑆 = 0.7, 𝑆 = 0.2). 
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tached to the asymmetric SIR at the input/output port to obtain 

the desired coupling coefficients. The proposed configuration 

has a one-step discontinuity when compared to the convention-

al SIR, which has a two-step discontinuity; due to this arrange-

ment, the harmonics of the fundamental resonance frequencies 

can be easily shifted far away without increasing the circuit size 

or number of the discontinued step impedance sections. The 

length and width of the high and low-impedance sections are 

denoted by L1, W1, and L2, W2 with characteristic impedances Z1 

and Z2, respectively, whereas θ1 and θ2 represent the electrical 

lengths of the high-impedance and low-impedance sections of 

the microstrip line, as shown in Fig. 1. The physical length ratio 

(α) and impedance ratio (K) of the asymmetric SIR can be de-

fined as follows [7]: 𝛼 = 𝜃𝜃 + 𝜃 = 𝜃𝜃  
(1)

 

where 𝜃  is the total wavelength of the asymmetric SIR 
 𝑅 = 𝑍𝑍 = 𝑡𝑎𝑛𝜃 𝑡𝑎𝑛𝜃  

(2)
 

where  𝜃 = 𝛽 𝑙  𝑎𝑛𝑑 𝜃 =  𝛽 𝑙 . 

The characteristic input admittance, 𝑌 , of the asymmetric 

SIR seen from the open-end can be found by neglecting the 

effect of the discontinuities, as follows: 
 

 𝑌 = 𝑗 𝐾(𝑐𝑜𝑡𝜃 − 𝑡𝑎𝑛𝜃 ) + (𝑐𝑜𝑡𝜃 − 𝑡𝑎𝑛𝜃 )𝑍 [12 (𝑐𝑜𝑡𝜃 − 𝑡𝑎𝑛𝜃 )(𝑐𝑜𝑡𝜃 − 𝑡𝑎𝑛𝜃 ) − 2𝐾] (3)
 

The resonance condition occurs when equating the above 

equation to zero—i.e., 𝑌 = 0. Thus, the proposed filter appli-

cations, such as WIMAX and RFID, are achieved simultane-

ously by choosing the appropriate impedance ratio (R = 0.45) 

and physical length ratio (α = 0.71), respectively. 

III. EXPERIMENTAL RESULTS AND DISCUSSION 

An ultra-compact tri-passband filter with dimensions of 13.69 

mm × 25 mm (0.02 λg × 0.03 λg) and 0.0006 λ2
g circuit size, 

where λg represents the guided wavelength at the first passband, 

consisting of two asymmetric SIRs and one UIR fabricated on 

Rogers RO-4350 substrate with a relative permittivity of 3.66 

and tested on an Agilent E5071C network analyzer is presented 

in this study. The first and second passbands centered at 3.7 

GHz and 6.6 GHz were obtained by two coupled asymmetric 

SIRs for WiMAX and RFID applications, while the third pass-

band centered at 9 GHz was achieved through the UIR, which 

is attached to the input/output port transmission line. The two 

asymmetric SIRs are designed in such a manner that they pro-

duce the desired coupling coefficient and quality factor with the 

input/output port of the microstrip line. Thus, the coupling co-

efficient and quality factor shown in Figs. 3 and 4 can be deter-

mined by the space, S1, between the two resonators, which is 

fixed at 0.2 mm, and the coupling gap, W3, between the pair of 

asymmetric SIRs and the input/output ports. The quality factor 

coefficient (Q) and coupling coefficient (𝐾 ) can be found using 

the following expression [19]: 
 𝑄 = 𝑓𝐹𝐵𝑊 (4)

 𝐾 = 𝑓 − 𝑓𝑓 + 𝑓  
(5)

 

In the above equation, f1 and f2 demonstrate the lower and 

upper resonance frequency modes of the asymmetric SIRs, fc 

represents the resonant mode frequency, and FBW denotes the 

FBW (in a percentage). 

In this paper, the first two passbands were generated using 

asymmetric coupled SIRs by choosing design parameters of a 

high impedance section (Z1 = 123.5 Ω, θ1 = 81.2º) with a strip 

width of 0.23 mm and a low impedance section (Z2 = 55.8 Ω, 

θ2 = 195.3º) with a strip width of 1.4 mm, respectively. The res-

onant frequency ratio (f2/f1 = 1.83, f3/f1 = 2.5) and the imped-

   
Fig. 3. Plots of Q and K with W3 gap. 

 
 

  
Fig. 4. Plots of Q and K with S1 gap. 
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ance ratio (R = 0.45) with a physical length ratio of α = 0.71 

were selected for the proposed asymmetric resonator to generate 

the two passbands at the frequencies of 3.7 GHz and 6.6 GHz, 

respectively. The third passband was obtained through UIR cen-

tered at 9 GHz. Fig. 5 shows the filter response with and with-

out the UIR, revealing that the third passband is obtained by the 

UIR. Fig. 6 demonstrates the simulated and measured frequency 

response along with a fabricated photograph of the proposed 

tri-band filter. This shows that the fabricated filter resonates at 

f1 = 3.7 GHz, f2 = 6.6 GHz, and f3 = 9 GHz for WiMAX and 

RFID wireless applications, with a 3-dB FBW of FBW1 = 

7.52% for the first passband, FBW2 = 5.1% for the second pass-

band, and FBW3 = 4.44% for the third passband, respectively. 

The minimum insertion loss (-20 log|S21|) is 0.99 dB for 3.7 

GHz, 1.17 dB for 6.6 GHz, and 1.50 dB for 9 GHz, while the 

return loss (-20 log|S11|) is greater than 10 dB for the three 

passbands. The coupling between the two resonators (denoted 

by S1) and the gap, W3, between the pair of asymmetric SIRs 

and the input/output ports generate four TZs at 3.19 GHz, 

4.71 GHz, 7.72 GHz, and 9.91 GHz between the passbands, 

thus obtaining a high selectivity. Moreover, the space, S1, should 

be minimal for achieving a lower insertion loss. Table 1 summa-

rizes the comparison of the proposed triple-band BPF with other 

state-of-the-art filters in the literature, proving that the present-

ed filter has a low insertion loss, wide bandwidth, and compact 

size as well as the potential to be utilized in WiMAX, RFID, 

and other tri-band applications [10–18, 20–22]. 

IV. CONCLUSION 

In this paper, a highly miniaturized triple-band BPF utilizing 

a pair of asymmetric SIRs with one step discontinuity and a 

UIR that shows a good tri-band response at 3.7 GHz, 6.6 GHz, 

and 9 GHz with a 3-dB FBW of 7.52%, 5.1%, and 4.44%, is 

designed and implemented through an electromagnetic simula-

tion and experiments for WiMAX and RFID applications. The 

filter can be tuned by choosing the appropriate impedance ratio 

(R) and physical length ratio (α) of the asymmetric SIRs. The 

experimental results matched well with the measured results. 

 
Fig. 5. Frequency plots of the filter with and without a uniform 

impedance resonator (UIR). 

 

 
Fig. 6. Experimental and fabricated resonance frequency plots of 

the asymmetric tri-band filter.

Table 1. Comparison between the proposed model with other recent tri-band filters

Reference Center frequency (GHz) Insertion loss (dB) Fractional bandwidth (%) Size (λg × λg)

[10] 2.09 / 3.52 / 5.46 1.18 / 0.54 / 0.88 11.3 / 20.0 / 12.1 0.12 × 0.42

[11] 0.83 / 1.57 / 1.88 0.9 / 1.7 / 0.8 NA 0.21 × 0.15

[12] 3.3 / 6.0 / 9.0 3.06 / 2.71 / 3.16 3.0 / 4.7 / 3.5 0.056

[13] 1.24 / 2.5 / 3.5 0.5 / 1.8 / 2.1 8.0 / 3.8 / 4.4 0.15 × 0.12

[14] 2.48 / 3.58 / 4.48 0.6 / 0.3 / 1.01 10.0 / 12.8 / 8.0 0.26 × 0.23

[15] 0.9 / 2.4 / 5.5 0.64 / 0.68 / 1.4 23.0 / 10.0 / 17.0 0.13 × 0.16

[16] 1.9 / 3.35 / 5.8 0.94 / 1.21 / 1.93 4.74 / 8.61 / 2.78 0.19 × 0.23

[17] 1.93 / 2.6 / 3.9 1.5 / 0.6 / 1.83 5.0 / 11.0 / 3.0 0.54 × 0.77

[18] 1.21 / 2.16 / 3.1 0.8 / 0.9 / 1.2 NA 0.14 × 0.20

[20] 2.4 / 3.5 / 5.15 1.6 / 1.6 / 1.0 6.0 / 5.0 / 7.0 0.23 × 0.19

[21] 2.4 / 3.5 / 5.2 1.2 / 1.8 / 1.5 6.3 / 4.4 / 5.9 0.049

[22] 1.8 / 2.4 / 3.5 1.2 / 1.8 / 2.1 7.8 / 3.7 / 2.9 0.23 × 0.20

This work 3.7 / 6.6 / 9.0 0.99 / 1.17 / 1.50 7.52 / 5.1 / 4.44 0.02 × 0.03
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Moreover, the measured results indicate that the presented tri-

band BPF has a wide bandwidth, low insertion loss, and com-

pact size and can be extensively applied in high-performance 

modern multiservice wireless communication systems. 
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I. INTRODUCTION 

Recently, the use of drones has been increasing due to their 

drop in price and miniaturization. At the same time, drones can 

be abused, leading to issues like privacy violations. Moreover, 

there is the risk of collision, and they could also be used to 

transport illegal materials. However, conventional security sys-

tems are generally vulnerable to undetected small targets in the 

air; hence, interest in drone detection technology has increased. 

Radar is an appropriate technology for detecting or tracking a 

target using its radar cross section (RCS). Therefore, early stud-

ies on drone detection mainly focused on estimating or measur-

ing the RCS level of drones as well as airborne organisms that 

have an RCS level similar to that of drones [1]. Despite the ex-

istence of many such studies, the RCS level-based method still 

has difficulties in distinguishing drones from airborne organ-

isms [2]. To solve this problem, methods based on the signature 

extracted from the RCS of a target rather than the simple RCS 

level have been studied [3–13]. Inverse synthetic aperture radar 

(ISAR) images of small drones were investigated in [4]. Two- 

and three-dimensional ISAR images of drones are also used to 

classify drones. On the other hand, the micro-Doppler signa-

tures induced by the flapping of various birds’ wings have been 

also investigated [5, 6]. Additionally, in [7–10], the authors 

showed the difference between the micro-Doppler signatures of 

flapping bird wings and rotating drone propellers. 

To obtain these micro-Doppler signatures for the detection 

and tracking of a drone, the measurement or estimation of electric 
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fields scattered from the drone’s propellers with respect to time 

is essential. Early studies mostly used the measured dynamic 

RCS—the squared magnitude of the scattered field with respect 

to time—because the estimation of the dynamic RCS from ro-

tating propellers requires a large amount of computation time 

and resources. The measured dynamic RCS is realistic, but it is 

difficult to measure RCSs according to various drone situations. 

For this reason, the dynamic RCSs of drones have been general-

ly only measured from hovering drones remaining in the same 

position. However, in [10], the authors showed that the dynamic 

RCSs of drones at aspect angles of 0º and 90º are considerably 

different—that is, the dynamic RCS of a drone is greatly affect-

ed by the observation angle. However, it is not easy to measure 

the dynamic RCS of a drone in the air from various angles. 

In conventional commercial electromagnetic (EM) tools, the 

method of moments (MoM) solver generally performs a series 

of procedures, specifically mesh generation, construction of the 

impedance and admittance matrices, and calculation of the scat-

tered field and RCS of a target. For the dynamic RCS of the 

rotating propellers of a drone, it is assumed that the quasi-static 

mode is established on a frame-by-frame basis with sampling 

intervals instead of a time-continuous model [11]. Therefore, 

MoM solvers repeatedly perform identical procedures for each 

frame. A substantial amount of time is needed to estimate the 

dynamic RCS of rotating propellers. Even though the propellers 

rotate, the shape of the propellers does not change; only the in-

cident and scattered angles change. Therefore, using the relative 

angle between a rotating propeller and the incident field, mesh 

generation can be done just once along with the construction of 

the impedance and admittance matrices. Moreover, if the char-

acteristics of the fields scattered from two types of drone propel-

lers—clockwise (CW) and counter-clockwise (CCW) propel-

lers—and far-field approximation are used, the fields scattered 

from all of the propellers can be synthesized with the scattered 

field of a single rotating propeller. This can result in a dramatic 

reduction in the calculation time. 

II. PROPOSED METHOD TO ESTIMATE DYNAMIC RCS OF 

ROTATING PROPELLERS 

1. Dynamic RCS of a Single Propeller 
To calculate the electric field scattered from a single rotating 

propeller, MoM solvers in commercial EM tools perform a se-

ries of procedures sequentially, as shown in Fig. 1(a). The most 

time-consuming components of these MoM procedures are 

filling the impedance matrix and then converting it into an ad-

mittance matrix. It is well known that the impedance matrix in 

the MoM is constructed from the interaction among the mesh 

elements of a scatterer. Therefore, if the mesh is maintained 

while the scatterer is rotated, the impedance matrix does not 

change. That is, the mesh and the impedance matrix generated 

only once can be used continuously for a rotating propeller. As 

shown in Fig. 1(b), we reversely rotate the incident angle of the 

incident field in the rotation direction of the propeller instead of 

rotating the propeller, and its effect reflects on the excitation 

vector. Consequently, the current on the elements and the scat-

tered field can obtained. 

The electric field scattered from a propeller rotating clockwise, 

as shown in Fig. 2(a), can be expressed as 
 

     𝐸 (𝑡; 𝜃 , 𝜙 ) = 𝑆 (𝑡) ∙ 𝐸 (𝜃 , 𝜙 ), (1)
 

where SCW(t) and Ei are the scattering matrix of the CW rotat-

ing propeller and the incident electric field, respectively. Instead 

of rotating the propeller, if the incident azimuth angle, 𝜙inc, is 

rotated in the direction opposite to the rotation direction of the 

propeller, thus keeping the incident elevation angle, 𝜃inc, fixed, 

(a)                        (b) 

Fig. 1. Flow chart to estimate RCS of a drone with (a) convention-

al and (b) proposed methods. 

(a) (b) 

Fig. 2. Two types of drone propellers: (a) CW and (b) CCW.
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the same scattered field as Eq. (1) can be obtained by 
 

     𝐸 (𝑡; 𝜃 , 𝜙 ) = S ∙ 𝐸 , (𝜃 (𝑡), 𝜙 (𝑡)). (2)
 

On the other hand, drones commonly consist of two types of 

propellers, namely, mirror-image symmetric CW and CCW 

propellers, as shown in Fig. 2. CW and CCW propellers rotate 

only clockwise and counter-clockwise, respectively. Because of 

their mirror-image symmetric characteristics, the co-polarized 

components of the electric fields scattered from CW and CCW 

propellers are the same, and the cross-polarized components 

have a phase difference of 180º. Therefore, the scattering matri-

ces of the two types of propellers have the following relationship: 
 

       
𝑆 𝑆𝑆 𝑆 = 𝑆 −𝑆−𝑆 𝑆 . 

(3)
 

From Eq. (3), the electric field scattered from one type of 

propeller can be easily obtained from the electric field scattered 

from the other type without additional calculations. 

 

2. Dynamic RCS of Multiple Propellers 

The geometry of a radar and a drone with 4 propellers is pre-

sented in Fig. 3(a). Let us assume that the origin, O, of the ref-

erence coordinate is the center of the drone, and the nth propel-

ler and the radar are located at Tn and P1, respectively. If the 

radar, which faces the head of the drone, is far from the drone, 

then the backscattered field at the far-field can be approximated as 
 

  𝐸 (𝑡) ≅ 𝐸 𝑡; 𝜃 , 𝜙 ∙ exp −𝑗2�⃗� ∙ 𝑟 , (4)
 

where 𝐸  is the backscattered field of the nth single propeller 

when the center of the propeller is located at the origin O, and 𝜃  and 𝜙  are the elevation and azimuth angles of the inci-

dent field from P1, respectively, where 𝜙 = 0 because of the 

radar located in the heading direction. Here, 𝑟  is the position 

vector of the nth propeller’s center, and �⃗� is the wave number 

vector for the operating frequency, f, and is defined as 𝑃 𝑂. 

Finally, the RCS of the multiple propellers can be estimated by 
 

      𝑅𝐶𝑆 = lim→∞4𝜋𝑅 . (5)

 

3. Dynamic RCS of Multiple Propellers in the Azimuth Plane 

Because a radar can be oriented in any direction, the RCS es-

timation of multiple propellers for the arbitrary azimuth angle is 

needed. Let us assume that the observation point is changed 

from P1 to P2 by changing only the azimuth angle from 𝜙  to 𝜙 while maintaining the elevation angle, 𝜃 . The incident 

and scattered angles is included in 𝐸 𝑡; 𝜃 , 𝜙  as well as 𝑘 

of Eq. (4). If only the wave vector 𝑘 is updated with the moved 

observation point, the initial direction of the propellers is di-

rected toward P2, as shown in Fig. 4(a). This is because the 

changed angle information is not updated to the scattered field 

of each propeller, so the initial direction of the propellers is to-

ward the incident wave direction. However, the desired direc-

tion of the propellers should be the heading direction as shown 

in Figs. 3(b) and 4(b). In order to update the changed angles 

into the scattered field, it is not necessary to recalculate the 

backscattered field, but only to change the rotation starting angle 

of 𝐸  depending on the propeller type, because the backscat-

tered field, 𝐸 𝜃 , 𝜙 , was calculated when the single pro-

peller was rotated once. According to the changed azimuth an-

gle, the backscattered fields can be obtained by 
 𝐸 𝜃 , 𝜙 = 𝐸 𝜃 , 𝜙 + 𝜙 , for CW propeller𝐸 𝜃 , 𝜙 − 𝜙 , for CCW propeller, (6)

 

where 𝜙obs is the angle between 𝑂𝑃  and the drone’s heading 

direction. The backscattered field of the multiple propellers for 

the arbitrary azimuth angle can be synthesized using Eq. (4). As 

a result, the direction of the radar can be not only at the front 

but also at the aspect of the drone. 

 
(a) (b) 

Fig. 3. Geometry of drone propellers and radar (a) located at P1 

and (b) P2. 

 

(a) (b) 

Fig. 4. Initial directions of propellers due to changed observation 

point: (a) when the change angle is applied only to the wave 

vector and (b) when it is applied to both the scattered field 

and wave vector.
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III. RESULTS AND DISCUSSION 

The proposed method is implemented based on the MoM 

with a Rao-Wilton-Glisson (RWG) basis function using the 

electric field integral equation (EFIE). Since only the imped-

ance matrix for a single propeller of the drone is used in our 

simulation, the calculation of the admittance matrix, which is an 

inverse matrix of the impedance matrix, is not time-consuming. 

Therefore, the admittance matrix was calculated simply using 

Gauss elimination rather than iterative methods, such as the 

conjugate gradient algorithm, the biconjugate gradient algo-

rithm, and the generalized minimal residual method. 

To verify the proposed method, the monostatic dynamic RCSs 

of rotating propellers were calculated and compared with the 

results obtained from a commercial EM tool. First, the radar 

operating frequency and pulse repetition frequency were set to 

9.65 GHz and 20 kHz, respectively, in reference to existing ra-

dar specifications [12–14]. Next, we choose DJI’s Mavic2 [15], 

which is one of the most popular drones, as the simulation 

drone model. Since the micro-Doppler is mainly generated by 

rotating the propellers, we used a computer-aided design (CAD) 

model of propellers alone without the main body in the simula-

tion. Each propeller was 20.32 cm long (which results in about 

6.5λ at 9.65 GHz) and was made of carbon fiber. Because the 

dynamic RCSs of propellers with carbon fiber and a perfect 

electric conductor (PEC) are very similar in terms of RCS level 

and patterns [16, 17], the material of the propellers was simply 

assumed to be the PEC. 

 

1. Single Propeller 

The electric fields scattered from a single propeller rotating 

once a second were calculated at 0.1º intervals for one second. 

The backscattered fields with respect to the transmitting and 

receiving polarizations are shown in Figs. 5 and 6. In the case of 

co-polarization (𝜃 − 𝜃  and 𝜙 − 𝜙  polarizations), the back-

scattered fields of the CW and CCW propellers are identical, 

while the fields of with cross-polarization (𝜃 − 𝜙 and 𝜙 − 𝜃 

polarizations) are inverse of each other because of their mirror-

symmetric shape and rotation in opposite directions. Their po-

larimetric characteristics can be used to derive the backscatter-

ed field from the other propellers by simply calculating the 

backscattered field of only one propeller. Therefore, with more 

propellers, the time for calculating the backscattered field can be 

reduced. 

Fig. 7 shows the dynamic RCSs of the two types of propellers. 

The proposed method was implemented using MATLAB, and 

the MoM solver of Altair’s FEKO was used as the conventional 

method. We performed all the simulations using a PC with In-

tel Core i7-8700 at 3.20 GHz and 64 GB RAM. There was 

little deviation in the results. As expected, since the proposed 

(a) (b) 

 (c) (d) 

Fig. 5. Comparison of the real value of the electric field of CW 

and CCW propellers. (a) θ-θ pol. (b) θ-ϕ pol. (c) ϕ-ϕ pol. 

(d) ϕ-θ pol. 

(a) (b) 

(c) (d) 

Fig. 6. Comparison of the imaginary value of the electric field of 

the CW and CCW propellers. (a) θ-θ pol. (b) θ-ϕ pol. (c) 

ϕ-ϕ pol. (d) ϕ-θ pol. 

 

(a) (b) 

Fig. 7. Estimated RCSθθ of single propeller: (a) CW and (b) CCW 

propellers.
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method makes the admittance matrix only one time during the 

observation time (or dwell time), the proposed method consider-

ably reduces the calculation time of a single propeller in compari-

son with the conventional method, as summarized in Table 1. 

 

2. Multiple Propellers of Ascending Drone 

We also simulated a case in which the radar was located in 

front of a drone with four propellers rotating at 156.6 Hz, as 

shown in Fig. 3(a), and the elevation and azimuth angles of the 

incident field were 45º and 0º, respectively. The dynamic RCSs 

and backscattered spectrum were calculated during one rotation 

period. Fig. 8(a) shows the dynamic RCS of the ascending drone. 

The proposed method was implemented with the procedure 

shown in Fig. 1(b), while the conventional method, FEKO’s 

MoM solver, was performed at every time step using the proce-

dure shown in Fig. 1(a). As a result, it took a large amount of 

time to estimate the dynamic RCS of the multiple propellers. 

Therefore, the conventional method for estimating the dynamic 

RCS of multiple propellers was implemented using FEKO’s 

multilevel fast multipole method (MLFMM) solver. Fig. 9 

shows the frequency response with the application of fast Fourier 

transform to the dynamic RCS. The frequency of the first peak 

is 313.2 Hz, which is twice as high as the rotation frequency 

because the two scattering points at both ends of the propeller 

rotate.  

Fig. 8(b) shows the dynamic RCS when the radar is looking 

at the aspect of the drone at 𝜙  = 70º. Compared to the front-

looking case of Fig. 8(a), the dynamic RCS pattern is considera-

bly changed. However, the back-scattered spectrum is similar. 

The first peak frequency is also 313.3 Hz, as shown in Fig. 9(b), 

which means the rotation frequency can be successfully ob-

tained from the frequency-domain of the dynamic RCS. 

 

3. Multiple Propellers of Advancing Drone 

In considering a drone moving forward with the two front 

propellers rotating more slowly than the two back propellers, we 

set the rotation frequencies of the front and back propellers to 

125.3 Hz and 156.6 Hz, respectively. The azimuth and elevation 

angles between the head of the drone and the radar were 0º and 

45º, respectively. The dynamic RCS of the advancing drone is 

shown in Fig. 8(c), and the frequencies of the first and second 

peaks in Fig. 9(c) are 250.6 Hz and 313.3 Hz, respectively, 

which are twice as high as the rotation frequencies. However, 

Table 1. Calculation time for rotating propeller 

 Time (hh:mm:ss)

Conventional 20:01:12 

Proposed 00:07:40 

 

 
(a) (b) (c) 

Fig. 8. Dynamics RCSθθ calculated by using the proposed and conventional methods when the drone is in (a) ascent, (b) ascent (aspect), 

and (c) advance. 
 

 
(a) (b) (c) 

Fig. 9. Backscattered spectrum calculated by using the proposed and conventional methods when the drone is in (a) ascent, (b) ascent 

(aspect), and (c) advance. 
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there is some discrepancy between the proposed and conven-

tional methods in Fig. 9(c). This discrepancy seems to be due to 

the assumption that there is no coupling among the propellers for 

high-speed computation. For the quantitative analysis of the dis-

crepancy, the normalized root-mean-square deviation (NRMSD) 

between the results of the proposed and conventional methods 

are summarized in Table 2. The NRMSDs between the results 

of the proposed method and conventional method are summa-

rized in Table 2. Specifically, the NRMSDs are less than 2%, 

and the proposed method accurately estimates the dynamic 

RCSs of the four propellers. Above all, the proposed method 

considerably reduces the calculation time of the dynamic RCS 8 

to 10 times compared with the conventional method, as seen in 

Table 3. 

IV. CONCLUSION 

We introduced a MoM-based method to quickly estimate 

the dynamic RCSs of rotating objects. Conventional MoM 

solvers used in commercial EM tools repeatably construct the 

impedance matrix and its inverse matrix for a rotating object at 

every time interval, whereas the proposed method constructs the 

impedance matrix only once by rotating the incident angle in-

stead of rotating the object. This core principle is applicable not 

only to drones but also to various objects with propellers [18, 

19]. In addition, a multi-propeller dynamic RCS is synthesized 

via far-field approximation assuming that there is no coupling 

between the propellers and using the characteristics of two mir-

ror-symmetric types of propellers used in drones. The proposed 

method can rapidly calculate a drone’s scattered fields from vari-

ous angles, especially the aspect. From the estimated dynamic 

RCS, the rotation frequency of the propeller could be accurately 

obtained. Therefore, the proposed method can be effectively 

used to obtain the micro-Doppler of drones by estimating the 

dynamic RCS of various drone movements as well as various 

types of drones, such as drones with four or more propellers and 

drones with different sizes of propellers, to estimate the dynamic 

RCS of drone propellers with various materials in the future. 
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I. INTRODUCTION 

Wireless power transmission (WPT) is a promising technol-

ogy used in charging electric devices such as mobile phones, tablet, 

and electric vehicles [1–3]. Two-types of WPT technology have 

been studied: a magnetic resonance method and an inductive 

coupling method [4]. Inductively coupled WPT has already been 

used in the industry. Moreover, the short transmission distance of 

inductively coupled WPT limits its applications. However, mag-

netic resonance WPT transmits farther than inductively coupled 

WPT, and this had led to magnetic resonance WPT being used 

widely in various applications [5, 6]. 

The magnetic resonance between resonance coils allows for 

power transmission from a few centimeters to a few meters. The 

impedance matching of the transmission and receiving coils al-

lows for farther power transmission. Depending on the system, 

three or four coils are used in magnetic resonance WPT [7–9]. 

The magnetic resonance method has a specific transmitting dis-

tance with a high transmitting efficiency. The specific distance 

increases as the impedance of the source and the load is small 

while that of the transmitting and receiving coils is large. The dis-

advantages of magnetic resonance WPT include the difficulty in-

volved in the impedance matching and the large volume of the 

system [10]. 
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In this paper, a two-coil WPT system with transformers is 

studied to improve the transmission distance and reduce the sys-

tem volume of the conventional WPT system. The conventional 

four-coil WPT system needs to be designed considering three 

coupling coefficients between the coils. However, the proposed 

system makes the impedance matching simpler by using a fixed 

coupling coefficient for the transformers, which is nearly 1 and 

the coupling coefficient between the transmitting and receiving 

coil. 

To verify the proposed WPT, both the conventional and pro-

posed WPT are analyzed comparatively through simulations and 

experiments. The magnetically coupled circuit model of the pro-

posed WPT is simulated and analyzed using passive circuital el-

ements. The circuit model is used in estimating the optimum 

transmitting distance with a maximum transferring efficiency. 

The proposed WPT is also studied by varying the inductance 

of the transformers to observe the change in the transmitting 

distance. 

II. TWO-COIL MAGNETIC RESONANCE WPT SYSTEM 

WITH TRANSFORMERS 

Fig. 1 shows a schematic circuit of the two-coil magnetic reso-

nance WPT system with transformers. The circuit is composed 

of the voltage source (Vs), the source resistance (Rs), the load re-

sistance (RL), and capacitors for resonance (C1, C2, C3, C4). Helical 

coils were used as the transmitting (Tx) and receiving (Rx) coils. 

When an electric power with the same resonance frequency as 

the LC circuit is applied to the transformers (TR1, TR2), a mag-

netic field is generated from the transmitting coil. The generated 

magnetic field transmits electric power to the receiving coil. Then 

the receiving part of the coil operates analogous to the transmit-

ting part. The receiving part of the coil is modeled by substituting 

the power source of the transmitting part to the load. 

The impedance matching circuit of the transmitting and re-

ceiving coils allows for mid-distance WPT. The transformer used 

in the proposed system provides impedance matching in the cir-

cuit. 

By assuming that the loss from the inner resistance of the coil 

is neglected, it can also be assumed that the energy not transferred 

to the receiving coil remains in the transmitting coil at the reso-

nance frequency. Therefore, the matched coils increase the trans-

ferring efficiency even though the mutual inductance is extremely 

small [11]. Although it has two coils, the proposed two-coil sys-

tem has characteristics similar to the four-coil system and not the 

conventional two-coil system. The RLC circuit, sharing a mutual 

inductance, has a high transferring efficiency at frequencies 

higher and lower than the resonance frequency. 

This phenomenon is called the frequency split, which con-

verges to the resonance frequency as the mutual inductance of the 

coils decreases. The frequency split is a feature of mid-distance 

WPT and not observed in two-coil WPT [12]. 

III. CIRCUIT MODEL 

The circuit model of the proposed WPT system is shown in 

Fig. 2; it is used in the circuit simulation and can be analyzed nu-

merically. 

The circuit model of the proposed WPT system is composed 

of two T-equivalent circuits. The resonance circuit is represented 

as a RLC circuit using lumped elements. The four-resonance cir-

cuit is magnetically coupled using transformers as well as the 

transmitting and receiving coils. Mtr1 and Mtr2 are the mutual in-

ductances of transformers 1 and 2, respectively. The coupling co-

efficient of the transmitting and receiving coils is k23. 

Fig. 2. Equivalent circuit of WPT with transformers.

 
Fig. 1. The two-coil magnetically coupled wireless power transmission system with transformers.
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The first part of the transmitting circuit is composed of the 

power source (Vs), source impedance (Rs), primary leakage in-

ductance of the transformer 1 (Ltr1-p), and internal resistance of 

transformer 1 (R1). The second part of the transmitting circuit is 

composed of the secondary leakage inductance of transformer 1 

(Ltr1-s), the inductance of the transmitting coil (L1), and the com-

posite resistance of the internal resistance of the transformer and 

the coil resistance (R2). 

The capacitors are connected in a series to the first and second 

part of the transmitting circuit. The capacitance, C1, is deter-

mined by the sum of the primary leakage inductance (Ltr1-p) and 

mutual inductance (Mtr1). The capacitance, C2, is determined by 

sum of the secondary leakage inductance (Ltr1-s), mutual induct-

ance (Mtr1), and inductance of the transmitting coil (L1). The re-

ceiving circuit is composed similarly to the transmitting circuit. 
  𝑉 = 𝐼 𝑅 +  𝑅 + 𝑗𝜔 𝐿 + 1𝑗𝜔 𝐶 − 𝐼 𝑗𝜔 𝑀0 = 𝐼  𝑅 + 𝑗𝜔 𝐿 + 𝑗𝜔 𝐿 + 1𝑗𝜔 𝐶  −𝐼 𝑗𝜔 𝑀 − 𝐼 𝑗𝜔 𝑀   0 = 𝐼  𝑅 + 𝑗𝜔 𝐿 + 𝑗𝜔 𝐿 + 1𝑗𝜔 𝐶      −𝐼 𝑗𝜔 𝑀  − 𝐼 𝑗𝜔 𝑀   0 = 𝐼  𝑅 +  𝑅 + 𝑗𝜔 𝐿 + 1𝑗𝜔 𝐶 − 𝐼 𝑗𝜔 𝑀

(1)

 

Eq. (1) is represented using Kirchhoff 's voltage law (KVL) to 

analyze the proposed WPT system. The current of each reso-

nance circuit is calculated using KVL. The mutual inductance in 

Eq. (1) is substituted with the coupling coefficient using Eq. 

(2). Eq. (4), which is a power transfer function, ( ), can be 

derived using Eq. (1) and Eq. (3). The S21 function can be calcu-

lated using Eq. (4) [13]. 
 

         𝑀 = 𝑘 𝐿 𝐿  (2)
 𝑍 =  𝑅 +  𝑅 + 𝑗𝜔 𝐿 + 1/𝑗𝜔 𝐶 , 𝑍 =  𝑅 + 𝑗𝜔 𝐿 + 𝑗𝜔 𝐿 + 1/𝑗𝜔 𝐶 , 𝑍 =  𝑅 + 𝑗𝜔 𝐿 + 𝑗𝜔 𝐿 + 1/𝑗𝜔 𝐶 , 𝑍 =  𝑅 +  𝑅 + 𝑗𝜔 𝐿 + 1/𝑗𝜔 𝐶  (3)

 

The WPT system is considered a two-port network. The S21 

parameter is calculated using Eq. (4) and is represented in Eq. (5) 

[14]. (S21)2 represents the maximum power ratio and transferring 

efficiency of the WPT. 

      𝑆 = 2 ( )  
(5)

 

Fig. 3 shows the transfer function of the proposed WPT sys-

tem depending on the change in the coupling coefficient (k23) and 

frequency. The red-colored area represents a highly efficient op-

eration. The figure shows a frequency split, a characteristic of a 

mid-distance WPT system. The values of the circuit elements 

used in calculating the transfer function are listed in Table 1. 

Moreover, kcritical represents the specific distance for high-effi-

ciency operation when the system is in its resonance [12]. When 

k23 is larger than kcritical, the WPT system is over-coupled and has 

two frequencies with a high efficiency. As the coupling coeffi-

cient decreases, the frequency for a high S21 converges to the crit-

ical point. When k23 is smaller than kcritical, the transferred power 

decreases rapidly with distance.  

Unlike conventional two-coil WPT, the proposed WPT 

shows a frequency split and is capable of mid-distance power 

transmission. The calculation of an optimum kcritical is necessary 

for efficient power transmission and is described in the next 

section. 

IV. DERIVATION OF CRITICAL COUPLING COEFFICIENT 

Using Eq. (4), kcritical, which provides a high transmission effi-

ciency to the proposed WPT system, can be deduced. When the 

system is in resonance, the system impedance is represented as 

Eq. (6). 

To simplify the equations, the inductance is substituted into 

the Q-factor. Eq. (7) represents the relationship between the  

 = 
(4)

Fig. 3. S21 graph based on the frequency of the two-coil WPT system 

with transformers and the coupling coefficient of the trans-

mitting and receiving coil. 
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inductance and Q-factor. 
 𝑍 =  𝑅 + 𝑅  𝑍 =  𝑅  𝑍 =  𝑅  𝑍 =  𝑅 + 𝑅  (6)
 

Using Eq. (7), the transfer function is represented as shown in 

Eq. (8). 
 

       𝑄  = , 𝜔  =  
(7)

In Eq. (8), the Q-factor with the same inductance is organized 

to have the same value; Qtr1-p = Qtr2-p = QP, Qtr1-s = Qtr2-s  = QS, 
and Q1 = Q2 = Qcoil. Because the coupling coefficient of the trans-

former is approximately 1, the coupling coefficient is substituted 

to ktr1 = ktr2 ≈ 1. The modified equation is given as Eq. (9). Under 

resonance, the voltage gain in Eq. (9) is the same as in Eq. (3). 
 𝑉𝑉 = 𝑗𝑘 𝑘 𝑘 𝑄 𝑄 𝑄 𝑄 𝑄 𝑄𝑘 𝑘 𝑄 𝑄 𝑄 𝑄 + 𝑘 𝑄 𝑄 + 𝑘 𝑄 𝑄 + 𝑘 𝑄 𝑄 + 1
 

(8) 
 

        = ( )  (9)
 

The critical coupling coefficient, kcritical, can be derived by dif-

ferentiating Eq. (9). kcritical in Eq. (10) represents k23 at which the 

transmitting and receiving coil transmits maximum power. The 

distance between the coils is inversely proportional to k23. 
 𝑘 = 𝑄 𝑄 + 1𝑄  

(10)
 

According to Eq. (10), a small kcritical is attained when the in-

ductance of the transformer is small, and the inductances of the 

transmitting and receiving coils are large. Fig. 4 shows the change 

in kcritical when the inductances of the transmitting and receiving 

coils are fixed, and the transformer inductance is 80, 110, and 140 

μH. Depending on the transformer’s inductor, the red part of Fig. 

4, which represents a high-efficient operation, varies. Although 

the transmitting distance is lengthened, when the transformer’s 

inductance decreases, the transmitting efficiency is reduced due 

to the reduced kcritical. The values of the circuit elements used in 

the calculation is shown in Table 1. The transformer’s inductance 

and capacitance are calculated based on the resonance frequency. 

V. EXPERIMENTS AND SIMULATION 

1. Comparison of the Proposed WPT System with the Conven-
tional Two-Coil and Four-Coil WPT Systems 

The proposed two-coil WPT system and conventional two-

coil and four-coil WPT systems were studied through experi-

ments. Fig. 5 shows the experimental system. The two-coil WPT 

system consists of transmitting and receiving coils as well as ca-

pacitors (C2, C3) [4]. The four-coil system consists of a two-coil 

system with the addition of a source coil and a load coil. In the 

four-coil system, the capacitors are connected in a series to com-

pensate for the coil inductances [13]. The transmitting and re-

ceiving coils (with a diameter of 170 mm) are wound using a 0.05 

mm enameled wire. The capacitance for the resonance operation 

Table 1. Circuit element values used in calculating the S21 graph 

Parameter Value𝐿 , 𝐿 330 μH𝐿 , 𝐿 , 𝐿 , 𝐿  100 μH

C1, C4 70.4 nF

C2, C3 16.2 nF𝑅 , 𝑅 0.1 Ω𝑅 , 𝑅 2 Ω𝑅 , 𝑅 50 Ω𝑀 , 𝑀 99 μH𝑘 0.0001–0.5𝑓 60 kHz

Frequency 0–120 kHz

(a) (b) (c) 

Fig. 4. The change in kcritical depending on the inductance of the transformers used in the proposed WPT system: (a) 80 μH, (b) 110 μH, 

and (c) 140 μH. 
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is calculated using Eq. (7). The two-coil WPT system with trans-

formers consists of a source transformer, transmitting and receiv-

ing coils, and a load transformer. Transformers with a ferrite core, 

which have a high permeability and high magnetic flux density, 

are used in the proposed WPT system to minimize the losses due 

to the frequency. To minimize the system volume, a PQ-type 

core is used in the transformers, which are wound using the same 

enameled wire used in the transmitting and receiving coils. 

The three WPT systems were operated using a function gen-

erator, and the voltage and current were measured using the Tek-

tronix DPO3054. The WPT systems were operated at 60 kHz, 

which is one of the frequencies available for high-power WPT 

systems enacted by the International Telecommunication Union 

(ITU). The system can operate at different frequencies when the 

resonant frequency of the transformers and the transmitting and 

receiving coils are the same. An acrylic structure is used to support 

the coils and adjust the distance between the coils. The distance 

between the coils is altered from 0 to 15 cm in 1 cm steps. 

Through the experiments, an average S21 parameter was meas-

ured. The values of the circuit elements used in the simulation 

and experiments are shown in Table 2. 

Although the transmitting distance is slightly shorter than that 

of the four-coil system, the experiments show that the proposed 

WPT system lengthens the transmitting distance compared to 

the conventional two-coil WPT system. The maximum S21 pa-

rameter for the proposed system is 0.76 at a coil distance of 4 

cm. The maximum S21 parameter for the conventional two-coil 

and four-coil system is 0.93 at a coil distance of 0 cm and 0.79 

at a coil distance of 6 cm, respectively. The results are shown in 

Fig. 6. 

According to the simulations, the maximum S21 parameter of 

the proposed WPT system and the conventional two-coil system 

and four-coil system is 0.9 at 5 cm, 0.93 at 1 cm, and 0.89 at 5 

cm, respectively. The simulation results are shown in Fig. 7. The 

Fig. 5. A picture of the two-coil WPT system with transformers. 

 

Table 2. Value of the circuit elements used in the conventional two-coil 

and four-coil WPT system as well as the proposed two-

coil WPT system 

Unit 2-coil   4-coil 2-coil with Tr

LSource, μH - 111.8 -

Ltr1-p, Ltr1-S μH - - 80

L1 μH 346 335.6 346

L2 μH 346 336.2 346

Ltr2-p, Ltr2-s μH - - 80

LLoad μH - 107.8 -

C1, C4 nF - 64.2 87.3

C2, C3 nF 21.2 21.2 17.2

RSource, RLoad Ω 50 50 50

 

Fig. 6. Experimental results of the conventional two-coil and four-

coil WPT system as well as the two-coil WPT system with 

transformers (Tr). 
 

 

Fig. 7. Simulation results of the conventional two-coil and four-coil 

WPT system, and the two-coil WPT system with trans-

formers (Tr).
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maximum S21 of both the conventional two-coil system and pro-

posed system is 1 cm shorter compared to that in the simulation. 

However, the maximum S21 of the four-coil system is 1 cm far-

ther compared to that of the simulation. Additionally, the exper-

imental efficiency was measured as less than that of the simula-

tion when the transmitting distance was greater. The difference 

between the experiment and the simulation results is presumed 

to be the measuring error of the inductance and capacitance. 

 

2. Transmitting Distance Change Depending on the Various 
Transformer Inductances 

Transformers with inductance values of 80, 110, and 140 μH 

were fabricated to analyze the change in kcritical with the change in 

the transformer inductance. The three types of transformers were 

analyzed using the same transmitting and receiving coils. 

From the experiments, it is shown that kcritical varies with the 

change in the transformer inductance. Fig. 8 shows the change in 

the S21 parameter with the transformer inductance. The maxi-

mum S21 for the transformer with 80 μH (Tr-1) is 0.76 at 4 cm. 

The maximum S21 for the transformer with 140 μH (Tr-3) is 0.87 

at 0 cm. 

Fig. 9 shows the simulation results. According to the simula-

tion, the maximum S21 for the transformer with 80 μH is 0.9 at 5 

cm. The maximum S21 for the transformer with 140 μH is 0.95 

at 0 cm. 

Although the kcritical and S21 values were mostly the same, S21 

demonstrated a greater difference between the experiments and 

simulations. This difference tended to increase with the trans-

mission distance. Due to the operation frequency limits of the 

transformer, the proposed system is operated at a lower frequency 

compared to the conventional magnetic resonant WPT system. 

The lower operating frequency and radiation losses are consid-

ered to be the cause of these differences. 

VI. CONCLUSION 

A two-coil WPT system with transformers was studied in this 

paper to increase the short transmission distance. According to 

the simulations and experiments, it was shown that the proposed 

WPT system transmits electric power farther than the conven-

tional two-coil WPT system and has similar operating features as 

the four-coil WPT system. The system parameter was analyzed 

to find kcritical, thereby giving a high efficiency to the proposed 

WPT. The system parameter for the optimum distance could be 

found from the experiments. kcritical decreases as the transformer 

inductance decreases, and the decrease in kcritical leads to an in-

creased transmission distance. Transformers with different in-

ductances were used in the experiments and simulations to verify 

the hypothesis. A maximum S21 of 0.84 at 2 cm and 0. 76 at 4 cm 

were obtained with inductance values of 110 μH and 80 μH, re-

spectively. Despite some slight errors, the simulations and exper-

iments can be considered as having agreement with the results. 

These results will be studied in future work to obtain a WPT sys-

tem with constant power transferring efficiencies regardless of the 

change in the transmitting distance. 
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I. INTRODUCTION 

Typically, several power and signal lines are installed in off-

shore plants. Electromagnetic fields (EMFs) produced by high-

voltage power lines can affect living organisms; therefore, a 

guide for determining a safe distance has been suggested [1]. 

These EMFs generated from the power lines can also affect 

other cables, resulting in interference among cables, which is 

referred to as called crosstalk [2]. The shielding characteristics 

of a cable tray have been extensively studied so far [3]. S-

parameters were obtained through modeling and simulation, 

and experiments were conducted to determine the differences in 

shielding effectiveness (SE) based on the width-to-height ra-

tios of U-shaped cable trays, which are commonly used in the 

industry [3]. 

The holes in a cable tray make it easy to attach cables or other 

fixings. In addition, they can reduce the tray’s weight and enable 

drainage and ventilation. However, an increased area of holes 

can cause interference between cables. To minimize crosstalk 

between cables, holes are designed to have an optimal geometry. 

In this study, the SE of various shapes and numbers of holes in 

cable trays were compared through simulations and experiments. 

Using the analysis results, an algorithm was proposed to deter-

mine the optimal geometry of holes in the cable tray for the 

desired area of holes. 

The rest of this paper is organized as follows. The algorithm 

proposed to find the optimal geometry is presented and validat-

ed in Section II. The conclusions are presented in Section III. 

II. PROPOSED ALGORITHM TO FIND OPTIMAL  

GEOMETRY 

This paper proposes an efficient algorithm to determine the 

optimal geometry of holes in the cable tray for the desired area  
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of holes. The detailed process of the proposed algorithm is 

described in this section. 

 

1. Dataset Collection 
To construct a dataset for training the relationship between 

the hole geometry in the cable tray and cable crosstalk, the input 

and output variables of the dataset must be defined. We chose 

width, number of columns, and number of rows of holes as the 

input variables. The hole height was fixed at 100 mm because it 

had no significant effect on the cable crosstalk. The range of 

variables is listed in Table 1, and the number of datasets was 

1,323. 

To construct a database, the simulation results of the crosstalk 

analysis performed with High Frequency Simulation Software 

(HFSS) were used. The S-parameter of near-end coupling (S21) 

had different values depending on the frequency. In addition, S21 

exhibited a similar tendency in the simulations. Instead of using 

all S21 values at all frequencies, the representative value was used 

as the output value of S21 for the proposed algorithm. S21 at the 1 

MHz frequency is one of the values with similar tendency. 

Therefore, the difference in S21 between cable trays with and 

without holes at the 1 MHz frequency was used as the output 

value of the dataset. 

The low output value of S21 indicates a high SE. As shown in 

Fig. 1, the expected values of crosstalk at the rest point between 

two typical points can be obtained using the crosstalk simulation 

results at the typical points. 

2. Training Dataset using Neural Network 
The dataset was trained using a neural network. The network 

had three inputs, 10 hidden layers, and one output and was 

trained using the Levenberg–Marquardt backpropagation meth-

od. This method is generally used for addressing data optimiza-

tion problems [4]. For training, validation, and testing, the da-

taset was divided into three parts: 70% for training, 15% for val-

idation, and 15% for testing. 

 

3. Finding Optimal Hole Geometry Using Neural Network 
In our proposed algorithm, when we enter the value of the 

desired area of the holes in the cable tray as input, the optimal 

geometry of holes with minimum expected crosstalk is suggest-

ed based on a trained neural network. The detailed algorithm is 

presented as follows: 

Step 1: Input the desired area of holes and output possible 

cases of geometry with width, height, number of col-

umns, and number of rows of holes. 

Step 2: Output the predicted crosstalk based on the neural 

network by using possible cases of geometry ob-

tained from the results of Step 1. The possible cases 

indicate possible hole geometries in the cable tray for 

the desired area. 

Step 3: Find the hole geometry with minimum expected 

crosstalk from the results of Step 2. 

 
4. Experiments and Discussion 

We performed experiments to evaluate the performance of 

the proposed algorithm and to determine the optimal geometry 

of the holes in the cable tray. All approaches mentioned in this 

section were programmed using MATLAB. The training and 

testing processes were performed on a PC with an Intel i5-

9400F processor, 32 GB RAM, and a clock rate of 2.9 GHz 

using the Windows 10 operating system (64 bit). 

For example, to design holes in cable trays with 84,000 mm2 

area, we used an 84,000 mm2 area as input and then obtained 

the optimal hole geometry as the output using the proposed 

algorithm. As shown Table 2, when an 84,000 mm2 area of holes 

is used as the input, we can obtain the possible cases of various 

hole geometries, including the optimal geometry of holes. 

To verify the experimental results obtained using the pro-

posed algorithm to determine the optimal hole geometry, a sim-

ulation was performed using HFSS. 

As shown in Fig. 2, the simulations were performed by vary-

ing the hole height as 13, 15, 24, and 30 mm while maintaining 

the width at 100 mm. Moreover, the number of holes was set as 

9 × 7/8 × 7/5 × 7/4 × 7 to maintain the total hole area. 

As shown in Fig. 3, the simulation results were similar to 

those obtained using the proposed algorithm to find the optimal 

hole geometry using a neural network. 

Table 1. Range of variables 

Variable Range

Width (mm) 10–30

Number of rows 1–7 

Number of columns 1–9 

 

Fig. 1. Dataset configuration for training the relationship between 

the hole geometry in the cable tray and cable crosstalk.
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Table 2. Experimental results pertaining to the height of parallel 

holes with similar area (84,000 mm2) 

Width  

(mm) 

Height  

(mm) 

No. of  

columns 
No. of rows 

Expected 

crosstalk

30 100 4 7 8.14

28 100 5 6 9.39

24 100 5 7 7.79

28 100 6 5 11.31

23.33 100 6 6 9

20 100 6 7 7.39

30 100 7 4 14.51

24 100 7 5 10.76

20 100 7 6 8.37

17.14 100 7 7 5.04

26.25 100 8 4 13.73

21 100 8 5 10.21

17.5 100 8 6 6.22

15 100 8 7 2.86

23.33 100 9 4 13.1

18.67 100 9 5 8.7

15.56 100 9 6 3.91

13.33 100 9 7 1.95

 

Fig. 2. Cable tray modeling of parallel holes with different heights 

and similar area (approx. 84,000 mm2). 

 

 

 

 

 

Fig. 3. Simulation results pertaining to the height of parallel holes 

with similar area (84,000 mm2). 

III. CONCLUSION 

The SE of cable trays used in offshore plants was analyzed for 

cable trays with and without holes through simulations and ex-

periments. The SE of the parallel holes was verified by varying 

the width and length of the holes. Using the analysis results, an 

algorithm was proposed to determine the optimal geometry of 

holes in the cable tray and was verified through simulations. 

These results can be useful for the designers of cable trays with 

holes. 
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