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Loop-Type Ground Radiation Antenna for
a C-Shaped Ground Plane
Hongkoo Lee · Zeeshan Zahid · Hyeongdong Kim*

Abstract
In this study, optimum locations for a loop-type ground radiation antenna are evaluated for C-shaped ground planes of two different sizes. To achieve good radiation performance, the antenna needs to be located such that it couples with the dominant current mode of the
ground plane. Antenna locations are proposed using the characteristic mode analysis of the ground planes. The measured bandwidths of
the antennas at the proposed locations have more than twice the bandwidths of the cases in which the antennas are coupled with nondominant modes. The operating frequency of the antennas is 2.45 GHz.
Key Words: Characteristic Mode, Ground Radiation Antenna, Radiation Efficiency.

I. INTRODUCTION
The increasing market demand for Internet of Things (IoT)
devices has emphasized the need for high-performance antennas for small devices. The performance of an electrically small
antenna is determined by its physical size [1]. To design a highperformance antenna on a small ground plane, the antenna
should be effectively coupled with the dominant characteristic
mode of the ground plane. The loop-type ground radiation antenna (GradiAnt) is a promising option for mobile devices [2,
3]. Previous literature mainly focused on rectangular-shaped
ground planes in which the GradiAnt is coupled with the firstorder mode. These antennas show good performance for a discontinuous square ring-shaped ground plane [4] in which the
dominant mode is the second-order mode. The characteristic
mode analysis of various ground plane shapes has been employed in efficient antenna designs [5, 6]. However, the application of the characteristic mode analysis in high-performance
GradiAnt design still needs more attention.

In this study, the optimum location for a loop-type GradiAnt
is evaluated for a C-shaped ground plane using the characteristic mode analysis. To demonstrate this technique, the locations
of the GradiAnt are analyzed for two different C-shaped
ground plane sizes. The effect of different antenna locations on
the bandwidth and efficiency of the antenna is observed. The
antenna location, where it effectively couples with the dominant
ground mode, performs significantly better than the other location, where the antenna is coupled with the non-dominant
mode. The simulation is conducted using a full wave simulator,
and measured data are obtained in a 6 m × 3 m × 3 m threedimensional cellular telecommunications and Internet association over the air chamber.
II. ANTENNA DESIGN AND OPERATING MECHANISM
The GradiAnt consists of a rectangular clearance 4 mm × 7
mm in size. The feeding loop contains the feeding capacitor
(Cf). The resonance capacitor (Cr) is used to control the operat-
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ing frequency of the antenna. Flame Retardant Type-4 (FR-4)
(𝜀 = 4.4, tanδ = 0.02) with 1 mm thickness is used as a substrate material. Two C-shaped ground plane sizes are considered. The smaller C-shaped ground plane is 30 mm × 50 mm
in size with a 15 mm × 20 mm empty space at the right edge.
The larger C-shaped ground plane is 48 mm × 80 mm in size
with a 24 mm × 32 mm empty space at the right edge. The
geometries of the GradiAnt and the ground planes are shown in
Fig. 1. The thickness of the patterns is 0.5 mm. Two GradiAnt
locations on the ground plane are evaluated using the characteristic modes of the ground planes. One of the locations (P1) is
the middle of the right edge of the ground plane, as shown in
Fig. 1(a), and the other location (P2) is the middle of the left
edge of the ground plane, as shown in Fig. 1(b).
The GradiAnt behaves as a magnetic coupler, and its radiation performance is attributed to its coupling with the
ground plane. Based on the theory of characteristic modes,
the total current J on the conducting body can be obtained
through the following equation:

J

∑

∭

∙

𝐸 ,

(1)

where ∭ 𝐸 ∙ 𝐽 𝑑𝜏 is the coupling between the impressed
field 𝐸 and modal current 𝐽 , and 𝜆 is the eigenvalue associated with the nth characteristic current mode. 𝜆 is closely
related to the resonance frequency and the radiation performance. The coupling becomes maximum at resonance, when
𝜆 approaches zero, as the denominator term becomes the
smallest. According to Eq. (1), maximum coupling will be
achieved if the antenna is located at the maximum current of the
dominant ground mode. Moreover, the characteristic mode of
the ground plane radiates effectively at resonance. Therefore,
good radiation performance will be achieved if the antenna is
coupled with the characteristic mode of the ground plane that is
resonantly close to the operating frequency. The performance of
the antenna at locations P1 and P2 is compared for both ground
sizes. The characteristic modes of both ground planes are analyzed in a full wave simulator, and the eigenvalues of the firstand second-order modes of both ground planes are presented in
Fig. 2. The resonant frequency of the first-order mode is 1.95
GHz at position 1 (P1), and it is close to the operating frequency of the antenna (2.4–2.5 GHz), making the denominator
term of Eq. (1) small. The resonant frequency of the secondorder mode is 4.79 GHz, which is far from the operating frequency of the antenna at position 2 (P2), thus making the denominator term of Eq. (1) large and the numerator term of Eq.
(1) maximum. The performance of the antenna, coupled with
the first- and second-order modes, is predicted on the basis of
Eq. (1). According to this equation, the coupling of the antenna
with the first-order mode is higher than that with the second
order mode. Therefore, on the small C-shaped ground plane,
2

(a)

(b)
Fig. 1. Configuration of the proposed antenna on (a) a small and (b)
a large C-shaped ground plane.

Fig. 2. Eigenvalues of the large and small C-shaped ground planes.

the radiation performance of the antenna at location P1 is expected to be higher than that at P2.
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(a)

(b)

Fig. 3. Current distribution of the (a) small and (b) large C-shaped
ground planes.

Conversely, at P1, the first-order mode of the larger ground
plane is resonant at 1.23 GHz, which is far from the operating
frequency of the antenna, thus making the denominator term of
Eq. (1) large. At P2, the resonance frequency of the secondorder mode is at 3.05 GHz, which is closer to the operating
frequency, thus making the denominator term of Eq. (1) small.
Therefore, on the large C-shaped ground plane, the radiation
performance of the antenna at P2 is expected to be higher than
that at P1.
To improve the radiation performance of the antenna, increasing the numerator term of Eq. (1) is important, and the
location of the antenna is a crucial factor in determining the
coupling. Therefore, the current distribution is analyzed to determine the position of the antennas. Fig. 3 shows the current
distribution of the small and large C-shaped ground planes.
The optimum locations for the antennas are decided on the
basis of the reaction theorem, which has the characteristic of the
current maximum [7].
III. SIMULATION AND EXPERIMENTAL RESULTS
To verify the performance at the proposed locations on the
C-shaped ground planes, the designs are simulated and fabricated for measurement. The simulated and measured results are
illustrated in Figs. 4 and 5.
Fig. 4 shows the results of the antenna on the small C-shaped
ground plane. The simulated impedance bandwidth of the antenna at P1 is 470 MHz (2,260–2,730 MHz) and that at P2 is
230 MHz (2,330–2,560 MHz). The measured bandwidth of
the antenna at P1 is 438 MHz (2,303–2,741 MHz) and that at
P2 is 175 MHz (2,377–2,552 MHz). The measured results
reveal that the bandwidth of the antenna at P1 is 2.5 times more
than that at P2.
Fig. 5 shows the results of the antenna on the large C-shaped
ground plane. The simulated impedance bandwidth of the antenna at P1 is 120 MHz (2,410–2,530 MHz) and that P2 is

Fig. 4. Return loss characteristics of the small C-shaped ground
plane.

Fig. 5. Return loss characteristics of the large C-shaped ground
plane.

300 MHz (2,320–2,620 MHz). The measured bandwidth of
the antenna at P1 is 139 MHz (2,361–2,500 MHz) and that at
P2 is 352 MHz (2,293–2,645 MHz). In this case, again the
measured bandwidth of the antenna at P2 is approximately 2.5
times more than that at P1. Table 1 shows the measured and
simulated efficiencies of the antennas. The measured and the
simulated total radiation efficiencies of the antennas at P1 and
P2 on the small C-shaped ground plane are 90.15%, 78.04%,
88.65%, and 80.00%, respectively. On the larger C-shaped
ground plane, the measured and the simulated efficiencies at P1
and P2 are 76.52%, 87.97%, 68.30%, and 83.51% respectively.
The measured and the simulated results indicate a significant
Table 1. Measured and simulated total radiation efficiencies of the
antennas at P1 and P2 (unit: %)
Ground

Position 1

Position 2

size

Measured

Simulated

Measured

Simulated

Small

90.15

88.65

78.04

80.00

Large

76.52

68.30

87.97

83.51
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difference depending on the position of the antenna. This significant advantage in bandwidth and radiation efficiency verifies
the suitability of the proposed antenna locations on the ground
planes.
Fig. 6 shows the peak gain of the small and large C-shaped
ground planes at P1 and P2. For the small ground plane, the
average peak gain is higher at P1, and for the large ground, the
average peak gain is also higher at P1. However, the radiation
efficiency of the large ground plane is higher at P2 because of
the lower directivity.
The measured radiation pattern of the small ground plane at
P1 is illustrated in Fig. 7, and the measured radiation pattern of
the large ground plane at P2 is presented in Fig. 8. The radiation pattern of the antenna placed at P1 in the case of the small
ground plane and that placed at P2 in the case of large ground
plane are illustrated because they have better radiation performance. Both antennas show omni-directional radiation patterns.

Fig. 8. Measured radiation pattern of the large ground plane at P2.

IV. CONCLUSION
In this study, the optimum location for a loop-type ground
radiation antenna was proposed for C-shaped ground planes
using the characteristic mode analysis. The simulations and
measurements demonstrated that the antenna showed significantly better performance when located at the current maximum
of the dominant mode of the ground plane. This analysis can be
applied to small IoT devices to enhance the performance of the
antenna.
This work was supported by the National Research Foundation of Korea grant funded by the Korean government
(MSIP) (No. 2015R1A2A2A15055109).
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An IE-FFT Algorithm to Analyze PEC Objects
for MFIE Formulation
Seung Mo Seo*

Abstract
An IE-FFT algorithm is implemented and applied to the electromagnetic (EM) solution of perfect electric conducting (PEC) scattering
problems. The solution of the method of moments (MoM), based on the magnetic field integral equation (MFIE), is obtained for PEC
objects with closed surfaces. The IE-FFT algorithm uses a uniform Cartesian grid to apply a global fast Fourier transform (FFT), which
leads to significantly reduce memory requirement and speed up CPU with an iterative solver. The IE-FFT algorithm utilizes two discretizations, one for the unknown induced surface current on the planar triangular patches of 3D arbitrary geometries and the other on a uniform Cartesian grid for interpolating the free-space Green’s function. The uniform interpolation of the Green’s functions allows for a
global FFT for far-field interaction terms, and the near-field interaction terms should be adequately corrected. A 3D block-Toeplitz
structure for the Lagrangian interpolation of the Green’s function is proposed. The MFIE formulation with the IE-FFT algorithm,
without the help of a preconditioner, is converged in certain iterations with a generalized minimal residual (GMRES) method. The complexity of the IE-FFT is found to be approximately 𝑂 𝑁 . and 𝑂 𝑁 . log𝑁 for memory requirements and CPU time, respectively.
Key Words: Fast Fourier Transform (FFT), Integral Equation (IE), Method of Moments (MoM).

I. INTRODUCTION
In this paper, we introduce a fast method of moments (MoM)
[1] solution for three-dimensional (3D) perfect electric conducting (PEC) scattering problems. The electric field integral
equation (EFIE) has been a popular choice. The solution derived from the EFIE has higher accuracy compared to that of
the magnetic field integral equation (MFIE). However, the
impedance matrix of MFIE has a better convergence rate when
solved with an iterative solver. The traditional MoM solutions
from the EFIE or MFIE suffer from prohibitive 𝑂 𝑁 complexities of memory requirements and CPU time to assemble
the impedance matrix and perform the matrix-vector multiplication with an iterative matrix solver. For complex structures,

the convergence of the impedance matrix is a big issue. Many
researchers are interested in the MFIE formulation having better accuracy [2, 3].
For electrically large problems, several fast algorithms have
been developed to overcome these numerical complexities. Multilevel fast multipole method (MLFMM) [4] is the most powerful algorithm, which has 𝑂 𝑁 and 𝑂 𝑁log𝑁 complexities for memory and the matrix-vector multiplication time, respectively. However, it has a strong dependence on integral kernels. There are several algorithms that are less kernel-dependent.
The algebraic methods, such as IE-QR [5] and adaptive cross
approximation (ACA) [6], have been developed to compress
merely the impedance matrix. From the physical point of view,
there are equivalent source approximations and Green’s function
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approximations, which are both employed on a uniform Cartesian grid. Among the equivalent source approximation methods,
the precorrected fast Fourier transform (p-FFT) [7] and the
adaptive integral method (AIM) [8] are the most well-known
algorithms.
This paper extends an IE-FFT algorithm [9] into the MFIE
formulation for 3D PEC geometries with closed surfaces. The
IE-FFT algorithm uses algebraically simple Lagrange polynomials for the free-space Green’s function on a Cartesian grid.
Through separation variables, the gradient of the Green’s function consists of one coefficient matrix and two Π matrices;
one is for the integrand of the product of the curl of the basis
functions and Lagrange polynomials, and the other is for the
integrand of the cross-product of the basis functions and the
gradient of the Lagrange polynomials. This results in a nonsymmetric MFIE formulation. The proposed algorithm leads
complexity for the memory requirement and
to 𝑂 𝑁 .
.
𝑂 𝑁 log𝑁 complexity for the matrix-vector multiplication.
Even though the MFIE has an accuracy problem, it can yield
reliable solutions with careful treatment.
This paper is organized as follows. Section Ⅱ provides a description of the MFIE formulation. The detailed implementation of the IE-FFT algorithm is described in Section Ⅲ.
Through numerical examples, Section Ⅳ demonstrates the
accuracy and performance of the proposed method. Finally, the
paper is concluded in Section Ⅴ.

where  h denotes the faceted surface of the PEC object, X h
 
is the finite dimensional trial and testing space, and   r  is
the discrete Galerkin testing function.
2


H1/2  div ;    v v  L2    , div v  L2    is the cor-




 
 1 
 
nˆ  H inc  r   J h  r   nˆ   g  r ; r    J h  r   d 
2
h
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 J h  r   nˆ   J h  r    g  r ; r   d 
2
h

resents the incident magnetic field. In the present application,
 
 jk r  r 

 
e 0
the free-space Green’s function, g  r ; r   
  , is con4 r  r 
sidered. For the traditional MoM, Eq. (2) could be expressed as
1    
h  r   J h  r  d 
2 h
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The unknown current density induced on the surface is
N 1
 
 
J h  r     J i i  r   ,

h

 
 
  h  r    nˆ  H inc  r   d 
h


h  X h ,

(4)

i 0

 

where i  r  represents surface div-conforming Rao-WiltonGlisson (RWG) vector basis functions [10]. The entries of the
impedance matrix, Z, are given by

1
Dij  Pij , 0  i, j  N  1
2

(5)

where
1
   
i  r    j  r  d 
2 suppi 
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(6)

and

 
1/2
Find Jh  r   Xh  H  div ;  such that








 inc 
observation and source points, respectively, and H  r  rep-

Zij 

To begin with, the discrete Galerkin statement for MFIE is
shown below:





rect spaces where an unknown current resides. r and r  are

II. MFIE FORMULATION
The MFIE formulation is briefly shown for an arbitrarily
shaped 3D PEC object. The formulation is directly used in the
computation of the near-field correction for the IE-FFT algorithm to ensure its accuracy. The MFIE formulation can be
written from the boundary condition for the tangential magnetic field on closed surfaces as





supp 

 


i







 i  r    nˆ  H inc  r  d  ,

(7)

where N is the number of unknowns; note that supp() indicates
the finite support of every non-boundary, edge-related basis
function. Here, Dij and Pij are singular and coupling entries
of the impedance matrix from the discrete Galerkin statement.
III. IE-FFT ALGORITHM

(2)

The IE-FFT algorithm makes a hexahedron bounding box
that encloses the entire geometry in Fig. 1. A non-uniform triangular mesh for the RWG basis functions and a uniform Cartesian grid for the free-space Green’s functions are shown in
7
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two discretizations. Note that α is a constant used to define the
near-field correction region, and λ is the wavelength. d is the
sampling resolution. Here, L is the size of the second order
Cartesian element.
The details of the IE-FFT algorithm are shown below.



np  r   i p  x    jp  y   kp  z  .

The entries of G are the 3D block-Toeplitz matrix. Combined with Eqs. (6) and (8),
Pij 

1. A Uniform Cartesian Representation of Free-Space Green’s
Function using Lagrange Polynomials
The free-space Green’s function is written in the matrix form:
 
 T
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(8)
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where gn,n is the Lagrange coefficients of the free-space
Green’s function. Interchanging summation and integration
orders leads to
N g 1 N g 1
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2. Representation of the Π Matrices
There are two projection matrices needed in the IE-FFT.
They are:
(10)

and where the number of grid points is N g  N x  N y  N z .
Also, the dimensional indices could be expressed as n 
 i, j, k  and n   i, j , k   , where 0  i , i   N x , 0  j, j 
 N y , and 0  k , k   N y . The pth order interpolation basis
functions, np , are the 3D tensor products form of the onedimensional piecewise Lagrange polynomials on a Cartesian
grid:
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respectively. In contrast to Eq. (3),  g  r ; r   only depends

on the Lagrange polynomials, i.e.,   np  r   . The gradient of

the 3D tensor product,   np  r  , is expressed in




np  r   xˆ  x np  r   yˆ  y np  r   zˆ  z np  r  ,

(16)

where
 p  x p

 x  np  r   i
  j  y    kp  z 
x
 jp  y  p

 y  np  r    i p  x  
 k  z  .
y
 z

 z  np  r    i p  x    jp  y   k
z

The entries of Π P are
p

Fig. 1. Two discretizations for unknown current density and the
free-space Green’s function.

8

(17)

SEO: AN IE-FFT ALGORITHM TO ANALYZE PEC OBJECTS FOR MFIE FORMULATION


 

 iP, n    i  r    np  r  d 


  

 


 xˆ    i , y  r    z  np  r    i , z  r    y  np  r   d  
 
 ,
 


  

 yˆ    i , z  r    x  np  r    i , x  r    z  np  r   d  
 

  

 


 zˆ    i , x  r    y  np  r    i , y  r    x  np  r   d  
 


(18)

 
 
where  i , x  r  ,  i , y  r  , and  i , z  r  are the vectors of the
RWG basis function at the x-, y-, z-directions, respectively.

Note that Πp is a vector-valued and sparse matrix.



3. Near-Field Correction
In Fig. 1, the near-field interaction terms within αλ should be
appropriately corrected to guarantee the accuracy. The correction entries are given as:


Zijcorr  ZijMoM  Π A

 

iI


G IJ Π P

 

T
Jj

,

(19)

where 0  i  N , j  Lneig , and Lneig comprise the set of the
near-field interaction elements.

are built so that there are at least λ/7. All numerical experiments
are carried out on a 2 GB RAM Intel Pentium M processor
1.60 GHz. All computations have been performed in single
precision arithmetic. Third-order Lagrange polynomials are
used to interpolate the free-space Green’s function.
The results of the IE-FFT algorithm with the MFIE formulation are compared to those of the Mie series. Fig. 3 shows the
results of the bistatic RCS at a frequency of 300 MHz. Three
results of the Mie series, the conventional MoM, and the proposed approach are compared. In Fig. 3(a), the results between
the Mie series and the MoM approaches are seen to be slightly
different around 180°. However, the results between the traditional MoM and the IE-FFT algorithm have very good agreements on both the E-plane and the H-plane. Inaccuracy comes
from the numerical integration in the hyper-singular part. The
IE-FFT algorithm does not deteriorate the accuracy. The results of the bistatic RCS at a frequency of 600 MHz are shown
in Fig. 4. The results from the Mie series and the IE-FFT algorithm also have reasonable agreements on both the E-plane and
the H-plane. The largest difference between the two results is
obtained around 160°–180° from the effects of the numerical
integration. Fig. 5 shows the results of bistatic RCS at a frequency of 1,200 MHz. Both results are reasonable agreements.

4. Fast Matrix Vector Multiplication
y  Zcorr  x


Π A  IFFT FFT G A  FFT Π P

  





T



x .

(20)

The complexities of the Zcorr and Π matrices concerning
the memory requirements and the matrix fill-in time are 𝑂 𝑁 .
With the help of the FFT, the complexity of the matrix-vector
multiplication of the G matrix leads to 𝑂 𝑁 . log𝑁 . The
memory requirement of the G matrix is 𝑂 𝑁 . .
IV. NUMERICAL RESULTS
To demonstrate the efficiency of the proposed algorithm, a
PEC sphere with a radius of 1.0 m is considered. The geometry
of the PEC sphere is shown in Fig. 2. The triangular meshes

(a)

(b)
Fig. 2. The geometry of a PEC sphere.

Fig. 3. The bistatic RCS for a 1-m PEC sphere at a frequency of
300 MHz. (a) E-plane and (b) H-plane.
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(a)

(a)

(b)

(b)
Fig. 4. The bistatic RCS for a one-meter PEC sphere at a frequency of 600 MHz. (a) E-plane and (b) H-plane.

Table 1 summarizes the memory requirements of the IEFFT algorithm for third-order Lagrange polynomials. All units
are Megabytes. The memory of the correction matrix, Zcorr ,
and the Π matrices shows 𝑂 𝑁 complexity. However, the
coefficient of the free-space Green’s function is 𝑂 𝑁 . complexity.
Table 2 summarizes the CPU time and the number of iterations of the IE-FFT algorithm with third-order Lagrange polynomials. The CPU time for the matrices fill-in has 𝑂 𝑁
complexity. The CPU time for the matrix vector multiplication
(MXV) is 𝑂 𝑁 . log𝑁 complexity.
Table 1. Memory requirement of the IE-FFT algorithm for scattering from a PEC sphere with a radius of 1 m


Freq. (MHz)
N
ΠA + ΠP
G
Zcorr
300
3,072
22
11
0.26

10

600

12,288

90

42

2.10

1,200

49,152

365

169

16.78

Fig. 5. The bistatic RCS for a one-meter PEC sphere at a frequency of 1,200 MHz. (a) E-plane and (b) H-plane.
Table 2. The CPU time and the number of iterations of the IEFFT algorithm for scattering from a PEC sphere with a
radius of 1 m
Freq.
(MHz)

N

Z corr



ΠA + ΠP

300
600
1,200

3,072
12,288
49,152

130
540
2,105

4
17
19

MXV/
iteration

No. of
iteration

0.26
2.10
16.78

19
79
96

The memory requirement versus the number of unknowns is
given in Fig. 6(a) for third-order Lagrange polynomials. The
memory requirements of the correction, Π matrices, and the
coefficients of the free-space Green’s function are plotted with
circles, squares, and diamonds, respectively. The 𝑂 𝑁 and
𝑂 𝑁 . complexities are plotted as dashed and dotted lines for
references, respectively. The CPU time for the matrix-fill-in
and the matrix vector multiplication per iteration versus the
number of unknowns are plotted in Fig. 6(b). As an iterative
solver, a generalized minimal residual method (GMRES) [11]
is used when the matrix vector products are performed. There is
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(a)
Fig. 7. The RMS errors of the bistatic RCS calculations versus the
sampling segments per wavelength (p = 2, 3).

(b)
Fig. 6. The numerical complexities versus the number of unknowns
(p = 3) (a) Memory requirements. (b) The CPU time for
the matrix-fill-in and matrix-vector products per iteration.

no preconditioner. The tolerance of GMRES is 10-3. The
dashed and dotted lines of the 𝑂 𝑁 and 𝑂 𝑁 . log𝑁 complexities are plotted as references, respectively. The CPU time
for assembling the correction Π matrices is 𝑂 𝑁 complexity.
The CPU time of MXV is approximately 𝑂 𝑁 . log𝑁 .
The accuracy of the IE-FFT algorithm for the MFIE formulation is addressed. The root mean square (RMS) error of the
bistatic RCS is defined as

  A 

2



0

0

 

RCS A  ,    RCS Mie  ,   sin  d d
2

2



0

0

 

RCS Mie  ,   sin  d d
2

.
(21)

where  and  are the azimuth and elevation angles,
RCS A  ,   is the RCS value of the conventional MoM, the
IE-FFT algorithm [9], and other numerical methods. First, we
calculate the RMS error of the conventional MoM, relative to
the Mie series solution versus the sampling segments per wavelength. The value of the error is the maximum error bound of
the IE-FFT. For example, the RMS error of the bistatic RCS
for a one-meter PEC sphere at a frequency of 600 MHz is

0.0108. Due to the hyper-singular integral of the MFIE formulation, the RMS error is much larger than that of the EFIE.
The RMS errors of the IE-FFT, relative to the Mie series sampling segments per wavelength, are plotted in Fig. 7. The
dashed line is the RMS error of the conventional MoM as a
reference. The dash-dotted line with square markers and the
solid line with circular markers represent the RMS error of the
IE-FFT for the second- and third-order Lagrange polynomials,
respectively. The RMS error of the second-order polynomials is
converged with that of the conventional MoM with approximately 28 sampling segments. However, the RMS error of the
third-order polynomials is converged with 19 elements. In this
case, the RMS error for the MFIE is approximately 0.01. Some
discrepancies are not the problem of the IE-FFT but that of the
conventional MoM. The accuracy of the IE-FFT algorithm can
be compared to that of the conventional MoM.
V. CONCLUSION
The IE-FFT algorithm with MFIE formulation achieves 𝑂 𝑁 .
and 𝑂 𝑁 . log𝑁 complexities for required
memory and CPU time, respectively. Also, it is shown that the
proposed algorithm is highly efficient without the help of a preconditioner. The IE-FFT algorithm with MFIE formulation
provides a high convergence rate as well. For better accuracy, a
new scheme of hyper-singular integration should be further
considered.
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Estimation of Detection Performance for Vehicle
FMCW Radars Using EM Simulations
Sungjun Yoo1 · Hanjoong Kim2 · Gangil Byun3 · Hosung Choo1,*

Abstract
This paper proposes a systematic method for estimating detection performances of a frequency-modulated continuous wave radar using
electromagnetic simulations. The proposed systematic method includes a radar system simulator that can obtain range-Doppler images
using the electromagnetic (EM) simulations in conjunction with a test setup employed for performance evaluation of multiple targets at
different velocities in a traffic environment. This method is then applied for optimizing the half-power beamwidths of the antenna array
using an evaluation metric defined to improve the detection strengths for the multiple targets. The optimized antenna has vertical and
horizontal half-power beam widths of 10 and 60, respectively. The results confirm that that the proposed systematic method is suitable
to improve the radar detection performance with the enhanced radar-Doppler images.
Key Words: FMCW Radar, Radar Performance Estimation, Vehicle Antenna.

I. INTRODUCTION
Recent radars are frequently used in vehicles with other sensors to assist the driver in obtaining information about the driving environment, which includes pedestrians, traffic lanes, other
vehicles, and traffic sign recognition [1, 2]. In particular, frequency-modulated continuous wave (FMCW) radar systems
have often been used as main sensors in various automotive radar applications because of their low cost, simple implementation, and high reliability in harsh weather conditions [3]. The
FMCW radar system usually consists of a radio frequency (RF)
device, a signal-processing module, and an antenna array. Since
the signal-to-noise ratio (SNR) significantly affects the detecting performance of the radar system, the properties of the antenna array for the radar system, such as the gain, radiation pat-

tern, and half-power beamwidth (HPBW), should be carefully
determined to maximize the strength of the signal transmitted
and received through the antenna array. Thus, a systematic
method for optimizing antenna characteristics of the FMCW
radar is necessary to obtain the proper antenna performance in
real traffic environments. However, most previous studies have
focused on improving signal processing techniques and enhancing antenna gains, and in-depth studies of the radar estimation
method for vehicle radars in a traffic environment have not been
fully conducted yet [4, 5].
In this paper, we propose a novel systematic estimation
method for the FMCW radar using electromagnetic (EM)
simulations. The proposed systematic method is used to estimate detection performance based on the EM simulation in
conjunction with a test setup employed for the evaluation of
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multiple targets with different velocities. In the test setup, the
targets represent the surrounding objects in the real driving environment and are placed by considering the maximum detection range required for the FMCW radar. This radar system
simulator is adopted to obtain range-Doppler images, which
requires signal processing algorithms using data obtained from
the EM simulations. In our EM simulation, the detailed antenna geometry and the targets are modeled as piece-wise mesh
triangles, and the backscattered signals received by the antenna
are accumulated for different frequencies. The range-Doppler
images are completed by taking the two-step Fourier transform
with the windowing, clipping, and filtering processes to improve
the quality of the images. This systematic procedure is then applied to optimize the HPBW of the antenna array with an evaluation metric using an average and standard deviation of the
detection strengths for the multiple targets. We also observe the
variation of the images according to steering angles of the antenna array, and the results demonstrate that the proposed systematic method is suitable for use in estimating and optimizing
the performance of FMCW radars in automotive applications.
II. PROPOSED SYSTEMATIC OPTIMIZATION PROCESS
Fig. 1 shows a flow chart of the proposed estimation method
for evaluating the detection performance of an FMCW radar
using the FEKO EM simulation software (Altair Engineering
Inc., Troy, MI, USA). The procedure begins with modeling

processes of radar targets and antennas to use in the radar system simulation, and their detailed design parameters are properly determined to improve the detection performance of the radar system. For example, if a horn antenna is used for the
FMCW radar system, the width and the length of its aperture
should be considered as the most important parameters for antenna characteristics, such as the gain, radiation pattern, and
HPBW. In the EM simulation step, a test setup that includes
targets, ground, and antenna is imported to obtain the transmitted and receive signal. The received signals for each chirp are
used to calculate a range-Doppler map in the data processing
step. This process is repeated to improving the detection performance of the antenna which has the optimal HPBW.
Fig. 2 presents the geometry of a horn antenna used in our
approach. The antenna has a pyramidal shape, and the width
and the height of the aperture are determined by ax and ay. The
antenna is fed by a rectangular waveguide having a width of 3
mm and a height of 2 mm with a WR2810ADP adapter (Patentix Ltd., Ashkelon, Israel), and the total length of the antenna is about 74 mm [6]. The values of ax and ay are important to
adjust the vertical and horizontal HPBWs as well as the boresight gain.
For example, if ax varies from 19.2 mm to 4.1 mm, the vertical HPBW increases from 10 to 50, and the horizontal
HPBW becomes broader from 20 to 60, when ay is changed
from 30 mm to 3.8 mm. The antenna and target models are
then imported as piecewise mesh triangles, and the ground
plane is assumed to be an infinite substrate with dielectric properties of r=4.5 and tan=0.97. In the EM simulation process,
the transmit antenna pattern is imported as a far-field source to

(a)

(b)

(c)
Fig. 1. Flow chart of the radar system simulator.
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Fig. 2. Geometry of the basic pyramidal horn antenna. (a) Side
view, (b) top view, and (c) perspective view.
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the image can be further improved by applying the windowing,
clipping, and filtering techniques [7]. It is assumed that the
FMCW radar operates at a frequency of 77.5 GHz with a
bandwidth of 200 MHz. The chirp duration of the transmitted
signal is 33 μs, and 119 chirps are transmitted to plot rangeDoppler images. At each chirp, the simulation based on the
physical optic analysis is conducted at 165 frequency points,
which implies a frequency interval of 5 MHz. In this case, the
size of the 2D matrix with the beat frequency data becomes 165
 119 for each range-Doppler image. Using the proposed systematic method, we optimize HPBWs of the antenna array
using an evaluation metric that is defined to well visualize the
multiple targets with a high average and a lower standard deviation of the target strengths as in (1).
Cost  c  (       )  1 ,
Nt arg et



 (A

k

 )

k 1

N t arg et

2

,

N t arg et

(1)





Ak

k 1

N t arg et

,

(2)

where  is the standard deviation, and  is the average value of
the amplitude. k is an index of each target, and Ak shows the kth amplitude of the Ak. We fixed , , and c as 0.02, 0.75, and
10 to obtain the positive value of the cost. The goal of 0.5 is
empirically determined by the consideration of the detection
performance to well visualize the multiple targets while the
range and velocity property of all targets are clearly detected in
the proposed system. When the cost value does not meet our
goal of 0.5, we iterate this process by changing the values of the
design parameters.
Fig. 4 shows the proposed test setup, which is composed of

Fig. 3. EM simulation process for moving targets in FMCW radar
system.

obtain the amplitude and phase information of the backscattered electromagnetic waves for every chirp duration [7], as illustrated in Fig. 3. The received signal contains the information
of electromagnetic properties, such as gain of the transmitting
antenna, reflectivity of targets, space losses due to target positions (R), and ground reflections. Then, the received signals are
used to calculate the beat frequencies for the chirps, and these
calculated data are stacked in sequence as a 2D matrix. Finally,
the range-Doppler map is obtained using the matrix through
the two-step fast Fourier transform (FFT), and the quality of

(a)

(b)
Fig. 4. Geometry of the proposed test setup. (a) Top view and (b)
side view.
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Table 1. Parameters for the test setup in the detection region
Parameter

Value

v1
v2

10 m/s
0 m/s

v3

10 m/s

l1

5m

l2

20 m

l3

25 m

w1

10 m

h1

1m

h2

1m

elevation

0°

steering

0°

one antenna and nine multiple targets. Each target has a spherical shape with a diameter of 50 mm, and the 3  3 targets are
located in the detection region, which has a horizontal and vertical spacing of w1=10 m, l2=20 m, and l3=25 m. The distance between the transmitting antenna and the first column
targets is l1, and a steering angle is steering. The velocities of targets in the three rows, denoted as v1, v2, and v3, are set differently to distinctly visualize all the targets on the range-Doppler
image. The amplitudes at the target positions on the image represent the detection performance of a radar system. Note that
this scenario is based on real driving environments as listed in
Table 1, and thus the ground material is assumed as concrete
with a relative dielectric constant of 7 and a conductivity of 0.08
S/m [8].

and horizontal HPBWs of the antenna are 50 and 40. The
optimal vertical and horizontal HPBWs with minimum cost of
0.40 are 10 and 60, respectively.
Fig. 6 shows the comparison between the proposed antenna
with minimum cost and the antenna with maximum cost. The
proposed antenna, which has optimal vertical and horizontal
HPBWs to improve the detection performances, is specified as
the solid line with circle, and the solid line with triangle indicates the antenna with maximum cost. The bore-sight gain and
HPBW of the proposed antenna are 17 dBi and 60 at 77 GHz,
which are 12.4 dBi and 40 higher than greater than those of
the maximum cost antenna, respectively. The comparison of the
3D radiation patterns is illustrated in Fig. 7(a) and (b). As ex-

Fig. 6. Comparison of the antenna properties between minimum
cost and maximum cost antennas.

III. RESULTS AND ANALYSIS
To obtain the optimum HPBWs of the antenna with the
improved the detection performances of the radar system, the
vertical and horizontal HPBWs of the antenna are varied from
10 to 50 and from 20 to 60, respectively. Fig. 5 presents the
cost values of the radar images calculated at an interval of 10,
and the maximum value of the costs is 0.82 when the vertical

(a)

(b)

Fig. 5. 3D-plot of the costs with vertical and horizontal HPBWs.
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Fig. 7. Comparison of the 3D patterns of the antenna. (a) Vertical
and horizontal HPBWs of 50 and 40 (max. cost antenna)
and (b) vertical and horizontal HPBWs of 10 and 60 (min.
cost antenna).
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pected, the pattern of the proposed antenna has broader beamwidth and higher gain compared with the antenna with maximum cost in the horizontal direction (xz-plane).
Fig. 8(a) shows radiation patterns of the horn antenna with
maximum cost, which has a bore-sight gain of 12.4 dBi and
vertical and horizontal HPBWs of 50 and 40. The HPBWs
of the antenna with minimum cost are 10 and 60, and the
aperture size is 19.2 mm  3.8 mm with the bore-sight gain of
17 dBi as presented in Fig. 8(b).
Fig. 9(a) and (b) represent the comparison range-Doppler
image according to different antenna characteristics. Fig. 9(a)
shows the range-Doppler image with vertical and horizontal
HPBWs of 50 and 40. The nine targets are detected separately according to their ranges and velocities, and the strengths of
the targets with the velocity of 0 m/s are greater because they are
placed in the main lobe direction of the transmitting antenna.
On the other hand, other targets with non-zero velocities are
detected with weaker strengths because the antenna gain of the
side direction is lower than that of the bore-sight direction. Fig.
9(b) presents the range-Doppler image using an antenna with

(a)

(b)
Fig. 9. Comparison range-Doppler images. (a) Range-Doppler
image with vertical and horizontal HPBWs of 50 and 40
and (b) range-Doppler image with vertical and horizontal
HPBWs of 10 and 60.

(a)

(b)
Fig. 8. Comparison of the 2D patterns. (a) Vertical and horizontal
HPBWs of 50 and 40 (max. cost antenna) and (b) vertical
and horizontal HPBWs of 10 and 60 (min. cost antenna).

the optimum HPBWs. The minimum cost values result in the
improvement of target strengths, especially for the boundary
targets at the upper and lower rows, which is obvious when
compared to the results provided in Fig. 9(a).
To verify the applicability of the proposed systematic estimation scheme to other scenarios, we change the parameters of the
test setup, such as distance between targets (l2 and l3) as shown
in Fig. 10. The distance of l2 is varied from 20 to 5 with l3 of 10
to place the targets close together, and the nine targets are detected with greater strength using the optimal HPBW antenna
with lower cost value compared to the antenna with the maximum cost. To observe the feasibility of the beam steering of the
proposed radar system, we adopted a four-element array as
shown in Fig. 11. The phase information of the individual elements is implemented to steer the beam direction of the array
antenna, and the main-beam direction is varied from 0 to 15
without significant pattern degradation. The results indicate
that the arrays are suitable to use with FMCW radar antennas
to improve detection performance.

17

JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 19, NO. 1, JAN. 2019

tions. The proposed method was adopted to obtain rangeDoppler images using signal processing algorithms and was also
used to optimize the HPBW of the antenna array with the
evaluation metric. The optimized antenna has vertical and horizontal HPBWs of 10 and 60 with the evaluation metric value
of 0.4. To verify the variation of the images according to the
steering angle of the antenna array, the steered array beam pattern was adopted to the test setup for obtaining the rangeDoppler image. The results confirmed that the proposed systematic estimation method is suitable for use in estimating and
optimizing the performance of FMCW radars.
(a)
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(b)
Fig. 10. Comparison range-Doppler image using another scenario.
(a) Range-Doppler image with vertical and horizontal
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Abstract
A wide-band multiple-input multiple-output (MIMO) antenna with dual-band (2.4 and 5 GHz) operation is proposed for premium
indoor access points (IAPs). Typically, an omni-directional pattern is used for dipole antennas and a directional radiation pattern is used
for patch antennas. In this paper, both antenna types were used to compare their performance with that of the proposed 2 × 2 MIMO
antenna. We simulated and measured the performance of the MIMO antenna, including the isolation, envelope correlation coefficient
(ECC), mean effective gain (MEG) for the IAPs, and the throughput, in order to determine its communication quality. The performance
of the antennas was analyzed according to the ECC and MEG. The proposed antenna has sufficient performance and excellent characteristics, making it suitable for IAPs. We analyzed the communication performance of wireless networks using the throughput data of a
typical office environment. The network throughput of an 802.11n device was used for the comparison and was conducted according to
the antenna type. The results showed that the values of the ECC, MEG, and the throughput have unique characteristics in terms of their
directivity, antenna gains, isolation, etc. This paper also discusses the communication performance of various aspects of MIMO in multipath situations.
Key Words: Access Point, Antenna Diversity, MIMO, Throughput Data, WLAN.

I. INTRODUCTION
The rapidly increasing demand for broadband traffic is driving the need for cellular networks with higher capacity. In these
communication systems, high data transmission rates and low
bit error probability are common requirements [1–3]. Multipleinput multiple-output (MIMO) systems have been broadly investigated because they can increase the channel capacity without sacrificing additional spectra [4]. Multiple antennas, which
are used in wireless local area networks (WLANs), can increase

the channel capacity [5]. Several antennas have been designed
with various patterns for indoor access points (IAPs). Omnidirectional antennas (such as dipole antennas) and directional
antennas (such as patch antennas) are generally useful for a variety of access points (APs), because the radiation patterns of
these antennas allow for good transmission and reception from
mobile units. Omni-directional antennas feature a radiation
pattern that is nearly symmetric [6–8]. The directional pattern
in patch antennas affects the radio frequency (RF) coverage by
focusing the bulk of the RF energy in a specific direction [9, 10].
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Dual bands with a broad bandwidth are advantageous for wireless networks in order to allow a greater number of devices to
share the available space. However, dipole and patch antennas
typically have a narrow bandwidth, and it is particularly difficult
to implement a dual-band (2.4 and 5 GHz) patch antenna with
a wide band. Several researchers have studied the communication performance of WLANs using the 802.11 MAC protocol.
The throughput performance of the 802.11 WLAN has been
simulated using many interesting methods. Modelling the
throughput performance in a WLAN involves studying parameters such as the packet length and the transmission rate [11,
12]. However, researchers have validated only a predictive model and simulated data transmission with different packet lengths
and hotspots [13]. Other researchers have evaluated performance according to different clients with representative 802.11
chipsets [14]. In addition, throughput data has been simulated
in terms of beam patterns in a scattering environment [15].
However, no studies have measured throughput data in real
multipath conditions or analyzed MIMO performance.
In this paper, two typical antennas that represent omnidirectional and directional radiation patterns were designed to compare the performance of these antennas with that of MIMO in
an IAP. The antennas were composed of dual bands (2.4 and 5
GHz) and designed according to their radiation pattern. The
frequency covers the entire WLAN band (IEEE 802.11b/g and
802.11a/j) and the antennas have sufficient gain and beam coverage to be applied to a premium access point, which requires
the antenna to operate in the full frequency band for WLAN
service. First, the dipole antenna with omni-directional pattern
was designed. Then, the dipole antenna was designed using
back-to-back radiators. The dipole antenna was arrayed to enhance the gain and was optimized with a transformer. The proposed omni-directional antenna operates over a broadband and
covers nearly 360 degrees. Further, a dual-band, slot-coupled,
patch antenna with a directional pattern was designed. Radiation was used to focus the radio signal in order to direct the energy in specific directions. Patch antennas are generally recommended to be placed down hospital hallways or office corridors.
To improve the directivity of the proposed antenna, we used
parasitic elements and a reflector. The proposed antenna enhanced the bandwidth by more than 18% at the 5 GHz band
[16]. High isolation and a low envelope correlation coefficient
(ECC) are required in MIMO systems [17–20]. We analyzed
the isolation and the ECC. The mean effective gain (MEG) of
the antenna elements has been widely used to describe the diversity performance of multiple-antenna systems in random
multipath, which exist in reflection, diffraction, and scattering.
The proposed MIMO antenna has high isolation, a low ECC,
and a high enough MEG. Next, we evaluated the throughput
performance of WLANs according to the gain, directivity, and

isolation in a real office environment.
II. PROPOSED ANTENNA STRUCTURE
1. Dipole Antenna with an Omni-directional Radiation Pattern
Fig. 1 shows a perspective drawing of the dipole antenna.
Each dipole is optimized for 2.4 GHz and 5 GHz and includes
the upper and lower portions of the antenna, such that the antenna is operable as a standard half-wavelength dipole antenna.
In order to maximize the gain of the proposed antenna, the radiating dipole elements were separated by a distance of 0.6g, as
shown in Fig. 1(a). The proposed structure is symmetrical on
the right and left. Fig. 1(b) also illustrates the geometry and
configuration of the proposed dual-band dipole antenna, which
is printed on a 0.8-mm thick RF30 (Taconic Inc.). The top
plane consists of high-band (5 GHz) and low-band (2.4 GHz)
radiating elements; the line of the high-band element is 11 mm,
and the line of the low-band element is 23 mm. The distance
between the high-band elements is 8 mm and the distance between the low-band elements is 11 mm. A quarter-wave transformer was implemented to match the 70.7 Ω and 100 Ω lines
with the 50 Ω microstrip line. Th e width of the quarter-wave
transformer was optimized for each characteristic impedance.
The 100-Ω line is 20.7 mm, the 70.7-Ω line is 4 mm, and the
50-Ω line is 12.3 mm. Th e impedance of the 100-Ω line was

(a)

(b)

(c)

(d)

Fig. 1. Dipole antenna: (a) dipole antenna, (b) top and bottom, (c)
side, and (d) MIMO antenna.
21

JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 19, NO. 1, JAN. 2019

divided into the 50-Ω line. Th e ground width of the bottom
plane is 2 mm. To improve the impedance of the proposed antenna, we used the stub elements, S1 and S2, at the bottom plane.
Both S1 and S2 are configured with g/4 open stub. S1 is 3 mm
× 1.8 mm, and it was placed 13.9 mm away from the feed. S2 is
6 mm × 2 mm, and was placed 31 mm from the feed. The detailed feeding structure is shown in Fig. 1(c); the feed of the
bottom plane is connected to that of the top plane. The antenna
array is composed of two dipole antenna elements. The two
microstrip lines used for the array configuration were printed on
the top layer. As shown in Fig. 1(c), if the input port impedance
of P0 is Z0 (50 Ω), and the two output ports have the same impedance of Z1 = 2 × Z0 (100 Ω), then the input power can be
equally divided into the output ports. The MIMO antenna is
composed of four dipole antennas with a 2 × 2 structure. The
overall size of the MIMO antenna is 160 mm × 160 mm, as
shown in Fig 1(d).
The distance between the two radiators is 0.67g (80 mm) at
the 2.4 GHz band and 1.3g (80 mm) at the 5.4 GHz band.
The fabricated dipole antenna is shown in Fig. 2. The electric
energy density of the antenna is shown in Fig. 3. The electric
energy shows that each high and low-band radiating element
plays a role in determining the operating frequency.
2. Patch Antenna with a Directional Radiation Pattern
The configuration of the proposed patch antenna is shown in
Fig. 4 and that of the slot antenna is shown in Fig. 4(a) [21].
The size of the reflector is 80 mm × 80 mm. The substrate that
the first radiator was printed on was an RF 30 by Taconic Inc.
with a 0.8 mm thickness and relative permittivity (εr) of 2.9.
The size of the substrate is 56 mm × 56 mm. It is configured as
a bow-tie shape to enhance the bandwidth at the 2 GHz band.

Fig. 2. Dipole antenna fabricated for an indoor access point.

Fig. 3. Electric energy density (J/m3) of the dipole antenna at the
2.4 GHz (a) and 5.4 GHz (b) bands.
22

(a)

(b)

(c)
Fig. 4. Patch antenna: (a) top, (b) side, and (c) MIMO antenna.

The dimension of the slot with the bow-tie shape is 39.4 mm
× 6 mm so it can operate at 2.4 GHz. The length of the feed
line on the slot antenna is 29.5 mm and the width of the feed
line is 2 mm, for a characteristic impedance of 50 Ω. The radiator size of the patch antenna of the second radiator operating at
the 5 GHz band is 60 mm × 60 mm, and the rectangular patch
(P1) on the center of the second radiator is 14 mm × 14 mm.
This antenna was printed on a 1 mm thick substrate (FR-4: εr
= 4.4, tan δ = 0.02) [22]. All metal was etched with copper,
and the depth of etching copper is 17.5 μm (0.5 oz). The patch
is usually 0.3333 < Length < 0.5, where  is the free-space
wavelength. The patch is designed to be very thin such that t <<
 (where t is the patch thickness). The height h of the dielectric
is usually 0.003 ≤ h ≤ 0.05 The optimized dimensions of the four parasitic patches (P2) are 15.5 mm × 15.5 mm
and they are separated from the rectangular patch (P1) by 0.5g
at the 5 GHz band (7.5 mm). The chocks (28 mm × 1 mm)
were etched on the patch antenna with a gap of 1 mm from the
parasitic patch (P2). The azimuth beam width is wider than the
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G ( ,  ) P ( ,  ))sin  d d

where Gθ (θ, ϕ) and Gϕ (θ, ϕ) are the θ and ϕ components of
the antenna power gain pattern, respectively, and Pθ (θ, ϕ) and
Pϕ (θ, ϕ) are the θ and ϕ components of the angular density
functions of the incoming plane waves, respectively.
We analyzed MEG according to the propagation models.
The wireless channel is modelled to specify the incident field in
the form of an angular density function. In this paper, we used
the typical model of an incident field using both the uniform
spread in the azimuth angle and Gaussian spread in elevation
angle according to the general method of MIMO measurement.
The statistical distribution of Gaussian in the elevation angle (θ)
is determined by the following equation:

Fig. 5. Patch antenna fabricated for an indoor access point.
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(b)

Fig. 6. Electric energy density (J/m3) of the patch antenna at the
2.4 GHz (a) and 5.4 GHz (b) bands.

elevation beam width. The chock of the second radiator decreases the beam width of the azimuth. Controlling the beam
width can improve isolation among the radiators in MIMO
structures. A side view of the proposed antenna is shown in Fig.
4(b). The distance between the slot antenna and the reflector is
6 mm, and the distance between the first and second radiator is
5 mm (1/8g at the 5 GHz band). The MIMO antenna is
composed of four patch elements, as shown in Fig 4(c). The
MIMO antenna overall is 160 mm × 160 mm. The distance
among the patch radiators is 0.67g (80 mm) at the 2.4 GHz
band and 1.3g (80 mm) at the 5.4 GHz band. The fabricated
patch antenna is shown in Fig. 5, and the electric energy density
is shown in Fig. 6. As pictured, the electric energy density of the
rectangular patch (P1) is transferred to the parasitic patch (P2) by
coupling. The simulation showed that parasitic patches play a
role in determining the bandwidth at the 5 GHz band.

P ( )  e

, P ( )  e

The MEG was defined in [24] as the ratio between the mean
received power of the antenna and the total mean incident power. It can be calculated by (1):
MEG 

Prec
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The expression for the MEG can be rearranged as the following equation:
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Also, the statistical distribution of uniform in azimuth angle
(Φ) is determined by the following equation:
P ( )  1 ,

P ( )  1

(4)

where mv and mh are, respectively, the mean elevation angle of
each vertically polarized and horizontally polarized wave distribution observed from the horizontal direction. In addition, σ
refers to the standard deviation of the vertical (σv) and horizontal (σh) wave distributions, respectively. The angles of the scenario parameters of the indoor environment are mv = 20°, mh
= 20° and σv = 30°, σh = 30°, respectively. The antenna branch
power ratio is MEG1/MEG2. In a good diversity system, the
power levels of the signals received by the two antennas are
similar. The ECC (ρe) between the two antennas can be calculated from the following complex correlation coefficient.
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where Eθ and Eϕ denote the θ and ϕ polarized electric fields of
the antennas. The correlation coefficient of the signals is related
to the propagation environment and the radiated far-field
characteristics. The relationship between the complex crosscorrelation coefficient ρ and the ECC (ρe) is obtained with |ρ|2
ρe.
1. Measured Result of the MIMO Antenna with the Dipole Antenna with an Omni-directional Pattern
Fig. 7 shows the measured isolation (S12, S13, and S14) and the
reflection coefficient (S11, S22, S33, and S44) of the MIMO an-
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(a)

Fig. 7. S-parameter of the dipole antenna.

tenna. The return losses are less than -10 dB over the operating
frequency band (2.4–2.48 GHz and 4.905–5.845 GHz). The
proposed dipole antenna has a sufficiently broad bandwidth to
satisfy the full band set by IEEE 802.11 standards. The feed
point distance from the primary antenna is 0.67g (80 mm) at
the 2.4 GHz band for best isolation. The isolation is below -15
dB over the operating frequency band. However, in the case of
S13 (isolation), it has good isolation compared to other ports, as
the distance between port 1 and port 3 is longer than that between ports 1 and 2 or ports 1 and 4. Fig. 8 shows the measured
radiation patterns of the proposed antenna according to the
ports. In addition, Fig. 8 shows the radiation patterns in the YX plane (0° ≤ Φ ≤ 360°) and X-Z (0° ≤ θ ≤ 360°) plane at
2.44 GHz and 5.4 GHz. The radiation pattern of the proposed
dipole antenna shows omni-directional characteristics and the
measured peak gains of the ports are similar. Fig. 9 shows the
measured peak gains and radiation efficiencies of the dipole
antennas in the operating frequency bands. The peak gain of
each port is 4.6–5.07 dBi at the center frequency (2.44 GHz) of
the 2.4 GHz band and 6.24–6.5 dBi at the center frequency
(5.4 GHz) of the 5 GHz band. The radiation efficiencies of
each port are higher than 69% at 2.44 GHz and 66% at 5.4
GHz. The results show that the dual-band omni-directional
antenna achieves a high antenna gain and provides a wide
bandwidth while maintaining a compact size. Table 1 shows
ECC characteristics of the dipole antennas according to the
frequency. The ECC can be calculated from the S-parameter
with (5). The isolation (S12) improves as the distance between
the proposed antennas increases. The ECC value for the high
band (i.e., the 5.4 GHz band) is lower than that for the low
band (i.e., the 2.42 GHz band), as the spatial separation of the
two antennas is large at high frequencies (>1). The measurement results of diversity parameters for the dipole antenna using
a Gaussian spread are shown in Table 2. The MEG ratio is
close to 1 dB. The MEG values of each antenna are less than
0.1 dB [18]. As expected, the value of the MEG ratio between
24

(b)

(c)

(d)
Fig. 8. Radiation pattern of the dipole antenna: (a) port 1, (b) port
2, (c) port 3, and (d) port 4.

Fig. 9. Measured gain and radiation efficiency characteristics of the
dipole antennas.

port 1 and port 3 performs better compared to the MEG ratio
with other ports. The other two MEG ratios for ports 1 and 2
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Table 1. Measured ECC characteristics of the dipole antenna according to the frequency
Freq. (GHz)

Feed
Port1/Port2

Port1/Port3

Port1/Port4

0.03
0.038
0.041
0.032
0.024
0.027
0.015
0.013

0.02
0.025
0.03
0.031
0.023
0.014
0.009
0.007

0.043
0.055
0.054
0.067
0.031
0.023
0.019
0.021

2.4
2.42
2.48
4.095
5.25
5.45
5.75
5.845

and ports 1 and 4 show almost equally good characteristics.
Each port has similar MEG values favorable for an independent
channel in a multipath environment [25].
2. Measured Result of the MIMO Antenna with a Patch Antenna of in Directional Pattern
The measured reflection coefficient (S11) of the proposed
MIMO antenna is shown in Fig. 10. The distances between the
antennas are 0.67g (80 mm) at 2.4 GHz and 1.3g (80 mm) at
5 GHz. The measured return-loss result is almost equal to that
of the reference antenna. The S11 of the antennas is less than 10 dB (VSWR 2:1) at 2.4 GHz and 5 GHz. Patch antennas
typically have a narrow bandwidth. However, the proposed antenna improved the bandwidth with the use of a coupled feed
and a parasitic element structure at the operating frequency.
The isolation between each feed is also less than -15 dB over
the operating band. The isolation (S13) is better than the isolation between other ports like a dipole. In addition, the isolation
performance (S12) in the parallel condition is better than that in
the series (S14) condition due to the distribution of the E/Hfield. When the proposed antennas are located in a series, the
E-field is created by a positive charge and a negative charge like
a dipole at the center. As a result, the main beams are directed
toward each other face-to-face due to the electric field. When
the proposed antennas are parallel to one another, the main
beam is relatively directed in the opposite direction plane because the H-field is canceled at the center [26].
Fig. 11 shows the radiation patterns in the azimuth (Y-Z

Fig. 10. S-parameter of the patch antenna.

plane) and the elevation (X-Z plane) planes at 2.44 GHz and
5.4 GHz. In the elevation plane pattern, the angle starts from
the +x direction. The major lobe directed the signal at the +z
direction (90°) and in the azimuth plane, the angle starts from
the +y direction.
Fig. 12 shows the measured peak gains and radiation efficiencies of the patch antennas in the operating frequency bands.
The peak gain of each port is 6.7–7.24 dBi at 2.44 GHz and
10.26–10.9 dBi at 5.4 GHz. The radiation efficiencies of each
port are higher than 80% at both 2.44 GHz and 5.4 GHz frequency. The correlation characteristics show a low ECC (<0.5)
at 2.42 GHz and 5.4 GHz, respectively. The measurement results of diversity parameters for the patch antenna using a
Gaussian spread are shown in Tables 4. It shows an equally
good MEG value with a low ECC as the result of the dipole
antenna. As a result, the best correlation and MEG are obtained for the MIMO system.
3. Measured Result of the Throughput Performance of the Wireless Networks
In data communication systems, throughput is traditionally
defined as the ratio of the amount of data over the time needed
to transfer it. Thus, we use the general formula:

Throughput 

Received data
Transmission time

(7)

Table 2. Measured results of diversity parameters for the dipole antenna using Gaussian spread
Freq.
(GHz)
2.44
5.4

MEG (dB)
Value
Uniform/
Gaussian
Uniform/
Gaussian

MEG1

MEG ratio (dB)
MEG4

Port1&2

MEG2
Port1&2

MEG1
Port1&3

MEG3
Port1&3

MEG1
Port1&4

Port1&4

-3.685

-3.925

-3.685

-3.497

-3.685

-4.067

0.939

1.054

0.904

-4.237

-4.04

-4.237

-4.046

-4.237

-4.459

1.048

1.047

0.950

Port1/Port2 Port1/Port3 Port1/Port4
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Table 3. Measured ECC characteristics of the patch antenna according to the frequency
Freq. (GHz)

(a)

(b)

(c)

(d)
Fig. 11. Radiation pattern of the patch antenna: (a) port 1, (b) port
2, (c) port 3, and (d) port 4.

Fig. 12. Measured gain and radiation efficiency characteristics of
the patch antennas.

We define “received data” as the amount of 802.11 payload
data successfully received by the destination node expressed in
number of bits. The test was set up in a small room in a general
26

2.4
2.42
2.48
4.095
5.25
5.45
5.75
5.845

Feed
Port1/Port2

Port1/Port3

Port1/Port4

0.037
0.027
0.015
0.037
0.012
0.002
0.002
0.001

0.027
0.018
0.018
0.003
0.003
0.001
0.001
0.001

0.092
0.068
0.021
0.029
0.021
0.006
0.003
0.006

office. The office’s dimensions are 6.3 m × 9 m, as shown in
Fig. 13(a). The RX is composed of a MIMO antenna with
802.11n support. The dipole and patch antennas of the TX are
configured based on a ceiling mount as a general structure. The
throughput depends heavily on its environment, including the
distance between the client and the IAP, the presence of radio
channel interference, obstacles such as furniture, walls etc., and
signal reflections like scattering. Therefore, it was necessary to
limit the impact of external factors that interfere with the IAP.
Any radio devices that might interfere with the throughput
were removed, and the internal and external conditions, including all physical obstacles, the RF environment, and temperature
conditions, were fixed.
We focused on comparing the performance of the throughput according to three main factors: the beam pattern, the antenna gain, and the isolation between the ports. A block diagram of the throughput measurements is shown in Fig. 13(b).
All tests were measured using the Chariot program of Ixia Inc.
The PC 1 at TX is composed of Endpoint 1 and the IAP with
2 × 2 MIMO, and the PC 2 at RX is composed of Endpoint 2
and the IAP with the proposed antenna. In addition, the
IP addresses differed for the test runs. For example, when
192.168.0.1 was assigned to Endpoint 1 in the test run, Endpoint 2 was assigned to 168.168.0.2. The IAP of PC 1 sends a
test signal to Endpoint 1. When all the endpoint pairs were
ready, the two endpoint computers executed the test. The Endpoint 1 computer collects the test results and timing records and
sends them to IxChariot [27, 28]. The IAP chipset at the TX
was the RTL8197D (Realtek Inc.) and the chipset of the wireless LAN card at the RX was RTL8812AU (Realtek Inc.).
In order to equalize the conditions, we used the same PC and
IAPs with wireless cards for all the tests, and the same packets
with loads of 9.53 Mbytes. Fig. 14(a) shows the graph of a typical Transmission Control Protocol (TCP) throughput test with
the dipole antenna, which is an omni-directional radiation pattern. It is necessary to compare data throughput according to
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Table 4. Measured results of diversity parameters for the patch antenna using Gaussian spread
Freq.
(GHz)
2.44
5.4

MEG (dB)
Value
Uniform/
Gaussian
Uniform/
Gaussian

MEG1

MEG ratio (dB)
MEG4

Port1&2

MEG2
Port1&2

MEG1
Port1&3

MEG3
Port1&3

MEG1
Port1&4

Port1&4

Port1/Port
2

Port1/Port
3

Port1/Port
4

-5.143

-4.879

-5.143

-5.06

-5.143

-4.623

1.054

1.016

1.112

-5.425

-5.895

-5.425

-5.554

-5.425

-6.045

0.920

0.976

0.897

was similar to that of the port when isolation was high (less than
-15 dB) over the operating frequency band; however, ports 1
and 3 had slightly better TCP performance compared to the
other ports, as the isolation between ports 1 and 3 was better
than that for the other ports.
Fig. 14(b) shows the typical TCP performance of the IAP
with a patch antenna, which has a typical directional pattern.
When the antennas at ports 1 and 2 were combined, the average
throughput was 122.4 Mbps. The measured throughput data of
ports 1 and 3 combined was 126.5 Mbps, and the throughput
data measured by combining ports 1 and 4 was 123.5 Mbps. In
wireless telecommunications, multipath is the result of radio

(a)

(b)

(a)

Fig. 13. The throughput measurement of wireless networks: (a)
experimental and (b) block diagram.

the directional and omni-directional patterns, which are typical
radiation patterns for the general APs. The test was conducted
consistently according to the different types of radiation patterns
showing good isolations in the indoor condition. The experiments were run three per port, and the average value was recorded. The data packet cycle was run 180 times. Using a large
time unit, we measured the average capacity of the IAP [29].
When the antennas at port 1 and port 2 were combined, the
average throughput was found to be 139.13 Mbps. The measured throughput data of ports 1 and 3 combined was 149.8
Mbps, and the throughput data measured by combining ports 1
and 4 was 141.6 Mbps. The results of the TCP performance

(b)
Fig. 14. Typical TCP performance of the IAP: (a) dipole antenna
and (b) patch antenna.
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signals reaching the receiving antenna by two or more paths. In
multipath environments, the diversity of the antennas involved
affects the throughput data. The patch antenna with a relatively
high gain has poor throughput data compared to the dipole
antenna in an office environment. As the total power received
by the antenna is the sum over the arriving planes waves from
the distribution of the angles, it is shown that the directive antenna as a patch enhances a relatively small number of incident
waves. Therefore, the overall power is dependent on the angle
of arrival and that received by the directive antenna is lower [15].
In an office environment, the dipole antenna with omnidirectional characteristics covers a wide area and has a higher
maximum throughput compared to patch antennas.
Ⅳ. CONCLUSION
In this paper, we designed a wide and dual-band MIMO antenna with an omnidirectional and directional radiation pattern
for premium IAPs. We analyzed the MIMO performance using two types of antennas in the 2 × 2 MIMO system. The
optimized frequencies were 2.4–2.4835 GHz and 4.905–5.845
GHz. In order to analyze the proposed MIMO antenna for the
IAPs, we simulated and measured the isolation. The isolation
was below -15 dB. The proposed MIMO antenna has a low
ECC (<0.5) with low correlations in a comparative analysis.
The values of the MEG between the two antenna elements are
less than 0.5 dB. The proposed MIMO antenna supports
802.11n and is capable of providing a high-quality IAP. Finally,
we analyzed the throughput performance according to the radiation pattern, the antenna gain, and the isolation using the
proposed antenna in an office area. We have shown that the
MIMO antenna with an omni-directional pattern can improve
throughput data in office environments with multipath. The
results of this study should apply to 4 × 4 MIMO systems and
provide guidance on the selection of suitable types of antennas
for certain environments and particular purposes.
This work was supported by a grant from the National Research Foundation of Korea, which is funded by the Korean
government (No. 2016R1D1A1B02012957).
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Metaheuristic Optimization Techniques for an
Electromagnetic Multilayer Radome Design
Trung Kien Nguyen1 · In-Gon Lee1 · Obum Kwon2 · Yoon-Jae Kim2 · Ic-Pyo Hong1,*

Abstract
In this study, an effective method for designing an electromagnetic multilayer radome is introduced. This method is achieved by using ant
colony optimization for a continuous domain in the transmission coefficient maximization with stability for a wide angle of incidence in
both perpendicular and parallel polarizations in specific X- and Ku-bands. To obtain the optimized parameter for a C-sandwich radome,
particle swarm optimization algorithm is operated to give a clear comparison on the effectiveness of ant colony optimization for a continuous domain. The qualification of an optimized multilayer radome is also compared with an effective solid radome type in transmitted
power stability and presented in this research.
Key Words: Ant Colony Optimization, Electromagnetic Multilayer Radome Design, Metaheuristic Optimization Algorithm, Particle
Swarm Optimization, Transmission Coefficient Maximization.

I. INTRODUCTION
The problem of an electromagnetic multilayer dielectric design optimization for a frequency band and a desired range of
incident angles has been introduced in recent years using such
metaheuristic optimization algorithms as the genetic algorithm
[1, 2], particle swarm optimization (PSO) [3, 4], or a hybrid
algorithm that combines ant colony optimization (ACO) with
the microgenetic algorithm [5]. In this study, an effective algorithm presented by Socha and Dorigo [6] in 2008 called ant
colony optimization for a continuous domain (ACOR) is applied to design a C-sandwich radome [7] with an applicable
range of incident angle (0°–70°) in both the transverse electric
(TE) and transverse magnetic (TM) modes for the X- and Kubands. To validate the ACOR algorithm in a multilayer radome

design optimization, the performance of the transmission coefficient characteristics of the C-sandwich radome design optimized by ACOR has been compared with a conventional analysis method (i.e., a simpler and lower-cost analysis) that approximates multilayer radomes by a solid radome with an effective
medium approximation (EMA) [8, 9]. Then, the performance
of ACOR is compared with a general optimization algorithm
used in electromagnetic characteristic design (i.e., PSO). This
study is organized as follows: Section II is an overview of the
ACOR algorithm, which uses a boundary value method to evaluate the transmission coefficient of a multilayer radome. Section
III examines the fitness function and compares the optimization
results obtained by ACOR and PSO. The simulation results and
the transmitted power stability are compared with an effective
solid radome, and the results are discussed. The conclusion is
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provided in Section IV.
II. METHODS
1. Ant Colony Optimization for a Continuous Domain
Originally, ACO was introduced in 1992 by Dorigo [10],
and it has been used to solve many combinational optimization
problems consisting of a set of discrete decision variables. The
idea of applying ACO in solving the continuous optimization
problem was presented in 2008 by Socha and Dorigo [6]. The
flowchart of the ACOR algorithm is illustrated in Fig. 1.
In ACOR, the solutions are kept and sorted in a solution archive (Fig. 2), in which the associated weight of solution 𝑙
defined in Eq. (1) represents the strength of the solution in producing new solutions.

𝜔 𝑙

√

𝑒

.

Fig. 2. Solution archive of the ACOR algorithm with 𝑠 as the
value of parameter 𝑖 in group 𝑙 and the objective value
𝑓 𝑙 with associated weight 𝜔 𝑙 .

(1)

To generate new solutions, a kernel is selected by probability
that is computed for each group as in Eq. (2).

𝑝 𝑙

∑

.

(2)

Roulette wheel selection [11] is applied to select a solution
kernel. Each probability 𝑝 𝑙 is presented as a proportion of
the wheel (Fig. 3), and a random selection process is made similarly to rotate the roulette wheel. An 𝑚 new random number
Fig. 3. Roulette wheel with a probability of solution 𝑝 𝑙 as the
proportion of the wheel.

group according to the parameterized normal distribution is
used with mean (𝜇 ) and standard deviation (𝜎 ) for ant 𝑖 in
group 𝑙.
𝜇
𝜎

𝜉∑

𝑠.

(3)
.

(4)

𝜉 0 is a constant parameter that is similar to the pheromone evaporation rate in ACO [10]. Then, 𝑚 new solutions
are added to the solution archive and re-ordered. Non-fit solutions are removed, and only the 𝑘 best ones are kept after each
iteration.

Fig. 1. Flowchart of ACOR algorithm.
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2. Transmission Coefficient Characteristic of the C-Sandwich Radome
A C-sandwich radome, which is a multilayer radome (style d)
[7], is considered in this work. The sandwich wall has five layers
that were developed to cover an antenna array operating in a
wide-band frequency range. The C-sandwich construction consists of three skins that are interleaved by two cores. Typically,
the relative permittivity of skin is greater than that of the core.
To guarantee that the input and output of the propagation wave
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are equal, a C-sandwich wall is designed with the first and last
skins having the same thickness, and the widths of the two cores
are the same as well. To fabricate a radome, the thickness of
each layer is designed as the multiple of plies. The propagation
wave on the radome with layer 𝑖 has thickness 𝑑 , relative
permittivity 𝜀 , loss tangent tan𝛿 , and refractive index 𝑛 .
The 𝐹 ∈ , /𝐵 ∈ ,
are the forward and backward
propagation waves, respectively. The forward and backward
fields at the first left interface are related to Eq. (5).
𝐹
𝐵

𝑟 ∗𝑒
𝑒

𝑒
𝑟 ∗𝑒
1 𝑟
𝑟 1

∏

𝐹
0

(5)

Table 1. C-sandwich radome layer properties
Permittivity

Loss
tangent

Thickness

Step/ply

(mm)

(mm)

Skin 1

4.4

0.016

0.48–2.4

Core 1

1.1

0.001

2–9

0.24
0.1

Skin 2

4.4

0.016

2.4–9.6

0.24

Core 2

1.1

0.001

2–9

0.1

Skin 3

4.4

0.016

0.48–2.4

0.24

Layer

the thickness of the effective half-wavelength solid-type radome
at a resonant frequency of 10 GHz for the X-band and 15 GHz
for the Ku-band with an angle of incidence 𝜃 70°.

𝐹
𝐵

𝐴
𝐴

𝑇

𝐴
𝐴

𝐹
.
0

.

(6)
(7)

III. RESULTS AND DISCUSSION
1. Fitness Function
The main objective of this research is to maximize the transmission coefficient of a multilayer structure radome, which is
calculated by Eq. (7) in a specific frequency band with various
angles of incidence in both the TE and TM modes. To ensure
the stability of the transmission coefficient, the following objective function is considered for optimization:
𝑚𝑎𝑥𝑖𝑚𝑖𝑧𝑒 𝐹

min 𝑇 𝑓, 𝜃

∗ 100,

(8)

where 𝑇 𝑓, 𝜃 is the transmission coefficient at frequency 𝑓
and incident angle 𝜃.
2. Optimization Design Result
The optimized thickness design is compared with an effective
solid radome type with a half-wavelength thickness. The transmitted power is 80% greater in both polarizations, and the wide
angle of incidence is the target of optimization. The design of
the multilayer radome structure for optimization is shown in
Table 1.
According to the EMA method, a multilayer radome can be
approximated by its effective material property. The effective
relative permittivity (𝜀 ) of the radome after optimization is
calculated by Eq. (9), where 𝑛 is the total number of layers,
and 𝑑 , 𝜀 are the thickness and permittivity of layer 𝑖, respectively. By using a half-wavelength equation to assume the thickness of the effective medium, Eq. (10) can be used to compute

∗ ∑

𝜀

𝜏
1 𝑟 and 𝑟 is the intrinsic reflection coefficient of
each interface and is calculated by the Fresnel equation. If one
uses the formula in Eq. (5) and simplifies it to Eq. (6), the
transmission coefficient can be obtained by Eq. (7).

𝑑

∑

𝑑

𝜀 ∗𝑑 .

(9)

.

∗

(10)

The first optimized radome of this study is the design for the
X-band (8–12 GHz) frequency. According to a comparative
analysis with 30 execution times (Table 2), ACOR requires less
time (56.69 seconds) to reach the convergence than PSO (70.18
seconds). Fig. 4 presents the comparison of transmitted power
stability between the optimized multilayer radome and the effective solid radome with the stability of a multilayer radome in
various angles, with both TE and TM modes being under 10%
change. The transmission coefficient characteristic of the Csandwich radome after optimization is presented in Fig. 5 in the
X-band.
To give a more effective decision, the same design properties
of the multilayer radome are applied in the Ku-band (12–18
GHz). Table 3 shows the same result to demonstrate that
ACOR has better performance than PSO. Fig. 6 illustrates that
the stability in the transmitted power of the optimized multilayer structure is less than 10%, which is outstanding compared
with that of the effective solid radome. Fig. 7 shows the transmission coefficient of the optimized radome for the TE and
TM modes in the Ku-band.
Table 2. Comparison of the 30 execution times between ACOR and
PSO for the X-band frequency
ACOR

PSO

Skin 1 (mm)

0.72

0.72

Core 1 (mm)

5.0

5.0

Skin 2 (mm)

7.68

7.68

Core 2 (mm)

5.0

5.0

Skin 3 (mm)

0.72

0.72

Average time (s)

56.69

70.18

11

24

Detail

Convergent iteration
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Fig. 4. Stability of the transmitted power of an optimized multilayer structure with an effective solid-type radome in the Xband.

Fig. 6. Stability of the transmitted power of the optimized multilayer structure with an effective solid-type radome in the
Ku-band.

Fig. 5. Optimized transmission coefficient of the multilayer structure for the X-band.

Fig. 7. Optimized transmission coefficient of the multilayer structure for the Ku-band.

According to the computed result, ACOR gives a promising
value in optimizing multi-objective problems applied in the
electromagnetic multilayer radome design.

dome design with various angles of incidence (0°–70°) in the
perpendicular and parallel polarizations for the X- and Kubands was presented. The simulation results obtained by ACOR
were compared with those of a trusted optimization, PSO. The
results strongly confirm that ACOR can be useful in the electromagnetic multilayer radome characteristic optimization. The
stability for the transmission coefficient of the optimized structure is also guaranteed by ACOR. In future works, the ACOR
algorithm will be improved to solve more complex frequencyselective surface design optimization problems such as the 3D
frequency-selective surface screen design.

IV. CONCLUSION
A comparative study of two metaheuristic optimization algorithms, PSO and ACOR, for an electromagnetic multilayer raTable 3. Comparison of the 30 execution times between ACOR and
PSO for the Ku-band frequency
Detail

ACOR

PSO

Skin 1 (mm)
Core 1 (mm)

0.48
3.3

0.48
3.3

Skin 2 (mm)

5.04

5.04

Core 2 (mm)

3.3

3.3

Skin 3 (mm)

0.48

0.48

Average time (s)

64.13

71.86

12

24

Convergent iteration
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Dual-Band Circularly Polarized Stack-Ring Antenna
Youngje Sung*

Abstract
A stack-ring configuration is proposed for designing a dual-band circularly polarized (CP) antenna. Each ring generates different resonant frequencies. A good CP performance at both resonant frequencies is achieved by adjusting the relative distance between the two
rings. The two operating bands are separated with a small frequency ratio of 1.07. Measured results show that radiation patterns with
good CP characteristics are obtained at the two resonant frequencies.
Key Words: CP Antenna, Dual-Band Antenna.

I. INTRODUCTION
The ring antenna is very attractive because a ring has a smaller size and larger bandwidth, compared to a microstrip patch
antenna. Ring antennas are mainly designed for linear polarization [1]. However, since circularly polarized (CP) antennas can
provide a stable signal quality between the transmitting and
receiving devices, they are widely used in wireless communication systems [2]. Until now, much research in the open literature has focused on the design of the dual-band CP antenna [3–
5]. Dual-band CP stacked patch antennas with truncated corners on both lower and upper patches were presented for global
positioning system (GPS) applications in [3]. In [4], a CP dielectric resonator antenna loaded with a modified circular patch
was proposed for dual-band applications. Both antennas in [3, 4]
show the frequency ratio of 1.28. A single-feed dual-band CP
antenna was achieved by using an asymmetrical U-shaped slot
[5].
Many dual-band CP antennas have been studied [6–10]. Recently, the needs for wireless communication systems that require a small frequency ratio have emerged. The design of the
dual-band CP antenna with a small frequency ratio is rather

challenging [6, 7], and is still being studied. In [6] and [7], the
single-layer dual-band CP antennas with a small frequency ratio
were implemented using the annular patches, cross slot, and
asymmetric feed point. The frequency ratios are 1.10 and 1.21,
respectively. In [8], the reported antenna achieved dual-band
CP performance using an asymmetric S-slotted patch, where a
frequency ratio of S11 (=1.28) was reported. In [9], the proposed antenna consists of an inner circular patch and an outer
annular ring to generate dual-band operation. CP performance
was achieved by the cross-slot, and a frequency ratio of 1.28 was
reported. In [10], the dual-band CP antenna is composed of
two elliptical-ring radiating patches and an asymmetric feed.
The frequency ratio was 1.10.
In this article, we propose a new design for a single-feed dual-band CP antenna. This is achieved by designing two square
rings that are stacked together. The asymmetry in the structure
refers to the relative distance between the two rings. If the relative distance between the two rings is properly selected, the two
orthogonal modes of the antenna would be excited with the
same amplitude and a 90 phase difference at both the lower
and upper bands. To confirm the characteristics of the dualband CP antenna, the antenna designed at 2.5 and 2.67 GHz is
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fabricated and measured.

Fig. 1 shows the proposed dual-band CP antenna on a double-layer. The dielectric constant εr = 2.2 and thickness h =
1.574 mm of the two substrates are used for the proposed design. The size of substrate_2 is same with that of substrate_1.
The ground plane size is 70 mm  70 mm.
The proposed antenna consists of two square rings and a Tshaped feed line. The two (lower and upper) square rings have
the outer side length of L1 and L2 and widths of w1 and w2. A
lower ring is located on the middle layer and an upper ring is
located on the top layer. These rings serve as radiating elements.
Here, the center position of the lower ring is established as a
reference point. It is denoted by C(0, 0). The center position of
the upper square ring moves from (0, 0) to 7 mm on the x-axis
and 10 mm on the y-axis. It is denoted by C'(7, 10). The width
wf of the feed line is chosen to be 4.2 mm, which corresponds to
the characteristic impedance of 50 . Simulation is carried out
using IE3D (Mentor Graphics, Wilsonville, OR, USA).
III. PARAMETER STUDY
Fig. 2(a) and (b) show the simulated results of the proposed
Top layer

Upper ring

Middle layer

Lower ring

Bottom layer

Ground plane

(a)

y
x

z

w2
L2

w1
C (0, 0)
g

C' (7, 10)

L1

wt
(b)

(c)

Fig. 1. Configuration of the proposed structure: (a) 3D view, (b)
middle layer, and (c) top layer.
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II. ANTENNA GEOMETRY
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Fig. 2. Simulated results of the proposed antenna with different
widths: (a) w1 and (b) w2.

antenna for widths w1 and w2, respectively. The side lengths (L1
and L2) of the two square rings are 26 mm and 23.4 mm, respectively. The other parameters are: g = 0.2 mm and wt = 0.2
mm. It is well known that the resonant frequency of the ring
resonator is mainly adjusted by changing the width of the ring.
In this work, also, the lower ring works as a radiating element
and works as a feed structure for the upper ring. Therefore, both
resonant frequencies are increased as w1 increases. The proposed
antenna shows good impedance matching at the upper band
when w1 are all three values (4.5 mm, 5 mm, 5.5 mm) used
above. It is observed that impedance matching has the optimum
value as the width w1 = 5 mm. On the other hand, it can be
observed from Fig. 2(b) that an increase in w2 increases the upper band. In this case, the lower band remains almost unchanged. Considering the impedance matching characteristic at
both bands, the width w2 is fixed to 0.2 mm.
Fig. 3 shows the simulated results of the proposed antenna
with different positions of the upper ring. In this case, the lower
ring is fixed. The other dimensions are the same as before.
When the upper ring shifts leftward (-x axis) or downward (-y
axis), there is a greater split between the two degenerated modes
at the lower band. On the other hand, the two degenerated
modes at the upper band are more split when the upper ring
shifts in the opposite direction (+x axis or +y axis). In the cases
of C'(6, 10) and C'(7, 9), there is a single resonance at the upper
band. Therefore, the proposed antenna exhibits a linear polarization (LP) property at the upper band. In cases of C'(8, 10) and
C'(7, 11), the proposed antenna shows a single resonance at the
lower band. Therefore, the proposed antenna has LP operation
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exhibits both the simulated and measured reflection coefficient
and axial-ratio (AR) for the proposed antenna. The proposed
antenna features 10-dB impedance bandwidths of 1.3% and 1.7
% and 3-dB AR bandwidths of 0.7% and 0.8% in the lower and
upper bands, respectively. The reason for the difference between
measurement and simulation is due to the tiny air gap between
the two substrates or the alignment between ring resonators in
different layers.
Figs. 5 and 6 show simulated current distributions at 2.482
GHz and 2.673 GHz, respectively. The blue and red areas indicate the minimum and maximum current distributions, respect-
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Fig. 3. Simulated results of the proposed antenna with different
positions of the upper ring: (a) x direction shift and (b) y
direction shift.
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Fig. 5. Simulated current distribution at 2.482 GHz: (a) 0 and (b)
90.
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Fig. 4. Simulated and measured result: (a) reflection coefficient and
(b) axial ratio.

(a)

at the lower band. With position C' chosen to be (7, 10), CP
performance has the optimum value in this study.
IV. SIMULATED AND MEASURED RESULTS
The proposed antenna is designed and fabricated with optimal parameters and measured to confirm the simulation performance. Detailed geometrical parameters of the optimal antenna are as follows: L1 = 26 mm, L2 = 23.4 mm, w1 = 5 mm,
w2 = 0.2 mm, g = 0.2 mm, wt = 0.2 mm, and C'(7, 10). Fig. 4

(b)
Fig. 6. Simulated current distribution at 2.673 GHz: (a) 0 and (b)
90.
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V. CONCLUSION
The antenna structure consists of two square rings and a Tshaped feed line, and the proposed antenna exhibits CP operation because the relative distance between the two rings’ centers
is used as a perturbation. A prototype of the proposed design
has been successfully implemented. If a wireless communication
system requires a dual-band CP property with a unidirectional
radiation pattern, the proposed antenna is an option that can be
considered because it has a simple configuration and is easy to
manufacture.
(a)
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(b)
Fig. 7. Measured radiation pattern: (a) 2.5 GHz and (b) 2.67 GHz.
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Fig. 8. Configuration of the proposed structure: (a) middle layer and (b)
top layer.
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Modified Wilkinson Power Divider Using
Transmission Lines for Various Terminated
Impedances and an Arbitrary Power Ratio
Young-Chul Yoon1 · Young Kim2,*

Abstract
This paper introduces a modified Wilkinson power divider that uses uniform transmission lines for various terminated impedances and an
arbitrary power ratio. For the designed power ratio, the proposed divider changes only the electrical lengths of the transmission lines between
the input and output ports, and those between the output ports and the isolation resistor. In this case, even when various termination
impedances of the ports exist, the divider characteristics are satisfied. To verify the feasibility of the proposed divider, two circuits were
designed to operate at a frequency of 2 GHz with 2:1 and 4:1 power splitting ratios and various terminated impedances of 40, 70, and 60
Ω for one circuit, and 50, 70, and 60 Ω for the other. The measurement and simulation results were in good agreement.
Key Words: Arbitrary Power Ratio, Unequal Divider, Uniform Transmission Line, Various Terminated Impedance, Wilkinson Divider.

I. INTRODUCTION
The divider is the most widely used passive component in the
wireless industry. In many cases, the same splitting divider is used
[1, 2]. However, in special applications, cases that require unequal distribution [3, 4] or various termination impedances [5, 6]
exist. To achieve a divider with unequal or various terminated
impedances, a high-impedance transmission line must be implemented. Such a high-impedance transmission line is difficult to
implement because of its very narrow line width that must be implemented through microstrip technology. Moreover, to satisfy
the characteristics of the high-impedance line, a bulky capacitor
or coupled lines with narrow gaps are used.
Recently, a new design method has been proposed to adjust
only the electrical length of the transmission lines between the

input and output ports, or between the output ports and the isolation resistor, to achieve the operation of an unequal divider.
Many dividers using a uniform transmission line have been introduced, such as a divider with uniform transmission lines of
various electrical lengths [7–9], a structure using an isolated resistor with open-stub connection to obtain enhanced bandwidth
[10], an isolated resistor configuration connected to the same impedance lines between the output ports with long stub length
[11], a structure connected to various impedance lines at both
sides of an isolation resistor [12], a Gysel divider with a phase
shifter instead of a 180° transmission line [13], a ring hybrid coupler with a 50-Ω transmission line [14], and a half mode substrate
integrated waveguide (HMSIW) divider with composite right
and left-handed transmission line (CRLH-TL) [15]. This type
of splitter uses a transmission line with uniform impedance, and
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it does not use an impedance transformer to match each port,
even though it operates as an unequal divider. Such a divider consists of circuits with an arbitrary power split ratio and a termination impedance of 50 Ω.
In this paper, we propose a modified Wilkinson divider using
a uniform transmission line with various termination impedances
and an arbitrary dividing ratio as well as the previously used 50 Ω
termination impedance. This type of device eliminates the requirement for a matching circuit between the divider and the peripheral device with various termination impedances, and allows
a small circuit size to be achieved.
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The ABCD parameters of Eqs. (2) and (3) can be converted
into the S-parameters of S21 and S31. Using the relation of
S21  k  S31 , the following related equations are then obtained.
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Fig. 1 shows the schematic of the proposed power divider with
power splitting ratio k2 (= P2/P3). This proposed divider consists
of three transmission lines with uniform impedance ZuL and various electrical lengths of θ1L, θ2L, and θ3L, an isolation resistor Riso,
and various terminated impedances of RaT, RbT, and RcT.
In addition, this divider must satisfy the S-parameter characteristics of the unequal Wilkinson power divider:
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II. THEORY AND DESIGN
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In Fig. 2(a), under the input matching condition (S11 = 0), we
have
1
Z2 e

 Z13e  R1aT

Z 2e  ZuL

RbT  jZuL tan 1 L
ZuL  jRbT tan 1 L

(6)
(7)

(1)

where β is the phase shift of the transmission coefficient.
Because the proposed power divider with various terminated
impedances is asymmetrical, we analyzed it using scattering parameters rather than the conventional even-odd method. When
port 1 is excited, all power is transmitted to the output ports, P2
and P3, and the voltage from the branch of P1 – P2 to ground is
the same as that from the branch of P1 – P3 to ground at any
distance from P1, and no current flows in the isolation resistor.
Because the isolation resistor operates as an open circuit, we can
design an equivalent circuit between ports 2 and 3, as shown in
Fig. 2(a). The ABCD parameters between port 1 and ports 2 and
3 can be expressed as

(a)

(b)

Fig. 1. Schematic of the proposed Wilkinson power divider.

Fig. 2. (a) Equivalent circuit of proposed divider when port 1 is
excited and (b) equivalent circuit of the proposed divider
when port 2 is excited.
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(8)

where Z2e and Z3e are the input impedances of the upper and
lower branches, respectively.
Based on the principle of conservation of energy and ideal
transmission lines, the real parts of Z2e and Z3e are expressed as
follows:
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Based on Eqs. (4) to (5), (9) to (10), and (14) to (16), the electrical lengths θ1L, θ2L, θ3L, and isolation resistance Riso that satisfy
the power divider characteristic conditions with |S22| < –20 dB,
|S33| < –20 dB, and |S32| < –20 dB at center frequency can be obtained by using MATLAB.

2

In Fig. 2(b), when port 2 is excited, the networks of Net1 and
Net2 are connected in parallel, in which Net1 consists of the isolation resistor Riso and the transmission line of electrical length
θ3L; and Net2 consists of a termination resistor RaT and transmission lines of electrical lengths θ1L, θ2L. The ABCD parameters of
Net1 and Net2 can be expressed as:
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The ABCD parameters of Eqs. (11) and (12) are converted
into the Y-parameters of Net1 and Net2, respectively, and the
admittance parameters of the entire network can be obtained as
follows:
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sin1L sin2 L  jZuL (sin2 L cos1L sin1L cos2 L )

.

The admittance parameters of Eq. (13) can be converted to the
S-parameters of S22, S32, and S33 with terminated impedances of
RbT and RcT. The S-parameters of the entire network between
ports 2 and 3 can be expressed as
( y11_ tot 

1

)( y22 _ tot 

1

) y12 _ tot  y21_ tot

S 22   ( y11_ tot  RbT1 )( y22 _ tot  RcT1 ) y12 _ tot  y21_ tot
RbT
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RcT

(14)

III. SIMULATION AND EXPERIMENTAL RESULTS
To validate the proposed power divider, we designed two types
of circuits at a center frequency of 2 GHz. One has a power dividing ratio of k2 = 2 and port impedances of RaT = 40 Ω, RbT =
70 Ω, and RcT = 60 Ω. The second circuit has a power dividing
ratio of k2 = 4 and port impedances of RaT = 50 Ω, RbT = 70 Ω,
and RcT = 60 Ω. For the first circuit, when the transmission line
characteristic impedance of ZuL = 40 Ω was chosen, we calculated
the electrical lengths and isolation resistance using the equations
above and after optimization as follows: θ1L = 157o, θ2L = 146o,
θ3L = 47o, and Riso = 12 Ω. For the second circuit, when a transmission line characteristic impedance of ZuL = 40 Ω was chosen,
we calculated the electrical lengths and isolation resistance using
the equations above and after optimization as follows: θ1L = 153°,
θ2L = 130°, θ3L = 66°, and Riso = 20 Ω. The Teflon substrate of
the proposed power divider had a dielectric constant of 2.5, a
thickness of 0.787 mm, and a conductor thickness of 0.035 mm.
The simulation was performed using Microwave Office software with version 13 developed by National Instruments.
Fig. 3(a) and (b) show the photographs of the circuits in which
2
k = 2 and k2 = 4, respectively, where power dividers of various
port impedances and uniform transmission lines are implemented. For the measurement, the impedance transformers
shown in Fig. 3 were used to match the input and output ports
to 50 Ω.
Fig. 4(a) and (b) show the measured and simulated S-parameters of the circuit with a power dividing ratio of k2 = 2 and port
impedances of 40, 70, and 60 Ω; the figures show insertion losses
of |S21| = 2.0 dB and |S31| = 5.0 dB, an isolation of |S32| > 25 dB,
an input return loss of |S11| that is better than –20 dB, and output return losses of |S22|, |S33| that are better than –18 dB at
the center frequency of 2 GHz. In addition, Fig. 5(a) and (b)
show the measured and simulated S-parameters of the circuit with a power dividing ratio of k2 = 4 and port impedances of
50, 70, and 60 Ω; the figures show insertion losses of |S21| = 1.2
dB and |S31| = 6.8 dB, an isolation of |S32| > 25 dB, an input return loss of |S11| that is better than -25 dB, and out-
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Fig. 3. Photographs of the implemented power divider: (a) k = 2
and (b) k2 = 4.

Fig. 4. Measured and simulated S-parameters of the k2 = 2 circuit:
(a) |S21|, |S31|, |S32| and (b) |S11|, |S22|, |S33|.

put return losses of |S22|, |S33| that are better than -25 dB, -13
dB, respectively, at the center frequency of 2 GHz. In Figs. 4

and 5, the |S33| data can be observed with slight frequency deviation, which is caused by the parallel admittance of electrical

2

Table 1. Comparison of the proposed divider with conventional power dividers
Ref.

Dividing ratio

Frequency

Total lengtha

TL impedance

Term.

IL

RL

Isolation

and type

(GHz)

(°)

(Ω)

(Ω)

(dB)

(dB)

(dB)

1
3
60/90
3
1
1
2

270 / 300
388
321.04
324.82 / 332.21 / 341.66
219
378.6
350 / 349

70.7
50
50
50
70.7
50
40

50
50
50
50
50
50
40/50 / 60/70

0.3
0.9
0.3
0.2
0.4
0.3

30
15
22
20
20
25
18

30
20
19
20
29
40
25

[7]
2:1 / 4:1 (WPD)
[10]
4:1 (WPD)
[11]
1:1 (WPD)
[12]
2:1 / 4:1 / 9:1 (WPD)
[13]
9:1 (Gysel)
[14]
9:1 (Ring)
This work
2:1 / 4:1 (WPD)

WPD = Wilkinson power divider, IL = insertion loss, RL = return loss.
a
Without output matching transformer.
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(a)
Fig. 5. Measured and simulated S-parameters of the k2 = 4 circuit: (a) |S21|, |S31|, |S32| and (b) |S11|, |S22|, |S33|.

(b)

Table 2. Summary of experimental results and design parameters of the proposed power divider
Dividing ratio
2
4

Term. (Ω)
40/70/60
50/70/60

|S21| (dB) |S31| (dB) |S11| (dB) |S22| (dB) |S33| (dB) |S32| (dB) θ1 (°)
2.0
1.2

5.0
6.8

-20
-25

-18
-25

-18
-13

-25
-25

157
153

θ2 (°)

θ3 (°)

146
130

47
66

Riso (Ω)
12
20

IV. CONCLUSION
This paper presented a modified Wilkinson divider using uniform transmission lines for various terminated impedances and
an arbitrary dividing ratio. With this configuration, the desired
splitting ratio can be obtained by adjusting only the electrical
length of the transmission lines between the ports. Moreover, it
has the advantage that the impedance of the ports is set to various
terminated impedances, and is connected to a circuit without a
matching circuit. The feasibility of the proposed power divider
design concept was demonstrated, and the simulated and measured results were confirmed to be in good agreement.
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Abstract
Unmanned aerial vehicles (UAVs) using communications, sensors, and navigation equipment will play a key role in future warfare. Currently, UAVs are monitored to prevent misfire and accidents, and the conventional method adopted uses wires for data transmission and
power supply. The repeated connection and disconnection of cables increases maintenance time and harms the connector. For convenience and stability, a wireless power transfer system to power UAVs is needed. Unlike other wireless power transfer (WPT) applications,
the size of the receiving coils must be small, so that the WPT systems can be embedded inside space-limited UAVs. The small size reduces the coupling coefficient and transfer efficiency between the transmitting and the receiving coils. In this study, we propose a toroidal-shaped coil for a WPT system for UAVs with high coupling coefficient with minimum space requirements. For validation, conventional coils and the proposed toroidal-shaped coil were used and their coupling coefficient and power transfer efficiency were compared
using simulated and measured results. The simulated and measured results were strongly correlated, confirming that the proposed WPT
system significantly improved efficiency with negligible change in the space requirement.
Key Words: Coupling Coefficient, Power Transfer Efficiency, Unmanned Aerial Vehicles, Wireless Charging, Wireless Power Transfer.

I. INTRODUCTION
Modern and future warfare is shifting toward a space environment with manned and unmanned weapons. The need for
unmanned aerial vehicles (UAVs) is increasing. The modern
military weapons system is based on the use of communication,
sensors, and navigation equipment to accomplish a given task,
even in hard-to-reach areas [1]. UAVs include all types of
equipment, including drones, satellites, and missiles, among
others. However, as UAVs become more advanced, their
maintenance and repair also require a higher level of scientific

technology. Conventional UAVs depend on fuel cells with
high-energy density for operations. The fuel cell will not stop
burning once it has been ignited [2]. UAVs with fuel cells have
a 10-year life span. They can avoid misfire and accidents by
conducting periodic safety maintenance of the charging and
power supply systems. The current UAV power supply maintenance method is shown in Fig. 1 [3]. However, this maintenance method has three problems. First, a large number of direct cables must be connected and then disassembled each time
to supply the power. This condition increases the possibility that
maintenance time is expanded or that maintenance efficiency is
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Fig. 1. Conventional method for charging and repairing an unmanned vehicle [3].

low. Second, the repeated connection and disconnection of cables causes wear and tear to the connector. It also has the potential to diminish the performance of UAVs. Third, when the
UAVs are deployed, the launcher is destroyed every time because the power supply cables and modules are still connected
when the UAVs are launched. The demand for wireless power
transfer (WPT) technology is increasing because of these and
other umbilical cable shortcomings. Therefore, WPT technologies have recently been developed to overcome the limitations of
the wired power transfer system [4, 5].
Although WPT technology can overcome the shortcomings
of a wired power system, there is concern that the transmission
distance poses a potential inconvenience to users [6]. Various
coil systems and methods have been employed to increase the
transmission distance [7, 8]. However, these enhancing methods generally require increased space, weight, and cost, which
are critical problems in UAVs.
In this study, we propose a toroidal-shaped coil for the WPT
systems of UAVs. The toroidal-shaped coil includes a wingshaped ferrite located at the ends of the coil. The toroidalshaped coil increases the transmission distance by increasing the
coupling coefficient between the source and the load coils. It
can be applied in UAVs because it requires minimal space,
which is an important feature in UAVs.

Fig. 2. Concept of the wireless power transfer system for unmanned
vehicles.

In the WPT system used in this study for a UAV, the air gap
from the launch ramp to the UAV is 50 mm, as shown in Fig. 3.
The body and the WPT coil case is made of aluminum, similar
to the body of the UAV. The skin depth of the aluminum at
110 kHz is 247.25 μm, and the thickness of the aluminum coil
case is 3 mm. Therefore, the magnetic field generated by the
WPT coil cannot affect the inside of the UAV where the other
systems are located.
For miniaturization, the inverter for supplying AC power is
located at the bottom of the source coil. The rectifying circuits
are directly mounted on the body of the UAV to optimize space.
Conventionally, the size of the transmitting and receiving
coils needs to be small because of the limited space in UAVs.
However, the small size and the long distance between the
transmitting and the receiving coils mean that the coupling coefficient is also small, which can reduce the power transfer effi-

II . WPT COIL SYSTEMS AS THE CORDLESS
UMBILICAL CONNECTOR OF A UAV
To transfer several hundred Watts or more of power with high
efficiency in a WPT environment within a few centimeters, a
magnetic induction-type WPT technology should be used. The
magnetic induction-type WPT system in a UAV typically includes an inverter, a resonance matching capacitor, two magnetically coupled coils, and an AC-DC convertor, as shown in
Fig. 2.

Fig. 3. Configuration of wireless power transfer system for unmanned vehicle.
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ciency. At the same transmission distance, a larger-sized WPT
Tx coil produces greater power transmission efficiency. Therefore, the coil sizes are chosen according to the given Rx space.
1. Conventional WPT Coil 1 for the Cordless Umbilical Connector of UAVs
A conventional WPT coil 1 [9] is simply a loop coil of the
ferromagnetic material with resonance matching capacitance.
This WPT coil is simple to design and implement in UAVs, as
shown in Fig. 4. Given the small size of the transmitting and
receiving coils, the coupling coefficient is small and can cause
the diminution of the power transfer efficiency. The geometrical
parameters of the conventional WPT coil 1 are shown in Table
1. The material properties of the WPT system for UAVs are
presented in Table 2.
When the highly permeable ferrite is designed with a convex
shape, its magnetoresistance becomes lower than that of planar
ferrite. In the convex configuration, the ferrite acts as a shaped
magnetic field in resonance (SMFIR), which forms a magnetic
flux generated by the magneto motive force of the coil along the
ferrite with a low magnetic reluctance [10]. A schematic illustrating the concept of the magnetic field formed by the SMFIR
is shown in Fig. 5. As a result of this design, the magnetic flux
generated by the current flowing in the transmitting part is
tightly linked to the receiving part.
However, when the size of the coil is much smaller than the
distance between the two coils, the coupling coefficient (K) is
limited. The size of the conventional coil 1 is shown in Table 1.
The vertical direction of the magnetic flux generated by the
source coil (or load coil) is captured by the load coil (or source
coil) ferrite. The narrow effective area of the ferrite is shown in
Fig. 4. The magnetic flux cannot link the opposite coil, thus

Table 1. Geometrical parameters of conventional coil (CC) and
proposed toroidal-shaped coil
Parameter

CC 1

CC 2

Proposed coil

Tx coil size (mm)
Rx coil size (mm)
Rx wing size (mm)
Tx turns (turns)
Rx turns (turns)
Air gap (mm)

70 × 60 × 33
50 × 40 × 22
19
15
50

140 × 50 × 20
146 × 40 × 22
19
8
50

140 × 50 × 20
50 × 40 × 22
48 × 34 × 3
19
8
50

Table 2. Material properties of WPT systems for UAVs
Parameter

Ferrite

Aluminum

Copper

Conductivity (S/m)
Relative permeability

1.0 e-2
1000

3.8 e7
1

5.8 e7
1

(a)

(b)
Fig. 5. Schematic of the shaped magnetic field with a conventional
coil (b) and the proposed toroidal coil (a) using a ferromagnet.

causing the WPT coil system to have a low coupling coefficient.
For higher power transfer efficiency, a broader effective area of
ferrite is needed.

Fig. 4. Over all view of conventional WPT system 1 for UAVs.
50

2. Conventional WPT Coil 2 for a Cordless Umbilical Connector
of UAVs
A conventional WPT coil 2 [9] has a loop coil and a ferromagnetic material with resonance matching capacitance. As
shown in Table 1, the conventional WPT system 2 has a larger
coil size to increase the coupling coefficient. As the effective
area increases, the volume of the coil system also greatly increases (Fig. 6).
The electronic and mechanic devices of UAVs are embedded
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Fig. 6. Overall view of the conventional WPT system 2 for UAVs.

(a)

(b)

(c)
Fig. 7. Application of (a) conventional WPT system 1. (b) conventional WPT system 2. (c) proposed toroidal-shaped WPT
system.

Fig. 8. Overall view of the proposed toroidal-shaped WPT coils for
UAVs.

size of the proposed toroidal-shaped coil is listed in Table 1.
The volume of the transmitting coil is the same as that of the
conventional coil system 1.
Unlike its interior, the exterior surface of the UAV can be
easily used without spatial limitation. To take advantage of the
unused surface area, the wing-shaped ferrite was designed with
a thin flat bar shape, as shown in Fig. 8.
The wing-shaped ferrite can minimize the use of the internal
space of UAVs and at the same time widen the effective area of
the ferrite. The proposed coil can be embedded into the UAV,
as shown in Fig. 7(c). The increased area of the proposed coil
system is much smaller than that of the conventional coil 2. The
proposed coil can increase the coupling coefficient without affecting the volume inside the UAV.
The increased effective area of ferrite can also reduce reluctance. That is, when the WPT coil system has a broader effective area of ferrite, the reluctance of the WPT coil system is
reduced. The proposed toroidal coil maximizes the effective area
of ferrite, which can increase the coupling coefficient with a
minimal increase in space.
III. SIMULATION OF THE WPT SYSTEM FOR A
CORDLESS UMBILICAL CONNECTOR OF UAVS

inside the craft to protect against external impact. Therefore,
the coil system should not require an increased volume. Otherwise, it cannot be applied as a UAV WPT system because any
increase in the volume of the WPT system limits the load of
other devices in the UAV, as shown in Fig. 7(b).
3. Proposed Toroidal-Shaped Coil for Cordless Umbilical Connector of UAVs
The proposed toroidal-shaped coil has a transversely wound
coil and a wing-shaped ferrite. The toroidal-shaped coil is
wound the same as a solenoidal coil, as shown in Fig. 5. The

1. Simulation Setup
In the simulation, the operating frequency was set to 110
kHz, and a sinusoidal current flowed through the transmitting
coil for a 300-W power transfer. To design the receiving and
transmitting coils of the WPT system, a finite element analysisbased magnetic field simulation was used (ANSYS Maxwell
Simulation; ANSYS Inc., Canonsburg, PA, USA).
The simulations were conducted under three conditions: a
conventional WPT coil 1, a conventional WPT coil 2, and the
proposed toroidal-shaped coil. Fig. 9 shows the overall simula51
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Fig. 9. Overall setup for the simulation.

tion setup for each coil. The geometrical parameters of each coil
system are shown in Table 1. The cross-section of the conventional coils and the proposed toroidal-shaped coil are illustrated
in Fig. 10.

Although the total size of the proposed coil system is slightly
larger than that of the conventional coil system 1, the volume
inside the UAV is the same, and the increased volume of the
coil is applied to the surface of the UAV that is not being used
to mount the device.
Three-dimensional (3D) finite element analysis simulations
(ANSYS Maxwell) were conducted to compare the electrical
parameters of the two structures listed in Table 3. The resistances of the Tx and Rx coils were calculated using a simulation with an ideal environment, where the skin effect and the
proximity effect were neglected. To compare the power transfer
efficiency, a circuit simulation was performed. The values of the
compensation capacitors of the transmitting and receiving coils
were determined on the basis of the operating frequency, and a
full bridge rectifier and a smoothing capacitor were constructed.
2. Comparison of Power Transfer Efficiencies
The input power of the system is the power supplied from
the DC power supply in front of the transmitting coil. The
power delivered to the receiver is measured at the back of the
receiving coil. The overall system efficiency is the ratio of the
power delivered to the load to the system input power. The
simulation results are shown in Table 4. The conventional coil
system 1 has low power transfer efficiency because of the different sizes of the transmitting and receiving coils. The aluminum
Table 3. Electrical parameters of the conventional coils (CC) and
the proposed toroidal-shaped coil

(a)

(b)

Parameter

CC 1

CC 2

Proposed
coil

Tx resistance (mΩ)
Rx resistance (mΩ)
Tx self-inductance (μH)
Tx matching capacitor (nF)
Rx self-inductance (μH)
Rx matching capacitor (nF)
Mutual inductance (μH)
Coupling coefficient
Resonance frequency (kHz)

5.58
5.51
64.61
32.39
6.01
348.20
0.28
0.014
110

13.25
7.89
181.0
11.56
2.76
758.48
0.67
0.030
110

24.19
11.23
31.15
67.20
9.90
211.33
3.71
0.21
110

Table 4. Simulated input, output power, and power transfer efficiency of conventional coils (CC) and the proposed toroidal-shaped coil
Parameter
(c)
Fig. 10. Side view of the simulation configuration. (a) Conventional WPT coil system 1, (b) conventional WPT coil system
2, and (c) proposed toroidal-shaped coil system.
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CC 1

CC 2

Proposed
coil

Input power (W)

633.7

467.6

365.7

Output power (W)

299.9

303.1

309.5

Power transfer efficiency (%)

47.3

64.8

84.6
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case around the receiving coil decreases the coupling coefficient
by canceling the magnetic flux generated by the eddy currents
on the aluminum.
The conventional coil system 2 is found to have increased
power transfer efficiency in comparison with the conventional
coil system 1 because the transmitting and receiving coils were
similar in size. The canceling magnetic field from the aluminum
case around the receiving coil has lesser effect on the coupling
coefficient between the two coils.
The wing ferrite can capture the magnetic flux generated by
the opposite coil, thus increasing the coupling coefficient. By
using the wing ferrite, the proposed toroidal-shaped coil increased the power transfer efficiency by 37.3%. The wing ferrite,
which is included in the proposed toroidal-shaped coil system,
has a dramatic effect on the power transfer efficiency of the
WPT system, with minimal additional space requirements.
IV. MEASUREMENT OF THE WPT SYSTEM FOR A
CORDLESS UMBILICAL CONNECTOR OF UAVS
The power transfer efficiency of the proposed toroidal-shaped
coil was measured for comparison with the simulated results. As
shown in Fig. 11, a 300-W WPT coil system was designed and
implemented to experimentally verify the effectiveness of the
proposed toroidal-shaped coil. A Litz wire was used for the coil

(a)

Fig. 12. Configuration of the WPT system for measurement.
Table 5. Comparison of the simulated and measured input, output
power, and power transfer efficiency
Parameter

Simulated

Measured

Input power (W)
Output power (W)
Power transfer efficiency (%)

365.7
309.5
84.6

360.3
302.7
84.0

winding to increase the power transfer efficiency by reducing
the resistance of the proposed toroidal-shaped coil.
The resonance frequencies of the transmitting and receiving
coils were set to 110 kHz as in the simulations. Consistent with
the simulations, the power delivered to the load was 300 W,
and the voltage targeted was at 28 V. Therefore, the resistance
of the electronic load was set to 2.55 Ω.
The size of the coils and the distance between the source and
the receiving coils were the same as those in the simulation environment. The overall coil configuration of the experiment is
presented in Fig. 12. The case of the source and receiving coils
was made with aluminum, which was also used for the case of
the UAV. The air gap consisted of acrylic, which did not affect
the generation or linkage of the magnetic field. A full-bridge
inverter was used to convert DC power to AC power.
Table 5 shows the input power, output power, and efficiency
calculated by measuring the current and the voltage at each
point. The measurement data correlated well with the simulation data. The proposed toroidal- shaped coil system dramatically increased the power transfer efficiency.
V. CONCLUSION

(b)
Fig. 11. Manufactured toroidal-shaped coil. (a) Transmitting coil
and (b) receiving coil.

In this study, we propose a toroidal-shaped coil system using
a wing-shaped ferrite to overcome the reduced efficiency resulting from the small coil size of conventional WPT systems,
which is their inherent limit, for UAVs. The design and analysis
of the proposed toroidal-shaped coil were performed, and comparisons with other coil systems were conducted using simulations and measurements. The simulation results were in good
agreement with the results obtained by measurement.
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The simulation and measurement results confirm that the
proposed toroidal-shaped coil dramatically increases the power
transfer efficiency and is significantly better than the other conventional coil systems in UAVs, with a negligible increase in
occupied space.
This work was supported by the SPIN-ON application research project sponsored by the Civil Military Technology
Cooperation Center in the Agency for Defense Development
(No. 16-SN-22-11).
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Design Method for Negative Group Delay Circuits
Based on Relations among Signal Attenuation,
Group Delay, and Bandwidth
Sehun Na1 ∙ Youn-Kwon Jung2 ∙ Bomson Lee1,*

Abstract
Typical negative group delay circuits (NGDC) are analyzed in terms of signal attenuation, group delay, and bandwidth using S-parameters.
By inverting these formulations, we derive and present the design equations (for NGD circuit elements) for a desired specification of the
two among the three parameters. The proposed design method is validated through simulation examples for narrow- and wide-band pulse
inputs in the time and frequency domains. Moreover, an NGDC composed of lumped elements is fabricated at 1 GHz for measurement.
As a function of frequency, the circuit-/EM-simulated and measured group delays are in good agreement. The provided simple NGDC
design equations may be useful for many applications that require compensations of some signal delays.
Key Words: Bandwidth, Negative Group Delay, Passive Element, Signal Attenuation, Synthesis.

I. INTRODUCTION
Negative group delay (NGD) was initially presented by Brillouin [1] in the 1960s, and it has been studied actively since the
research on superluminal effects was published in [2]. The NGD
characteristics have been demonstrated in various systems. In the
microwave area, NGD circuits are used to compensate for group
delays usually caused by the use of filters or amplifiers [3, 4].
Many studies have been conducted to utilize the NGD phenomenon by employing various structures, such as a defected microstrip structure and a defected ground structure [5]. In [6], the
familiarity between a non-Foster reactive property and NGD
networks with loss compensation was discussed theoretically and
experimentally. A loss-compensated NGD network composed of
cascading two unit cells and amplifiers was also presented for

larger NGD effects. Some design equations were proposed
through an S-parameter analysis [6–9], a lossy coupling matrix
synthesis [10], and a filter analysis [11]. The design equations for
negative group delay circuit (NGDC) using lumped RLC resonators are also available based on the specification of the signal
attenuation and NGD [12, 13]. In this study, we derive the
mathematical relations among signal attenuation, NGD, and
bandwidth for a convenient and systematic design of the NGDC
composed of RLC resonators. The effects of the NGDC are
evaluated in the time and frequency domains using narrow- and
wide-band pulse inputs. To verify the proposed design equations,
we fabricate an NGDC composed of lumped elements at 1 GHz.
The group delays of the fabricated NGDC are measured and
compared with those obtained from the presented design equations.
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II. ANALYSIS AND SYNTHESIS OF A GROUP

S11 

DELAY CIRCUIT
1. Analysis
Fig. 1(a) shows an equivalent circuit consisting of a parallel resonant circuit connected in a series with a transmission line. 𝑍
is the characteristic impedance of the host transmission line. Fig.
1(b) shows an equivalent circuit consisting of a series resonant
circuit connected in parallel with a transmission line. 𝑌 is the
characteristic admittance. Most passive NGD structures can be
modeled on the basis of these equivalent circuits in Fig. 1(a) and
(b).
of the parallel resonant
In Fig. 1(a), the admittance of 𝑌
circuit can be expressed as
YNGD  G0  j

C0  



L0  0



 

1
YNGD



G0  j 2C0    0 

G0

2

.
(2)

Then, the input impedance Zin is the sum of 𝑍
The reflection coefficient S11 is obtained as

and Z0.

Z NGD
V  Z  Z0
S11  1  in
.

V1
Z in  Z 0 Z NGD  2 Z 0
G0 2 (1  2Z 0G0 )  4C0 2 (  0 )  j 4Z 0 G0 2 C0 (  0 )
.
G0 2 (1  2Z 0G0 ) 2  4C0 2 (  0 ) 2

When 𝜔

The transmission coefficient (S21) of the NGDC unit cell can
be obtained by the ratio of the transmitted voltage (𝑉 ) and input
voltage (𝑉 ) given by
S21 



2Z 0G0 (1  2Z0G0 )  j 4Z0C0 (  0 )
.
(1  2Z0G0 )2

(5)

Re[ S21 ] 

2Z 0 G0
1  2Z 0 G0

(6)

Im[ S21 ] 

2Z 0 [2C0 (  0 )]
(1  2Z 0 G0 )2 ,

(7)

respectively.
S21 (5) at 𝜔0 is simplified to
S21 (0 ) 

2Z 0 G0
,
1  2Z 0G0

(8)

which is purely real and positive. That is, the transmission at 𝜔
across the NGDC in Fig. 1(a) occurs without a phase delay. The
phase for the NGDC is obtained as

 ( )  S21  tan 1

2C0 (  0 )
Im[ S21 ]
 tan 1
.
Re[ S21 ]
G0 (1  2Z 0 G0 )

(9)

Then, the group delay (𝜏) [8] can be shown to be given by

(3)

 ( )  

2C0G0 [1  2Z 0G0 ]
d
 2
,
d
G0 [1  2Z 0 G0 ]2  [2C0 (  0 )]2

(10)

which is negative, and its magnitude is observed to become maximum at the resonant angular frequency 𝜔 and zero when 𝜔
is far away from 𝜔 . The group delay is another word for a signal
envelope delay [14]. The frequency dependence in (10) prevents
a pulse input from being entirely copied in advance of the input
at the output terminal. The maximum NGD is expressed as

𝜔 , S11 (3) is simplified to

 (0 )  

(a)

2Z 0
V2 


V1
2Z 0  Z NGD

The real and imaginary parts of S21 are represented by

(1)

where 𝐺 is the conductance, 𝜔 is the angular frequency,
𝜔 is the resonant angular frequency given by 1/ 𝐶 𝐿 , and
𝐶 /𝐿 (or 𝜔 𝐶 ) is the susceptance slope parameter. The last
expression in (1) is an approximation based on the assumption
that 𝜔 is near 𝜔 .
The impedance 𝑍
can be approximated as

Z NGD 

(4)

and

0 

 G0  j 2C0    0  ,

1
.
1  2 Z 0 G0

(b)

Fig. 1. (a) Equivalent circuit for the NGD structure made of a parallel
GCL resonator connected in a series with a transmission line. (b)
Equivalent circuit for the NGD structure made of a series RLC
resonator connected in parallel with the transmission line.

d
d


  0

2C0
.
G0 (1  2 Z 0 G0 )

(11)

As 𝐺 becomes smaller, the signal transmission becomes
smaller, as implied by (8), but the effect of the NGD becomes
larger, as shown by (11). The magnitude of the NGD is shown
to be proportional to 𝐶 as is the susceptance slope 𝜔 𝐶 .
Fig. 2 shows the magnitudes and phases of 𝑆 when 𝜏 𝜔
0.5 at
(11) is assumed to be −0.5, −1, and −5 ns and 𝑆 𝜔
57

JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 19, NO. 1, JAN. 2019

1 GHz. In the case of 𝜏 𝜔 = −1 ns, Z0 = 50 Ω, G0 = 1/100
(1/Ω), C0 = 10 pF, and L0 = 2.53 nH. As the magnitude of
𝜏 𝜔 becomes larger, the bandwidth of the NGD becomes
smaller. This will result in more signal distortion if an input signal
bandwidth is wider than the NGDC bandwidth. The positive
phase slopes near 1 GHz shown in Fig. 2(b) lead to NGD s, as
explained in (10).
So far, we have analyzed the NGD equivalent circuit given in
Fig. 1(a) in terms of the signal transmission 𝑆 and NGD 𝜏.
2. Synthesis
On the contrary, if specific values of 𝑆 𝜔 and 𝜏 𝜔 are
desired for a particular NGD circuit design, (8) and (11) can be
simultaneously solved for the design equations given by
G0 

C0 

S 21 ( 0 )
,
2 Z 0 [1  S 21 ( 0 )]

 ( 0 ) G0 (1  2 Z 0 G0 )
2



 ( 0 ) S 21 ( 0 )
,
4 Z 0 [1  S 21 ( 0 )]2

(12)

and 𝐿 is obtained with
L0 

1
.
 0 2 C0

(14)

Fig. 3 shows the capacitance values of the NGD circuit for different 𝑆 𝜔 and 𝜏 𝜔 at 1 GHz using (13). Whereas
𝐺 (12) depends only on 𝑆 𝜔 , 𝐶 and 𝐿 depend on
both 𝑆 𝜔 and 𝜏 𝜔 . Expressions (12)–(14) are actually
the design equations to realize the specifically required values of
𝑆 𝜔 and 𝜏 𝜔 . With (12) and (13), the quality factor of
the NGD circuit may be expressed as
Q NGD 

0C0
G0



 0  ( 0 )
2 1  S 21 ( 0 ) 

.

(15)

Moreover, the 3 dB fractional bandwidth (BW) is roughly
given by
BW 

(13)

1
QNGD



2 1  S21 (0 )
G0

0C0
0  (0 ) .

(16)

The bandwidth (16) becomes large as 𝑆 𝜔
(8) or
𝜏 𝜔 (11) becomes small. Note that if the two among the three
design parameters 𝑆 𝜔 (8), 𝜏 𝜔 (11), and bandwidth
(16) are specified, the rest is determined automatically. This relation is summarized in Table 1.

(a)

Fig. 3. Capacitance values for different 𝑆

𝜔

Table 1. Relation among design parameters 𝑆
Specified design parameters
for NGDC

 ( 0 )
(b)
Fig. 2. (a) Magnitudes of 𝑆 . (b) Phases of 𝑆 for different group delays when 𝑆 𝜔 is fixed at 0.5 at 1 GHz.
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 ( 0 )
S 21 ( 0 )

S21 (0 )

BW
BW

and 𝜏 𝜔 .
𝜔 , 𝜏 𝜔 , and BW

Determined design parameter
BW 

S21 (0 ) 

2 1  S 21 ( 0 ) 

 0  ( 0 )

2  0  (0 ) BW

 (0 ) 

2

2 1  S21 (0 ) 

0 BW

NA et al.: DESIGN METHOD FOR NEGATIVE GROUP DELAY CIRCUITS BASED ON RELATIONS AMONG SIGNAL ATTENUATION, GROUP DELAY …

Fig. 4(a) shows the group delay 𝜏 𝜔 (10) as a function of
frequency for different 𝑆 𝜔 ’s of −6, −10, and −20 dB when
𝜏 𝜔 is −1 ns at 1 GHz. As 𝑆 𝜔 becomes smaller, the
bandwidth of 𝜏 𝜔 becomes larger; this is the important tradeoff feature of the presented NGDC. Fig. 4(b) shows 𝑆 𝜔 as
a function of frequency for the different 𝑆 𝜔 ’s of −10, −20,
−30, and −40 dB when 𝜏 𝜔 is fixed at −1 ns at 1 GHz.
The symbols represent the calculated results using (5), and the
lines represent the circuit-simulated results based on Fig. 1(a).

(a)

In Table 2, we show the Q factors and compare the bandwidths based on (16) and circuit simulations. The results in Fig.
4(b) and Table 2 prove the theory to be accurate enough when
𝜔 is near 𝜔 .
In Fig. 5, we show the 3 dB fractional bandwidth (16) of the
NGDC as a function of 𝑆 𝜔 and 𝜏 𝜔 . The bandwidth
increases as 𝑆 𝜔 decreases and |𝜏 𝜔 | gets smaller.
Table 3 shows the circuit element values of the NGDC obtained using the design Eqs. (12)–(14) assuming that 𝑆 𝜔
= 1/2, 1/√10, and 1/10 and 𝜏 𝜔 = −0.5, −1, and −2 ns at 1
GHz. Based on these circuit values, the NGD circuits as shown
in Fig. 1(a) can be easily realized.
Fig. 6 shows the diagram of the NGDC combined with an
amplifier. The attenuated signal through the NGDC is shown to
be properly amplified using the amplifier. The output signal may
be somewhat distorted because the bandwidth of the NGDC is
usually smaller than the bandwidth of the input signal.
Fig. 7 shows the envelopes and spectra of the input and output
signals. The rising/falling time and the width of the input pulse
are 3 ns and 1 ns, respectively. The 1 GHz carrier signal is shown
only in Fig. 7(a) and is hidden in Fig. 7(b). The output with the
NGDC is shown to have some NGD features with an attenuation of about 1/10. The effect of NGD is more pronounced after
amplification 10 times. The spectrum of the output has more
high-frequency components than that of the input, consistent
with the time signals in Fig. 7(b).
In Fig. 8(a), we show the envelopes of the input and output

(b)
Fig. 4. (a) Group delay 𝜏 𝜔 as a function of frequency for the different
𝑆 𝜔 ’s of −6, −10, and −20 dB. (b) 𝑆 𝜔 as a function of
frequency for the different 𝑆 𝜔 ’s of −10, −20, −30, and −40
dB when 𝜏 𝜔 = −1 ns at 1 GHz (symbols using (5), lines circuit simulations).

Fig. 5. The 3-dB bandwidth of NGDC as a function of 𝑆
and 𝜏 𝜔 at 1 GHz.

𝜔

Table 2. Q-factors and bandwidth for the different 𝑆 𝜔 ’s of −10,
−20, −30, and −40 dB when 𝜏 𝜔
1 ns at 1 GHz
𝑆

(dB)

−10

−20

−30

−40

Q-factor

4.595

3.491

3.244

3.173

BW (GHz) (16)

0.218

0.286

0.308

0.315

BW (GHz) (circuit)

0.24

0.29

0.325

0.325

Fig. 6. Diagram of the NGDC combined with an amplifier (brief
sketches of the input and output are shown).
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Table 3. Calculated circuit values for specific examples
Desired
|𝑆

𝜔 |

Solutions for NGD circuit

𝜏 𝜔
(ns)

R0 (Ω)
(= 1/G0)

C0
(pF)

L0
(nH)

1/2

−0.5
−1
−2

100

5
10
20

5.07
2.53
1.27

1/√10

−0.5
−1
−2

216.23

1.69
3.38
6.76

14.98
7.49
3.75

1/10

−0.5
−1
−2

900

0.31
0.62
1.23

82.07
41.04
20.52

(a)

signals with 𝜏 𝜔 = −1 ns and −2 ns, respectively. Th e rising/falling time and the width of the input pulse are 3 ns and 3
ns, respectively. The carrier frequency is again 1 GHz but not
shown. As the magnitude of 𝜏 𝜔 increases, the output appears more ahead of the input pulse, but its distortion compared
with the input pulse becomes larger. In Fig. 8(b), we show the
same when 𝜏 𝜔 = −1, −2, and −5 ns. For this case, the rising/falling time and the width of the input pulse are 6 ns and 6
ns, respectively. The input pulse in Fig. 8(b) is slowly varying, and
its spectrum should be narrower than that in Fig. 8(a). This leads
to less distortion as demonstrated particularly in the case of
𝜏 𝜔 = −2 ns.
Fig. 9(a) shows the structure of the proposed NGDC composed of lumped RLC elements based on the required 𝑆 𝜔
= –20 dB and 𝜏 𝜔 = −1 ns at 1 GHz. Fig. 1(b) is the photograph of the measurement setup. The permittivity of the microstrip transmission line with a thickness of 1.6 mm and the
lumped element values are 𝜀 = 2.2, R0 = 900 Ω, C0 = 0.62 pF,
and L0 = 41 nH using (12)–(14). The S-parameters of the structure are measured using a network analyzer. The influence of the
transmission line is de-embedded on the reference plane at the
center of the structure.
Table 4 presents the circuit element values calculated using
Eqs. (12)–(14), tuned by electromagnetic (EM) simulations, and
used for fabrication. The values tuned by the EM simulations are
different from the theoretical ones. The actually used element
values are the ones closest to the available ones.
Fig. 10 shows the circuit-/EM-simulated and measured S-parameters and group delays as a function of frequency in the case
shown in Fig. 9. They all show to be in good agreement. The
output time signals to the input pulses are similar to the dotted
ones with 𝜏 𝜔 = −1 ns in Fig. 8(a).
In the case of using N unit cells in Fig. 1(a), (8) can be shown
to be generalized to
S 21 (0 ) 
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2 Z 0 G0
N  2 Z 0 G0

(17)

(b)

(c)
Fig. 7. (a) Modulated input signal and carrier as a function of time. The
rising/falling time and the width of the input pulse are 3 ns and
1 ns, respectively. The carrier frequency is 1 GHz. (b) Envelopes
of the input and output as a function of time with the desired
𝜏 𝜔 = −1 ns and 𝑆 𝜔 = –20 dB. (c) Spectra of the input
and output as a function of frequency.

and (11) to
 ( 0 )  

d
d


 0

2 NC 0
.
NG 0  2 Z 0 G 0 2

(18)

As the number N of the identical unit cells increases, the signal
transmission (17) decreases but the NGD (18) does not change
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(a)
(a)

(b)
Fig. 9. (a) Fabricated NGDC composed of lumped RLC elements
based on the required 𝑆 𝜔 = –20 dB and 𝜏 𝜔 = −1 ns
at 1 GHz (𝜀 = 2.2, thickness = 1.6 mm, R0 = 900 Ω, C0 =
0.5 pF, and L0 = 33 nH). (b) Photograph of the measurement
setup.

(b)
Fig. 8. (a) Circuit-simulated envelopes of the input and output signals as a function of time with the desired 𝑆 𝜔 = –20
dB for different 𝜏 𝜔 = −1 ns and −2 ns. Th e rising/falling
time and the width of the input pulse are 3 ns and 3 ns, respectively. The hidden carrier frequency is 1 GHz. (b) Envelopes of the input and output as a function of time with
the desired 𝑆 𝜔 = –20 dB for different 𝜏 𝜔 = −1, −2,
and −5 ns. Th e rising/falling time and the width of the input
pulse are 6 ns and 6 ns, respectively. The hidden carrier frequency is 1 GHz.
Table 4. Lumped element values for the case in which 𝑆
−20 dB and 𝜏 𝜔 = –1 ns at 1 GHz
Th eory (12)−(14)
Tuned by EM
Used for fabrication

𝜔

R (Ω)

L (nH)

C (pF)

900
900
900

41
37
33

0.62
0.55
0.5

(a)

=

much.
In the case of the NGDC in Fig. 1(b), the analysis and design
equations are obtained by simply converting Z0, G0, C0, L0, and
Zin in this study to Y0, R0, L0, C0, and Yin using the duality principle. The presented design method is applicable to other previous
passive NGD circuits, not just the one demonstrated in this
study.

(b)
Fig. 10. Circuit-/EM-simulated and measured results of the NGD
circuit when 𝑆 𝜔 = −20 dB and 𝜏 𝜔 = −1 ns at 1
GHz. (a) S-parameters 𝑆 𝜔 . (b) Group delay 𝜏 𝜔 .
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III. CONCLUSION
Then characteristics of NGD circuits are systematically characterized using 𝑆 𝜔 , 𝜏 𝜔 , and bandwidth. Some design examples are provided and analyzed in the time and frequency domains. The relations among 𝑆 𝜔 , 𝜏 𝜔 , and
the group delay bandwidth are explained using closed-form expressions. The circuit-/EM-simulated and the measured S-parameters and group delays are all shown to be in good agreement.
The presented NGDC design methods may be useful for many
applications, such as filters, feed-forward amplifiers, array antennas, and non-Foster reactive elements, among others.
This work was supported by the Institute for Information &
Communications Technology Promotion (IITP) grant funded
by the Korea government (MSIT) (No. IITP-2019-2016-000291, Information Technology Research Center).
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Abstract
In this study, a compact series-fed center-fed open-stub (SFCFOS) linear array antenna for K-band applications is presented. The antenna is composed of a single-line 10-element linear array. A symmetrical Chebyshev amplitude distribution (CAD) is used to obtain a low
sidelobe characteristic against a uniform amplitude distribution (UAD). The amplitude is controlled by varying the width of the microstrip patch elements, and open-ended stubs are arranged next to the last antenna element to use the energy of the radiating signal more
effectively. We insert a series-fed stub between two patches and obtain a low mutual coupling for a 4.28-mm center-to-center spacing
(0.7λ at 21 GHz). A prototype of the antenna is fabricated and tested. The overall size of the uniform linear array is 7.04 × 1.05 ×
0.0563 λg3 and that of the Chebyshev linear array is 9.92 × 1.48 × 0.0793 λ g3. The UAD array yields a |S11| < –10 dB bandwidth of
1.33% (20.912–21.192 GHz) and 1.45% (20.89–21.196 GHz) for the CAD. The uniform array design gives a −23 dB return loss, and the
Chebyshev array achieves a −30.68 dB return loss at the center frequency with gains of 15.3 dBi and 17 dBi, respectively. The simulated
and measured results are in good agreement.
Key Words: Chebyshev Amplitude Distribution (CAD), Linear Array, Microstrip, Series-Fed Center-Fed Open-Stub (SFCFOS), Uniform Amplitude Distribution (UAD).

I. INTRODUCTION
Series-fed patch array antennas have been known for many
years [1] and have also been examined in the context of traveling wave and resonator antennas [2]. For the standard resonator
array antenna, each half-wavelength patch is separated by a uniform λ/2- transmission line. This important characteristic will
lead to a uniform aperture distribution with a broadside radiation pattern if all patches have the same width. In a uniform
series antenna circuit model, all radiation resistances of the same
value are generally in parallel.
Owing to the half-wavelength patch and line length, these
types of antennas provide only a single-frequency operation.

Microstrip patch array antennas are widely applied in radar systems [3–6] and wireless communications systems [7–10], which
have a high gain, a light weight, a low cost, and a low profile
and can accurately control radiation patterns. Resonant and
traveling-wave feeds are commonly used in a series-fed structure.
The bandwidth of a traveling-wave feed is wider than that of a
resonant feed [8, 9]. However, the main beam angle changes in
accordance with the change in operating frequency, which is
caused by the change in the relative phase difference between
two adjacent elements along the series-fed lines.
Several designs have recently been made to suppress the sidelobe level (SLL) in the printed antenna arrays [10–18]. A new
aperture is proposed in [10] microstrip antenna array. The an-
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tenna consists of 100 × 50 planar array microstrip elements
with an inter-element spacing of 0.51λ, and a −20.9 dB SLL is
obtained. In [11], the authors presents a SLL suppression
method for an X-band antenna array by designing a novel feeding network with a Chebyshev distribution. The array operates
at 9.3 GHz and can give a −19.4 dB SLL, and the gain is only
12.3 dBi. A linear series-fed six-element antenna array is presented in [12]. A 6.5% wideband is obtained, but the SLL and
the acquired gain remain poor at −20 dB and 14.2 dBi, respectively. Lower SLLs are dealt with and obtained in [13, 14]. The
optimized distribution coefficients through the differential evolution algorithm have been used to achieve a wideband and a
lower SLL in the slot antenna with a series-fed network in [13].
The antenna has 10 elements arranged in a series feeding system. The SLL and the half-power beamwidth (HPBW) are

uniform amplitude distribution (UAD) and Chebyshev amplitude distribution (CAD) linear arrays are designed and applied
to achieve a SLL of −25 dB and gain enhancement. Two seriesfed linear array antennas with UAD and CAD at the same operating frequency are fabricated, and scattering parameters and
radiation characteristics are measured. The amplitude can be
controlled by varying the patch width that has been implemented. A λg/2 open-ended stub is introduced at both the ends of the
array, so that the energy remaining after the last element is reflected from the open stub and radiates into the space.
II. ANTENNA ARRAY STRUCTURE AND DESIGN
This section introduces a design process of two types of antenna arrays with different configurations. In addition, uniform
linear array (ULA) and Chebyshev linear array (CLA) antenna
arrays using the corresponding linear polarized—antenna elements are also presented. Here, we define the xz-plane as the
vertical plane (E-plane or ϕ = 0°) and yz-plane as the horizontal
plane (H-plane or ϕ = 90°). The whole design is analyzed with
the aid of the full-wave electromagnetic solver CST Microwave
Studio (CST Computer Simulation Technology GmbH, Darmstadt, Germany).
Fig. 1 shows the top and bottom views of the geometry of the
UAD and CAD linear array antennas, respectively. The antenna is composed of a microstrip patch array, a series feed, and coaxial probe center-feed structures (substrate and Brass plate).
Both arrays are designed with 31 mil with 1 oz., that is, a 0.035
mm-thick copper RT/Duroid-5880 (Rogers Corp., Chandler,
AZ, USA) copper cladding substrate with relative permittivity ɛr

−25.3 dB and 8.4°, respectively. However, the gain is only 14.5
dBi. In addition, Nikkhah et al. [14] propose a low SLL and
wideband series-fed antenna for the dielectric resonator (DRA).
Th e proposed antenna can achieve a very low −30 dB SLL and
a high 19 dBi gain. A 22 × 1 linear array results in a large size
and fabrication complexity. Similarly, two other DRA arrays are
introduced in [15, 16]. The array in [15] works at 60 GHz and
that in [16] operates at 7.4 GHz. Th e SLLs are −27.7 dB and
−23 dB, respectively. In [17, 18], two linear series-fed Yagi-like
array samples are presented. The arrays have 22 similar Yagi line
elements, which can provide a gain of 15.3 dBi and an SLL of
about −27 dB. A literature comparison is presented in [13–16,
19–21] for both uniform and Chebyshev amplitude distributions (CAD).
In this study, a series-fed center-fed open-stub (SFCFOS)

(a)

(b)

Fig. 1. Geometry of the configuration with optimized dimensions: (a) 10-element series-fed uniform linear array and (b) 10-element
series-fed Chebyshev linear array.
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= 2.2, and the loss tangent tanδ = 0.0009 is chosen as the substrate material. After the fabrication of the antenna, we perform
gold plating over the patch and the ground copper layer of 1-μ
thickness for the ULA and silver plating for the CLA. Then, an
antenna mounting plate with brass material of 0.8 mm thickness
is mechanically fabricated and used to mount the antenna PCB
using M2 (M-Metric Standard) stainless steel screws. The
height of the antenna becomes 1.6 mm (electrical dimensions =
0.158λg), which corresponds to the center frequency of 21 GHz.
The optimized parameters are given in Table 1.
In the SFCFOS array design, a uniform characteristic with a
constant SLL of −13 dB and a Chebyshev characteristic of −25
dB is chosen. To obtain a flat SLL performance, we use amplitude coefficients modified from an ordinary Chebyshev synthesis and introduce a half-wavelength open-ended stub after the
last element for an effective utilization of transmitted power.
The width of the center patch is 5 mm. The patch width of the
other elements is variable, with a ratio of 1, 0.9214, 0.778,
0.5944, and 0.6412 from the array center to the edges. The distance between two adjacent elements is 4.28 mm (0.7λ0 at 21
GHz). The whole size of the proposed ULA and CLA antenna
arrays are 120 mm (L) × 15 mm (W) × 1.587 mm (H) and
100 mm (L) × 15 mm (W) × 0.787 mm (H), respectively. The
array factor of the series array for an even number of elements
can be written as (1):

 AF 

5

2M

  a n cos  2n  1

(1)

n 1

  kd cos  



AF 

10

2



0.7 cos  

Let M = 5
 a 1 cos   a 2 cos3   a 3 cos5   a 4 cos7   a 5 cos9  .

III. FABRICATED AND MEASURED RESULTS
The proposed ULA and CLA antenna arrays are fabricated
and measured. Fig. 2 presents a photograph of the fabricated
antenna arrays showing the ULA and CLA antenna arrays assembled with a brass plate and stainless steel screws. The measured return loss of the ULA and CLA antenna arrays is performed with the Agilent N9918A FieldFox microwave analyzer.
The radiation patterns and gains of the antenna array are measured using a far-field measurement technique in a microwave
anechoic chamber with the Agilent PNA Series Network Analyzer N5230C (10 MHz–40 GHz).
1. Impedance Bandwidth
The uniform and Chebyshev 10-element series-fed linear arrays are fabricated and measured to validate the design. Fig. 2
shows the prototype array antenna for K-band applications. The
measurement setup for both S-parameters and radiation patterns are shown in Fig. 3. The simulated structure using the
CST Microwave Studio Simulator shows the electric field distribution illustrated in Fig. 4. The measured return loss |S11| of
the proposed K-band 10-element series-fed uniform and Che-

Table 1. Optimized parameters of a 10-element linear array
Parameter
10-element ULA
PL
PW-1 to PW-5
SFL
SFW
10-element CLA
PL
PW-1
PW-2
PW-3
PW-4
PW-5
SFL
SFW

Value (mm)

λ0

λg

5
5
4.28
1.5

0.352
0.352
0.301
0.105

0.496
0.496
0.424
0.148

5
5
4.6
4.15
2.75
3.5
4.28
1.5

0.352
0.352
0.323
0.292
0.193
0.246
0.301
0.105

0.496
0.496
0.456
0.411
0.272
0.347
0.424
0.148

λ0 = free space wavelength with respect to the velocity of propagation
in the air center frequency (21 GHz) (0.0142 m), λg = guided wavelength with respect to the velocity of propagation in the substrate material (RT/Duroid-5880) (0.01008 m), PL = length of the patch, PW =
width of the patch, SFL = length of the series-fed line, SFW = width
of the series-fed line.
66

(a)

(b)

Fig. 2. Photograph of the fabricated prototypes: (a) Top view of the
ULA and CLA and (b) Bottom view of the ULA and CLA.

(a)

(b)

Fig. 3. S-parameters and radiation pattern measurement setup: (a)
ULA and (b) CLA.
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(a)
Fig. 4. (a) Uniform amplitude distribution–surface current distribution at 21 GHz and (b) Chebyshev amplitude distribution–
surface current distribution at 21 GHz.

byshev linear arrays is presented in Fig. 5. Th e measured −10
dB impedance bandwidth varies at 20.912–21.192 GHz (1.33%)
for the uniform array and at 20.89–21.196 GHZ (1.45%) for
the Chebyshev array with a resonant frequency of 21 GHz for
each design.
(b)

2. Radiation Characteristics
Figs. 6 and 7 show the radiation performance of the simulated and measured results of ULA and CLA, respectively, for the
K-band. The radiation is a linear vertical polarization with a

Fig. 6. Simulated and measured radiation patterns for the ULA at
21 GHz: (a) ϕ = 0° E-plane (co-pol and cross-pol) and (b)
ϕ = 90° H-plane (co-pol and cross-pol).

(a)
(a)

(b)
Fig. 5. Simulated and measured reflection coefficients: (a) ULA
and (b) CLA.

(b)
Fig. 7. Simulated and measured radiation patterns for the CLA at
21 GHz: (a) ϕ = 0° E-plane (co-pol and cross-pol) and (b)
ϕ = 90° H-plane (co-pol and cross-pol).
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high front-to-back ratio and a highly symmetric profile in both
the x–z and y–z planes.
For the ULA design, the measured antenna gain is 15.3 dBi
with HPBWs of 10.4° and 64.4° for the ϕ = 0° (E-plane) and ϕ
= 90° (H-plane), respectively. Th e maximum SLLs are −10.4
dB and −26.4 dB for the ϕ = 0° (E-plane) and ϕ = 90° (Hplane) in the case of ULA. For the CLA design, the measured
antenna gain is 17.4 dBi with HPBWs of 9.1° and 64.9° for the
E-plane and H-plane, respectively. The maximum SLLs are
−26.3 dB and −26.3 dB for the E-plane and H-plane, respectively, in the case of CLA. From the measured results, the SLL
reduction of greater than −12 dB and gain enhancement of
greater than 2 dBi can be obtained simultaneously. The simulated radiation efficiency and the measured and simulated realized gains are shown in Fig. 8 for both the ULA and CLA arrays. Fig. 9 shows the 3D far-field gain. The results agree well
with the simulated and measured antenna parameters. The radia-

(a)

(b)
Fig. 9. Simulated 3D far-field gain: (a) ϕ = 0° (E-plane) ULA at
21 GHz and (b) ϕ = 0° (E-plane) CLA at 21 GHz.

tion discrepancies between the simulation and the measurement
are attributed to the fabrication errors. UAD and CAD has
been compared with literature in Table 2.
The results of this work are compared with those in the literature in Table 3. The proposed array has a gain of 17.4 dBi
with the same number of elements, and it is higher than that in
[13] with only 14.5 dBi and in [15] with approximately 15.7
dBi. In this work, the SLL is 1 dBi higher than that in [13] and
3 dB higher than that in [15]. Compared with that in [16], the
antenna has better gains and SLL results.

(a)

IV. CONCLUSION

1
(b)
Fig. 8. Simulated radiation efficiency and measured gain: (a) ULA
and (b) CLA.

A novel SFCFOS antenna design for K-band radar applications is presented in this letter. The antenna structure shows a
high gain performance and a low sidelobe level with a conformal
size. The measured results are in good agreement with the
simulated ones with gains of 15.3 dBi and 17.4 dBi, respectively.

Table 2. Comparison with the uniform amplitude distribution
Ref.
[19]
[20]
[21]
This work
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Year

No. of elements

SLL (dB)

HPBW (°)

Resonant frequency
(GHz)

Gain (dBi)

Beam scan range (°)

2004
2007
2010
-

1×4
1×5
1×8
1 × 10

−9
−10
−10
−25

25
N/A
N/A
10.4

2
5.8
2
21

8.7
11.3
N/A
15.3

20
22
25
25
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Table 3. Comparison with the Chebyshev amplitude distribution
Ref.

Year

No. of elements

SLL (dB)

HPBW (°)

Resonant frequency
(GHz)

Gain (dBi)

Beam scan range (°)

[14]
[15]
[16]
[13]
This work

2013
2016
2017
2017
-

1 × 22
1 × 10
1×8
1 × 10
1 × 10

−30
−27.5
−23.1
−25.3
−26.3

NA
NA
NA
8.3
9.1

9.2
60
7.54
9
21

19
15.7
15.7
14.5
17.4

NA
NA
NA
NA
25

The gain enhancement greater than 1.5 dBi can be obtained
with an SLL of −25 dB using the CLA with 10 elements in the
operating frequency band of 20.9–21.19 GHz. The HPBWs
for the CLA/ULA at both E-plane and H-plane are 9.1°/10.4°
and 64.4°/64.9°, respectively. With these advantages, the proposed antenna array is a good candidate for use in radar systems.
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