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Abstract ─ A microwave imaging system requires the 

design and implementation of an imaging algorithm, a 

sufficiently sensitive/accurate vector network analyzer, 

and antennas. This work presents a simple imaging 

algorithm, design and implementation of a low-cost 

VNA and antennas that are able to operate at 4 - 6 GHz. 

The commercial VNAs are of general purpose and  

are too expensive for microwave imaging applications. 

The design trade-offs applied to VNA are presented  

and implemented circuits are demonstrated. Using the 

presented VNA, a hand-held imaging system is 

implemented that extracts scattering parameters to create 

the target image. S-parameters obtained from the pre-

selected filters with the designed VNA are provided to 

demonstrate the quality of the design. Target images are 

created for a couple of commonly used walls to 

demonstrate the overall system performance. 

 

Index Terms ─ Vector Network Analyzer, imaging and 

scattering, through-wall imaging. 

 

I. INTRODUCTION 
Microwave imaging systems have received more 

attention from researchers and engineers over the last 

decade. Especially, they have a frequent usage and 

importance in biomedical applications [1 - 4]. Typically, 

these systems collect the scattering parameters while the 

target object is illuminated with a microwave source. 

The scattering parameters are used to detect any disease 

signature and 2D/3D image creation. In the literature, 

different inversion algorithms are applied to the 

collected scattering data to create the target image [1 - 3, 

7 - 9]. The hardware used to collect the scattering 

parameters must be able to differentiate the returning 

microwave energy when the target is available or not.  

Another application area of the microwave imaging 

systems is in defense industry [5, 6]. Through-wall 

imaging utilizes the inverse-scattering techniques to 

create the image of the room. Nowadays, through-wall 

imaging technology is an important element of the 

counter-surveillance applications for most cities. The 

electromagnetic inverse-scattering approaches require 

the measurement capability of signal parameters like the 

magnitude and the phase. Most of the works presented in 

the literature use costly and heavy network analyzers to 

generate and receive microwave signals. In this work, a 

low-cost vector network analyzer (VNA) is designed and 

implemented for hand-held microwave imaging purpose. 

The implemented network analyzer is low cost, low 

power, light, and compact. The network analyzer has 

moderate performance according to its size, cost, and 

power consumption. 

Microwave imaging has lots of application areas. 

Some of them are briefed as follows. A microwave 

imaging system with a portable and low-cost form might 

be a good option for these applications: 

 Medical imaging for seeking diagnoses. 

 Civil engineering purposes for examining 

deterioration and strength of structures. 

 Security reasons for seeking bug, weapon and 

any other objects.  

The paper is organized as follows: Part 1 is the 

introduction. Part 2 is the system description which 

explains the microwave imaging main ideas. Part 3 gives 

the VNA implementation steps and procedure. Part 4 

gives the measurement results for both as a point of VNA 

and as a point of microwave imaging system. In Part 4 

VNA performance is also compared to a COTS product 

to show the system performance level. The last part 

concludes the paper. 
 

II. MICROWAVE IMAGING SYSTEM 

DESCRIPTION 
The implemented microwave imaging system is 

presented in this section. The block diagram of the 

imaging system is given in Fig. 1. As shown in Fig. 1, 

the system consists of an antenna, RF/microwave circuit 

optimized for system specifications, digitizer, DSP 

(Digital Signal Processing) unit, and the main CPU 

(Central Processing Unit) to run the user imaging 

application. RF/Microwave circuit, digitizer, and DSP 

processing blocks constitute the main elements of a 

Vector Network Analyzer. The implementation detail of 

VNA is introduced in the next chapter. 

The fundamental idea of microwave imaging 

systems is based on the measurement of reflected 
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electromagnetic energy from the target. The simplest 

scenario occurs when the target is placed in the same 

environment with the antenna without any obstacles 

between them. An amount of electromagnetic energy is 

absorbed by the target object and the rest is reflected 

back to the antenna.  

The system will capture the returning energy to 

measure the inverse-scattering parameters in order to 

create the image. The system must be able to capture the 

differentiation at the inverse-scattering parameters when 

an object is placed in front of the antenna. When the 

antenna is placed over (X, Y) axes and electromagnetic 

energy flows through Z axis. Assume that the target 

object is placed at Z axis with a distance of ‘z’ from the 

antenna. g(z) is defined as scattering function for the 

points reflecting electromagnetic energy back to the 

antenna. The reflected electromagnetic field expression 

is written when we assume that the phase differentiation 

happens only at Z axis, 

  G(f) = ∫ g(z)e−j2kz∞

−∞
dz ,  (1) 

where G(f) is the reflected electromagnetic field 

expression, and k is the wave number. In order to pass 

from frequency domain to space domain the expression 

given in (2) is used, 

   g(z) = ∫ G(f)e−j2πfz∞

−∞
df .  (2) 

It is easily seen that g(z) and G(f) constitute the 

Fourier Transformation pair. Therefore, the object 

image, g(z), is formed by applying Inverse Fourier 

Transformation to the reflected electromagnetic field 

expression of G(f) [8].  

However, a target object is nearby to some other 

objects or in a different environment than the antenna in 

most of the applications in real world. In these cases, the 

clutter coming from unwanted objects or environment 

must be removed from the analysis as much as possible 

in order to obtain a meaningful image.  

An example application is the through-wall imaging 

(TWI) [6 - 8]. In this kind of problems, the wall is 

between the target and antenna. The reflection from wall 

must be subtracted to measure the inverse scattering 

parameters reflected back from the target object. 

Therefore, the clutter reduction techniques must be 

applied to remove wall effect from the measurements 

[8]. 

 

 
 

Fig. 1. The block diagram of implemented microwave imaging system. 

 

III. VECTOR NETWORK ANALYZER 

IMPLEMENTATION 
A network analyzer is a measurement equipment 

used to characterize a circuit (DUT- device under test) 

behavior. It draws out the transfer function of the DUT 

according to the known input signal and extracts the 

vector scattering parameters such as the complex 

reflection and the transmission coefficients.  

Network analyzers might be considered in three 

categories. Scalar Network Analyzer (SNA) is a network 

analyzer that just characterizes the amplitude response of 

DUT. Vector Network Analyzer (VNA) characterizes 

both the amplitude and the phase response of DUT and 

extracts S-parameters. Vector Network Analyzers may 

be constructed incoherent or noncoherent fashion [12]. 

Recently, coherent VNA architectures are the most 

commonly used in measurement equipment since they 

provide larger measurement dynamic range, lower noise 

floor and ease of control. Coherent VNA’s require tuned 

RF receiver/transmitter circuits and they require highly 

stable Phase Locked Loops to maintain the coherency. 

Noncoherent VNA designs are cheaper and simpler 

alternatives to expensive and complex coherent VNAs. 

Noncoherent VNAs consist of a kind of a Scalar 

Network Analyzer and some additional blocks to extract 

the vectorial information. Some examples for the 

noncoherent vector network analyzers are given in  

[10 - 13]. The third group is Large Signal Network 

Analyzers (LSNA) and they characterize the large signal 

behavior of DUT like linearity, harmonics, etc.  

This work presents the implementation details of  

a coherent vector network analyzer to be used in a 

microwave imaging system. The description for the 

complete microwave imaging system is also provided. 

 
A. Implementation details of VNA 

The fundamental assessment of VNA lies on the 

sensitivity for the extraction of frequency response of a 

DUT. In order to achieve this, the system generates a 

signal at the target operating frequency and sends to 

DUT. Some of the electromagnetic energy is reflected 

back to the antenna and the system must be able to 

capture it. VNA has separate signal paths for the 

reference and the measurement channel. By utilizing the 

reference and the measurement channel signals, the 

phase and the magnitude responses of DUT are going to 
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be calculated. This chapter presents the design of a 

miniature sized VNA and the design trade-offs. 

VNA is commonly used as a laboratory 

measurement system. These systems are quite costly, 

heavy and it is almost impossible to utilize it in a portable 

system. There are different techniques to design low 

cost, miniature sized VNA in the literature. The 

operating frequency of VNA is one of the most important 

design parameters similar to other RF systems. As the 

operating frequency increases, the behavior of circuit/ 

system components changes and VNA performance 

starts to deviate from the design specifications. Therefore, 

at higher frequencies, the error of VNA starts to increase 

as well. For very high frequency applications, highly 

sensitive circuits and components must be used to  

bound the generated error. The most important design 

specification for VNA is the phase synchronization of  

a system at the operating frequency band. In order to 

satisfy this requirement, RF signal sources and the 

reference clock source for the digitizer must be common 

for the measurement and the reference channel. Another 

important design hint for the phase synchronized VNA 

design is the signal path equalization of the reference and 

measurement channel. 

Each component in reference or measurement 

channel has its own phase and magnitude response. It  

is a good design practice to balance the circuit path  

for measurement and reference channel to reduce the 

mismatch between reference and measurement channels. 

The layout of the RF and the digitizer circuits is another 

important design concern since the path equalization is a 

critical requirement for the accuracy of phase and 

magnitude measurement. Wire lengths and properties are 

equalized for respective parts on the measurement and 

reference channels. It compensates the distortions 

generated by the circuit layout. The most challenging 

issue when to balance the reference and measurement 

channel is the input power levels that flow on each 

channel. The power level for the reference channel is a 

lot higher than the measurement channel. When the same 

circuit component is used on both channels, it puts a limit 

on the dynamic range of VNA. Still, it is impossible to 

get rid of all unbalances between the reference and 

measurement channel. The calibration procedure will  

be implemented to remove the residual errors on the 

measurements. 

VNA is composed of four main blocks namely  

RF signal source, downconverter block, digitizer, and 

DSP block as shown in Figs. 2 and 3. Figure 2 shows  

S11 configuration of VNA, and Fig. 3 shows S21 

configuration of VNA. Details of the DSP block are 

illustrated in Fig. 5. The first block is RF signal source 

and it generates the RF signal at a given frequency. RF 

signal is sent to target object by means of an antenna. 

Simultaneously, the generated RF signal is fed to the 

reference signal channel by utilizing a coupler. The 

critical design metric for the coupler is the RF isolation 

between the reference and the measurement channels. 

For the ideal VNA design, none of the reflected signals 

should be available on the reference channel and vice 

versa. On the other hand, in practical VNA systems,  

the reflected electromagnetic signal enters to the 

reference channel as well and it degrades the accuracy 

and the sensitivity of these systems. The reflected 

electromagnetic signal is fed to the measurement channel 

by use of a coupler. The sent and the received RF signals 

must be down converted to an IF frequency in order to 

get digitized. 

 

 
 

Fig. 2. Block diagram of implemented VNA as S11 configuration for imaging purpose. 
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Fig. 3. Block diagram of implemented VNA as S21 configuration for component test. 

 

The second part of the VNA system is the 

downconverter block. The RF signals on the measurement 

and reference channel must be down converted to an IF 

signal that can be properly digitized by an available 

ADC. In order to prevent any phase mismatch between 

the reference and magnitude channel, the same local 

oscillator (LO) outputs must be fed to the mixer stage 

with the symmetrically designed layout. Homodyne and 

heterodyne are two design options for the downconverter 

implementations. We designed two stages heterodyne 

downconverter scheme. It allows us to use an I/Q 

demodulator to generate quadrature signals as presented 

in Fig. 2. Heterodyne downconverter allows us to 

increase the operating bandwidth of the design. The 

photography of the implemented circuit blocks is given 

in Fig. 4. The coupler is used as COTS product from 

Lynx Components. It is a 10 dB coupler from 2 GHz to 

8 GHz with around 40 dB isolation. 
 

 
 

Fig. 4. Photography of the circuit blocks. (Downconverter, 

RF signal source, and FPGA block). 

 

The digitizer is the third block of the VNA system, 

and its task is to convert the analog signals coming from 

I and Q paths on the reference and the measurement 

channel. Therefore, four ADC channels are required, and 

they must be simultaneously sampled channels. The 

digitizer is based on FPGA block and ADC unit. FPGA 

block is used as COTS product from Opal Kelly. This 

FPGA block is on our implemented four channel ADC 

mezzanine board. The most critical issue with this block 

is the successful implementation of phase synchronized 

design. The sampling clock for each ADC must be 

synchronous with each other. Otherwise, the measured 

phase and magnitudes include a large amount of error.  

In order to alleviate this design constraint, a quad  

14-bit ADC chip with a single encode clock (Linear 

Technology LTC 2171) is utilized. The encode clock is 

fed to PLL block to generate the sampling clock and it is 

distributed to all ADC cores within the same IC. The 

digitized outputs are in serial LVDS (Low Voltage 

Differential Signaling) format and deserialization is 

implemented by the FPGA core. The serial LVDS output 

format is used to reduce the pin count needed to capture 

ADC data by FPGA core since there are 4 ADC cores in 

the system. The digitized data from four channels will be 

used to calculate the phase and the magnitude of each 

signal at the reference and measurement channels. It will 

be discussed in the digital signal processing part.  

The last element of VNA is the Digital Signal 

Processing block. This block performs the data capture, 

and the arithmetic calculations implemented within 

FPGA fabric. The quad ADC outputs are converted to 

parallel data format by SerDes (Serializer/Deserializer) 

using the common frame and data bit clocks. This 

common clocking scheme ensures the phase coherency 

at the digitizer part. The applied arithmetic operations 

are given in Fig. 5. Phase Comparator operator shown in 

Fig. 5 is used to project all phase results to a defined 

range of [-π, π] as defined in (3): 

  
phase=phase ,π>𝑝ℎ𝑎𝑠𝑒>−𝜋

phase=phase−2π  ,phase>𝜋
phase=phase+2π  ,phase<−𝜋

 . (3) 

The phase and magnitude calculations are averaged 

over 128 measurement samples to reduce erroneous 

measurements as shown in Fig. 5. The averaging method 

fails to provide the accurate results when the phase result 

approaches to limits namely {-π, π} since calculated 

phase values may cancel each other. In order to prevent 

this possibility, Phase Corrector operator is used. The 
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operation of this block is defined in (4). Phase [0] is the 

first element of 128 measured phase results. In this way, 

the phase calculations at the limits are successfully 

implemented: 

  
phase=−abs(phase) ,−170o>𝑝ℎ𝑎𝑠𝑒[0]>−180o

phase=abs(phase) ,180o>𝑝ℎ𝑎𝑠𝑒[0]>170o ,  (4) 

Thru calibration is handled to extract the innate 

phase and magnitude calibration parameters to cancel the 

effect imposed from VNA hardware. The S parameters 

are obtained after canceling out the thru calibration 

parameters as shown in Fig. 5. 

 

 

Fig. 5. Block diagram of DSP data path for S-parameter measurements. 

 

Another important design metric of VNA is the 

sensitivity. The sensitivity of the system is determined 

by the noise figure, IF bandwidth and the sensitivity of 

the down converter and ADC bit width. The circuit 

sensitivity is calculated as follows: 

  Sensitivity = -174dBm + NF + SNR + 10log (BW),  (5) 

where SNR is the signal-to-noise ratio, and NF is the 

circuit noise figure in dB, BW is in Hz. 

IF bandwidth is 100 kHz and operating frequency 

band is 4 - 6 GHz. The measured dissipated power is 

19.424 W when the system is fully functional. The power 

dissipation map for each voltage source and circuit block 

is given in Table 1. The performance values handled on 

the VNA are listed in Table 2. 

For SNR value of 10 dB, NF value of 14 dB and  

IF bandwidth of 100 kHz, the system sensitivity is 

estimated approximately as -100 dBm. 
 

Table 1: Power map for each voltage source 

Voltage 

Source 

(V) 

RF 

Circuit 

(mA) 

Digitizer 

& FPGA 

(mA) 

10 MHz 

Clock 

(mA) 

Total 

Power 

(W) 

1.8 - 200 - 0.36 

3.3 288 - 910 3.95 

5 634 1728 - 11.81 

12 275 - - 3.3 

 

Table 2: Implemented VNA specifications 

Frequency 

(GHz) 

IF 

BW 

(kHz) 

Resolution 

(MHz) 

NF 

(dB) 

User 

Interface 

4 - 6 100 1 14 USB 

 

B. 4 - 6 GHz Vivaldi antenna 

The Vivaldi antennas are traveling wave antennas 

having UWB (ultra-wideband) impedance matching and  

endfire radiation characteristics. The biggest advantage 

provided by the microstrip structure is its ability to be 

connected directly with the TR (Transmission-Receiver) 

modules placed behind it. The antenna needs no 

additional component for impedance matching with its 

integrated balun structure. This type of antenna is more 

suitable for imaging applications since its electrical 

characteristics [14, 15]. 

The antenna used for microwave imaging 

application is 4 - 6 GHz Vivaldi antenna. In the design 

and optimization of the antenna, numerical studies are 

carried on by using Computer Simulation Technologies 

Microwave Studio (CST MWS) which is mathematically 

based on Finite Integration Technique (FIT) [16]. It is 

very beneficial methodology to solve geometrically and 

structurally complex electromagnetic problems. In FIT, 

integral form of Maxwell’s equations are discretely 

reformulated and then they become more suitable for 

computer calculations both in frequency and time 

domain analyses. The calculation domain is chosen in 

the beginning of the simulations and a proper meshing 

algorithm is applied on the geometry to split it several 

small grid cells. These cells should be dense enough  

to represent the curves and inclines very accurately. 

However, resource requirements are linearly increasing 

with the numbers of mesh nodes and problem size. A 

real-world electromagnetic problem usually includes 

more than one medium such as metallic surfaces and 

dielectric substrates. FIT allows to analyze a grid cell 

including two different materials which provides sparser 

mesh. Hence, electrically large structures can be 

simulated with minimum computational cost. User 

interface of CST MWS offers time and frequency 

domain solvers. The number of the simulation runs  

are proportional to the field monitors having discrete 

frequencies in frequency domain solver. In this study, 
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time domain solver is used because it has ability to define 

and calculate a large number of filed monitors for the 

whole operating frequency band in one simulation  

run. FR-4 material is employed as substrate and its’ 

specifications are used as in material library of CST 

MWS. The metallic parts of the antenna are assigned as 

perfect electric conductor (PEC). The antenna is meshed 

by using hexahedral mesh type resulting in approximately 

5 million grid cells. Antenna port impedance is chosen 

as 50 Ω and it is excited by a Gaussian pulse which  

is default excitation waveform of CST MWS. The 

simulation is terminated when remaining energy in 

calculation domain reaches 40 dB less than of its’ 

maximum value. 

The photography and radiation pattern of the 

designed antenna is given in Figs. 6 and 7. Far-field gain 

of the antenna is measured as 5.8 dBi and 6 dBi at 4 GHz 

and 6 GHz respectively. S11 measurement results are  

-14.57 dB at 4 GHz and -18.75 dB at 6 GHz. The size of 

the antenna is 42 mm x 82 mm. 

 

 
 

Fig. 6. 4 - 6 GHz Vivaldi antenna photography. 

 

 
 

Fig. 7. Azimuth and elevation radiation patterns. 

 

C. Calibration 

One port calibration (Short, Open, Load) SOL 

method is applied to measure the errors and calibrate the 

VNA measurement system [10]. Scattering parameters 

are all about power; both reflected and the incident in a 

linear two-port system. It assumes that the system must 

be treated like a transmission line system. At first, the 

VNA system assumes that there is no measurement error 

and then short, open and load calibration kit measured 

respectively. The reference and the measurement 

channels are saved simultaneously. The phase coherencies 

of both channels are important for exact calibration. The 

magnitude and the phase errors between the reference 

and measurement channels are calculated. In the end, the 

correction factors are used to calculate the S parameters 

of DUT. 

 

IV. MEASUREMENTS 
In this section, S11-S21 magnitude and phase 

measurements with our low-cost miniature VNA and 

Agilent E8362C network analyzer are compared. The 

low-cost VNA is also used in the application of through-

wall imaging system. Imaging system performance is 

also illustrated in this section.  

 

A. S-parameter measurements 

The low-cost miniature VNA performance is 

compared with Agilent E8362C VNA network analyzer 

as a reference. For comparison purpose, a bandpass filter 

is selected as a sample circuit namely Lorch 5000 (center 

frequency is 5 GHz and passband is 1.1 GHz, from Lorch 

Comp.). The filter response is measured with the Agilent 

VNA and the implemented low-cost VNA system. 2001 

data points are collected between 4 - 6 GHz and the 

results are provided in Figs. 8 and 9. Magnitude and 

phase measurements of S11 and S21 with COTS and 

implemented VNA are reasonably close to each other. 

 

 
(a) 

 

 
(b) 

 

Fig. 8. Magnitude (a) and phase (b) measurements of S11 

for Lorch 5000 filter. 
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(a) 
 

 
(b) 

 

Fig. 9. Magnitude (a) and phase (b) measurement of S21 

for Lorch 5000 filter. 

 

B. Through-wall imaging measurements 
Through-wall imaging (TWI) is targeting to 

illustrate the physical position and the orientation of 

objects behind the wall. As aforementioned, it is possible 

to create such an image by measuring dielectric 

properties of objects sitting another side of the wall. The 

differentiation of these properties makes it possible to 

create a snapshot of the target region. The system must 

be able to send high-frequency electromagnetic waves  

to the wall and measure the returning waves. The  

S-parameter measurement setup given in Fig. 1 used 

along with the DSP algorithm given in Fig. 5 is realized. 

The antenna is shown in Fig. 6 is used in the system. 

In this work, S11 radar imaging method is 

implemented based on IFFT which is expressed in (1) 

and (2). Imaging antenna is moved on (X, Y) coordinates 

with 2 cm steps to cover 50 cm x 50 cm scanning region. 

The designed VNA scans from 4 GHz to 6 GHz with 

1MHz steps and measures the S11-parameter at each  

(X, Y) point and this data converted to space domain  

by applying (2). This is basically a “Step Frequency 

Continuous Wave Radar” application. VNA system 

collects 2001 frequency data for each (X, Y) coordinate 

with 2 GHz bandwidth and 1 MHz step size. 4 - 6 GHz 

operating frequency selection is based on penetration 

depths on wall and resolution. When the frequency is 

lower, the penetration capability is better. On the other 

hand, when the frequency is higher, target resolution is 

better. There is a tradeoff. Bandwidth is also another 

important parameter for range resolution which is 

inversely proportional. 

S11 measurements are taken at 625 points with  

25 x 25 coordinate points. At each point reflected 

electromagnetic energy (G(f)) is measured on z-direction. 

For each (X, Y) coordinates, an image is composed 

based on reflected energy. Image resolution is improved 

by using bicubic interpolation. 

The wall has a 5 cm thickness and 3 different objects 

are placed behind the wall. Measurement test setup and 

the prototype of the portable microwave imaging system 

are illustrated in Fig. 10. Red object is 4 x 50 x 4 cm3 

iron pipe, the yellow object is 4.5 x 4.5 cm2 aluminum 

plate, and the gray object is 6 x 6 cm2 printed circuit 

board. The covered region is 50 cm x 50 cm and the 

spacing resolution is 2 cm. 25 x 25 measurements are 

taken. S11 measurements are taken at 625 points. 

 

 
 

Fig. 10. Prototype of the imaging system and test setups 

illustrated in CST Microwave Studio. 

 

The S parameter measurement results are fed to host 

PC with USB 2.0 connectivity to capture results and 

generate the image of the target region. In order to 

generate the image of the target region, the position 

information of the antenna is required and it is measured 

with a laser sensor that is connected to the sensor head. 

The measured S-parameters and calibration data are fed 

to the imaging algorithm based on IFFT [7]. The user 

must provide the frequency range and the frequency 

resolution information to FPGA and the final S-

parameter results are fed back to the host user. The 

obtained S-parameter values are fed to final image 

creation algorithm. The outputs of IFFT are used to 

create the image of the target object using position 

information coming from laser sensors. Laser sensors are 

connected to the host PC with a RS232 interface. 

In the development of the imaging algorithm, CST 

MWS is used to simulate the test environment. Time 

domain solver is also employed during these simulations 

and accuracy level is chosen as -40 dB with approximately 

150 million meshes. The target objects and the test 

environment are modeled for the electromagnetic 

simulation to get accurate results to compare the actual 

result with the simulations. The S-parameters collected 

from the electromagnetic simulation is applied to image 

creation algorithm to create the images. In this way, the 

algorithm development becomes faster and easier. The 
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image creation algorithm is optimized by using this 

method. 

The image created from real data with portable 

microwave imaging system and the EM simulation data 

are illustrated in Figs. 11 and 12. The results are quite 

similar, and it shows that the model parameters for the 

environment and the target objects are properly set. 

 

 
 

Fig. 11. Created image with portable imaging system. 

 

 
 

Fig. 12. Simulated image on CST MWS. 

 

The same measurement setup is used to create the 

image of the object at different depth behind a wall made 

of different materials. In this way, it is possible to draw 

a relation between wall materials and wall thickness. The 

target object is a 5 cm x 5 cm metal plaque and the wood 

is the worst wall that can be imaged. In Table 3, through-

wall imaging measurement results are given for different 

materials and depths. TWI radar has the capability to 

detect any objects through the wall based on dielectric 

contrast from the surrounding medium. The reflected 

signal depends on the size of the object and wavelength.  

Table 3: Imaging performances for different walls 

Smooth 

Plane 

Material 

Target 

Object 

Depth 

(cm) 

Target 

Object 

Resolution 

YTONG Metal 10 5cm x 5cm 

MARBLE Metal 12 5cm x 5cm 

WOOD Metal 4 5cm x 5cm 

 

V. CONCLUSION 
In this work, a portable network analyzer, antenna 

and imaging algorithm design and implementations are 

presented. A low-cost portable VNA implementation is 

described step by step. Implemented network analyzer is 

capable to measure the S-parameters with a sufficient 

accuracy. The implemented microwave imaging system 

is capable of creating images of objects behind the  

wall with a simple IFFT imaging algorithm. Even high 

performances in harsh environments will be possible by 

employing more sophisticated algorithms. 

Implemented portable VNA size is approximately 

20cm x 30cm x 11cm, the weight is about 2kg, and the 

cost is less than 1500 dollars. 

Portable imaging systems are good candidates for 

using on the investigation of infrastructure, wall and 

building strengths. It is also capable of using for medical 

imaging and electronic intelligence purpose. 
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Abstract ─ A simple planar antenna for sub-6 GHz 

applications in 5G mobile terminals is presented. The 

proposed antenna is composed of one multi-branch 

driven strip and three parasitic grounded strips, featuring 

simple design without using three-dimensional structure 

and lumped elements. The |S11| ≤ -6dB impedance 

bandwidth of the antenna covers 700-960 MHz and 

1600-5500 MHz bands with a compact size of 

40×15×0.8 mm3, which makes it fulfill the requirements 

of sub-6 GHz applications in the 5G terminals. The 

prototype of the antenna is fabricated, and the design is 

well validated by experimental results.  

 

Index Terms ─ 5G terminals, multi-mode resonance, 

planar antenna, sub-6 GHz applications. 

 

I. INTRODUCTION 
With the rapid development of wireless 

communication technologies, 2G/3G/4G standard has 

been widely used. For current mobile terminal antennas, 

it is a basic requirement to cover 2G/3G/4G bands, 

including Long Term Evolution(LTE) 700/2300/2500 

(698-787/2300-2400/2500-2690 MHz), UMTS (1920-

2170 MHz), GSM 850/900 (824-894/880-960 MHz), 

DCS (1710-1880 MHz), and PCS (1850-1990 MHz) 

bands. However, to meet the recently proposed 5G NR 

standards, i.e., n77 (3300-4200 MHz), n78 (3300-3800 

MHz), and n79 (4400-5000 MHz), such bandwidth is not 

enough. Therefore, it is highly desirable to design a 5G 

terminal antenna with wideband performance to fully 

cover all the 2G/3G/4G/5G bands. 

Recently, several methods have been proposed to 

extend the bandwidth of mobile phone antennas, such as 

using matching networks with lumped elements [1, 2], 

frequency reconfigurable technique [3, 4], and multi-

mode resonance technique [5, 6]. In [1], an octa-band 

WWAN/LTE monopole antenna with a lumped high-

pass matching circuit was proposed. However, because 

the matching circuit is not ideal, the resistance of the 

matching circuit will introduce additional losses, at the 

same time, it also makes the working frequency band 

sensitive to the value of lumped elements. In [3], a 

reconfigurable antenna using a PIN diode for WWAN/ 

LTE application was also presented. PIN diode needs 

additional space for its DC control circuit and brings 

extra loss as well, which limits its practical usage. 

Compared with the above-mentioned two methods, 

multi-mode resonance technique is more convenient to 

fulfill the antenna optimization. In [5], a broadband 

antenna with multiple resonant modes was proposed for 

mobile handset applications, but a relatively large 

clearance area was needed in the design. In order to 

reduce the clearance area, limited designs folded the 

antenna into three-dimensional structures [7, 8]. Although 

doing so reduces the lateral size occupied by the antenna, 

it requires additional area in the vertical direction and  

at the same time it also increases the difficulty in 

manufacturing. 

In this letter, a simple planar antenna design for sub-

6 GHz applications in 5G mobile terminals is proposed. 

The presented antenna has a fully planar structure and no 

lumped elements are required, which makes it a simple 

structure and easy to be fabricated. Compared with other 

planar antenna designs, the antenna dimension provided 

in [5] and [6] is 68×15 mm2 and 60×15 mm2, respectively, 

while the antenna dimension provided in this paper is 

only 40×15 mm2, which occupies at most 67% of the 

clearance areas in [5] and [6] but has a wider frequency 

band. The measured |S11| ≤ -6dB bandwidth covers 700-

960 and 1600-5500 MHz bands, in which all the LTE 

700/2300/2500, UMTS, GSM 850/900, DCS, PCS, and 

n77, n78, n79 bands are included.  

 

II. ANTENNA DESIGN 
As shown in Fig. 1 (a), the antenna is printed on a 

135×80×0.8 mm3 FR4 substrate with εr=4.4 and tanδ= 
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0.02. The ground plane is a part of the bottom surface of 

the substrate with the size of 120×80 mm2. The antenna 

is composed of one multi-branch driven strip and three 

parasitic grounded strips. The driven strip has three 

branches as shown in Fig. 1 (b), which is printed on the 

top surface of the substrate and is connected to a 50Ω 

coaxial line at the feeding point. The parasitic grounded 

strips consist of three parts: the L-shaped branch and the 

protrude stub are printed on the bottom surface of the 

substrate and are directly connected to the ground as 

shown in Fig. 1 (c); and the longer meandered branch 

shown in Fig. 1 (d) is etched on the top surface of the 

substrate and is connected to the ground through a via 

hole at the shorting point. By exhaustive parametric 

studies, the optimum dimensions of the antenna are listed 

in Table 1.  

 

 

 

 
(a) 

 

 
(b) 

 
(c) 

 
(d) 

 

Fig. 1. Geometry of the proposed antenna: (a) antenna configuration and the fabricated prototype, (b) the driven 

branch, (c) the L-shaped branch and protruded stub, and (d) the meandered branch. 

 

Table 1: Optimum dimensions of the antenna (unit: mm) 

Parameters L1 L2 L3 L4 L5 L6 

Values 12.9 28.7 4.4 21 6.5 5.5 

Parameters L7 L8 L9 L10 L11 L12 

Values 14.5 3 7.5 12.5 1.7 15 

Parameters L13 L14 L15 L16 w1 w2 

Values 29.9 5 4 11 1 1.5 

Parameters w3 w4 w5 Ls1 Ls2  

Values 0.5 1 1 0.5 1  
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III. WORKING PRINCIPLE OF THE 

ANTENNA 
The working principle of the proposed antenna can 

be explained through Fig. 2. The longer branch of Ref1, 

we call it branch1, operates like a monopole in the λ/4 

mode and generates a resonance at 0.95 GHz, and the 

shorter one is called branch2 and has two resonances: at 

2.1 GHz the branch operates in the λ/4 mode, while at 

4.7 GHz it operates in the λ/2 mode. On this basis, in 

order to cover the n79 band up to 5.5 GHz, it is necessary 

to introduce a new resonance at higher frequency. At the 

same time, the introduction of the new resonance should 

not have too much influence on the existing resonances, 

especially on the resonance at 4.7 GHz, in order to avoid 

increasing the difficulty in tuning of the antenna’s 

structure. Therefore, the insertion position of the new 

branch with respect to branch1 and branch2 should be 

close to the feeding point, while keeping an appropriate 

distance from branch2. To this end, a short branch called 

branch 3 is introduced between branch1 and branch2 as 

shown in Ref2. This new branch operates in its λ/4 mode 

and generates a new resonance at 5.3 GHz, and its effect 

is clearly seen in Fig. 2 (a) that the impedance bandwidth 

is much enhanced at high frequency end. 

In addition, to include the LTE 700 and GSM 850 

bands, it is necessary to generate a new resonance around 

700 MHz. If a new branch is inserted into the structure 

of Ref2 as before, too many branches will crowd in small 

space, which will result in strong mutual coupling and 

each operating frequency of the antenna will become 

very difficult to control independently. Therefore, a 

parasitic meandered branch is introduced, which provides 

a λ/4 mode resonance at 0.75 GHz and at the same time 

two additional higher-order modes can also be generated 

at 2.2 GHz and 3.75 GHz, respectively.  

Meanwhile, the |S11| versus frequency in Fig. 2 (b) 

indicates impedance mismatching of Ref3 from 2.7  

to 3.5 GHz. To lower the reflection coefficients in this 

frequency range, a parasitic L-shaped branch, which is 

protruded from the ground on the bottom surface of the 

substrate and is without in touch with the driven strip, is 

introduced to form a new resonance around 3.35 GHz in 

between of 2.7 and 3.5 GHz. The parasitic branch works 

in the λ/2 mode at 3.35 GHz, and as shown in Fig. 2 (b) 

the new structure Ref4 improves reflection coefficients 

when compared with Ref3. However, due to the coupling 

between newly added L-shaped branch and branch2, 

impedance matching deteriorates around 4.5-5 GHz.  

To eliminate the mismatching, a grounded short stub is 

added between the meander strip and the driven branch, 

then the proposed antenna is formed. It can be seen from 

Fig. 2 that the grounded short stub improves the 

impedance matching of 4.5-5 GHz and the proposed 

antenna achieves the coverage of the required frequency 

band.  
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Fig. 2. Simulated |S11| of different antennas: (a) simulated 

result of Ref1 and Ref2, (b) simulated result of Ref3, 

Ref4 and proposed antenna, and (c) configuration of 

different antenna.  
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Fig. 3. Simulated impedance of different antennas. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
 

Fig. 4. Current distributions on the proposed antenna at 

different frequencies: (a) 0.75 GHz, (b) 0.95 GHz, (c) 2.1 

GHz, (d) 3.35 GHz, and (e) 5.3 GHz. 

 

To further understand the working principle of  

the grounded short stub, Fig. 3 gives the simulated 

impedance of Ref4 and proposed antenna. For an 

antenna, the definition of S11 is identical to the reflection  

coefficient, 

  11S .  .  (1) 

The voltage reflection coefficient Γ is the ratio 

between the reflected wave and the incidence wave. Γ is 

defined in (2): 

  0

0

= ,L

L

Z Z

Z Z





 ,  (2) 

where ZL is the antenna impedance and Z0 is the 

characteristic impedance of the transmission line, which 

is normally 50Ω. 

As can be seen from Fig. 3, the grounded short stub 

acts as a shunt inductor. It changes the imaginary part  

of the antenna impedance to approach zero, which 

improves the impedance matching at 4.9 GHz resonance. 

The simulated current distributions on the proposed 

antenna at different frequencies are shown in Fig. 4, and 

it can be seen that the multiple branches of the antenna 

generate distinct resonant modes. Meanwhile, in various 

operating mode, the current mainly concentrates in the 

corresponding branch, and the coupling between the 

different branches is relatively small, which is beneficial 

to the design and optimization of the antenna. 

In Fig. 5, the simulated |S11| with different values  

of Ls2 which is related to the position of branch 3 is 

presented. It can be seen that the position of branch3 

significantly affects the match at 5.3 GHz, while other 

existing frequencies are almost unaffected. 

 

IV. RESULTS AND DISCUSSION 
A prototype of the antenna is fabricated, and the 

measured |S11| is given in Fig. 6, which agree well with 

the simulated results. The difference is mainly due to  

the uncertainty of the dielectric constant of the FR4 

substrate. For current mobile antennas, most of them are 

on the basis of -6dB |S11|, which is enough for practical 

application [1-8]. The measured impedance bandwidth 

with |S11| ≤ -6dB is over 700-960 and 1600-5500 MHz, 

covering all the LTE 700/2300/2500, UMTS, GSM 

850/900, DCS, PCS, and n77/78/79 bands. 
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Fig. 5. Simulated |S11| with different values of Ls2. 
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Fig. 6. Simulated and measured |S11| of the proposed 

antenna. 
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Fig. 7. Simulated and measured radiation patterns of the 

proposed antenna. 
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Fig. 8. Peak Gain of the proposed antenna. 
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Fig. 9. Efficiency of the proposed antenna. 

 

The simulated and measured radiation patterns at 

0.7 GHz and 4.7 GHz is shown in Fig. 7. It can be 

observed that the antenna exhibits good monopole 

characteristics at 0.7 GHz, while at 4.7 GHz, since the 

branch2 is mainly parallel to the ground, the radiation is 

reflected by the ground and exhibits a unidirectional 

pattern. The measured and simulated peak gain are 

shown in Fig. 8. The measured gain ranges from -1.39 to 

1.66 dBi at the low frequency band and from -1.09 to 

4.72 at the high frequency band, respectively. For mobile 

antennas, the gain and the radiation pattern are not an 

important parameter, because it is mostly decided by the 

position in which an antenna is installed and the size of 

the grounding structure. The antenna element itself does 

not have much to do with deciding the gain and radiation 

patterns. In contrast, mobile antennas are more concerned 

with antenna efficiency. The measured efficiency is 

shown in Fig. 9 and agrees well with the numerical 

results. The efficiency is from 60% to 84% at the low 

frequency band and from 41% to 88% at the high 

frequency band, respectively. For this work, 1-1.6 GHz 

is not the desired operating frequency band, so the gain 

and efficiency of 1-1.6 GHz are not given in the figure. 
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Table 2: Comparison of the proposed antenna with previous works 

 Operating Bands 

(MHz) 

Dimension 

(mm) 

Gain 

(dBi) 

Lumped 

Element 

Using 

Efficiency 

(%) 

[1] 690-980, 1630-2740 80×8×5.8 0.3-5.6 Yes 50.2-94.5 

[2] 690-1000, 1680-2950 56×5×0.8 1.3-5.2 Yes 54-83 

[3] 808-965, 1696-3000 30×15×4 -2.2-3.1 Yes 28-71 

[4] 698-960, 1710-2170, 2300-2690 60×10×0.8 0.5-1.45 Yes 40-84 

[5] 698-1046, 1618-2703, 3018-4377, 4697-6000 68×15×0.8 0.4-5.6 No 50-87 

[6] 660-1065, 1665-3000 60×15×0.8 0.5-3 No 42-88 

[7] 690-970, 1680-2740 70×8×5.8 -0.06-4.02 No 51.4-86.9 

[8] 670-1020, 1650-2920 80×6×5.8 1.43-4.48 No 63.2-97.2 

Proposed 700-960, 1600-5500 40×15×0.8 -1.3-4.7 No 41-88 

Table 2 shows performance comparison of the 

proposed antenna with previous works. Unlike the 

designs in [1-4], no lumped elements are required in the 

present design, which reduces the difficulty in antenna 

manufacturing. As well, it can be seen that the proposed 

antenna occupies at most 67% space to achieve 

comparable or even wider bandwidth as compared with 

the works presented in [5-6]. Actually, the fabrication of 

the antenna is even easier than those in [7] and [8], since 

the antenna is a fully planar structure and no vertical 

space is needed. Therefore, the proposed antenna has 

advantages of wide bandwidth, small size, and easy 

manufacturability, which makes it suitable for sub-6 

GHz applications in 5G mobile terminals. 
 

V. CONCLUSION 
A simple wideband planar antenna for sub-6 GHz 

applications in 5G mobile terminals is presented. The 

antenna covers the desired frequency band by exciting 

multiple operating modes. The design process and 

working mechanism are described and analyzed in detail, 

and the measured results are in good agreement with the 

simulated ones. Low profile, wide bandwidth, and no 

need of lumped-element loadings makes this design has 

a good application value. 
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Abstract ─ Cross dipole antenna for base station 

applications is presented in this paper. The proposed 

antenna consists of simple dipole elements and modified 

balun structure for the improved performance. The 

proposed design is simple and suitable for 4G and  

sub-6 GHz 5G base station applications. The antenna is 

fabricated using low-cost FR4 epoxy substrate with a 

dielectric permittivity of 4.4. The height of the substrate 

is 1.6 mm and loss tangent is 0.02. In order to confirm 

the proposed design, the antenna is measured and 

compared with the simulation results. The proposed 

antenna is achieved 13.8 dBi of realized peak gain in the 

1.341 to 3.834 GHz frequency range along the bandwidth 

of 2.492 GHz with VSWR < 1.5. The proposed antenna 

obtains stable radiation patterns and stable gain over the 

frequency range. The cross dipole antenna structure with 

the proper radiation performance makes the proposed 

antenna suitable for base station applications. 

 

Index Terms ─ Antennas, base station antenna, cross 

dipole antenna.  
 

I. INTRODUCTION 
Base station antenna is the most important factor  

in the network coverage of wireless mobile services. 

There is a demand for base station antenna with a wide 

frequency band, stable pattern, and high cross 

polarization ratio. Therefore, in this paper cross dipole 

antenna for covering 4G and Sub-6 GHz 5G frequency 

bands is presented. The proposed antenna will offer 

wideband impedance along with stable gains over the 

frequency and high polarization ratio. The categories of 

base station antennae and the design principles are 

discussed in [1,2]. The basic principles such as wideband 

impedance, stable patterns in the wide frequency band, 

high cross polarization ratio in wide-angle range for  

base station antenna are discussed in [3]. Simulation  

is playing an increasingly important role in making  

sure that designs meet specification [4]. Therefore, the 

proposed antenna is designed using Finite Integration 

Technique based tool, which uses the FDTD method for 

solving Maxwell’s equations in grid forms in [5]. The 

simulation tool, which is selected for this research, is the 

CST microwave studio. Since features such as antenna 

matching and integration of circuit elements, multiple 

antenna systems and phased arrays, installed performance 

and co-site interference [6] are useful in designing base 

station antennae. In [7] a wideband differentially fed 

dual-polarized stacked patch antenna with tuned slots 

discussed for 1.66 -2.75 GHz having 8.7 dBi gain. In [8] 

a broadband ±45° dual-polarized antenna with y-shaped 

feeding lines, which operates in 1.7-2.7 GHz frequency 

with the 8 dBi gain. In [9] a compact broadband dual-

polarized antenna array is given for 1.427-2.9 GHz 

frequency with a gain of 8 dBi. In [10] a wideband 

omnidirectional antenna array is presented with a low 

gain variation of 7±1.5 dBi in 1.54-2.75 GHz frequency 

range. In [11] a low-profile dual-polarized high isolation 

MIMO antenna arrays for wideband base station 

applications are discussed for 2.4-3 GHz frequency with 

10.2 dBi gain. Broadband stacked f-probe patch antenna 

and its array for base station are discussed in [12] for 1.7-

2.69 GHz frequency having a varying gain of 7.9-8.9 dB. 

In [13] a low-profile wideband circularly polarized 

crossed-dipole antenna with wide axial-ratio and gain 

beam width given for 1-1.68 GHz frequency operation 

with 5 dBi gain. In [14] surface wave enhanced broadband 

planar antenna for wireless applications is presented  

for 3.4-5.5 GHz frequency range with 4.6 dBi gain. In 

[15] gain enhancement of bow-tie antenna using fractal 

wideband artificial magnetic conductor ground is 

discussed for 1.64 – 1.94 GHz frequency range with  

6.5 dBi gain. The recent works related to this research  

is identified in [17-21]. From the literature review, a 

demand for a single base station antenna to cover a wide 

frequency range is identified. Therefore, in this paper 

cross dipole antenna is presented to make stable radiation 

pattern over the entire frequency range which covers 
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different wireless mobile communication standards such 

as 2G, 3G, 4G and the sub-6 GHz 5G applications. The 

development of the antenna consists of three stages, and 

initially a single dipole element [16] is designed and its 

balun structure is modified for the wideband operation 

next, the two element antenna is developed. Finally, the 

cross dipole antenna was obtained by the joining of two 

pairs of dipole structures at the center. At each stage the 

input matches and radiation parameters are analyzed for 

the effective progress of the proposed structure. To finish 

the development process parameters such as input match, 

radiation patterns, gain, and efficiency are compared for 

validating the fabricated and simulated antenna structure. 

The comparison of performance of the proposed antenna 

with the reference works is also given in the results and 

discussion part to prove the proposed antenna can serve 

for base station applications. There are four sections in 

this paper. An introduction with the literature review in 

Section 1 and its evolution of design along with the 

design methodology of the proposed antenna in Section 

2. Section 3 consists of a cross dipole antenna and its 

results. Section 4 concludes the paper. 

 

II. ANTENNA DESIGN 
In this section, the design methodology followed in 

this antenna design is presented. The proposed antenna 

shown is in Fig. 1. The overall dimension of the single 

antenna element is 76*42 𝑚𝑚2. The antenna consists of 

a simple dipole structure at the top side of the substrate 

at Fig. 1 (a) and a microstrip balun structure at the bottom 

side of the rectangular FR4 substrate at Fig. 1 (b). The 

dimensions for the front view of the antenna consists of, 

a=42 mm, b=76 mm, c=37.50 mm, d=23 mm, e=27 mm, 

f=15 mm, g=1 mm, h= 12.50 mm, i= 11.50 mm, j= 4.50 

mm. The FR4 substrate is covered with the double-sided 

copper cladding with an electrical conductivity of 

5.8e+007 with a thickness of t= 0.035 mm. The evolution 

of the proposed design is depicted in Fig. 2 and Fig. 3.  
 

 
 

Fig. 1. Geometry of the proposed antenna: (a) top layer 

and (b) bottom layer. 

 

 
 

Fig. 2. Evolution of the dipole. 

 

In step 1 a simple dipole of 50*100 𝑚𝑚2 dimension 

is designed with the straight balun shown in Fig. 2 (a) 

which has dual resonant frequencies 1.4 GHz and 2.6 

GHz then overall dimension reduced by removal of extra 

space around the radiating patch following step 2 for size 

reduction, which is depicted in Fig. 2 (b). It has resulted 

in the widening of bandwidth from 1.4 GHz to 3.1 GHz. 

The advantage of using balun is that it acts as an 

unbalanced to balanced transformer from the feed line  

to the two printed dipole strips. An integrated balun 

between the microstrip line and the CPS line to match 

the input impedance of the antenna to the 50-ohm feed 

line, and the end of the microstrip line is shorted using a 

shorting pin at the feeding point is shown in Fig. 2 (a). 

Step 3 microstrip balun is modified into a curved 

structure to improve the impedance matching process is 

shown in Fig. 3 (b).   

 

 
 

Fig. 3. Evolution of modified balun. 

 

The capacitive gap between the dipole elements is 

chosen as 1 mm for better isolation between the dipole 

elements. When the proposed antenna is compared with 

the traditional dipole antenna with straight balun having 

narrow bandwidth and the proposed dipole antenna 

which provides wider bandwidth of 2.64 GHz from 1.30 

to 3.94 GHz. Finally, the proposed antenna is obtained 

with a reduced dimension of 42*76 𝑚𝑚2. Input match 

which is obtained during the evolution of design is 

shown in Fig. 4. The CST software discrete port is used 

for excitation purposes with the input impedance of 50 

ohms.   
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Fig. 4. Input match response to the evolution of design. 

 

III. RESULTS AND DISCUSSION 

A. Analysis of single dipole element  

The proposed antenna was successfully simulated. 

Then it is fabricated in 1.6 mm thickness FR4 epoxy 

substrate with loss tangent tan δ=0.02 and dual layer 

copper with a thickness of 0.035 mm by using a chemical 

etching method. A photograph of the fabricated prototype 

antenna is shown in Fig. 5 (a), front view Fig. 5 (b). Back 

view of the sub-miniature-A (SMA) connector connected 

to the bottom side for excitation of the antenna. Figure 5 

(c) clearly shows the feeding point soldered properly to 

prevent the outer connector from affecting the balun 

structure. Hence, it prevents the energy radiated in an 

expected way. The comparison of simulated and measured 

S11 values is given in Fig. 6. The return loss (|S11| dB) 

of the fabricated prototype is measured using the vector 

network analyzer (Fieldfox RF Analyzer N9912A by 

Agilent Technologies). It has a bandwidth of 2.64 GHz 

and VSWR of <1.5 in the same frequency range. 

 

 
 

Fig. 5. Prototype of the proposed single element dipole 

antenna: (a) front view, (b) back view, and (c) feeding 

point. 

 

Bn  

 

Fig. 6. Comparison of simulated and measured S11. 

The values of simulated and measured S11 were 

close to each other, and the deviations were also 

observed due to the fabrication process. The surface 

current is an important variable because it controls the 

major properties of an antenna such as input impedance, 

radiation pattern, resonant frequency and bandwidth the 

simulated surface current distribution is shown in Fig. 7. 

At Fig. 7 (a) the current flow from the balun to the  

ends of the dipole resonates with the antenna at the  

lower bands of frequency. On the other hand, the current 

distribution is at Fig. 7 (b) is highly dense around the 

central region of the antenna while a small density 

among the dipole elements is responsible for the mid-

band region. At Fig. 7 (c) the current density is equally 

spread among the entire resonating elements responsible 

for the higher bands of frequency. The realized gain vs 

frequency for single element antenna is given in Fig. 15. 

Furthermore, the proposed single element antenna 

finally achieved the realized peak gain of 3 dBi over the 

frequency band. It is also close to a simulated peak gain 

of 3.19 dBi. 
 

 
 

Fig. 7. Surface current distribution: (a) at 1.6 GHz, (b) 

2.5 GHz, and (c) 3.8 GHz. 

 

B. Analysis of two element dipole antenna 

In order to improve the gain of single element dipole 

antenna, the two element dipole antenna is developed, 

and its results are investigated in this section. The 

proposed two element dipole antenna is shown in Fig. 8. 

The overall dimension of the proposed two element 

antenna is 190*42 𝑚𝑚2. The two dipole antennas are 

joined together where the distance between the two 
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dipoles is 38 mm which is chosen as it is half the width 

of a single dipole antenna. These two dipole antenna 

elements are fabricated and measured, and their results 

are discussed. The fabricated prototype of the two 

element dipole antenna is shown in Fig. 9. The realized 

gain vs frequency of the two element antenna is shown 

in Fig. 15. The proposed two element dipole antenna is 

achieved the stable realized peak gain of 5.8 dBi over the 

frequency band, it is also like the simulated peak gain of 

6.1 dBi. The analysis of the E plane, H plane, Co and 

Cross polarization of the radiation pattern is important 

because it gives the overall information on how the 

antenna radiates in the space. 

 

 
 

Fig. 8. Two element dipole antenna. 

 

 
 

Fig. 9. Fabricated prototype of two element dipole 

antenna. 

 

Therefore, the radiation pattern is shown in Fig. 10, 

Fig. 11 for the single and two element antennas at  

the center frequency of 2.5 GHz. The measured co 

polarization is 0.153 dBi for single element antenna and 

for two element antenna it is 3.09 dBi. The cross 

polarization is -8.35 dBi for single element antenna and 

for two element antenna it is -12 dBi. The measured 

radiation efficiency of the single element antenna is 

found as 82.56% and for the two-element antenna, it is 

83.65%.  

 

C. Analysis of cross dipole antenna 

The simulated cross dipole antenna is shown in Fig. 

12 (a). The balun structure used is shown in Fig. 12 (b). 

The two element dipole antenna is made a cross by 

joining at the center of the two elements. The fabricated 

prototype of the proposed antenna is shown in Fig. 13. 

The far field radiation patterns such as radiation pattern, 

gain, and radiation efficiency measurements of the 

proposed antenna in anechoic chamber. The radiation 

parameters measured at the center frequency 2.5 GHz are 

shown in Fig. 14. The realized peak gain increases to 

14.9 dBi during the simulation process and the measured 

gain is 13.8 dBi. The measured radiation efficiency of 

the proposed cross dipole antenna is found as 93.25%. 

The realized gain values for the single, two elements and 

cross dipole antenna are given in Fig. 15. The stable gain 

is observed in the frequency range of 1.341-3.834 GHz. 

The simulated and measured efficiency vs frequency  

plot is shown in Fig. 16. The stable efficiency is also 

observed in the frequency range of 1.341-3.834 GHz. In 

order to know the advantage of the proposed cross dipole 

antenna, we compare the proposed antennas and the 

previously reported antennas. 
 

 
 

Fig. 10. Radiation patterns of a single element antenna. 
 

 
 

Fig. 11. Radiation patterns of two element antenna. 
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The comparison for the resonance frequencies,  

size, substrate material and gains of these antennas is 

presented in Table 1. From the above discussions, we can 

see that the proposed antenna is achieved improved 

bandwidth and gain to cover 4G and sub-6 GHz 5G base 

station applications. 

 

 
 

Fig. 12. Simulated cross dipole antenna: (a) dipole 

elements, and (b) balun structure. 

 

 
 

Fig. 13. Fabricated cross dipole antenna. 

 

 
 

Fig. 14. Radiation patterns of cross element. 

 

Table 1: Comparison between the proposed antenna 

performance and other reported antennas 

Ref. 
Frequency 

(GHz) 

Size 

(mm) 

Substrate 

Material 

Gain 

(dBi) 

7 1.66-2.75 140*140 
FR4, 𝜀𝑟=4.4, t=0.8 mm, 

loss tangent =0.02 
8.7 

8 1.7-2.7 140*55*34 
FR4, 𝜀𝑟=4.4, t=0.8 mm, 

loss tangent =0.02 
8 

9 1.427-2.9 
990*134.11*

33.83 

Arlon AD300, 𝜀𝑟=3, 

t=0.762 mm, loss 

tangent =0.03 

8 

10 1.54-2.75 63.6*190 
FR4, 𝜀𝑟=2.55, t=1 mm, 

loss tangent =0.02 
7±1.5 

11 2.4-3.00 1112*364*12 
FR4, 𝜀𝑟=4.4, t=3 mm, 

loss tangent =0.01 
10.2 

12 1.7-2.69 460*180*30 
FR4, 𝜀𝑟=4.4, t=1.6 mm, 

loss tangent =0.02 

7.9-

8.9 

13 1-1.68 97*81*20.4 
FR4, 𝜀𝑟=3.38, t=0.8 mm, 

loss tangent =0.01 
5 

14 3.4-5.5 60*120 

RT Duroid, 𝜀𝑟=10.2, 

t=1.27 mm, loss tangent 

=0.01 

4.6 

15 1.64-1.94 70*50*22 
FR4, 𝜀𝑟=4.4, t= 3 mm, 

loss tangent =0.01 
6.5 

23 1.64-3.00 100*70*45 
FR4, 𝜀𝑟=4.4, t= 0.8 mm, 

loss tangent =0.02 
6-8 

This 

work 
1.341-3.834 190*76*42 

FR4, 𝜀𝑟=4.4, t=1.6 mm, 

loss tangent =0.02 
13.8 

 

 
 

Fig. 15. Realized gain vs Frequency. 
 

The measured co polarization is 6.02 dBi for single 

element antenna. The cross polarization is -2.98 dBi for 

the proposed cross dipole antenna. The cross polarization 

values obtained from the measurement are quite high due 

to the fabrication tolerance. 

The amount of isolation achieved by the proposed 

antenna is calculated using the parameter Envelope 

Correlation Coefficient (ECC) which is calculated by 

using S-parameter coefficients. It is calculated using the 

equations provided in [22]. The simulated and measured  
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values of ECC for the cross dipole antenna in Fig. 17. 

which shows that the ECC values lies below 0.3 makes the 

proposed antenna is suitable for base station applications. 

Simulated 3D Farfield Pattern at 2.5 GHz is shown 

in Fig. 18 which displays the realized gain pattern at E 

plane which achieved 14.9 dBi of simulated realized gain. 
 

 
 

Fig. 16. Efficiency vs. Frequency. 
 

 
 

Fig. 17. Simulated and Measured ECC Vs Frequency. 
 

 
 

Fig. 18. Simulated 3D Farfield Pattern. 

VI. CONCLUSION 
In this paper, cross dipole antenna is proposed, and 

its performance parameters are analyzed and discussed 

in detail. The antenna operates at 1.341 to 3.834 GHz 

frequencies with a bandwidth of 2.492 GHz. The proposed 

antenna is simulated, optimized, fabricated, and measured 

for the validation of design. The proposed antenna 

obtains stable radiation patterns and stable gain and  

also acceptable ECC over the frequency range therefore 

it is suitable for 4G and sub-6 GHz 5G base station 

applications. 
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Abstract ─ Recently, ingestible capsule endoscopy has 

been developed to ease the dosimetry process in the 

stomach and tract. In this application, a helical antenna 

is used because its shape is suitable for a capsule. The 

electric performance of a coil antenna can be analyzed 

by the normal-mode helical antenna (NMHA) concept. 

Previously, the design equations for NMHA have already 

been developed in free space application. Application of 

NMHA in the human body is innovative. Antenna design 

equations and electrical performance should be clarified. 

Presently, only self-resonant structure equations are 

clarified. 

In this paper, fundamental electric performances 

such as the input resistance, bandwidth and radiation 

characteristics are clarified through electromagnetic 

simulations and experiments. As for a human body 

tissue, the muscle is selected and a muscle phantom is 

used for measurements. It is made clear, that the input 

resistance and the bandwidth are increased by the 

increase of the human body conductivity, while the 

antenna gains are decreased.  

 

Index Terms ─ Human body, NMHA, phantom, RF. 
 

I. INTRODUCTION 
Recently, radio frequency (RF) sensors inside 

human bodies have been developed for healthcare 

applications [1-2]. In implantable RF sensors, small 

antennas, such as a planar inverted F-antenna and 

microstrip antenna, were studied [3-4]. In addition,  

a helical antenna had been used as a very small 

implantable antenna for a capsule endoscopy system [5-

6]. The helical antenna is promising because of its 

suitable structure for a capsule. However, antenna design 

method and performances were not made clear. The 

fundamental design is a self-resonant condition that 

creates input impedance to pure resistance and achieves 

higher antenna efficiency. Previously, a structural 

deterministic equation for a self-resonant condition  

was developed for ease in practical applications [7]. 

Researches of NMHA in a human body condition are 

very limited. Recently, a self-resonant equation in a 

human body condition was developed [8]. Some studies 

for input resistance changes and related performance 

changes were reported [9].  

In this paper, fundamental electric performances 

such as the input resistance, bandwidth and radiation 

characteristics are clarified through electromagnetic 

simulations and experiments. In electromagnetic 

simulations, a commercial simulator FEKO is employed. 

In calculation, because antenna size is very small such as 

one tenth of a wavelength and input resistance is less 

than 0.1 Ω, antenna segment size is optimized to be 

1/100 wavelength. The accuracy of simulation results are 

taken care. As for measurement, a human body phantom 

is fabricated. The dielectric constants εr = 52.7, σ = 0.15 

and εr = 53.3, σ = 0.89 are achieved. Calculated and 

measured results of the input impedance, bandwidth  

and radiation characteristics are compared and good 

agreements are ensured. 
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II. DESIGN EQUATIONS OF NMHA 
NMHA have been a well-known antenna. All of its 

important design equations are nearly clarified in a free 

space application. However, for use in a human body, 

equations are still under development. To understand 

NMHA, present situations are summarized in this 

chapter. A fundamental performance can be recognized 

by the equivalent current model shown in Fig. 1 [7]. 
 

 
 

Fig. 1. Equivalent current model of the NMHA. 

 

The coil current is modeled by a straight current and 

several loop currents. The straight current corresponds to 

a small dipole with a radiation resistance (RrD) and 

capacitive reactance (XD). The loop currents correspond 

to a small loop with a radiation resistance (RrL) and 

inductive reactance (XL). The input impedance is 

expressed by equation (1): 

 ( ).in rD rL l L DZ R R R J X X       (1) 

Here, Rl expresses the ohmic resistance of the 

antenna wire. Furthermore, the input resistance (Rin) and 

radiation resistance (Rrad) are given as follows: 

 ,in rD rL lR R R R     (2) 

 .rad rD rLR R R    (3) 

 

 
 

Fig. 2. Simulation model. 

 

The situation of NMHA inside a human body is 

shown in Fig. 2. NMHA is placed in a capsule and is 

surrounded by a dielectric material with permittivity  

and conductivity of εr and σ, respectively. The present 

situations of important equation developments are 

summarized in Table 1. In a free space condition,  

all fundamental design equations are clarified. Other  

electric characteristics relating to impedance matching, 

stored electromagnetic power, and bandwidth are 

summarized in paper [10]. In a human body condition, 

the resistance, reactance, and self-resonant structure  

are affected by εr and σ of the surrounding material.  

The most important equation for self-resonant structure 

has already been developed [8], whereas those for 

resistances are still under development. The equations 

related to Table 1 are shown in the following. 

 

Table 1: Overview of important design equations 

Item 
In Free 

Space 

In a Human 

Body 

Resistances 

Radiation 

(RrD; RrL) 

Ohmic 

(Rl) 

Equations relating 

to antenna 

parameters are 

derived [10] 

Equation are 

under 

developing 

Reactances 

Capacitive 

(XD) 

Inductive 

(XL) 

Equations relating 

to antenna 

parameters are 

derived [7] 

Deterministic 

equation is 

developed [8] 

Self-resonant 

structure 
XD = XL 

Deterministic 

equation is 

developed [7] 

Deterministic 

equation is 

developed [8] 

 

A. In free space 

Design equations for RrD, RrL and Rl are expressed 

as follows: 

 2 220 ( ) ,rD

H
R 


   (4) 

 6 4 2320 ( ) ,
2

rL

D
R N


    (5) 

here, λ is the wavelength in free space, 

 
120

0.6 ,t
l

L
R

d 
   (6) 

here, Lt, d and σ are the total length, diameter, and 

conductivity of antenna wire, respectively. 

The capacitive and inductive reactances are 

expressed as follows [7]: 

 
2

279
,

(0.92 )

A

D

H
X

N H D







  (7) 

 

2600 19.7
.

(9 20 )
L

ND
X

D H









  (8) 

The self-resonance is given by XD = XL and expressed as 

follows: 

 

2

2

279 600 19.7 ( )

(0.92 ) 9 20

H D
N

H D D H
N


 


   





 

. (9) 

 

B. In human body 

The inductive (XL) and capacitive (XD) reactances 

are expressed as follows [9]: 

 

Electric current source Magnetic current source 
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Here, λg is the wavelength in the material and is 

expressed as follows: 

 0

g

r r




 
 . (12) 

The self-resonant equation of NMHA is expressed 

by the equation (13): 

 

2

2

600 19.7 125
1

.

9 20 (1.1 )
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r

g g g g

D H
N

D H H D
N
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 





   

 
   

 


 

 (13) 

 

III. ELECTROMAGNETIC SIMULATION 

A. Simulation model 

The simulation model is shown in Fig. 2. NMHA is 

placed at the center of a dielectric cylinder with radius of 

30 mm and height of 60 mm. A very small air gap of  

1.0 mm is placed between the antenna and the dielectric 

material. 
 

B. Simulation parameters 

The simulation parameters are summarized in Table 

2. The effects of εr and σ on the antenna resistances  

are the main focus. As for a human tissue, a muscle is 

selected with εr = 53, and σ = 0.89 (S/m) given. To clarify 

the effect of σ, different values with σ = 0.15 (S/m) is 

considered.  
 

Table 2: Simulation parameters 

Parameters Values 

Method FEKO 7.0 (MoM) 

Frequency 402 MHz 

Wavelength (λg)  102.5 (mm) 

Dielectric Constant 

(Muscle) 

εr = 53, μr = 1; σ = 0.15, 0.89 

(S/m); ρ = 1040 (kg/m3) 

Segment size of 

material 
λg/40 

Number of turns (N) 5; 7; 9 

Metallic wire 
Copper 

(σ = 58 * 106 [1/Ωm]) 

Diameter of 

Antenna wire (d) 
0.5 mm 

Segment size of 

antenna wire 
λg/100 

 

For the calculation of the antenna wire and dielectric 

material, the method of moment (MoM) scheme is used. 

In order to calculate very small size antenna (between 

0.05 λg to 0.2 λg) and very small input resistances (around 

0.1 Ω or less) accurately, segment size of the antenna 

wire are carefully determined. At the segment size of 

λg/100, calculated results converged. For a dielectric 

material, the segment size of λg/40 is selected. 

 

C. Antenna structure 

Based on the self-resonant equation of equation 

(13), the antenna structures are determined. A 

comparison of the structure obtained from equation (13) 

and that of simulation results are shown in Fig. 3, where 

both values conform to each other. The antenna 

structures are only dependent with εr and not with σ. At 

a given N value, the antenna diameter (D) change is 

minimal for length (L) changes. This change is similar to 

that of the compression of a wire spring in which an 

increase of N, decreases the D. The point A indicate the 

study antenna structure of D = 8 mm, H = 20 mm, N = 9. 
 

 
 

Fig. 3. Comparison of self-resonant structures. 
 

D. Input impedance 

The Smith chart display of the input impedance is 

shown in Fig. 4 and the resistance values are shown in 

Table 3. 
 

 
 

Fig. 4. Antenna input impedance. 
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Table 3: Antenna resistance value 

σ (S/m) RrD+RrL (Ω) Rl (Ω) Rin (Ω) 
0.00 0.078 0.0357 0.44 

0.15 0.078 0.0357 8.58 

0.89 0.078 0.0357 22.80 
 

With the increase of σ value, the input resistance is 

increased. When a low-resistance antenna is placed near 

a wave absorber, the resistance increases, because the 

increase of σ corresponds to an increase of wave 

absorbing ability; there by, a very small resistance at σ = 

0 (S/m) is dramatically increased by the increase of σ. 
 

E. Antenna gain 

The effects of σ in the radiation characteristics are 

investigated. The antenna efficiency (η) and antenna gain 

(G) are shown in Table 4. Here, η is calculated by 

equation: 

 ,rad

in

R

R
    (14) 

where η is significantly decreased by an-increase in Rin, 

in the case of existence of σ value. 
 

Table 4: Antenna resistance value 

σ (S/m) Rrad (Ω) Rin (Ω) η (%) η (dB) G (dBi) 

0.00 0.078 0.44 17.93 -7.4 -17.5 

0.15 0.078 8.58 0.91 -20.4 -18.7 

0.89 0.078 22.80 0.34 -24.7 -24.5 

 

 
   (a) Horizontal plane 

 
    (b) Vertical plane 

 

Fig. 5. Radiation patterns. 
 

The radiation patterns of the electric field are shown 

in Fig. 5. In the vertical plane, the radiation pattern forms 

8 shape. The antenna gain (G) is expressed as follows: 

 (dBi),pat aG G L     (15) 

here, Gpat indicates the character 8 shape radiation 

pattern as shown in Fig. 5 (b), Gpat becomes 2 dBi. La 

indicates the attenuation of the electromagnetic power 

through the absorbing material. At σ = 0.15 and σ = 0.89, 

La becomes 1 dB and 3 dB, respectively. So, Antenna 

gains of 18.7 dBi and 24.5 dBi are considered adequate. 

In the case of σ = 0, antenna gain is reduced from the η  

value. In order to investigate this reason, electric field 

distributions of σ = 0 and σ = 0.15 are obtained as shown 

in Fig. 6. In the case of σ = 0 shown in Fig. 6 (a), electric 

field spreads widely out of the antenna. However, the 

case of σ = 0.15, electric field degradates rapidly out  

of the antenna. So, reflections caused by the surface 

impedance mismatch become larger in the case of σ = 0 

case. These reflections may become main reason of  

10 dB degradation. 

 

(a) σ = 0 

 

(b) σ = 0.15 

 

Fig. 6. Near field. 

 

IV. EXPERIMENTAL RESULTS 

A. Phantom 

To measure the antenna electrical characteristics 

inside a human body, human body phantoms are 

fabricated, which are composed of chemical powders, 

such as Agar, Polyethylene, Sodium chloride, Sodium 

dehydroacetate, monohydrate and Xanthan gum [11-12]. 

These chemical powders are mixed with distilled water 

and then heated. To complete a phantom, the heated 

material is placed in a case. The fabricated phantoms are 

shown in Fig. 7. 

 

 
(a) Phan tom 1 (σ = 0.15) 

 
(b) Phan tom 2 (σ = 0.89) 

 

Fig. 7. Experiment of phantom. 

 

A round hole and a guide groove are provided for 

installation of the antenna and feed cable, respectively. 

Positions #1, #2, and #3 indicate the locations used  

for the measurement of the dielectric constants, using  

a dielectric probe kit of Keysight N150/A. With this 

module, the measured dielectric constant (εm) is expressed 

as a complex value as follows: 
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,m r i rj j


   


      (16) 

here, ε0 is the permittivity of a vacuum. 

Then, σ is obtained by the next expression: 

 
02 .if      (17) 

The measured results of εr, εi, and σ at #1, #2, and #3 

locations are summarized in Table 5. In the process of 

putting the melted phantom in the container, the phantom 

densitie become different by the cooling speed differences 

of the phantom parts. To achieve the same value as a 

muscle (εr = 58.8 and σ = 0.84) is rather difficcult. So, 

the value εr = 53.3 and σ = 0.89 is used as a representative 

of a muscle. For phantom 1, the average values of εr and 

σ are 52.7 and 0.15, respectively. For the phantom 2, the 

average values of εr and σ are 53.3 and 0.89, respectively. 

 

Table 5: Measurement results of phantom 

Parameters 
Phantom 1 Phantom 2 

εr εi σ εr εi σ 

#1 54.5 6.8 0.1511 53.0 41.0 0.9111 

#2 55.4 7.0 0.1555 52.7 40.8 0.9066 

#3 49.0 5.8 0.1288 54.3 39.0 0.8666 

Averages 52.7 6.5 0.1450 53.3 40.3 0.8940 

 

B. Input impedance 

The measurement set up is shown in Fig. 8. The 

antenna with a feed cable is set at the center hole and the 

guide groove as shown in Fig. 8 (a). The antenna size is 

D = 8 mm, H = 20 mm, N = 9. A plastic insulator is 

placed between the phantom and antenna with a cable to 

avoid antenna contact with the phantom.  

 

 
(a) NMHA in phantom 

 
(b) Input impedance 

measurement by VNA 

 

Fig. 8. Experimental of input impedance setup. 

 

For the input impedance measurement shown in  

Fig. 8 (b), the antenna portion is covered by an upper 

phantom. The measured input impedances are shown in 

Fig. 9.  
The measured results of σ = 0.15 and σ = 0.89 

phantoms conform well to the calculated results. 

Therefore, the increase of the input resistance using the  

σ value is ensured in the experiment. 

 

 
(a) Phantom 1 (σ = 0.15) 

 
(b) Phantom 2 (σ = 0.89) 

 

Fig. 9. Input imperdance of NMHA in phantom. 

 

C. Bandwidth 

The bandwidth can be expressed by Rin as follows. 

The Rin and antenna Q factor are related by equation (18): 

 ,L

in

X
Q

R
   (18) 

here, XL is the input inductance shown in equation (10) 

and equation (11). 

Then, the bandwidth (BW) at the specified VSWR is 

expressed by the equation (19): 

 
1

W .
VSWR

B
Q VSWR


   (19) 

As a result, BW becomes proportional to Rin.  

The measured and simulation results of the antenna 

VSWR characteristics are shown in Fig. 10. 

 

 
 

Fig. 10. Comparisons of antenna bandwidth in phantom. 

 

The calculated and measured results at σ = 0.15 and 

σ = 0.89 conform well to each other. At VSWR = 2, the 

bandwidth of NMHA in phantom 1 and phantom 2 are 

4.6 MHz and 16.4 MHz and correspond to a fractional 

bandwidth of approximately 1.2% and 4.1%. The 

bandwidth extensions correspond to the increases of Rin 

in Table 4. 
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D. Radiation patterns 

The set-up of the radiation pattern measurement is 

shown in Fig. 11. The structure of Fig. 8 (b) that NMHA 

is covered by a phantom is set on a turntable. The 

measured antenna is seen in front and the transmission 

dipole antenna is seen in the opposite side. To measure 

very small signal level around -20 dBi, the leakage current 

and reflected wave from the surroundings are carefully 

reduced. To suppress leakage current on the feeding cable, 

the cable is covered by a radio wave absorber sheet. 
 

 
 

Fig. 11. Experimental of radiation setup. 
 

1). Radiation pattern with phantom 1 (σ = 0.15) 

The measured and calculated radiation patterns in 

the horizontal and vertical planes are shown in Fig. 12 

and Fig. 13, respectively. The measured antenna gain is 

obtained by comparing received levels with the reference 

half wavelength dipole antenna. Both results agree well 

at the main polarization and cross polarization. 
 

(a) Xross pol. (b) Co-pol. 
 

Fig. 12. Horizontal plane. 
 

(a) Xross pol. (b) Main pol. 
 

Fig. 13. Vertical plane. 

2). Radiation pattern with phantom 2 (σ = 0.89) 

The measured and calculated radiation patterns in 

the horizontal and vertical planes are shown in Fig. 14 

and Fig. 15, respectively. Both results agree well at the 

main polarization and cross polarization. 
 

(a) Xross pol. (b) Co-pol. 
 

Fig. 14. Horizontal plane. 
 

(a) Xross pol. (b) Main pol. 
 

Fig. 15. Vertical plane. 
 

V. CONCLUSIONS 
To clarify the electrical characteristics of a normal-

mode helical antenna (NMHA) placed in a human body, 

the change in the input resistance and antenna gain at 

different conductivity are obtained by simulations and 

measurements. When the conductivity (σ) is changed:  

at 0, 0.15, and 0.89 (S/m), the input resistance (Rin) 

become: 0.44, 8.58, and 22.8 (Ω), respectively. With an 

increase in Rin, the antenna efficiency (η) is also changed: 

-7.4, -20.4, and -24.7 (dBi) for σ = 0, 0.15, and 0.89 

(S/m), respectively. The accuracy of the simulated 

results confirmed through measurement using a human 

body phantom, and the two results agree well. Thus, a 

new finding that the input resistance increases as 

conductivity increases is established. 
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Abstract ─ In this paper, a low profile miniaturization 

low frequency sleeve monopole antenna loaded with 

passive lumped (PL) elements is proposed, which can be 

utilized for HF, VHF, UHF, and P band applications. The 

proposed antenna is fed by coplanar waveguide (CPW) 

and composed of feeding line, modified T-shaped 

radiation patch, sleeve structure and loaded passive 

lumped elements. An original monopole antenna is 

operating at 231 MHz with a small fractional bandwidth 

of 31.8%. By modifying the T-shaped radiation patch 

and adding the sleeve structure, the fractional bandwidth 

can be improved by 11%. To further enhance its 

performance, several passive lumped elements are 

integrated with the antenna. The design procedure is 

presented and analyzed in detail. The simulated results 

demonstrate that a fractional bandwidth of 192.2% from 

10-500 MHz can be achieved for the proposed antenna 

system, which is also in agreement with the measured 

result. 

 

Index Terms ─ Low profile, miniaturization, passive 

loading, ultra-wideband.  
 

I. INTRODUCTION 
High data transmission, miniaturization, 

multifunction wireless communication system has 

become a hot topic in the modern wireless communication 

system development. To meet the demands, antenna,  

as an intrinsic and essential component of wireless 

communication system, is also developing toward the 

same tendency. Multiband antennas can support many 

sub-systems and then realize multifunction [1-3]. 

However, more communication frequency bands are 

required with the increasing of functions of devices, 

which will make the antenna design more difficult. 

MIMO antenna array may also be a good choice to 

improve data transmission. Yet, strong coupling will be 

inevitable between the MIMO antenna array elements 

and extra decoupling work is needed to reduce the 

mutual interferences [4-5]. To solve these problems and 

meet the wireless communication system developing 

tendency, miniaturization wideband antenna may be one 

of the best options. 

Nonetheless, the miniaturization of antenna is 

contradictory with the bandwidth especially at low 

frequency [6-7]. As is known to us, low frequency 

antennas usually exist with the form of large size, which 

is related to its wavelength. Decreasing the size of low 

frequency antennas will degrade its performance. To 

trade-off the contradiction, many methods have been 

proposed [8-13]. So far, the most popular method is  

to utilize the non-foster circuit (NFC) to match an 

electrically small antenna (ESA) [13]. In [14-19], NFC 

matched ESAs have been reported. However, in most  

of the reported literatures, the bandwidth has been 

improved, which just compared with the bandwidth of 

antenna itself resonance. Thus, the achieved bandwidth 

of these antennas is not enough to cover wide low 

frequency band, such as for HF, VHF, UHF applications 

together. In [19], a fractional of 169% from 18 MHz to 

218 MHz has been obtained, which is also using the NFC 

matching method. Yet, the proposed antenna has a height 

of 30 cm and a ground plane of 20×16 cm2, which will 

occupy large volume for the wireless communication 

system. Therefore, designing a low profile, 

miniaturization, wideband antenna for low frequency 

wireless communication is urgent and indispensable.  

In this paper, a miniaturization low profile planar 

sleeve monopole antenna is proposed, which is realized 

with passive lumped element loading. The proposed 

antenna is fed by CPW and composed of modified T-

shaped radiation patch, feeding line, ground plane and 

loaded with passive lumped elements. The original 

model of the proposed antenna operates at 231 MHz with 

a small fractional bandwidth of 31.8%. To improve its 

bandwidth, the T-shaped radiation patch is modified, and 
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sleeve structure is introduced into the antenna structure 

to improve its performance a little. To further enhance 

its bandwidth, lumped elements are integrated to the 

antenna structure. By properly optimizing the structure 

and adjusting the values of these lumped elements, a  

-10 dB fractional bandwidth of 192.2% from 10-500 

MHz can be obtained. Moreover, the measured result is 

in agreement with the simulated one. 

 

II. DESIGN OF THE PROPOSED ANTENNA 
In this section, the design procedure of the proposed 

antenna is presented, which can be developed by three 

steps. Each step is corresponded with an antenna model. 

By analyzing the antenna models, the design principle 

can be well understood. 

 

A. Design of the antenna 1 

The structure of the antenna 1 is depicted in Fig. 1, 

where the top view and side view are given, respectively. 

The designed antenna 1 is fed by coplanar waveguide 

composed (CPW) and composed of feeding line, T-

shaped radiation patch, part ground plane, which is 

printed on a FR4 substrate with a relative permittivity of 

4.4, a loss tangent of 0.02 and a thickness of h=1.6 mm. 

The antenna 1, as the original antenna, is a monopole-

like antenna. The entire size of the antenna is 

W1×L1=330×320 mm2. The width S of the feeding line 

and the gap g between the feeding line and the part 

ground plane are calculated and obtained from CPW 

structure theory [20], which are set 3 mm and 0.5 mm, 

respectively. To enhance the -10 dB bandwidth of the 

antenna 1, it is optimized in the HFSS. The optimized 

dimensions are: W2=100 mm, W3=120 mm, L2=300 mm, 

and L3=50 mm. 

 

 
(a) Top view 

 
(b) Side view 

 

Fig. 1. The geometry of the designed antenna 1. 

The performance of the designed antenna 1 is  

given in Figs. 2 and 3, where the simulated reflection 

coefficient (S11) and the simulated radiation patterns are 

presented, respectively. From Fig. 2, it can be concluded 

that the designed antenna 1 operates at 231 MHz with  

a -10 dB fractional bandwidth of 31.8%. Moreover,  

the antenna 1 has an omnidirectional radiation pattern, 

which is depicted in Fig. 3. 

 

 
 

Fig. 2. The simulated S11 of the designed antenna 1. 

 

 
 

Fig. 3. The radiation patterns of designed antenna 1. 

 

To understand the principle of the antenna 1, the 

current distribution is shown in Fig. 4. From Fig. 4, it can 

be observed that the current is mainly distributed on the 

feeding line, the ground plane, the T-shaped radiation 

patch. Based on the simulated current distribution, the 

size of the T-shaped radiation patch can be optimized to 

enhance its performance. To analyze the effects on the 

resonance of the antenna, key parameters of the patch are 

selected to analyze and investigate the effects on the 

performance of the designed antenna 1. The simulated 

results are given in Figs. 5 and 6. 

The width L2 and the length W3 of the T-shaped 

radiation patch are selected to analyze its effects on the 
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performance of the designed antenna 1. The T-shaped 

radiation patch is composed of a rectangle patch marked 

by L2, W3 and a line marked by L3. In fact, increasing 

the values of W3 or L2 can improve the bandwidth of the 

antenna 1 which is given in Figs. 5 and 6. From Fig. 5, it 

can be observed that the center resonance frequency 

shifts toward to lower frequency and the -10 dB 

bandwidth can also be improved a little with the 

increasing of L2. Also, the same conclusion can be draw 

from the Fig. 6, which is that the center resonance 

frequency shifts toward to higher frequency band and  

the -10 dB bandwidth can also be improved a little with 

the increasing of W3. Thus, properly optimizing both 

parameters can control the center resonance frequency 

and bandwidth of the designed antenna 1. 

Based on the analysis for the designed antenna 1, it 

can be concluded that the bandwidth of the antenna 1  

can be improved by optimizing the dimensions of the 

designed antenna 1. To make the structure more compact, 

the width L2 is set by 300 mm, and the length W3 is 

optimized to improve the performance of the antenna 1. 

To enhance the bandwidth of the antenna 1, the antenna 

2 is developed, which is based on the configuration of 

antenna 1 and integrates the sleeve theory. 

 

B. Design of the antenna 2 

The configuration of the developed antenna 2 is 

presented in Fig. 7, which has the same basic structure 

with the designed antenna 1. In addition, the T-shaped 

radiation patch is modified by adding two pairs of 

parasitic branches. Two sleeve structures are also 

connected to the ground plane, which is beneficial to 

improve the impedance matching for the designed 

antenna 1. 

 

 
 

Fig. 4. The current distribution of designed antenna 1. 

 

 
 

Fig. 5. The effect of L2 on the performance of the 

designed antenna 1. 

 

 
 

Fig. 6. The effect of W3 on the performance of the 

designed antenna 1. 

 

The simulated reflection coefficient (S11) is 

depicted in Fig. 8, which indicates that the antenna 2 has 

a -10 dB fractional bandwidth of 42.8% covering from 

180 MHz to 278 MHz. By comparing with the result  

of the designed antenna 1, it can be concluded that  

the fractional bandwidth has been improved by  

11%. Moreover, the developed antenna 2 has also an 

omnidirectional radiation patterns presented in Fig. 9. 

However, the peak gain has been decreased by 0.39 dBi 

for the developed antenna 2. 
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Fig. 7. The configuration of the designed antenna 2. 

 

 
 

Fig. 8. S11 comparison of antenna 1 and antenna 2. 

 

 
 

Fig. 9. The radiation patterns of devised antenna 2. 

 
 

Fig. 10. The current distribution of the devised antenna 

2. 

 

The current distribution of the devised antenna 2 is 

given in Fig. 10, which can give an understanding for the 

antenna 2 design. From the current distribution, it can be 

seen that the current distribution concentrates on the 

feeding line, the ground plane, the T-shaped radiation 

patch, the parasitic branches and the sleeve structure. 

The parasitic branches and sleeve structure integrated 

into the designed antenna 1 can prolong the current path, 

which can be equivalent to the inductor loading to cancel 

the resistance of designed antenna 1. Thereby, the 

bandwidth of antenna 1 can be enhanced.  

Although the bandwidth of the developed antenna 2 

has achieved a -10 dB fractional bandwidth of 42.8%, it 

still cannot meet the demand of modern broadband 

wireless communication for wide range of detection  

at low frequency. To solve the problems and further 

enhance the bandwidth of the antenna 2, the antenna 3 is 

proposed as the final design of the low frequency wide 

band antenna. 

 

C. Design of the antenna 3 

The geometry of the antenna 3 is shown in Fig. 11, 

where passive lumped elements are integrated into the 

antenna structure that is based on the configuration of  

the designed antenna 2. These passive lumped elements 

include an inductor, a capacitance, and five resistances.  

The parasitic branches are connected to the ground by 

both resistance R4 and R5. The sleeve structures are 

attached with the T-shaped patch by both resistance R2 

and R3. The resistance R1 and the inductor L1 are 

incorporated into the feeding line. While the capacitance 

C1 is set at the bottom of the substrate, which will make 

the soldering more convenient. The inductor L1 and the 

capacitance C1 are selected to make the proposed 3 

resonate at high frequency band. And, five resistances 

R1, R2, R3, R4, and R5 are chosen to make the proposed 

antenna match to 50Ω. Thus, the bandwidth of the 

original antenna can be greatly enhanced by properly 

adjusting these elements in the HFSS. 
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Fig. 11. The geometry of devised antenna 3. 

 

 
 

Fig. 12. Comparison of S11 for the designed three 

antennas. 

 

 
 

Fig. 13. The effect of C1 on the performance of the 

devised antenna 3. 

 

The devised antenna 3 is modeled and optimized by 

the HFSS. By properly adjusting these values of the 

lumped elements, an ultra-wideband wideband can be 

obtained and named as antenna 3. And, the simulated 

reflection coefficients (S11s) is presented in Fig. 12, 

where the devised antenna 3 can achieve a -10 dB 

fractional bandwidth of 192.2% ranging from 10 MHz to 

500 MHz that has been enhanced greatly in comparison 

with the simulated S11 of antenna 1 and antenna 2. 

 

III. ANALYSIS AND MEASUREMENT 
The final designed antenna 3 and its performance 

are depicted herein. To analyze the design principle, two 

parameters (the capacitance C1 and the resistance R1) 

are selected to investigate the effects for the finalized 

antenna 3. The results are show in Figs. 13 and 14. From 

Fig. 13, it can be observed that the bandwidth of the 

designed antenna has been deceased with the increasing 

of C1, especially, which means that C1 has great effect 

on the higher frequency band. Similarly, the inductor L1 

has the same effect on the antenna 3. From Fig. 14, it can 

be concluded that the R1 has great effect for the antenna 

3 in the entire frequency band. The three elements, 

namely C1, L1, and R1, are the most sensitive components. 

Thus, properly optimizing the three key elements and 

then adjusting the other four resistances can obtain a 

good performance for the antenna 3. 

 

 
 

Fig. 14. The effect of R1 on the performance of the 

devised antenna 3. 

 

 
 

Fig. 15. The photograph of the fabricated antenna. 
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Fig. 16. Comparison of S11 of the simulation and 

measurement. 

 

At last, to validate the simulated results, the antenna 

3 is fabricated and these passive lumped elements are 

soldered into the fabricated antenna, which is shown in 

Fig. 15. To improve the accuracy of the experiment, 

these passive elements are used with the high accuracy 

of 1%. The reflection coefficient (S11) of the fabricated 

antenna is measured by employing the Keysight ENA 

Series Network Analyzer E5061B. The comparison of 

the simulated and measured results is depicted in Fig. 16. 

From the Fig. 16, it can be concluded that the 

fabricated antenna has also a -10 dB fractional 

bandwidth of 192.2% ranging from 10 MHz to 500 MHz, 

which is in agreement with the simulated result. 

However, there is some difference between the 

simulation and measurement, which may be caused by 

the fabrication error, the parasitic effects of the 

electronic components, the soldering and stability of  

the substrate. To better evaluate the performance of  

the proposed antenna, the measured total efficiency  

and radiation patterns may be needed. However, the 

operating frequency band at low frequency is difficult to 

measure in practical, which means that an extremely 

large anechoic chamber is required for the measurement. 

In fact, it is difficult to measure the radiation patterns at 

very low frequency. 

 

IV. CONCLUSION 
In this paper, a low profile miniaturization sleeve 

monopole antenna loaded with passive lumped elements 

is proposed, which can be utilized for HF, VHF, UHF, 

and P band applications. The proposed antenna is divided 

into three antenna models to discuss the design procedure. 

The performance of each antenna model is analyzed in 

detail. The bandwidth of the proposed antenna has been 

improved step by step. At last, the final designed antenna 

loaded with lumped elements achieves a -10 dB fractional 

bandwidth of 192.2% ranging from 10 MHz to 500 MHz, 

which is greatly enhanced comparing with the results  

of the former two designed antennas. Moreover, the 

measured result is in agreement with the simulated one. 

In the future, the metasurface and filtering methods  

[21-23] can be well investigated on such antenna 

development, and the wide bandwidth beamforming 

based on adaptive techniques [24-28] is still an amazing 

topic.  
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Abstract ─ This paper presents a resonator based 

decoupling structure for 2×2 dual polarized array antenna. 

The designed structure consists of two decoupling 

resonators placed between the antenna elements. The 

proposed decoupling structure can effectively enhance 

the isolation and has negligible impact on the radiation 

patterns. 

 

Index Terms ─ Decoupling, dual-polarized array, 

resonator. 

 

I. INTRODUCTION 
Dual polarized and compact array antennas are 

highly desirable in multiple-input multiple-output (MIMO) 

systems. However, mutual coupling becomes inevitable 

in compact MIIMO antennas [1]. A series of mutual 

coupling reduction techniques have been proposed in the 

literature. For example, the mutual coupling can be 

reduced using the defected ground structure (DGS) [2], 

electromagnetic band gap (EBG) [3], neutralization line 

[4], parasitic element [5], metamaterial [6]-[8], shorting 

vias [9], interference cancellation chip [10], hybrid 

topology optimization [11], decoupling surface [12], 

decoupling ground [13], dual polarized slot antenna [14]-

[17], split ring resonator (SRR) [18], etc. However, the 

DGS tends to increase the backward radiation; the 

neutralization line and shorting via methods are mainly 

suitable for two-element MIMO antenna and are difficult 

to be extended to MIMO antennas with more than two 

elements; and most of these techniques works only for 

single polarized antennas and may distort the radiation 

pattern, except for [12] and [13], which however 

inevitably incase the profile of the array. 

In this work, we focus on the SRR based decoupling  

technique for low profile arrays. The SRR decoupling 

structures have been studied in [18]-[21]. The SRR unit 

has been used as metasurface element for decoupling [6]. 

The SRRs presented in [6],[18],[19] are only valid for 

single-polarized two-port array. The authors in [20] 

presented a SRR-based superstrate, which works for 

linear arrays with more than two ports. However, the 

SRR structure increases the profile. SRR walls were used 

to decouple a 2×2 array with circular polarization [21]. 

Moreover, the three-dimensional (3D) SRR structure in 

[21] dictates a relatively high profile and manufacturing 

cost.  

In this paper, we propose a decoupling resonator 

(DR) structure to reduce the mutual coupling of a 2×2 

dual polarized low profile microstrip array antenna at 3.5 

GHz. Two cells of DRs are placed between antennas 

with an edge-to-edge spacing of 0.14λ0 (center-to-center 

spacing of 0.39λ0). The proposed DR structure can 

effectively suppress the surface wave in the H-plane, 

while a small E-plane coupling is achieved by array 

design itself. Thus, unlike the previous SRR works with 

single linear polarization, effective mutual coupling is 

achieved for a dual polarized array. The proposed DR 

structure effectively reduces the H-plane coupling below 

-20 dB without degrading either the isolation in the E-

plane or the isolation between orthogonal polarizations. 

Moreover, it is shown that the proposed DR structure 

does not distort the radiation patterns of the array, which 

is a highly desirable feature for array decoupling.  

 

II. ANTENNA STRUCTURE AND RESULTS 

 

A dual polarized 2×2 microstrip array antenna with 

eight SRR decoupling structures is shown in Fig. 1 (a) 

and Fig. 1 (b) shows the DR unit. A square patch with a 
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dimension of 21.8 mm is used as the array element. The 

edge-to-edge spacing between the adjacent elements is 

12 mm (0.14λ0, where λ0 denotes the wavelength in free 

space). The microstrip element is fed by two coaxial ports 

in the horizontal and vertical directions at a distance of 

3.4 mm from the center. The two positions was found to 

give good impedance matching. The antenna ports are 

marked as numbers 1-8 in Fig. 1 (a). The substrate is 

Rogers 4350B with a dielectric constant of 3.48 and 

a thickness of h = 1.524 mm. The ground has a size of 

120 mm × 120 mm. The array has a resonating frequency 

at 3.5 GHz. The dimensions of proposed DR unit are 

summarized in Table 1. 

(a)   (b) 

Fig. 1. (a) Dual polarized MIMO antenna with DR 

decoupling structures; (b) proposed DR unit. 

Table 1: Parameters of proposed antenna 

Parameters Values 

(mm) 

Parameters Values 

(mm) 

L1 7.90 L11 1.30 

L2 0.25 L12 0.20 

L3 2.40 L13 1.60 

L4 0.25 L14 0.20 

L5 3.00 L15 0.75 

L6 0.20 L16 0.20 

L7 2.00 L17 1.00 

L8 0.30 L18 0.20 

L9 2.60 L19 0.90 

L10 0.25 L20 9.00 

All simulations are carried out in CST microwave 

studio in this work. Figure 2 shows the S-parameters of 

the 2×2 array without DR. As can be seen, given the 

array design (i.e., element separation, patch size, 

dielectric, etc.), the H-plane coupling dominates, i.e., the 

worst mutual coupling of -12 dB occurs in the H-plane 

(between ports 1 and 2), the mutual coupling in the E-

plane (between ports 1 and 3) is below -20 dB, and the 

mutual coupling between the two polarization in the 

same patch (between ports 1 and 5) is negligible. 

Therefore, the effort for mutual coupling reduction is 

exerted in designing the DR to bring down the H-plane 

coupling, without degrading either the E-plane coupling 

or the polarization isolation. 

To explain the decoupling mechanism, we analyze 

the resonator by increasing its number of turns in five 

steps, see steps a-e in Fig. 3 (a). The corresponding H-

plane coupling (S21) is shown in Fig. 3 (b). As can be 

seen, the initial design (step a) has a resonance at 3.8 

GHz. The resonance shifts towards lower frequency as 

the number of turns increases. The final design (step e) 

has a resonance at the required frequency of 3.5 GHz.  

Fig. 2. S-parameters without (w/o) decoupling structure. 

(a) 

      (b) 

Fig. 3. (a) Design process of the proposed DR and (b) the 

corresponding S21. 
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Figure 4 shows that the mutual impedance of two 

antennas with and without the DR structure. As can be 

seen, the DR structure reduces the mutual impedance 

between antenna ports 1 and 2 to about zero at 3.5 GHz. 

The surface wave is trapped by the DR units, resulting in 

low mutual coupling. 
 

 
 

Fig. 4. Mutual impedance Z12 with and without DR 

structure. 

 

It is found that optimal H-plane decoupling is 

achieved by inserting two DR units between the adjacent 

array elements (cf. Fig. 1 (a)). Figure 5 compares the S-

parameters of the array antenna with and without the DR 

based decoupling structure. As can be seen, the DR can 

greatly reduce the H-plane mutual coupling (S21) by 

more than 20 dB at the resonating frequency. 
 

 
 

Fig. 5. Comparisons of S-parameters with (w) and 

without (w/o) DR structure. 

 

Figure 6 shows a photo of the fabricated prototype of 

the dual polarized 2×2 array with DR based decoupling 

structure. Figure 7 shows the comparisons of the 

simulated and measured S-parameters with (w) the DR 

based decoupling structure. There are in general good 

agreements between the simulated and measured S-

parameters. The small discrepancies are mainly attributed 

to imperfect soldering and manufacturing tolerance.      

 

 
 

Fig. 6. Fabricated prototype of dual polarized antenna 

with DR structure. 
 

 
 

Fig. 7. Comparison of simulated and measured S-

parameters with DR structure. 

 

To further illustrate the decoupling property of the 

DR structure, the absolute surface currents with and 

without the DR decoupling structure are plotted in Fig. 

8. Specifically, Fig. 8 (a) shows the surface current 

distribution of the 2×2 array without the DR decoupling 

structure; Fig. 8 (b) shows the surface current distribution 

of the 2×2 array with a single DR unit between the 

adjacent array elements; Fig. 8 (c) shows the surface 

current distribution of the 2×2 array with the proposed 

decoupling structure (i.e., two DR units between adjacent 

array elements). As can be seen, the with one DR unit 

between the adjacent array elements, the coupling is 

reduced. Yet there is still noticeable amount of coupling 

left. By inserting two DR units between adjacent array 

elements, the coupling is reduced significantly. 
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(a) 

 
(b) 

 
(c) 

 

Fig. 8. Surface current distribution at 3.5 GHz: (a) 

without DR, (b) with a single DR between adjacent array 

elements, and (c) with two DRs between adjacent array 

elements.   

 

Figure 9 shows the comparisons of simulated 

radiation patterns with and without decoupling structure. 

In addition, the measured radiation pattern of the 

prototype (with decoupling structure) is plotted in the 

same figure. As can be seen, due to antenna misalignment, 

imperfect soldering, and manufacturing tolerance, small 

discrepancy exists between the simulated and measured 

radiation patterns. Nevertheless, there is still reasonable 

agreement between them. The slight tilt in the radiation 

pattern is probably due to the asymmetrical location of 

the antenna in the finite ground plane. More importantly, 

the good agreement between the simulated radiation 

patterns with and without the decoupling structure 

indicate that the DR has little effect on the radiation 

pattern. Note that the total radiation efficiency of the 

proposed antenna with the DR structure is about 66%, 

where the total radiation efficiency of the antenna 

without the DR structure is about 73%. So the DR 

structure introduced some losses. But the losses are not 

significant. 
 

III. CONCLUSION 
In this paper, a DR structure for dual polarized 2×2 

array antenna was proposed. By designing the array 

antenna itself, small E-plane coupling was achieved, 

while the severe H-plane coupling could be reduced by 

more than 20 dB at the resonating frequency using the 

proposed DR decoupling structure. In this way, DR 

based mutual coupling reduction was achieved for dual 

polarized low profile array. Moreover, the DR decoupling 

structure does not distort the radiation pattern of the array, 

which is a highly desirable feature of the decoupling 

technique. 
 

 
                                         (a) 

 
                                         (b) 
 

Fig. 9. Radiation patterns of simulated (sim.) without 

(w/o), simulated (sim.) and measured (mea.) with (w) 

DR decoupling structure: (a) vertical polarization; (b) 

horizontal polarization. 
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Abstract ─ The purpose of this manuscript is to present 

a compact design strategy for bandpass filters using 

Meander Line Resonators (MLR) in combination with 

Stub Loaded Resonators (SLR). The proposed resonator 

has been designed and analyzed using even-odd mode 

analysis. Open-ended stubs are loaded at an appropriate 

position in the dual-mode resonator to achieve tri, quad, 

and quintuple passbands. To reduce the circuit size and 

create transmission zeros at our desired frequencies, a 

symmetrical meandered shape resonator is loaded with 

open-ended identical stubs which are bent towards each 

other. A design strategy is presented step by step and the 

approach is validated using simulation and experiments. 

 

Index Terms ─ Band-pass filters (BPFs), dual BPF, even 

and odd mode analysis, stub loaded resonators (SLR), 

triple BPF, quad BPF. 
 

I. INTRODUCTION 
Multiband filters are considered as one of the 

essential parts of multi-band transceivers. Planar filters 

are having a vital part in the RF front end to obtain the 

preferred and high-quality signals. In order to provide 

smooth communication by a multiband transceiver, it is 

necessary to have BPFs which have small circuit size and 

high selectivity to avoid any interference with nearby 

frequency bands. Multiband BPF’s have many direct  

and indirect advantages and can be used in different 

applications for various purposes. Different multiband 

BPF’s are developed in this regard having different 

functionalities and different characteristics [1-8]. 

Various dual bandpass filters are designed using 

DGS, SIRs, and SLR [6-17]. Recently, a tri-band response 

is achieved by means of a combination of SLR termed  

as SLDMRs [9]. Two SLDMRs combined with intra-

resonator coupling between inner and outer rings are 

utilized to obtain a triple passband response. However, 

the size of the filter is large, and five transmission zeros 

are achieved. The same technique has been adopted  

in [12] to achieve tri-band performance with good 

selectivity by analyzing the loaded and unloaded quality 

factor. Six transmission zeros are achieved instead of 

five transmission zeros. The use of SIR in multiband 

BPFs is also exploited and several geometries are 

developed in [10, 11]. They utilized higher-order modes 

to create additional passbands. Also, such an approach 

generates an additional loss and greatly increases the 

overall size of the circuit. 

Also, in [11] they presented a very compact 

wideband bandpass filter using a quasi-elliptic resonator 

in combination with DGS. The presented filter is 

advantageous in terms of insertion loss, 3-dB fractional 

bandwidth, and with two transmission zeros. The 

proposed filter was implemented in frequency scanning 

beam array antenna to increase its bandwidth. Also, in 

[16-18], they designed and developed a stop band filters 

based on slot resonators and then integrated within  

the antenna to achieve the corresponding notched band 

performance. Similarly, in [19, 20] they designed a band 

stop filters and then integrated within the antenna. 

However, this time they made the achieved stop bands 

tunable by utilizing active components within the filter. 

Furthermore, in [21] they presented and claimed a 

very compact quintuple band bandpass filter utilizing 

multimode stub loaded resonator. A single symmetric 

resonator is loaded with a short-ended stub in the middle 

along with four pairs of open-ended stubs. The proposed 

bandpass filter operates at GSM-900, LTE2300, WiMAX 
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(3.5 GHz), WLAN (5.4 GHz), and RFID (6.8 GHz). 

Likewise, in [22] quad BPF is accomplished using the 

technique of splitting a single wideband into multiple 

passbands.  

This technique is complex and independent tuning 

of each passband is challenging. In this manuscript, we 

present a compact design strategy for bandpass filters 

using Meander Line Resonators (MLR) in combination 

with Stub Loaded Resonators (SLR). The presented 

resonator is designed and analyzed using even-odd mode 

analysis due to its symmetrical geometry. Open-ended 

stubs are loaded at an appropriate position in the dual-

mode resonator to achieve tri and quad passbands. To 

reduce the circuit size and create transmission zeros at 

our desired frequencies, a symmetrical meandered shape 

resonator is loaded with open-ended identical stubs 

which are bent towards each other. A design strategy is 

presented step by step and the approach is validated 

using simulation and experiments. 

This manuscript is arranged in the following 

manner: Section II deals with the recommended 

resonator analysis and to show the derivation of its 

corresponding even and odd mode frequencies. Section 

III provides the corresponding geometry of the designed 

filters based on the analysis in Section II along with the 

simulated and measured results, which is followed by the 

conclusion in Section IV. 

 
II. RESONATOR ANALYSIS 

A basic SLR comprising of one shorted stub and 

eight open stubs are provided in Fig. 1. It is further 

decomposed into even and odd mode circuits as shown 

in Figs. 1 (b) and (c), respectively. This even and odd 

mode can further be decomposed into five resonant 

circuits as shown in Fig. 1 (d) to Fig. 1 (m), respectively. 

Now, the resonant odd and even mode frequencies are 

calculated as in Table 1. 

 
Table 1: Corresponding even and odd mode resonances 

Even Mode Frequencies Odd Mode Frequencies 

1

1 2 3 4 5

(2 1)

4( )
even

s eff

n c
f

L L L L L L




     

 
1

1 2 3 4 5

(2 1)

4( )
odd

eff

n c
f

L L L L L




    

 

2

2 3 4 5 6

(2 1)

4( )
even

s eff

n c
f

L L L L L L




     

 
2

2 3 4 5 6

(2 1)

4( )
odd

eff

n c
f

L L L L L




    

 

3

3 4 5 7

(2 1)

4( )
even

s eff

n c
f

L L L L L




    

 
3

3 4 5 7

(2 1)

4( )
odd

eff

n c
f

L L L L




   

 

4

4 5 8

(2 1)

4( )
even

s eff

n c
f

L L L L




   

 
4

4 5 8

(2 1)

4( )
odd

eff

n c
f

L L L




  

 

5

5 9

(2 1)

4( )
even

s eff

n c
f

L L L




  

 
5

5 9

(2 1)

4( )
odd

eff

n c
f

L L




 

 

 
Table 2: Geometrical dimensions for single/dual/tri-BPF’s (all values are in mm) 

Parameter Value Parameter Value Parameter Value 

Lm 5 Ls 2.25 Wr 2 

Lf 3.25 Ws 1 W1 0.5 

W6 1 W7 4 L1 14.1 

L4 4 L5 7.02 L6 7.07 

G1, G2, G3 0.5 Via 0.5 W4 0.5 

L3 4.6 L8 4 W2 1.75 

W3 2.17 L2 4 L7 5.85 
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Fig. 1. Decomposition of the proposed SLR: (a) Basic 

SLR, (b) even mode circuit, (c) odd mode circuit (d, f, h, 

j, l) even mode equivalent circuits, and (e, g, i, k, m) odd 

mode equivalent circuits. 

 

III. RESULTS AND DISCUSSION 
Designed single, dual, triple, quad, and quintuple 

band bandpass filters are simulated using commercially 

available software ANSOFT HFSS and fabricated as 

well. The filters are also measured, and its frequency 

response is provided in each case. First, the optimization 

of different parameters is performed, and the final 

optimized parameters of the filters are provided in  

Table 2. 

Figure 2 shows the corresponding single BPF with a 

simulated frequency response in Fig. 3. The proposed 

single BPF is designed for 1 GHz center frequency. 

Similarly, Fig. 4 shows the corresponding dual BPF with 

simulated frequency response in Fig. 5. Now the dual 

BPF is designed for 1 GHz and 2.5 GHz and it can  

be well seen from Fig. 5. Three transmission zeros are 

observed in this case. 

 

 
 

Fig. 2. Developed single BPF. 

 

 
 

Fig. 3. Single BPF response. 

 

 
 

Fig. 4. Developed dual BPF. 

 

Figure 6 shows the corresponding tri BPF aimed  

to operate at GSM-900, LTE-2300, and WiMAX (3.5 

GHz). The measured and simulated frequency response 

including S11 and S21 of the developed tri-band BPF is 

also shown in Fig. 7. The developed tri-band BPF is 

aimed for useful wireless applications such as GSM- 

900, LTE-2300, and WiMAX (3.5 GHz). The middle 

frequencies of the developed tri-band BPF are 0.9550 

GHz, 2.2948 GHz, and 3.5246 GHz. The corresponding 

3-dB fractional bandwidth of the corresponding center 
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frequencies is 45.25%, 20.32% and 6.09% for the 1st, 

2nd, and 3rd passbands, respectively. The measured 

insertion loss in the three passbands is 0.32, 0.63 and 

1.38 including losses from the SMA connectors. Six 

transmission zeros are created in the simulated frequency 

response at frequencies 1.43 GHz, 1.68 GHz, 3.008 GHz, 

3.33 GHz, 4.0 GHz, and 5.33 GHz with more than 28 dB 

attenuations in order to get sharp skirt selectivity for the 

passbands. The geometrical dimensions of the tri-BPF 

are mentioned in Table 2. 

 

 
 

Fig. 5. Dual BPF response. 

 

 
 

Fig. 6. Developed tri BPF. 

 

 
 

Fig. 7. Tri BPF response. 

 

Figure 8 shows the corresponding quad BPF aimed 

to operate at GSM-900, LTE-2300, WiMAX (3.50 GHz) 

and WLAN (5.40 GHz). The frequency response of the 

measured and simulated results of quad-band BPF is 

given in Fig. 9. It is obvious that the measured and 

simulated frequency response agrees very well. The 

developed quad-band BPF is tuned for useful wireless 

applications which are GSM-900, LTE-2300, WiMAX 

(3.50 GHz) and WLAN (5.40 GHz). The operating 

frequencies of the quad-band BPF are 0.946 GHz, 

2.2079 GHz, 3.59 GHz, and 5.4663 GHz. The percentage 

3-dB fractional bandwidth all passbands are 42.64%, 

21.31%, 7.074%, and 7.414%, respectively. The measured 

insertion loss of all the four passbands at their center 

frequencies including SMA connectors are 0.31 dB,  

0.56 dB, 1.59 dB, and 1.63 dB respectively. Seven 

transmission zeros are generated with more than 28 dB 

attenuation at 1.39 GHz, 1.60 GHz, 2.98 GHz, 3.36 GHz, 

4.11 GHz, 5.05 GHz, and 5.88 GHz in order to get high 

selectivity pass-band filter response. The corresponding 

dimensions of the quad BPF are tabulated in Table 3. 

 

Table 3: Geometrical dimensions for quad BPF’s (all 

values are in mm) 

Parameter Value Parameter Value Parameter Value 

Lm 7 Ls 2 Wr 2 

Lf 3.25 Ws 1 W1 0.5 

W6 0.8 W7 0.95 L1 15.1 

L2=L4 4 L5 7.5 L6 6.575 

W8 0.5 W9 1 W10 2.75 

G1, G2, G3, 

G4 
0.5 Via 0.5 W4 1 

W2 1.75 W3 2.17 L7 5.85 

L3 4.6 L8 4.2 L10 2.75 

 

 
 

Fig. 8. Developed quad BPF. 

 

Figure 10 shows the corresponding quintuple  

BPF aimed to operate at GSM-900, LTE2300, WiMAX 

(3.5 GHz), WLAN (5.4 GHz) and RFID (6.8 GHz). The 

resonance frequencies of the designed filter are 

calculated by using the equations mentioned in Table 1. 

It is seen that there is a slight difference between 

calculated and aimed frequencies. However, it is 

optimized using parametric analysis to obtain the exact 

resonance frequencies as desired. The designed quintuple 

BPF is also measured and its frequency response is 

provided. The simulated vs. measured S21 response are 

shown in Figs. 7 and 8, respectively. Good matching can 
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be seen between the simulated and measured response of 

the proposed filter. Figure 11 shows that the proposed 

quintuple band bandpass filter is tuned to frequency 

bands, GSM-900, LTE2300, WiMAX (3.5 GHz), 

WLAN (5.4 GHz) and RFID (6.8 GHz). The operating 

mid frequencies of quintuple band bandpass filter are 

0.96 GHz, 2.22 GHz, 3.58 GHz, 5.41 GHz, and 6.64 

GHz with corresponding 3dB FBW of 36.03%, 20.95%, 

7.27%, 8.57%, and 3.37%. The measured insertion loss 

is 0.38dB, 0.59dB, 1.47dB, 1.53dB and 2.4dB at GSM-

900, LTE2300, WiMAX, WLAN and RFID frequency 

bands, respectively. The geometrical dimensions of the 

quintuple-BPF are mentioned in Table 4. The step by 

step fabricated prototypes of all filters are shown in Figs. 

12 (a-c). 

 
 

Fig. 9. Quad BPF response. 

 

Table 4: Geometrical dimensions for quintuple BPF’s (all values are in mm) 

Parameter Value Parameter Value Parameter Value 

L1 32.25 L2 2.75 L3 0.85 

L4 3.5 L5 2.875 L6 13.975 

L7 10.2 L8 7.75 L9 5.75 

W1 1.75 W2 1 Lf 3.25 

W3 0.5 Ls 1.25 G1-G5 0.5 

Ws 1 W4 0.5 W5 0.75 

Wf 1.7 Lm 3   

 
 

Fig. 10. Developed quintuple BPF. 

 

 
 
Fig. 11. Quintuple BPF response. 

 
(a) (b)  (c) 

 

Fig. 12. Fabricated filters: (a) Tri BPF, (b) quad BPF, 

and (c) quintuple BPF. 

 

IV. CONCLUSION 
Design strategy for compact bandpass filters using 

Meander Line Resonators (MLR) in combination with 

Stub Loaded Resonators (SLR) is presented. The 

proposed resonator is analyzed using the even-odd mode 

analysis. Open-ended stubs are loaded at an appropriate 

position in the dual-mode resonator to achieve tri, quad, 

and quintuple passbands. To reduce the circuit size and 

create transmission zeros at our desired frequencies, a 

symmetrical meandered shape resonator is loaded with 

open-ended identical stubs which are bent towards each 

other. A design strategy is presented step by step and the 

approach is validated using simulations and experiments. 
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Abstract ─ Unintentional electromagnetic coupling 

(crosstalk) between PCB lands is an important aspect of 

the design of an electromagnetically compatible product. 

In this paper, analytical model to predict crosstalk between 

two composite right/left-handed (CRLH) transmission 

lines in close proximity on PCBs is developed, and 

validated with full-wave simulation and measurement 

results. A cascaded seven unit cells CRLH transmission 

line (TL) acting as source of the electromagnetic 

emission was placed in close proximity to another seven 

unit cells CRLH transmission line acting as receptor  

of the emission on PCBs. Then the near- and far-end 

crosstalk voltages induced from the generator CRLH-TL 

to receptor TL for various separations between them 

were analyzed. It is shown that the crosstalk voltages 

computed with developed analytical model agrees  

well with full-wave simulation and measured results. 

Furthermore, it is shown that the left-handed capacitance 

and inductance design parameters of CRLH-TL can be 

used to reduce the crosstalk voltages induced on the 

receptor circuit leading to a cost-effective solution for 

shielding of near-by CRLH-TL receptor circuits printed 

on PCBs for various engineering applications. 

 

Index Terms ─ CRLH, crosstalk, coupler, EMC. 
 

I. INTRODUCTION  
An important aspect of the design of an 

electromagnetically compatible product is crosstalk. 

This essentially refers to the unintended electromagnetic 

coupling between wires and PCB lands that are in close 

proximity. The crosstalk analysis (i.e., to determine the 

near-end and far-end voltages) between conventional 

coupled cables and coupled PCB lands has been widely 

studied in the literature, see for example [1-3, 16-18]. 

Recently, characteristics of the composite right/left-

handed (CRLH) metamaterial transmission lines (MTM-

TLs) from intentional/tight coupling point of view  

(for example directional couplers) has been investigated 

[4-6]. While a lot of attention has been paid to the 

intentional coupling between CRLH-TLs, not much 

work (except in [7]) has been done on these couplers 

from an unwanted electromagnetic compatibility (EMC) 

coupling perspective. In the research community there  

is a growing interest to use CRLH-TLs in the design of 

feed network for antenna arrays [8-10], particularly by 

placing multiple RH/CRLH-TLs in the feed network to 

obtain different polarizations [11]. In such scenarios, 

unwanted coupling from one TL to another can degrade 

the systems’ performance by deteriorating the desired 

radiation patterns. Similarly multiple coupled CRLH-

TLs have been realized in super-resolution imaging 

applications [12]. Therefore analysis of crosstalk voltages 

to mitigate mutual coupling is an important design 

parameter to obtain the desired performance metrics. In 

[7], analysis of noise voltage coupling between right-

handed (RH) and CRLH-TLs has been formulated.   

The research work in the paper differs from previous 

work as follows: In [4]-[6] coupling between CRLH-TLs 

has been investigated from intentional coupling point  

of view, that is to couple more power to the receptor  

TL (ideally 0 dB). In the proposed work, coupling from 

EMC point of view has been analyzed, that is the 

objective is to mitigate the coupled voltages from 

generator CRLH-TL to the receptor CRLH-TL. The 

work in [7] assumes weak coupling between RH-TL  

and CRLH-TL, that is the effects of coupling only  

from generator RH-TL to victim CRLH-TL has been 

considered and not the effects of coupling back from 

CRLH-TL to RH-TL has been included. In [1-2 and 7], 

derivations of NEXT and FEXT is done with the 

assumptions of weak coupling between coupled 

transmission lines, and therefore the models cannot 

predict the crosstalk voltages for strong coupling 

between the PCB lands, where the transmission lines are 

printed in close proximity on the printed boards. In 

contrast to [7], the proposed work here considers the 

two-way effects of mutual coupling (coupling from 

generator CRLH-TL to receptor CRLH-TL and back to 

the generator circuit by the receptor circuit) to compute 

crosstalk voltages. Therefore, the proposed crosstalk 

model predicts the near- and far-end coupled voltages for 

any arbitrary spacing between the coupled transmission 

lines. Different commercially available simulators are 
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available to analyze the crosstalk between transmission 

lines of different structures. However, these techniques 

are based on method of moments (MoM), finite 

difference time domain (FDTD) numerical techniques 

[19] which are computationally expensive, time 

consuming and needs large amount of memory to 

analyze the crosstalk, particularly for complex 

transmission structures. In addition, they do not give 

insight behavior and relationship of crosstalk noise 

voltages with different parameters of the coupled 

transmission lines. The frequency domain analytical 

model proposed in this work to derive expressions for 

near- and far-end crosstalk voltages is generic and can be 

applied to other complex coupled transmission lines on 

printed circuit boards for any arbitrary spacing in 

between them. The analytical expressions developed  

can be used as an aiding tools for theoretical support, 

validation, comparison and design guidelines for 

reducing the unintentional coupling from generator to 

receptor circuit or vice-versa. 

Rest of the paper is organized as follows: In Section 

II, analytical expressions to compute NEXT and FEXT 

voltages for a unit-cell coupled CRLH-TLs have been 

derived. Section III describes the simulation methodology 

to validate the derived analytical expressions. Section  

III also discusses the parametric study of left-handed 

parameters 𝐶𝐿  and 𝐿𝐿  on NEXT and FEXT voltages. 

Section IV describes the measurement procedure to 

compute the crosstalk voltages and Section V finally 

concludes the paper.           

II. DERIVATION OF ANALYTICAL 

EXPRESSIONS TO COMPUTE NEXT AND 

FEXT VOLTAGES 

To introduce the problem statement, consider the 

coupled unit-cell CRLH-CRLH TL shown in Fig. 1 (a), 

and its equivalent circuit model [15] shown in Fig. 1 (b). 

The microstrip Interdigital capacitor comprising of  

ten long conductors (or fingers), each having length 𝐿𝑓 

and width 𝑊𝑓 is represented by left-handed (LH) series 

capacitance ( 𝐶𝐿 ) in series with a right-handed (RH) 

parasitic inductance ( 𝐿𝑅 ). The shunted stub (shorted  

with a metallic via) having length 𝐿𝑠  and width 𝑊𝑠  is 

represented by LH shunt inductance (𝐿𝐿) in parallel with 

a RH parasitic capacitance (𝐶𝑅).𝐿𝐺𝑅 and 𝐶𝐺𝑅 represents 

mutual inductance and mutual capacitance between 

generator and receptor circuits respectively. To introduce 

the two-way effects of mutual coupling, dependent 

voltage sources in the generator and receptor circuits 

have been incorporated as shown in Fig. 1 (b). The 

dependent voltage source 𝑠𝐿𝐺𝑅𝐼𝐺  in the receptor circuit 

represents the effects of generator current and the 

dependent voltage source 𝑠𝐿𝐺𝑅𝐼𝑅  in the generator circuit 

represents the back-way effect of receptor current, where 

by definition = 𝑗𝜔. Port 1 is driven by the voltage source 

𝑉𝑠, ports 2, 3 and 4 are terminated by load resistance 𝑅𝐿, 

near-end resistance 𝑅𝑁𝐸  and far-end resistance 𝑅𝐹𝐸 

respectively.  

Next, the goal is to derive analytical expressions to 

determine near-end crosstalk (NEXT) voltage 𝑉𝑁𝐸  and 

far-end crosstalk (FEXT) voltage𝑉𝐹𝐸 . In [7], analytical 

expressions for NEXT and FEXT voltages have been 

derived using weak coupling assumptions, while the 

proposed coupling model here in Fig. 1 (b) will be 

considered in entirety without weak coupling assumptions. 

Then design guidelines will be provided by parametric 

study of the left-handed parameters 𝐿𝐿  and 𝐶𝐿  in the 

receptor circuit for mitigation of NEXT and FEXT voltages. 

To determine NEXT voltage 𝑉𝑁𝐸 and FEXT voltage 

𝑉𝐹𝐸  in Fig. 1 (b), the generator and receptor currents are 

given by:  

 𝐼𝐺 =
𝑉4−𝑉1

𝑠𝐿𝑅+
1

𝑠𝐶𝐿

=
𝑠𝐶𝐿(𝑉4−𝑉1)

1+𝑠2𝐿𝑅𝐶𝐿
= 𝐴(𝑉4 − 𝑉1), (1) 

 𝐼𝑅 =
𝑉2−𝑉3

𝑠𝐿𝑅+
1

𝑠𝐶𝐿

=
𝑠𝐶𝐿(𝑉2−𝑉3)

1+𝑠2𝐿𝑅𝐶𝐿
= 𝐴(𝑉2 − 𝑉3), (2) 

 where 𝐴 =
𝑠𝐶𝐿

1+𝑠2𝐿𝑅𝐶𝐿
.  (3) 

and 𝑉1, 𝑉2, 𝑉3, 𝑉4 are node voltages in Fig. 1 (b).   
 

 
(a) 

 
(b) 

 

Fig. 1. (a) Microstrip layout of a unit-cell CRLH-CRLH 

coupler, (b) Proposed equivalent circuit model of the 

unit-cell CRLH-CRLH coupler.     
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Applying KCL at node 1: 𝐼𝐺 = 𝐼𝐶𝐺𝑅
+ 𝐼1 + 𝐼𝑅𝐿

, (4) 

or 

 𝐴(𝑉4 − 𝑉1) = (𝑉1 − 𝑉2)𝑠𝐶𝐺𝑅 +
𝑉1
1

𝑠𝐶𝑅+
1

𝑠𝐿𝐿

+
𝑉1

𝑅𝐿
. (5) 

Let, 

 𝐵 =
1

𝑠𝐶𝑅+
1

𝑠𝐿𝐿

,  (6) 

and then re-arranging (5), we get: 

 (−𝐴 − 𝐵 − 𝑠𝐶𝐺𝑅 −
1

𝑅𝐿
) 𝑉1 + 𝑠𝐶𝐺𝑅𝑉2 + 𝐴𝑉4 = 0. (7) 

Applying KVL around 𝑉𝑠 and node 4 in Fig. 1 (c), we 

can write: 

 𝑉𝑠 − 𝑠𝐿𝐺𝑅𝐼𝑅 − 𝑉4 = 0. (8) 

Using (2) and (8) in (7), and re-arranging, we obtain: 

(−𝐴 − 𝑠𝐶𝐺𝑅 − 𝐵 −
1

𝑅𝐿
) 𝑉1 + (𝑠𝐶𝐺𝑅 − 𝑠𝐿𝐺𝑅𝐴2)𝑉2 +

𝑠𝐿𝐺𝑅𝐴2𝑉3 + 𝐴𝑉𝑠 = 0.  (9) 

Similarly, applying KCL and KVL at nodes 2 and 3 

respectively in the receptor circuit, we obtain:  

 𝑠𝐶𝐺𝑅𝑉1 + (−𝐴 − 𝐵 − 𝑠𝐶𝐺𝑅 −
1

𝑅𝐹𝐸
) 𝑉2 + 𝐴𝑉3 = 0, (10) 

−𝑠𝐿𝐺𝑅𝐴𝑉1 + (𝐴𝑅𝑁𝐸 − 𝑠2𝐿𝐺𝑅
2𝐴2)𝑉2 + (−𝐴𝑅𝑁𝐸 − 1 +

𝑠2𝐿𝐺𝑅
2𝐴2)𝑉3 + 𝑠𝐿𝐺𝑅𝐴𝑉𝑠 = 0.    (11) 

Suppose, 

𝐾1 = −𝐴 − 𝑠𝐶𝐺𝑅 − 𝐵 −
1

𝑅𝐿
, 𝐾2 = 𝑠𝐶𝐺𝑅 − 𝑠𝐿𝐺𝑅𝐴2, 𝐾3 =

𝑠𝐿𝐺𝑅𝐴2, 𝐾4 = −𝑠𝐶𝐺𝑅 −
1

𝑅𝐹𝐸
− 𝐴 − 𝐵, 𝐾5 = 𝐴𝑅𝑁𝐸 −

𝑠2𝐿𝐺𝑅
2𝐴2, 𝐾6 = −𝐴𝑅𝑁𝐸 − 1 + 𝑠2𝐿𝐺𝑅

2𝐴2.    (12) 

Then (9), (10) and (12) becomes: 

 𝐾1𝑉1 + 𝐾2𝑉2 + 𝐾3𝑉3 + 𝐴𝑉𝑠 = 0,    (13) 

 𝑠𝐶𝐺𝑅𝑉1 + 𝐾4𝑉2 + 𝐴𝑉3 = 0, (14) 

 −𝑠𝐿𝐺𝑅𝐴𝑉1 + 𝐾5𝑉2 + 𝐾6𝑉3 + 𝑠𝐿𝐺𝑅𝐴𝑉𝑠 = 0. (15) 

Solving (13), (14) and (15) simultaneously, we can 

compute 𝑉2, and 𝑉3 to find out NEXT and FEXT voltages 

as follows:   

 𝑉2 =
−𝐴𝑉𝑠

𝑀1
−

𝑀2(𝑀3−𝑠𝐿𝑚𝑀1)𝐴𝑉𝑠

𝑀1(𝑀1𝑀4−𝑀2𝑀3)
,    (16) 

 𝑉3 =
(𝑀3−𝑠𝐿𝑚𝑀1)𝐴𝑉𝑠

𝑀1𝑀4−𝑀2𝑀3)
,    (17) 

where 

𝑀1 =
(𝐾1−𝑠𝐶𝐺𝑅)(𝑠𝐶𝐺𝑅−𝐾2)

𝑠𝐶𝐺𝑅
+ (𝑠𝐶𝐺𝑅 − 𝑠𝐿𝐺𝑅𝐴2), 𝑀2 =

𝑠𝐿𝐺𝑅𝐴2 −
𝐴(𝐾1−𝑠𝐶𝐺𝑅)

𝑠𝐶𝐺𝑅
, 𝑀3 = −𝑠𝐿𝐺𝑅𝐴 +

𝐴𝐾2𝐿𝐺𝑅

𝐶𝐺𝑅
+

𝐴𝑅𝑁𝐸 − 𝑠2𝐿𝐺𝑅
2𝐴2, 𝑀4 =

𝐿𝐺𝑅

𝐶𝐺𝑅
𝐴2 − 𝐴𝑅𝑁𝐸 − 1 +

𝑠2𝐿𝐺𝑅
2𝐴2. (18) 

The NEXT voltage is given by: 

 𝑉𝑁𝐸 = 𝐼𝑅𝑅𝑁𝐸 = 𝐴(𝑉2 − 𝑉3)𝑅𝑁𝐸 ,    (19) 

where 𝐴  can be computed from (3) and 𝑉2 , 𝑉3  can be 

determined using (16) and (17). The FEXT voltage is 

given by: 

 𝑉𝐹𝐸 = 𝐼𝑅𝐹𝐸
𝑅𝐹𝐸 = 𝑉2.    (20) 

Notice that the expressions in (19) and (20) are 

complex and depends on circuit parameters in Fig. 1  

as well on frequency, indicating the generality of the  

expressions. 

III. SIMULATION METHODOLOGY 

A. NEXT and FEXT voltages for unit-cell CRLH-

CRLH coupling 

In this section, a unit-cell CRLH-CRLH coupler of 

Fig. 1 is used to validate the previously derived NEXT 

and FEXT voltages in (19) and (20) in both Momentum 

(Fig. 1 (a)) and circuit simulator (Fig. 1 (b)) of ADS. The 

unit-cell coupler was simulated with port 1 driven by 

voltage source 𝑉𝑠 = 1 V and ports 2, 3, and 4 were 

terminated with 𝑅𝐿 = 50Ω , 𝑅𝑁𝐸 = 50Ω , and 𝑅𝐹𝐸 =
50Ω  terminations respectively. The circuit parameter 

values chosen were 𝐿𝑅 = 1.76 𝑛𝐻, 𝐶𝑅 = 0.53 𝑝𝐹, 𝐿𝐿 =
0.47 𝑛𝐻 , 𝐶𝐿 = 0.55 𝑝𝐹. These circuit values were 

extracted for the unit-cell microstrip CRLH-TL shown in 

Fig. 1 (a) using the design procedure in [13] with the 

following parameters: 𝐿𝑓 = 5 mm, 𝑊𝑓 = 0.3 mm, 𝐿𝑠 =

10 mm, 𝑊𝑠 = 2 mm and all spacing between fingers of 

0.2 mm. Two extra small microstrip transmission lines 

with dimensions 𝐻𝜇𝑠 = 4.8  mm, 𝑊𝜇𝑠 = 1  mm were 

added at both ends of the structure for matching and 

feeding purpose and their effects must be excluded by 

de-embedding (extending the ports P1 and P2 to the 

structure in the simulator). The methodology of 

parameters extraction is based on ABCD parameters 

approach explained in [13] and outlined here briefly: 

1) Simulate Interdigital capacitor (IDC) separately 

to extract its S-parameters at three frequencies, namely 

design frequency 𝑓0 and two edge frequencies 𝑓1 and 𝑓2 

around 𝑓0. In this paper, the chosen values were 𝑓0 = 3 

GHz, 𝑓1 = 2.9 GHz and 𝑓2 = 3.1 GHz.  

2) Repeat step 1 for shunted stub inductor. 

3) Convert S-parameters into Z and Y parameters. 

4) Use following expressions to compute circuit 

values [4],  

𝐿𝑅 = 𝐿𝑠
𝐼𝐷𝐶 , 𝐶𝑅 = 2𝐶𝑝

𝐼𝐷𝐶 + 𝐶𝑝
𝑠𝑡𝑢𝑏 , 𝐿𝐿 = 𝐿𝑝

𝑠𝑡𝑢𝑏 , 𝐶𝐿 = 𝐶𝑠
𝐼𝐷𝐶 ,  

 (21) 

where  

𝐶𝑝
𝐼𝐷𝐶 =

𝑌11
𝐼𝐷𝐶+𝑌21

𝐼𝐷𝐶

𝑗𝜔
, 𝐿𝑆

𝐼𝐷𝐶 =
1

2𝑗𝜔
[𝜔

𝜕(
1

𝑌21
𝐼𝐷𝐶)

𝜕𝜔
+

1

𝑌21
𝐼𝐷𝐶] , 𝐶𝑆

𝐼𝐷𝐶 =
2

𝑗𝜔
[𝜔

𝜕(
1

𝑌21
𝐼𝐷𝐶)

𝜕𝜔
−

1

𝑌21
𝐼𝐷𝐶]

−1

, 𝐿𝑠
𝑠𝑡𝑢𝑏 =

𝑍11
𝑠𝑡𝑢𝑏−𝑍21

𝑠𝑡𝑢𝑏

𝑗𝜔
, 𝐶𝑝

𝑠𝑡𝑢𝑏 =
1

2𝑗𝜔
[𝜔

𝜕(𝑌21
𝑠𝑡𝑢𝑏)

𝜕𝜔
+ 𝑌21

𝑠𝑡𝑢𝑏] , 𝐿𝑝
𝑠𝑡𝑢𝑏 =

2

𝑗𝜔
[𝜔

𝜕(𝑌21
𝑠𝑡𝑢𝑏)

𝜕𝜔
− 𝑌21

𝑠𝑡𝑢𝑏]
−1

. (22) 

All the values to be computed at 𝜔0  and 
𝜕(𝑌)

𝜕𝜔
≅

𝑌𝑎𝑡 𝜔2−𝑌𝑎𝑡 𝜔1

𝜔2−𝜔1
. 

The values of mutual coupling parameters 𝐿𝐺𝑅  

and 𝐶𝐺𝑅  were computed by first simulating the unit-cell 
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CRLH-CRLH coupler in ADS Momentum and then 

tuning the parameters 𝐿𝐺𝑅  and 𝐶𝐺𝑅  in ADS schematic  

to match the results with the Momentum results. The 

extracted parameters corresponding to 3 mm edge to edge 

separation between the unit-cell CRLH-CRLH coupler  

are 𝐿𝐺𝑅 = 1.04 nH and 𝐶𝐺𝑅 = 0.8 pF. The separation of 

3 mm was chosen to investigate the strong coupling case 

between CRLH-CRLH coupler. A weak coupling case 

with separation of 10 mm has also been investigated  

in Section IV. The ADS circuit (using Fig. 1 (b)), ADS 

Momentum (using Fig. 1 (a)) and MATLAB analytical 

results using (19) and (20) with these extracted parameters 

are shown in Fig. 2. The analytical and circuit simulation 

results completely overlap each other, which validates the 

accuracy of (19) and (20) for computation of NEXT and 

FEXT voltages. It can be seen that the behavior of NEXT 

and FEXT voltages is similar except for the frequency 

range of 2-3 GHz, which is a left-hand propagation band 

of CRLH-TL. It is shown in [13] that the near-end 

coupling is increased in the left-hand propagation band 

due to opposite direction of Poynting vector (power flow) 

and propagation vector. Therefore in next sections, only 

results for NEXT voltage would be discussed. 

 

 
  (a) 

 
  (b) 

 

Fig. 2. Comparison of the analytical (MATLAB), ADS 

circuit simulation and ADS Momentum for: (a) NEXT and 

(b) FEXT voltages of unit-cell (UC) CRLH-CRLH coupler. 

B. Parametric study of left-handed parameters 

Next, to consider a more practical realization of EMC 

coupling, seven unit-cells of microstrip CRLH-CRLH 

coupler in Fig. 1 (a) were cascaded in ADS Momentum 

(3D planar EM simulator). The ADS Momentum results 

for NEXT voltages using 3 mm edge-to-edge separation 

between two seven unit-cells CRLH- TLs for various 

parameters are shown in Figs. 3 and 4. The parametric 

study is mainly focussed on the left-hand (LH) band of 

CRLH-TL, which is a band extending from high pass 

left-hand cutoff frequency (𝑓𝐶𝐿) to transition frequenct 

(𝑓0). The 𝑓𝐶𝐿 represents the lowest frequency above which 

the CRLH-TL will support left-handed propagation, and 

𝑓0  represents the frequency at which the CRLH-TL 

transitions from supporting left-handed propagation to 

right-handed (RH) propagation. These frequencies are 

computed using the following expressions [13]: 

 𝑓𝐶𝐿 = 𝑓0√
𝑃1−𝑃2

2
, (23) 

where 

 𝑃1 = [𝐾 + (2
𝜔𝐿

⁄ )
2

] 𝜔0
2, 𝑃2 = 𝑓0√𝑃1

2 − 4, (23a) 

 𝑓0 =
1

2𝜋 √𝐿𝑅𝐶𝑅𝐿𝐿𝐶𝐿
4 , 𝑓𝐿 =

1

2𝜋√𝐿𝐿𝐶𝐿
, (23b) 

 and 𝐾 = 𝐿𝑅𝐶𝐿 + 𝐿𝐿𝐶𝑅.   (23c) 

These cut-off and transition frequencies along with 

extracted circuit parameters are shown in Tables 1 and 2.  

 

1) Effects of finger length (𝑳𝒇) on NEXT voltage 

To investigate the effects of finger length (𝐿𝑓) in Fig. 

1 (a) on NEXT voltage in left-hand (LH) band, two seven 

unit-cells CRLH-CRLH TL coupler with edge to edge 

separation of 3 mm (strong coupling case) was simulated 

in ADS Momentum. The extracted circuit parameters 

and LH band for various finger lengths are shown in 

Table 1. These values were computed using the simulation 

methodology in Section III and using equations (23). The 

NEXT voltage for various values of 𝐿𝑓 is shown in Fig. 

3. Other parameters of Fig. 1 (a) were 𝑊𝑓 = 0.3 mm, 

𝐿𝑠 = 10 mm, 𝑊𝑠 = 2 mm and all spacing in the fingers 

of 0.2 mm. As can be seen in Table 1, by increasing the 

finger length, the cut-off frequency 𝑓𝐶𝐿  is decreased 

resulting in shifting the LH band towards the lower 

frequency and can also be observed in Fig. 3. The NEXT 

voltage stays maximum up to around -10 dB for 

frequencies above 3 GHz and it is below -20 dB for 

frequencies below 3 GHz for all values of 𝐿𝑓 in both LH 

and RH bands.  

2) Effects of stub width (𝑾𝒔) on NEXT voltage       

Similarly the NEXT voltage was investigated for 

different values of stub width (𝑊𝑠) and the results are 

shown in Table 2 and Fig. 4. Other parameters of Fig.  

1 (a) were 𝐿𝑓 = 5 mm, 𝑊𝑓 = 0.3 mm, 𝐿𝑠 = 10 mm and 

all spacing in the fingers of 0.2 mm. As can be seen  

in Table 2, the bandwidth of LH band decreases from  
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3.74 GHz (for 𝑊𝑠 = 2 mm) to 2.77 GHz (for 𝑊𝑠 = 6 mm). 

The value of NEXT voltage increases for increasing 

value of 𝑊𝑠 and is approximately 10 dB higher for 𝑊𝑠 =
6 mm than for 𝑊𝑠 = 2 mm in both LH and RH bands. 

This is an important investigation for reducing NEXT 

voltages in LH and RH bands of coupled CRLH TLs, 

which should be kept in mind while deigning CRLH-TLs 

for EMC coupling reduction.  
 

Table 1: Extracted parameters for various finger lengths 

using (21) 

𝐿𝑓 

(mm) 

𝐶𝐿 

(pF) 

𝐿𝑅 

(nH) 

𝐿𝐿 

(nH) 

𝐶𝑅 

(pF) 

LH band 

(𝑓𝐶𝐿 − 𝑓0) 

5 0.55 1.76 0.47 0.53 3.44 − 7.18 

7 0.85 2.24 0.47 0.53 2.64 − 6.06 

9 1.13 2.75 0.47 0.53 2.17 − 5.36 
 

Table 2: Extracted parameters for various stub widths 

using (21)  

𝑊𝑠 

(mm) 

𝐶𝐿 

(pF) 

𝐿𝑅 

(nH) 

𝐿𝐿 

(nH) 

𝐶𝑅 

(pF) 

LH band 

(𝑓𝐶𝐿 − 𝑓0) 

2 0.55 1.76 0.47 0.53 3.44 − 7.18 

4 0.55 1.76 0.96 0.69 2.66 − 5.62 

6 0.55 1.76 1.27 0.75 2.36 − 5.13 
 

 
 

Fig. 3. Effects of length of finger (𝐿𝑓) on NEXT voltage 

between two seven unit-cells CRLH-CRLH coupler in 

ADS Momentum. 
 

 
 

Fig. 4. Effects of width of stub (𝑊𝑠) on NEXT voltage 

between two seven unit-cells CRLH-CRLH coupler in 

ADS Momentum. 

IV. MEASUREMENT PROCEDURE AND 

RESULTS 
Next, to measure the NEXT voltage between two 7 

unit-cells CRLH-CRLH coupler TLs, two test cases were 

considered: case 1: edge to edge separation between TLs 

of 3 mm (strong coupling case) and case 2: edge to edge 

separation between TLs of 10 mm (weak coupling case). 

The two cases were printed on a 1.575 mm thick Rogers 

RT/duroid 5880 ( ℰ𝑟 = 2.2, 𝑡𝑎𝑛𝛿 = 0.0009 ) substrate 

and are shown in Fig. 5 for cases 1 and 2 respectively. 

The specified dimensions denoted with notations in  

Fig. 1 (a) are 𝐻𝜇𝑠 = 4.8 mm, 𝑊𝜇𝑠 = 1 mm, 𝐿𝑓 = 5 mm, 

𝑊𝑓 = 0.3 mm, 𝐿𝑠 = 10 mm, 𝑊𝑠 = 2 mm and all spacing 

in the fingers of 0.2  mm. These are the same values  

as were discussed in Section III. The measurement 

procedure is as follows and also mentioned in [1]: P1 

(driven port) of the manufactured boards in Fig. 5 was 

connected with port 1 of the network analyzer, P3 (near-

end port) was connected with port 3 of the network 

analyzer and P2 (load), P4 (far-end port) were terminated 

with 50Ω terminations. Then near-end crosstalk was 

measured from P1 to P3. Next, again P1 was connected 

with port 1 of the network analyzer, P4 with port 4 of the 

network analyzer and P2 and P3 were terminated with 

50Ω terminations. Then far-end crosstalk was measured 

from P1 to P4. In-house fully calibrated Agilent four port 

network analyzer (300 kHz-20 GHz, model E5071C) was 

used for measurements purpose. The measured, circuit 

and ADS Momentum simulated results for the two cases 

are shown in Figs. 6 and 7 and are in good agreement. 

Cross-correlation metric has always been used for 

determining the similarity between two data series. Its 

value when normalized between -1 and 1 is called the 

correlation coefficient  which is a more meaningful 

measure of similarity between two date series. The 

results in the Table 3 give  values obtained between the 

proposed circuit method to that of the momentum 

method and the measured values for two data sets. Very 

high  values ranging from 0.97 to 0.974 indicate a very 

high degree of correlation between the results. The 

analytical expressions obtained in (19) and (20) can also 

be used directly to compute the crosstalk voltages (NEXT 

and FEXT) as was demonstrated in Section III.A.  

 

 
(a) 
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(b) 

 

Fig. 5. Photographs of the printed microstrip seven unit-

cells CRLH-CRLH coupler (top layer) for: (a) case 1 and 

(b) case 2. 

 

Table 3: Cross-correlation metric for similarity 

determination 

 

Data 1 for Case 1 Data 2 for Case 2 

Measured 

Data 

Momentum 

Method 

Measured 

Data 

Momentum 

Method 

Correlation 

Coefficient  
0.972 0.974 0.97 0.974 

 

 
 

Fig. 6. Measurement and simulation results for case 1 

(strong coupling). 

 

 
 

Fig. 7. Measurement and simulation results for case 2 

(weak coupling). 

 

V. CONCLUSION 
EMC coupling between CRLH transmission lines  

has been investigated. Analytical expressions have been 

derived to compute near- and far-end crosstalk voltages 

and were validated with the simulation and measurement 

results for two 7 unit-cells CRLH-CRLH transmission 

lines. It was shown that using left-handed parameters of 

CRLH structure, the near and far-end crosstalk voltages 

can be reduced in left-handed band of the structure. The 

effects of left-handed capacitance and inductance on left-

handed band and crosstalk voltages were discussed. 

 

REFERENCES 

[1] C. Paul, Introduction to Electromagnetic Compat-

ibility. John Wiley and Sons, Inc, Hoboken NJ, 

2006.  

[2] H. W. Ott, Electromagnetic Compatibility Engin-

eering. John Wiley and Sons, Inc, Hoboken NJ, 

2009. 

[3] T. Tobana, T. Sasamori, and Y. Isota, “Analysis of 

electromagnetic coupling between microstrip line 

and ground slot on a printed circuit board,” Proc. 

of the International Symposium on Electromagnetic 

Compatibility - EMC Europe 2016, Wroclaw, 

Poland, Sep. 5-9, 2016. 

[4] C. Caloz, A. Sanda, and T. Itoh, “A novel composite 

right-/left-handed coupled-line directional coupler 

with arbitrary coupling level and broad band-

width,” IEEE Transactions on Microwave Theory 

and Techniques., vol. 52, no. 3, pp. 980-992, Mar. 

2004. 

[5] I. A. Mocanu, G. I. Sajin, and F. Craciunoiu, 

“Electromagnetic study of strong coupled CRLH 

transmission lines for use in antenna construction,” 

IEEE Asia-Pacific Conference on Antennas and 

Propagation, Singapore, Aug. 27-29, 2012. 

[6] A. A. Ibrahim, M. A. Abdalla, and D. Budimir, 

“Coupled CRLH transmission lines for compact 

and high selective bandpass filters,” Microwave 

and Optical Technology Letters, vol. 59, no. 6, pp. 

1248-1251, Mar. 2017.  

[7] Irfanullah, S. Nariyal, S. Roy, M. M. Masud, B. 

Ijaz, and B. D. Braaten, “Analysis of the noise 

voltage coupling (crosstalk) between right-handed 

and composite right/left-handed (CRLH) trans-

mission lines on printed circuit boards,” IEEE 

Trans. Electromn. Compat., vol. 55, no. 4, pp. 788-

797, Aug. 2013.  

[8] B. Ijaz, S. Roy, M. M. Masud, A. Iftikhar, S. 

Nariyal, Irfan Ullah, K. Asirvatham, B. Booth, and 

B. D. Braaten, “A series-fed microstrip patch array 

with interconnecting CRLH transmission lines for 

WLAN applications,” 7th European Conference on 

Antennas and Propagation (EuCAP), Gothenburg, 

pp. 2088-2091, Apr. 8-12, 2013. 

[9] M. S. Khan, A.-D. Capobianco, A. Iftikhar, S.  

Asif, B. Ijaz, and B. D. Braaten, “A frequency-

reconfigurable series-fed microstrip patch array 

ACES JOURNAL, Vol. 35, No. 1, January 202056



 

with interconnecting CRLH transmission lines,” 

IEEE Antennas and Wireless Propagation Letters, 

vol. 15, pp. 242-245, June 2016.   

[10] A. Lai, K. M. K. H. Leong, and T. Itoh, “Novel 

series divider for antenna arrays with arbitrary 

element spacing based on a composite right/left-

handed transmission line,” European Microwave 

Conference, Paris, Oct. 4-6, 2005.  

[11] J. M. Kovitz, Y. R. Samii, and J. Choi, “Dispersion 

engineered right/left-handed transmission lines 

enabling near-octave bandwidths for wideband CP 

patch arrays,” IEEE International Symposium on 

Antennas and Propagation & USNC/URSI National 

Radio Science Meeting, Vancouver, BC, July 19-

24, 2015. 

[12] T. Tsukagoshi, K. Fujimori, M. Sanagi, and S. 

Nogi, “A metamaterial mirror with multiple CRLH 

transmission lines and its imaging quality,” 

Proceedings of the 39th European Microwave 

Conference, Rome, Sep. 29-Oct. 1, 2009.  

[13] C. Caloz and T. Itoh, Electromagnetic Metamater-

ials: Transmission Line Theory and Applications. 

John Wiley and Sons, Inc, Hoboken NJ, pp. 124-

128, 2006.  

[14] B. D. Braaten, S. Roy, I. Ullah, S. Nariyal, B. Ijaz, 

M. M. Masud, S. A. Naqvi, and A. Iftikhar, “A 

cascaded reconfigurable RH/CRLH zero-phase 

microstrip transmisison line unit cell,” Proceedings 

of the IEEE Intern. Conf. on Wireless Infor. Tech. 

and Systems, Maui, Hawaii, Nov. 11-16, 2012. 

[15] N. Kou, Y. Shi, and L. Li, “New equivalent circuit 

analysis and synthesis for broadband composite 

right/left-handed transmission line metamaterials,” 

ACES Journal, vol. 31, no. 8, Aug. 2016.   

[16] N. Soleimani, Mohammad G. H. Alijani, and 

Mohammad H. Nishati, “Crosstalk analysis of 

uniform and nonuniform lossy microstrip-coupled 

transmission lines,” International Journal of RF 

and Microwave Computer-Aided Engineering, vol. 

29, no. 11, July 2019.   

[17] Y. Sun, J. Wang, W. Song, and R. Xue, “Frequency 

domain analysis of lossy and non-uniform twisted 

wire pair,” IEEE Access, vol. 7, Apr. 2019.   

[18] X. Liu, Y. Li, and L. Zhao, “Investigation and 

analysis on crosstalk of the parallel meander 

transmission lines,” ACES Conf., Beijing, July 29-

Aug. 1, 2018. 

[19] Y. X. Sun, Q. Li, W. H. Yu, Q. H. Jiang, and Q. K. 

Zhuo, “Study on crosstalk between space transient 

interference microstrip lines using finite difference 

time domain method,” ACES Journal, vol. 30, no. 

8, Aug. 2015.

 

IRFANULLAH, KHATTAK, KHAN: EMC COUPLING BETWEEN TWO CRLH TRANSMISSION LINES 57



700 MHz (4G) Indoor Propagation - Measurement and Correlation with 

Different Numerical Methods 
 

 

Marcelo B. Perotoni 1, Roberio D. Araujo 1, Kenedy M. G. Santos 2, and Danilo B. Almeida 2 
 

1 CECS/UFABC 

Federal University of ABC, Santo Andre, SP, 09210-580, Brazil 

marcelo.perotoni@ufabc.edu.br, roberiodonizeth@yahoo.com.br 

 
2 Department of Electrical Engineering 

Federal Institute of Bahia, Vitória da Conquista, BA, 45030-220, Brazil 

kenedymarconi@gmail.com, engedanilo@gmail.com 

 

 

Abstract ─ This article details the comparison of three 

different approaches of indoor propagation modeling – 

Ray Tracing, Dominant Path Model and the empirical 

Multi-Wall, the latter based on the COST-231. These 

methods are implemented inside the Altair Winprop 

suite, and are correlated with measurements taken at the 

frequency of 700 MHz. The choice of this frequency is 

due to its future use as LTE (4G) for applications in 

public security services.  

 

Index Terms ─ Indoor Wave Propagation, Propagation 

Measurements, Ray Tracing, Wave Propagation 

Modeling. 
 

I. INTRODUCTION 
The importance of indoor propagation has become 

relevant not only due to the widespread use of wireless 

communication systems but also due to the wide 

deployment of IoT (Internet of Things) devices [1, 2]. 

The efficient use of the crowded electromagnetic 

spectrum depends on careful planning, due to its use by 

different services. Numerical prediction can then help 

plan the use of the spectrum, obtaining the maximum 

output from a given channel. Since propagation 

measurements might not always be possible for each 

and every case, confidence in numerical prediction 

tools is advantageous to use the existing hardware with 

full capacity. Nevertheless, empirical formulations 

based on a comprehensive set of measurements are still 

useful and adequate for first-order addressing of 

propagation in indoor/office spaces [2].  

This paper compares three different numerical 

approaches - Ray Tracing (RT), Dominant Path Model 

(DPM) and Multi-wall (MW), in descending order of 

complexity. They are presented applied to an indoor 

measurement site, at the frequency of 700 MHz, chosen 

because of its possible assignment use by 4G (Long 

Term Evolution), particularly by the Police, enabling 

data and video transmission. A short description of the 

numerical methods is presented, followed by the 

measurements and finally, conclusions are shown 

regarding the performance of the three approaches. 
 

II. NUMERICAL METHODS 
Three different numerical methods were tested 

against measurements. In order to keep a neutral 

approach, each one of the methods did not have its 

settings changed, they were left as default.  

The RT method is a deterministic model, which 

follows the wave propagation in a similar way to a light 

ray. It is a time-consuming method since it computes 

for each point the complex sum of all the arriving rays, 

under certain energy thresholds (for instance after a 

certain number of diffractions or reflections the ray 

might be discarded due to its low amplitude). A ray can 

reach its destination by four different physical 

mechanisms – line of sight (LOS), refraction, 

diffraction and scattering [3]. Fig. 1 shows a basic 

scheme of an RT propagation – four different rays, 

indexes 1 to 4 are launched from the antenna. They 

propagate in straight lines, and upon facing a reflection 

(rays 1 and 4) they are computed accordingly 

(generating rays 1a and 4a). The ray 3 undergoes a 

knife-edge type diffraction and generates the 3a ray, 

whereas ray 2 goes through a window – its amplitude 

will be reduced as it goes out (2a). All these 

propagation mechanisms follow analytical 

formulations, whose respective parameters might be 

further adjusted by the user. Unlike the basic scheme of 

Fig. 1, the real simulation sweeps the whole 3D space 

with different rays emerging from the transmitter site 

[4]. RT offers the possibility of computing further 

propagation parameters, such as impulse response and 

angle of arrival, unlike empirical methods. It is a 

method sometimes too demanding for outdoor 

prediction, but adequate for indoor environments [3, 5] 
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and has been applied even to address the reception of 

medical implants inside human bodies [6]. 

 

 
 

Fig. 1 Ray tracing idea, lateral view. 

 

The DPM chooses before effectively launching the 

simulation only the ray paths which reach the receiving 

points with the strongest amplitudes [7,8,9]. As Fig. 2 

shows, the rays which undergo multiple diffractions or 

reflections and which present large losses are discarded. 

Therefore by choosing only the dominant path a 

substantial shorter processing time can be obtained, in 

contrast to the RT. Besides that, geometrical description 

of the model and their material description errors 

impact less on the final result, because DPM minimizes 

this error by focusing on the rays with the most energy 

only.  

On Fig. 2 a top view of an indoor environment is 

shown, where three rays reach the receiver from the 

transmitter. Only the red trace will be considered for 

this case, since it undergoes fewer reflections and 

refractions, thereby reaching the RX point with higher 

energy. This reasoning is applied to every receiver site 

on the simulation domain, and it allows gains in terms 

of computational time and resources. Winprop 

particularly uses only one ray for the DPM approach, 

the one with reaches the receiving point with the most 

energy [10]. 

 

 
 

Fig. 2. DPM Dominant Path Model, top view of the 

propagation rays. 

 

The third method hereby analyzed is the so-called 

Multi-Wall, based on an adaptation of the COST-231 

regulation (idealized for small cells [11]) and originally 

based on [12,13]. It analyzes only the direct connection 

between the transmitter and receiver. This ray has its 

loss computed as the sum of the Free space propagation 

loss (by Friis formula) and an additional loss term 

relative to the number of walls and floors that the ray 

goes through until it reaches the receiving point [14,15]. 

The factors acting on the wall/floor propagation loss are 

taken from empirical measurement sets. Fig. 3 depicts a 

simple application – only the direct ray is taken into 

account, though there is not a line of sight between the 

two points the loss is computed from analytical 

formulations. Though apparently simple the method has 

the advantage of its fast simulation time and the small 

dependency on the geometrical and material model 

accuracies, in contrast to the RT and DPM alternatives. 

It does not take into account diffraction (therefore 

becomes more pessimistic as the receiving point moves 

further away from the transmitter) [10]. 

 

 
 

Fig. 3 Multi-Wall Method basic schematic. 

 

 
 

Fig. 4. Spectrum analyzer used as receiver, with 

telescopic antenna, measuring the environment noise 

floor. 

 

III. MEASUREMENTS 
Measurements took place on the seventh floor of a  

concrete building in the UFABC Campus, with walls 

made out of concrete and plaster, mainly occupied by 

research laboratories and data centers. A spectrum 

analyzer connected to a telescopic antenna sampled the 

electric field on the receiving sites. The transmitter was 
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set to 700 MHz and with its maximum amplitude (20 

dBm), also using a telescopic antenna. Figure 4 shows 

the spectrum analyzer set as a receiver, displaying the 

ambient noise floor, without the generator powered on - 

visually there is no RF power on the vicinity of 700 

MHz, only a carrier at 788 MHz. The antennas were 

kept with vertical polarization all along. A set of 12 

points were taken, seven of them inside the lab and the 

other outside, spread on the common hall connecting 

the different laboratories.  

 

 
 

Fig. 5. Blueprint of the measurement site with the 

transmitter and receiver points. The gray area on the top 

is shown in detail on the inferior part. 

 

Figure 5 shows the indoor environment with the 

respective receiver (in red) and transmitter (blue) 

points. According to Fig. 5, there is a maximum 

(straight) distance between the transmitter and the 

furthest point (number 5) of about 35 meters. Points 1 

up to 5 are outside the laboratory; the other ones are 

inside (i.e. the signal does not have to go through walls 

or door, only subjected to diffractions on the furniture). 

The maximum distance taken for the measurement was 

set by the spectrum analyzer sensitivity - points further 

away do not result in accurate received power 

measurements since they are on the same level as the 

ambient noise floor. The measurements were taken with 

both spectrum analyzer and signal generator kept at 

floor level; condition consistent to the simulation. 

Figure 6 shows both the transmitter site and its 

position just across the door, with the generator shown 

in detail with the actual operational settings. It can be 

seen that it is positioned just across the wood door, kept 

closed throughout the test, and close to a metallic power 

distribution box (not considered in the simulation). 

 

IV. NUMERICAL PREDICTION 
The virtual model is constructed from the scratch 

based on an uploaded blueprint, which contains the 

information necessary to draw the walls and apertures 

(windows and doors) and contains the reference for 

distances. Materials are assigned in a proper way 

(concrete, wood, and glass). Furniture was not included, 

for the sake of simplification, and it is, therefore, an 

error source - affecting all numerical methods to 

different degrees according to the observed in Section 

II. The antennas were considered to be omnidirectional, 

for the sake of simplicity – they were positioned against 

varied walls, doors, metallic frames, etc as they were 

moved along the measurement points, thereby 

distorting their patterns. Figure 7 shows the three 

predicted power plots, along with the CAD model that 

describes the scenario. It can be seen that in general the 

DPM prediction pattern is smoother, without the acute 

lower amplitude areas from RT and MW, located on the 

lower half of the area. MW also, in particular, predicts a 

more pessimist coverage (i.e. with lower amplitudes) in 

the areas further from the transmitter (right half of the 

respective plot figure). In terms of computing time and 

resources, DPM took 2 seconds and approximately 0.8 

Mbytes; Multi-Wall 1 second and 0.1 Mbyte and RT 15 

seconds with 87 Mbytes. 

 

 
 

Fig. 6. Transmitter site and the generator shown in 

detail. 
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Fig. 7. Predicted results from the three different 

numerical methods; on top the CAD model used by the 

simulation. 

 

Taking into account the measurements, Fig. 8 

shows their correlation with the predicted sets, for the 

three numerical methods. The points are presented 

following the convention in Fig. 5 - i.e. they are not 

organized in ascending order of distance. 

The largest discrepancy with the measurement took 

place with point number 2; 17 dB for the worst (DPM) 

case. It can be inferred that this specific spot, on the 

wall in front of the lab where the transmitter is located, 

is subjected to a strong spatial field amplitude variation 

(visualized in Fig. 7), so that it is more sensitive to the 

receiver position. All three methods generated, for this 

specific point, poor correlation, so an error on the actual 

measured position might be possible. 

Another correlation parameter is the Mean Square 

Error, hereby called E, for each one of the numerical 

methods, as (1) shows: 
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, ,
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( )
N
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i
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



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where Emethod is the error associated with the specific 

method; N the total number of sampled points and 

ppredicted and pmeasured the respective computed and 

measured individual power values. Table 1 summarizes 

the parameter for the three different methods. The 

subscripts indicate which method the error parameter 

refers to. 
 

 
 

Fig. 8. Comparison between the three different 

numerical methods and measurements. 
 

 
 

Fig. 9. Plots of the difference between predicted 

received powers from sets of two different methods. 
 

Table 1: Error parameter 

DPM 52.41 

RT 65.36 

MW 40.78 

 

It can be seen that for the points in question the 

Multi-Wall method provided the smaller overall error, 
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with Ray Tracing showing the worse performance. It 

needs to be stressed that if the points were distributed 

further away from the transmitter it is likely that the 

Multi-Wall results would be farther from the 

measurements, since it generates more pessimistic 

values for these cases as Fig. 7 showed. The 

concentration of measured points near the transmitter, 

due to the spectrum analyzer sensitivity, helped MW in 

relation to DPM and RT methods. 

The subtraction of the predicted received power 

values across the simulation plane is shown in Fig. 9. 

Both differences are shown with the same scale, so that 

it is apparent that the DPM has a larger similarity with 

the RT method than the Multi-Wall, notably as the 

distances from the transmitter increase.  

Similar study, used for address the Lora protocol at 

the frequency of 865 MHz in an office building 

concluded that the Multi-Wall method, though less 

precise, offers advantages mainly due to the fact of 

being less demanding in terms of a precise virtual 

model of the building [14], in comparison to the Ray 

Tracing method. 

 

V. CONCLUSION 
This paper presented the comparison between 

measurements and simulations, using three different 

numerical methods, on an indoor scenario at 700 MHz. 

It was shown good correlation with the measurement 

set, and characteristics of each method were pointed 

out. It was seen that the empirical method Multi-Wall 

based on the COST-231 regulation generated closer 

results to the measurements, due to the fact the sampled 

points were distributed at distances not far from the 

transmitter site. 
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Abstract  ─ In this paper, the echo models with different 

micro-motion forms (spin, tumbling, precession, and 

nutation) of space cone-shaped target are built. Different 

from the ideal point scatterers model, the radar echo 

contains the contribution from the complex radar cross 

section (RCS) of point scatterer vs aspect angle. And a 

convolution neural network (CNN) model for micro-

motion forms classification based on the micro-Doppler 

characteristics in spectrograms is presented. The 

simulation results show that our method can discriminate 

different micro-motion forms effectively and the overall 

accuracy is 97.24%. Different levels of additive white 

Gaussian noise are added to simulate noise-contaminated 

radar echo. It has been found that the presented method 

has a stronger anti-noise ability than support vector 

machine (SVM). When the Signal-to-Noise Ratio (SNR) 

of Gaussian white noise is 10 dB, the overall accuracy of 

our algorithm is 29.79% higher than that of SVM. 

Index Terms ─ Convolution neural network, micro-

Doppler, micro-motion forms classification, space cone-

shaped target. 

I. INTRODUCTION
The micro-Doppler effect refers to Doppler 

modulations on the radar echo due to micro-motion 

dynamics (such as mechanical vibrations or rotations) of 

the target or any structure on the target, in addition to the 

constant Doppler frequency shift induced by the bulk 

motion of a radar target [1, 2]. Micro-Doppler is a unique 

signature of the target with movements and provides 

additional target features that are complementary to 

existing methods [2]. The micro-Doppler effect can be 

used to classify and identify the target, for example, 

human detection and activity classification [3] and the 

warhead and decoys of ballistic target [4]. 

Due to the interference by releasing decoys and the 

wobble under the action of the Earth's atmosphere, 

besides the translation along the line of sight (LOS) 

of the radar, the warhead will have spin, precession, 

and nutation. Many researches indicated that the micro-

Doppler signatures can be used to recognize and 

discriminate the warhead and the decoys [4-6]. The 

micro-motion parameters of the ballistic target reflect the 

important characteristics such as its structure, size, and 

micro-motion period. For radar imaging, to obtain a clear 

body image, the micro-Doppler component must be 

separated [7-9]. The premise of the success of these 

methods is to extract stable and effective micro-motion 

signatures.  

Conventionally, the micro-motion parameters 

estimation methods are based on the micro-motion form 

[10, 11]. However, it's hard to know the micro-motion 

form of the target, since radar usually observes non-

cooperative targets. And the traditional classification 

methods of micro-motion forms can be regarded as a 

kind of feature engineering, which means that they need 

to extract discriminative features from the raw echo data 

for classification algorithms.  

In general, the domain knowledge of micro-Doppler 

signals is required either in the design of time-varying 

signatures or from the extraction of features. These 

limitations result in poor adaptability of the algorithm 

and low anti-noise capability. In this paper, we propose 

a deep convolution neural network (CNN) model, which 

is based on the classical CNN devised by LeCun et al 

[12]. It can effectively discriminate the micro-motion 

forms from the radar echo, which makes the application 

of the parameter estimation methods more successful. 

CNN is an end-to-end learning that automatically learns 

features and discriminates patterns from data. Compared 

with the traditional method, CNN takes feature design, 

feature selection, feature extraction, and pattern 

recognition as a whole by optimizing a certain loss 

function. Through automatic learning features, it has 

achieved state-of-the-art results in many fields, such as 
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image classification [13, 14] and speech recognition 

[15, 16]. Thus, the influence of the preorder algorithm 

module on the subsequent algorithm module is reduced. 

This paper is organized as follows: in Section II, we 

develop the echo models of space cone-shaped target 

with four different micro-motion forms, and the details 

of the classification algorithm based on CNN are 

described. Next, in Section III, the simulation results are 

given, followed by the conclusion in Section IV.  

II. MICRO-MOTION FORMS

CLASSIFICATION 
A. Mathematical model

With the development of modern penetration

technology, cone-shaped decoys have appeared. Since 

the attitude control of the decoy is weak, the angle of 

precession and nutation will be larger, and even the 

decoy will tumble. Therefore, the echo models of 

four different forms of micro-motion (spin, tumbling, 

precession, and nutation) are given. 

Figure 1 gives the geometry of radar and cone-

shaped target with spin, tumbling, precession, and 

nutation. Three coordinate systems are introduced. The 

radar is stationary and located at the origin of the radar 

coordinate system (𝑈, 𝑉,𝑊) . The cone-shaped target 

is located at the local coordinate system (𝑥, 𝑦, 𝑧)  and 

spinning around its symmetric axis 𝑂′𝑧⃗⃗⃗⃗⃗⃗ . The origin of

the local coordinate system is at the center of mass of 

the target. The reference coordinate system (𝑢, 𝑣, 𝑤) is 

parallel to the radar coordinate system and shares the 

origin with the local coordinate system. The origin 𝑂′ is 

assumed to be at a distance 𝑅0 from the radar.
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Fig. 1. Geometry of radar and cone-shaped target with 

spin, tumbling, precession, and nutation. 

For simplicity, a target can be represented as a set of 

point scatterers. In the interest of brevity, the scatterer in 

the following text refers to the point scatterer. Under 

high-frequency electromagnetic waves, the scatterers of 

a cone-shaped target are mainly composed of cone 

top 𝑃0  and two cone bottoms 𝑃1  and 𝑃2 . If the radar

transmits a sinusoidal waveform with a carrier frequency 

𝑓0 , then the baseband of the returned signal from the

cone-shaped target is: 
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where 𝑐  is the speed of the electromagnetic wave 

propagation, 𝑅𝑖  is the range from the radar to the

scatterer 𝑃𝑖 , and 𝑅𝐶𝑆𝑖 = √𝜎𝑖 𝑒𝑥𝑝{𝑗𝜑𝑖}  is the complex

radar cross section (RCS) of the scatterer 𝑃𝑖 , which will

vary in different attitudes, as shown in the Appendix. 

It is worth noting that the location of the scatterer 

𝑃𝑖(𝑖 = 0, 1, 2) is not fixed, and it will slide on the surface

of the target. For example, scatterer 𝑃0  is a moving

scatterer that slides on the surface of the spherical crown 

with the change of incident direction. The location of 𝑃0

is the point at which the incident ray passes through the 

center of the sphere and intersects with the sphere. 

Suppose a scatterer 𝑃  is located at 𝑟0⃗⃗  ⃗ =
(𝑥0, 𝑦0 , 𝑧0)

𝑇  represented in the target local coordinate

system (𝑥, 𝑦, 𝑧)  at instant of time 𝑡 = 0 , where the 

superscript T means transposition. Generally, the local 

coordinate system and the reference coordinate system 

do not coincide at the initial time. For the reference 

coordinate system, the position of point 𝑃 at time 𝑡 = 0 

can be calumniated as 𝑅𝑖𝑛𝑖𝑡 ⋅ 𝑟0⃗⃗  ⃗ , where 𝑅𝑖𝑛𝑖𝑡 is an initial

rotation matrix determined by Euler angles. After 

rotation, the point 𝑃  in the radar coordinate system at 

time 𝑡 = 0 is located at 𝑅0
⃗⃗ ⃗⃗ + 𝑅𝑖𝑛𝑖𝑡 ⋅ 𝑟0⃗⃗  ⃗.

Since the space cone-shaped target is rotationally 

symmetrical, its spin does not affect radar echo. Thus, 

the echo  is obtained as: 
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where 𝜆0  is the wavelength and ‖∙‖  represents the

Euclidean norm. 

In the process of unfolding, the force of decoy is 

more complex, which will cause its tumbling motion to 

be irregular. For simplicity, suppose that the target will 

tumble around  the center of mass about its axes 𝑥, 𝑦, 𝑧 

with an angular velocity 𝜔⃗⃗ = (𝜔𝑥 , 𝜔𝑦 , 𝜔𝑧)
𝑇. Therefore,

the unit vector of 𝜔⃗⃗  is 𝜔⃗⃗ ′ = (𝜔𝑥
′ , 𝜔𝑦

′ , 𝜔𝑧
′ )𝑇 = 𝜔⃗⃗ /‖𝜔⃗⃗ ‖ .

According to Rodrigues formula [17], at time 𝑡  the 

rotation matrix becomes: 
2ˆ ˆsin (1 cos ),tR I t t        (3) 

where Ω = ‖𝜔⃗⃗ ‖ , 𝜔̂′ is a skew symmetric matrix 

constructed by 𝜔⃗⃗ ′. 

After tumbling, the echo can be expressed as: 
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Precession refers to the coning motion of a target 

along the axis 𝑂′𝐴⃗⃗ ⃗⃗ ⃗⃗  , in addition to spinning around its 

symmetry axis 𝑂′𝑧⃗⃗⃗⃗⃗⃗ , as shown in Fig. 1. The angle 

between axis 𝑂′𝐴⃗⃗ ⃗⃗ ⃗⃗   and axis 𝑂′𝑧⃗⃗⃗⃗⃗⃗  is called the precession 

angle. Spinning and coning are both rotating motions, 

except that the axis of rotation is different. Therefore, 

Precession can be regarded as the spin of the target in the 

local coordinate system and then the coning motion in 

the reference coordinate system. At time 𝑡, the location 

of the scatterer 𝑃 in the reference coordinate system is 

𝑅𝑐 ⋅ 𝑅𝑖𝑛𝑖𝑡 ⋅ 𝑅𝑠 ⋅ 𝑟0⃗⃗  ⃗ , where 𝑅𝑐  is the rotation matrix of 

coning motion and 𝑅𝑠 is the rotation matrix of spinning 

motion, both of which are determined by equation (3). 

Thus, the echo of micro-Doppler modulations induced 

by precession is: 
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0

4
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P

s t RCS j R R R R r




 
     

 
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If the precession angle does not remain at a constant, 

the target will oscillate up and down between two limits. 

This motion is called nutation. After precession, the 

transient position vector of symmetry axis 𝑂′𝑧⃗⃗⃗⃗⃗⃗  is 𝑧𝑡⃗⃗  ⃗ =
𝑅𝑐 ⋅ 𝑅𝑖𝑛𝑖𝑡 ⋅ [0,0,1]𝑇. The target will then oscillates in the 

plane composed of vector 𝑧𝑡⃗⃗  ⃗ and unit vector 𝑥̂ = 𝑂′𝐴⃗⃗ ⃗⃗ ⃗⃗  .  

It is equivalent to rotating about the axis 𝑧̂ = 𝑂′𝐴⃗⃗ ⃗⃗ ⃗⃗  × 𝑧𝑡⃗⃗  ⃗, 
where × represents cross multiplication.  

Therefore, 𝑥′ = 𝑥̂ , 𝑦′ = 𝑧̂ × 𝑥̂/‖𝑧̂ × 𝑥̂‖ , and 𝑧′ =
𝑧̂/‖𝑧̂‖  form a new coordinate system. The transition 

matrix from the reference coordinate system (𝑋, 𝑌, 𝑍)  

to the new coordinate system is 𝐴 = (𝑥′, 𝑦′, 𝑧′) . The 

rotation matrix of the target rotating around the 𝑧′ axis is 

𝐵, which is determined by oscillating frequency 𝑓𝑜 and 

oscillating amplitude 𝜃𝑜. Then, the echo is obtained as 

[2]: 
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(6) 

where 𝑅𝑣 = 𝐴 ⋅ 𝐵 ⋅ 𝐴𝑇. 

 

B. Micro-motion forms classification based on 

convolution neural network 

As shown in equations (2), (4), (5), and (6), the 

echoes of the target with different micro-motion forms 

are very different. In frequency domain, the common 

method for analyzing echo signal is Fourier transform.  

Due to lack of localized time information, it is not 

suitable for analyzing a signal whose frequency changes 

over time. Compared with Fourier transform, a joint 

time-frequency analysis can provide localized time-

dependent frequency information, which is used to 

extract time-varying signatures for micro-motion forms 

classification. In this paper, the Wigner-Ville distribution 

(WVD) [18] is used to analyze the micro-Doppler. 

Different micro-motion forms present their  

unique micro-Doppler signatures. The micro-Doppler 

modulation caused by different micro-motion forms can 

be seen in the high-resolution spectrogram. By using 

spectrograms, we convert the micro-motion forms 

classification problem to an image recognition problem. 

Figure 2 shows the hierarchical structure of the CNN, 

which stacks multiple layers of simple neural network 

architecture, thus extracting the representation of data 

layer by layer. It takes color spectrograms as the input 

and learns the mapping between the spectrogram and  

its corresponding micro-motion form. CNN is mainly 

composed of four components. The first component is 

the convolution layer which consists of a set of learnable 

filters. Each filter has small receptive fields of input data 

and can be seen as a specific feature extractor. However, 

in convolution operation, if there is no nonlinear 

transformation in the network, the network will only 

learn the linear characteristics of the input, resulting in 

the network can’t deal with nonlinear problems, and  

the application scene is limited. The second component 

is the nonlinear activation function that carries on the 

nonlinear transformation to the result of the linear 

transformation. The commonly used activation functions 

are the Sigmoid function, the Restricted Linear Units 

(ReLU) function, and their variants. In this paper, we 

choose ReLU as the activation function, the formula of 

which is 𝑓(𝑥) = 𝑚𝑎𝑥( 0, 𝑥). The third component is the 

pooling layer, which subsamples the data according to 

certain rules while retaining the main information. By 

performing 2 × 2 pooling operation with max pooling, 

the data size will be halved. Thus, The pooling layer 

greatly reduces the network parameters and prevents 

overfitting. 
 

Spectrograms

Conv. 32@3×3/ReLU

Conv. 32@3×3/ReLU

Max pool 2×2

Conv. 64@3×3/ReLU

Max pool 2×2

Conv. 128@5×5/ReLU

Conv. 128@5×5/ReLU

Max pool 2×2

Conv. 256@5×5/ReLU

Max pool 2×2

FC 1024

Label distribution
 

 

Fig. 2. The hierarchical structure of the CNN. 

 

The last component is the full connection layer 
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(FCN), where all the input nodes are connected to all the 

output nodes. In the classification problem, Softmax 

function is typically used as an activation function for the 

output layer to obtain the probability of the category and 

can be expressed as: 

 
1

/ ,ji

L
zz

i

j

a e e


   (7) 

where 𝐿 represents the total number of target categories. 

The category of the target is determined by the neuron 

with the highest probability, which is 𝑎𝑟𝑔𝑚𝑎𝑥( 𝑎). 

Suppose the difference between the network output 

and the real value is 𝑙𝑜𝑠𝑠(𝑥), which is called the error 

function. The training of CNN can be divided into  

two processes: forward propagation and backward 

propagation. In the forward propagation, the output of 

the network is calculated according to the input image. 

And in the backward propagation, the network parameters 

are automatically updated by the error function. This 

parameter update method is called gradient descent 

(GD). It is an optimization method to find a local 

(preferably global) minimum of a function. For the 

network parameter 𝑤𝑖𝑗 , it is updated using: 

 1 ,ij ij ijw w w      (8) 

where 𝜏 is the gradient descent iteration and 𝛥𝑤𝑖𝑗
𝜏  is the 

weight update.  

𝛥𝑤𝑖𝑗
𝜏  is determined by: 
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where 𝜂  is the learning rate and 𝑥  is the input 

spectrogram.  

According to the number of input samples used for 

each update of the weights, two variants of GD are 

generally used, namely on-line learning and batch 

learning. In on-line learning, the weights are updated for 

every input. In batch learning, the error function is 

calculated for a batch of input samples. If the selection 

of the input samples is random, the GD optimization 

method is called stochastic gradient descent (SGD). In 

this paper, the SGD is used and the batch size is 256. 

 

III. SIMULATION RESULT 

The echoes of four micro-motion forms are 

simulated and WVD is used to obtain the spectrograms. 

Assume that the operating frequency of radar is 10 GHz 

and the center of mass of the target is located at  

(𝑈 = 1000𝑚, 𝑉 = 5000𝑚,𝑊 = 5000𝑚). The azimuth 

angle 𝛼𝑃 and elevation angle 𝛽𝑃 of the coning axis 𝑂′𝐴⃗⃗ ⃗⃗ ⃗⃗   
range from 10° to 80° with an interval of 5°. Thus, there 

are 225 combinations of (𝛼𝑃 , 𝛽𝑃)  pairs. The initial  

Euler angles are (30°, 30°, 45°). For spin, the spinning 

frequency is from 1 Hz to 20 Hz with an interval of  

0.5 Hz. Assume that the range of each component of the 

angular velocity of rotation 𝜔⃗⃗  is from 𝜋/2  rad/s to  

8𝜋 rad/s with an interval of 𝜋/4. Compared with spin, 

precession has rotation around the coning axis, and the 

frequency of rotation is from 2 Hz to 5 Hz with an 

interval of 0.5 Hz. Nutation is a periodic transformation 

of the precession angle based on precession. Assume  

that the wobble frequency is from 5 Hz to 7 Hz with an 

interval of 0.5 Hz and that the oscillating amplitude 

ranges from 1° to 5° with an interval of 1°. 
Suppose that the radar pulse repetition frequency 

(PRF) is 2000. The spectrograms are obtained by WVD 

analysis of 2s echo data. Since the RCS is related to 

polarization, the horizontal to horizontal (HH) and 

vertical to vertical (VV) polarization are considered. If 

the simulation is carried out according to the above 

conditions, the samples of each micro-motion form  

are uneven. Combined with the limited information 

contained in the spin, for precession, we randomly select 

21 frequencies from the spin frequencies, resulting in 

66,150 data. For nutation, we randomly select one 

frequency from the spin frequencies, resulting in 78,750 

data. The size of the spectrogram is normalized to 256 ×
256.  

In order to further approach the actual case, we 

consider not only the contribution from the complex 

RCS of point scatterer vs aspect angle, but also the 

change of the scatterer's location with target motion. 

They will have an impact on micro-Doppler modulation, 

making it difficult for the feature-based classification 

algorithms to discriminate different micro-motion forms. 

Figure 3 shows an example of spectrograms of a  

cone-shaped target with precession for HH and VV 

polarization. There are two visible scatterers in the time 

of 2 seconds, as shown in Fig. 3 (a). The curves of 

scatterer 𝑃0  and scatterer 𝑃1  are sinusoidal curve. The 

RCS of scatterer 𝑃1 is smaller for VV polarization than 

for HH polarization, resulting in discontinuity of its 

curve, as shown in Fig. 3 (b). Different polarization only 

affects the continuity of the curve and does not change 

the micro-Doppler characteristics of the target. Among 

the 176,400 data, 80% of spectrograms of each micro-

motion form are used as the training set and the rest as 

the test set. The convolution neural network shown in 

Fig. 2 is constructed.  
 

  
   (a) 
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  (b) 

 

Fig. 3. Micro-Doppler modulations of cone-shaped 

target induced by precession for (a) HH and (b) VV 

polarization. 

 
Different micro-motion parameters, such as the 

rotation frequency, will have effect on the amplitude and 

the period of the curve in spectrograms. The distinctions 

of different micro-motion forms are the curve 

characteristics of scatterers. The rotationally symmetrical 

target with spin does not effect micro-Doppler 

modulation. The micro-Doppler frequency shift is 

approximately 0. Thus, there is not much information 

contained in spectrogram, which is often a widened 

straight line. As far as tumbling is concerned, the 

amplitudes of different scatterers are the same. The 

difference between precession and tumbling is the 

amplitude of the curves. Although they are both 

sinusoidal curves, for precession, the amplitudes of 

curves are different. For nutation, there will be no more 

sinusoidal curves. The micro-Doppler of scatterers is 

modulated by the mixing of spinning, coning, and 

oscillating. At the same time, different polarizations  

will affect the continuity of the curve. Therefore, the 

method based on feature engineering is difficult to 

extract effective curve features from spectrograms, 

especially under noise. Different from other feature 

based classification algorithms, CNN learns from a large 

number of spectrograms to extract the common features 

in the same class and ignore the differences. It 

automatically extracts the features related to the 

classification tasks, so as to achieve higher accuracy than 

the traditional algorithm. 

With the increase of training epochs, the error on the 

training set becomes smaller and smaller, while the error 

on the test set decreases first and then increases. At this 

time, the network is overfitted. After 200 epochs, the 

parameters of the network are approximately optimal, 

and the overall accuracy is 97.24%. The confusion 

matrix for the micro-motion forms classification based 

on CNN is listed in Table 1. Each column in the table is 

the predicted label, each row is the true label, and the 

diagonal element is the number correctly classified.  

The last column is the classification accuracy of each 

category. In order to measure the overall performance of 

the algorithm in multiple classification problems, the 

overall accuracy is introduced, which can be expressed as: 
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where 𝑁 is the number of total samples, 𝑛 is the number 

of categories, and 𝐶𝑖𝑖 is the number correctly classified 

for class 𝑖. 
For spinning and tumbling, due to their simple 

micro-motion, their classification accuracy is higher. 

When the oscillating amplitude of the target is small or 

the wobble frequency is slow, the difference between 

nutation and precession will become smaller, and it is 

easy to misjudge the nutation as precession. However, 

the classification accuracy of nutation is still above 95%. 

In contrast, the support vector machine (SVM) which is 

a feature-based classification algorithm is also used  

for micro-motion forms classification. Since the size of 

spectrograms is 256 × 256, the number of features is  

too large for SVM. Therefore, we use the principal 

component analysis (PCA) as a pre-processing. The 

overall accuracy of SVM is 72.69%. It is 24.55% lower 

than that of CNN, which is identical to the theoretical 

analysis.  

 

Table 1: Confusion matrix for the micro-motion forms classification based on CNN 

 Spin Tumbling Precession Nutation Accuracy (%) 

Spin 3510 0 0 0 100 

Tumbling  2715 63 12 97.31 

Precession  59 12704 467 96.02 

Nutation  139 548 15063 95.64 

Additive Gaussian white noise of various Signal-to-

Noise Ratio (SNR) levels (5, 10, 15, and 20 dB) are added 

to simulate noise-contaminated radar echoes. Figure  

4 demonstrates the anti-noise capability of the two 

algorithms. With decreasing SNR, the performance of these 

algorithms decreases. The key point used to distinguish 

precession from nutation is that the micro-Doppler 

modulation of scatterer 𝑃0  is a sinusoidal curve. The 

sinusoidal curve will be destroyed in a low SNR, thus the 

classification error will be increased. But it is clearly seen 

that the performance of our algorithm is very good. When 

the SNR is 10 dB, the overall accuracy of our algorithm 

is still 91.03%, which is 29.79% higher than that of SVM. 

Therefore, our method has strong anti-noise capability. 
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Fig. 4. The anti-noise capability with Gaussian noise. 
 

IV. CONCLUSION 
In this paper, we describe the complex RCS 

variation in the target’s different attitudes; develop the 

echo models of space cone-shaped target with different 

micro-motion forms (spin, tumbling, precession, and 

nutation); propose a CNN model for micro-motion forms 

classification based on spectrograms. Compared with 

SVM, the method avoids artificial feature selection and 

feature extraction. Simulated results illustrate that CNN 

can exploit micro-Doppler features of space cone-shaped 

target and effectively discriminate different micro-motion 

forms. Since precession is a special kind of nutation with 

the oscillating amplitude 𝜃𝑛 = 0, the overall accuracy of 

them has decreased somewhat. However, compared with 

SVM, ours has a higher overall accuracy. As a result, we 

found that our algorithm effectively suppresses noise. 

When the SNR is higher than 10 dB, the overall accuracy 

of our algorithm is higher than 90%. 
 

APPENDIX 

The sharp cone is a special case of the blunt cone, at 

which the radius of the spherical crown of the blunt cone 

is 0. Suppose the bottom radius of the blunt cone is 𝑎, the 

half cone angle is 𝛼, and the spherical crown radius is 𝑏, 

as shown in Fig. 5.  
 


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î

 
 

Fig. 5. Geometry of blunt-cone target. 

The three scatterers are spherical crown 𝑃0 and two 

scatterers 𝑃1, 𝑃2 on the bottom edge (the intersections of 

the incident surface and the bottom edge). Since the blunt 

cone is axisymmetric, its attitudes can be characterized 

by the included angle 𝜃 between the incident ray and the 

symmetry axis of cone. Here, 𝜃 ranges from 0 to 𝜋. For 

scatterer 𝑃0, it is only visible in 0 ≤ 𝜃 < 𝜋/2 − 𝛼. Thus, 

the complex RCS of 𝑃0 is [19]: 
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where 𝑘0 = 2𝜋/𝜆0. 

For scatterer 𝑃1, its RCS is not only related to 𝜃, but 

also affected by polarization, which can be described as: 
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Here 𝑛 = 3/2 + 𝛼/𝜋. The upper sign applies when the 

polarization is VV polarization while the lower sign 

applies if it is HH polarization. 

When the electromagnetic wave is incident 

perpendicular to the conical surface, the divisor of 

equation (12) is 0. The RCS of scatterer 𝑃1  is mainly 

caused by the specular reflection of the conical surface. 

√𝜎1  should be calculated by the physical optical method 

[20, 21] and the maximum value is reached. At this point, 

𝜃  is equal to 𝜋/2 − 𝛼 , and the equation (12) can be 

modified to: 
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Near 𝜋/2 − 𝛼, if √𝜎1 calculated by equation (12) is 

greater than the maximum, it should be smoothed. 

Unlike scatterer 𝑃1, scatterer 𝑃2 is visible only when 

0 < 𝜃 ≤ 𝛼 or 𝜃 ≥ 𝜋/2. Its RCS is: 
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            (14) 

The equations (12) and (14) give the variation of the 

RCS of the bottom scatterers 𝑃1  and 𝑃2  with different 

attitudes. When 𝜃  is approximately 0 or 𝜋 , 𝑠𝑖𝑛 𝜃  will 

approach zero, at which point the equations (12) and (14) 

will become meaningless and need to be modified. When 

0 ≤ 𝜃 ≤ 𝛼 , the contribution from scatterers 𝑃1  and 𝑃2 

can be expressed as :
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where 𝐽𝑖 (𝑖 = 0, 1, 2) represents the Bessel function of 

first kind of order 𝑖. 

When 𝜃 > 𝜋 − 𝜃𝑐𝑎  and 2𝑘0𝑎 𝑠𝑖𝑛 𝜃𝑐𝑎 = 2.44 , the 

contribution from scatterers 𝑃1 and 𝑃2 can be expressed 

as [22]: 
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Abstract ─ The marine transient electromagnetic method 

is a valuable means for locating mineral resources 

because of its higher detection resolution as well as other 

advantages. However, this method is easily affected by 

the air layer and complex terrain, which significantly 

increase its calculation times. We addressed this problem 

by developing a three-dimensional finite-difference method 

based on the principle of correspondence between the 

diffusive and fictitious wave fields. Using a fast-iteration 

formula appropriate for a large time step, solving           

the Maxwell equations in a fictitious wave field, and             

the effects of air and seawater parameters on the 

electromagnetic response in shallow water are discussed. 

Choosing the first derivative of a Gaussian as a source, 

the 3D numerical simulation of transient electromagnetics 

in a shallow water area is realized. Comparing to the 

existing methods, the effectiveness of the proposed 

method is verified. The results show that this method 

enables fast and high-precision numerical calculations 

for 3D models and provides theoretical guidance for 

detecting seabed mineral resources in complex geological 

environments in shallow water. 

 

Index Terms ─ Air layer, complex terrain, fictitious 

wave field, shallow water, three-dimensional modeling. 
 

I. INTRODUCTION 
There are transitional zones between land and the 

sea. Such areas, also known as the coastal ocean, have    

a complex geological structure. Because the coastal 

marine shelf contains abundant hydrocarbon reservoirs 

and mineral resources, marine electromagnetic detection 

in shallow waters has become a research hotspot. The 

transient electromagnetic method has a higher resolution 

in shallow-sea high-resistance reservoirs compared to 

that of the frequency-domain electromagnetic method 

[1] because the latter is seriously affected by air wave 

interference in shallow water, whereas the former can 

effectively separate the air waves and the response from 

the submarine formation [2]. Therefore, considerable 

attention has been paid to the use of the transient 

electromagnetic method in shallow waters [3]. However, 

the complex structure of the shallow continental shelf 

makes 3D numerical simulation extremely time-

consuming, particularly if calculation of the air layer       

is included. This consideration is problematic because, 

when ocean exploration is carried out in areas with 

complex seabed topography, ignoring its effects may lead 

to misinterpretation of the seabed geological structure. 

Therefore, it is necessary to discover a means to carry 

out effective and rapid simulation that incorporates the 

air layer and complex terrain.  

Analysis of a one-dimensional numerical simulation 

of a transient electromagnetic field in shallow water 

revealed that, when calculating a deep high-resistance 

model, the influence of the air layer can be neglected; 

however, when calculating a medium- or shallow-depth 

high-resistance body, the accuracy of the electromagnetic 

calculation will be impacted if the air layer is neglected 

in the calculations [4]. Applying both the time-domain 

finite-difference method and frequency-domain method 

to one-dimensional numerical simulation of shallow 

waters, it was found that the time-domain method can be 

effectively used to isolate the air layer, and it resolves 

seabed gas hydrate resources better than the frequency-

domain method [5]. Mao et al. proposed a new absorbing 

boundary condition (ABC). When ABC is used in FDTD, 

it can effectively improve the computational efficiency 

[6]. Inoue and Asai proposed a new finite-difference 

time-domain (FDTD) based on hybrid implicit-explicit 

and multi-GPU techniques that can effectively improve 

the calculation efficiency [7]. Further, Ji et al. achieved 

good results when using the fictitious wave domain 

finite-difference method to simulate the three-dimensional 
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transient electromagnetism of land using a magnetic 

source [8].  

The time-domain marine electromagnetic method is 

an effective means of shallow water resource detection. 

The distribution of seabed resources is uneven and 

spatially varies. One-dimensional and two-dimensional 

models cannot accurately simulate the real electromagnetic 

response from the subsurface. Moreover, achieving rapid 

iteration and efficient calculation for models incorporating 

the air layer and a complex seabed topography has 

become an urgent 3D computing problem. This study 

effectively resolves the inefficiency of three-dimensional 

electromagnetic numerical simulation for these cases 

and achieves numerical simulation of transient 

electromagnetism from a finite-length wire source in a 

shallow water region. 

 

II. TRANSFORMATION BETWEEN 

DIFFUSIVE AND FICTITIOUS WAVE 

FIELDS 
When the time-domain finite-difference method is 

used to simulate the 3D electromagnetic field in shallow 

water, it is necessary to include the air layer for 

differential iteration. Because of the high resistivity of 

the air layer, the iterative calculation requires a large 

time step making it difficult for ordinary computers to 

complete the numerical calculations. We refer readers   

to read [8-9] for the details of its theory. This study 

expanded upon the basis of the research of [8]. The 

difference in [8] is that in document 8, the uniform grid 

is used to cut the three-dimensional model. It is assumed 

that the grid size in all calculation areas is equal. 

However, this will greatly reduce the computational 

efficiency. To improve the computational efficiency, in 

this study, the air layer is divided into a non-uniform 

grid, loading the CFS-PML boundary conditions in a 

fictitious wave field. In addition, the loop source is used 

in [8]. In this paper, a long wire source is selected, and 

the iterative relationship in the real diffusion field is 

transformed into the fictitious wave field for calculation. 

After the calculation is completed, the electromagnetic 

response in the fictitious wave field is transformed back 

to the real diffusion field. This process effectively solves 

the problem of an excessively long iteration time. The 

process of transformation proceeds as follows. 

The first step is to transform the real diffusion field 

to a fictitious wave field. The frequency domain quasi-

static Maxwell equation of the true diffusion field is as 

follows: 

 H E J   , (1) 

 E i H K    , (2) 

where ω is the angular frequency in the real diffusion 

field; ε is the permittivity in the real diffusion field; µ     

is the scalar-magnetic constant 74 10 ;    σ is the 

electric conductivity; J and K are the current density and 

magnetic current density, respectively; and E and H are 

the electric and magnetic fields, respectively. 

The angular frequencies in the real diffusion field and 

the fictitious wave field satisfy the following relationship: 

 02'  ii  ,     (3) 

where 00 f2    is the scaling parameter, 
0f 1 z,H  

and ω' is the conversion parameter between the fictitious 

wave field and real diffusion field. 

To realize the transformation between the real       

and fictitious fields, we define a fictitious dielectric 

permittivity tensor from a conductivity tensor as follows: 

   02 . (4) 

Formula (3) can be used to convert the electric and 

magnetic fields in the real domain into the fictitious 

wave domain. The frequency domain form is expressed 

as follows: 

 '

02H E J     , (5) 

 E i H K    . (6) 

The Fourier transform is then applied to equations 

(5) and (6) to obtain the expression of the time-domain 

fictitious wave domain as follows: 

 '

' ' ' '

t
H E J     , (7)                       

 '

' ' ' '

t
E H K     , (8)                       

where J' and K' are the current density and magnetic 

current density in the fictitious wave domain, respectively, 

and E and H are the electric and magnetic fields in the 

fictitious wave domain. 

The second step is the transformation from the 

fictitious wave field to the real diffusion field. 

The purpose of transforming the real diffusion    

field into the fictitious wave field is to facilitate the 

calculation and improve the calculation efficiency. We 

can regard the real diffusion field as the real domain, the 

fictitious wave field as the fictitious domain, and the 

electromagnetic wave in the fictitious wave field as the 

fictitious wave. However, the fictitious wave field and 

fictitious wave itself have no physical significance; they 

have a hypothetical existence. Further, the calculated 

electromagnetic response in the fictitious wave field has 

no practical physical significance. Therefore, to obtain 

the real electromagnetic response, it is necessary to 

transform the calculation result of the fictitious wave 

field into the real diffusion field. The transformation 

relationship is as follows: 

 
' '

0 0' '

0
( ) ( )

T t i t
J J t e e dt

 



 
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T t i ti
E E t e e dt
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
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T t i t
H H t e e dt
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
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' '

0 0' '

0
0

( ) ( )
2

T t i ti
K K t e e dt
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, (12)    
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where T is the total calculation time in the fictitious wave 

field and t' is the sampling time.  
 

III. SHALLOW WATER FICTITIOUS TIME-

DOMAIN FINITE-DIFFERENCE METHOD 

A. Difference equation in the fictitious wave field 

When the finite-difference method is applied to 

solve the governing equation of the time domain in        

the fictitious wave field, a non-uniform mesh is used. 

Smaller meshing is used at the centre of the calculation, 

and a larger grid calculation is used at more distant 

locations. The finite-difference forms of the magnetic 

field and electric field are as follows: 

1/2, , 1/2, , 1 1/2, 1/2, 1/2, , 1/2

1 1/2 1/20 02 2
( )

i j k i j k j k i j k

n n n n

x x y z z y xE E t H H t J
 

      

         , (13) 

, 1/2, , 1/2, , 1/2, 1/2 1/2, 1/2,

1 1/2 1/20 02 2
( )

i j k i j k i j k i j k

n n n n

y y z x x z yE E t H H t J
 

      

         , (14)
  

 
, , 1/2 , , 1/2 1/2, , 1/2 , 1/2, 1/2

1 1/2 1/202
( )

i j k i j k i j k i j k

n n n n

z z x y y xE E t H H


     

        , (15)
 

 , 1/2, 1/2 , 1/2, 1/2 , , 1/2 , 1/2,

1/2 1/2 ( )
i j k i j k i j k i j k

n n n n

x x y z z y

t
H H E E

     

   
    , (16)

  

 1/2, , 1/2 1/2, , 1/2 1/2, , , , 1/2

1/2 1/2 ( )
yi j k i j k i j k i j k

n n n n

y z x x z

t
H H E E
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   
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 1/2, 1/2, 1/2, 1/2, , 1/2, 1/2, ,

1/2 1/2 ( )
i j k i j k i j k i j k

n n n n

z z x y y x

t
H H E E

     

   
    , (18) 

where  xe i, j,k ,


 ye i, j,k ,


and  ze i, j,k

 are the electric 

fields in the three directions, x, y, and z, in the fictitious 

wave field, respectively;  xh i, j,k ,


  yh i, j,k ,


 and 

 zh i, j,k

 are the magnetic fields in the x, y, and z 

directions in the fictitious wave field; and Δt' is the time 

step in the fictitious wave field. 
, ,x y z

  is the forward 

derivative operator, 
, ,x y z

  is the backward derivative 

operator. 

During the process of solving the equations, we need 

to pay attention to ,  which is the average conductivity 

of adjacent grids. In this paper, the current source is used 

to simulate the emission source of the time-domain 

electromagnetic method; therefore, the magnetic current 

source can be set to zero. 
 

B. Fast iterative time step method 

When using variable time steps for the 3D 

electromagnetic numerical calculation for shallow water, 

as time increases, the step size increases, resulting in a 

long calculation time that is not conducive to efficiency. 

Therefore, in the fictitious wave field, the variable      

time step expression is re-determined incorporating the 

electromagnetic response speed in seawater as follows: 

 
max

,

3C

x
t


  .     (19) 

We assume the resistivity isotropic is equal to 

 x ,  where  
 


 max0
max

x2
xC   is the maximum 

propagation velocity of the signal in seawater and Δx is 

the minimum spacing length in the mesh. The maximum 

time required for the signal to reach the Rmax (offset 

distance) in the fictitious wave field is as follows: 

 
min

max
max

C

R
T  ,                       (20) 

where Rmax and Cmin are the maximum distance between 

the transmission and reception and the minimum 

electromagnetic wave propagation speed, respectively. 

The number of iteration steps in the fictitious wave 

field is expressed as follows: 

 
min

maxmax

max

x

3












R

t

T
Nt , (21) 

where  and  are the maximum resistivity and 

minimum resistivity, respectively; Δx is the minimum 

spacing length in the grid; and Rmax is the maximum 

distance between transmission and reception. 

The computational efficiency of the time step in the 

diffusive and fictitious wave fields can be compared by 

using the time step calculation formula in the diffusive 

field as follows: 

 x
t

t 
6

min
 ,            (22) 

where α is 0.1–0.2, σmin is the minimum conductivity, 

and t is the length of time determined according to the 

selected initial moment. We use an evenly spaced half-

space model for testing. The grid size is set to 100 m; the 

conductivity is 10, 50, and 100 S/m; and the transceiver 

distance is 10,000 m. The computer used for this test is 

configured with an i7-7700 CPU and 32.0 GB of RAM. 

The iteration time step and number of iterations are listed 

in Table 1. 

 
Table 1: Comparison of computational efficiency between 

the fictitious wave domain FDTD (finite difference time 

domain) and traditional FDTD 

 FDTD FWD-FDTD 

Half Space 

Resistivity 

Iteration 

Steps 

Calculation 

Time 

Iteration 

Steps 

Calculation 

Time 

/m10S  2933 1552 s 302 160 s 

/m50S  6556 3269 s 675 346 s 

/m100S  9266 4246 s 954 447 s 

 
Comparison of the computational efficiency of the 

fictitious wave domain finite-difference time domain 

(FWD-FDTD) and the traditional FDTD indicates that 

the FDTD iteration step is positively correlated with 

conductivity: as conductivity increases, the number of 

iteration steps gradually increases. However, in the 

fictitious wave field, the increase in the number of 

iteration steps is smaller than that in the diffusive field. 

The number of iterations is reduced by more than 9  

times in the fictitious wave field because the ratio of     

max min
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the maximum and minimum conductivity determines the 

speed of the iterative calculation in the fictitious domain; 

in the diffusive domain, the number of iteration steps 

depends only on the minimum conductivity, and the 

calculation time depends on the change in conductivity. 

As the conductivity increases, the calculation time also 

increases; however, in the fictitious domain, the time is 

increased by more than 9 times, and a fast calculation is 

realized. 
 

IV. PARAMETRIC ANALYSIS FOR 

SEAWATER AND AIR LAYERS IN 

SHALLOW WATER 

A. Influence of the seawater layer thickness 

In this section, we use a three-layer model comprising 

air, seawater, and seabed to analyse the influence of 

seawater depth on the electric field. The air conductivity 

is 10-10 S/m, the seawater conductivity is 3.3 S/m, and 

the submarine conductivity is 0.1 S/m. Values of 0, 200, 

400, and 1200 m are used for the seawater thickness. The 

electric field response curve is shown in Fig. 1. 
 

 

 

Fig. 1. Influence of seawater thickness. 
 

The black, red, blue, and yellow response curves     

in Fig. 1 represent seawater thicknesses of 0, 200, 400, 

and 1200 m, respectively. The figure shows that as        

the thickness of the seawater decreases, the air wave 

interference becomes more pronounced, and the response 

attributable to the direct wave decreases. When the 

thickness of the seawater approaches zero, only the air 

wave exists during the early stages. Thus, in shallow 

water areas, the peak of the direct wave is not obvious 

due to interference from air waves. It can be concluded 

that the response of the air and the seawater cannot be 

considered negligible in shallow water areas. During the 

actual detection process, the presence of air waves is   

real and inevitable. When the FWD-FDTD method is 

used to simulate the air wave, its influence is mainly 

concentrated during the early stages, while the influence 

of the high-resistance and low-resistance anomalies is 

mainly concentrated during the late stages. Therefore, 

the influence of the air can be eliminated by choosing an 

appropriate time point.  

B. Optimization of the air layer model  

In the diffusion field, the number of iteration steps 

is proportional to the minimum conductivity; air has a 

low conductivity. If the air is directly divided, it will lead 

to a large increase in the number of iteration steps. The 

calculation of the air layer is typically avoided by means 

of upward continuation, but the accuracy of the early 

calculations is significantly reduced. In the fictitious 

wave field, the number of iteration steps depends on     

the ratio of the maximum and minimum conductivity  

and does not depend on a fixed number. Thus, the high-

resistance air layer can be directly divided and calculated. 

In this study, the air layer is divided into a non-uniform 

grid with the Cartesian coordinate system, as shown in 

Fig. 2. During the modelling process, we need to pay 

attention to the selection of the air layer conductivity. 

The real air layer conductivity tends to be infinitesimal. 

If the conductivity is too large, it will not represent        

the actual situation. If the conductivity is too small, it 

will increase the calculation efficiency. Considering the 

calculation efficiency of the fictitious wave field, the air 

layer conductivity in this paper is 10-10 S/m. 

The z axis is positive, assuming that the conductivity 

and permeability are constant within each prism. The 

Courant-Friedrichs-Lewy (CFL) limitation is employed 

as the stability condition in the fictitious wave domain as 

follows: 

max 2 2 2

1
.

1 1 1
t

c
x y z

 

 
  

 

 

 ocean

seabed

Airy
x

z

 

 

Fig. 2. Air layer grid diagram. 
 

V. LIMITED LENGTH WIRE SOURCE 

LOADING IN SHALLOW WATER 

TRANSIENT ELECTROMAGNETIC 

MEASUREMENT 

A. Pulse emission excitation source loading  

In shallow water, the source is near the sea–air 

interface and will be disturbed by air; thus, the initial 

time will be difficult to determine. Thus, loading the 

initial field is no longer applicable. Furthermore, in 

reality, the excitation source of a marine electromagnetic 

measurement system is a pulse or trapezoidal wave, not 

a step wave. To solve the problem of complex excitation 

source loading, we directly load the source in the fictitious 

wave field. This loading process can be decomposed into 

two steps. 
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First, it is necessary to select the basic emission 

current signal of the excitation source according to the 

point source Green function expression,  
( )

.
( )

r
E

s

E
G

J





  

An important principle to be followed is that the zero-

frequency component of the emission current signal is 

not zero. The second step is to convert the fictitious     

into the actual emission current signal. The fictitious 

emission source is different from the actual; it does not 

have any real meaning. There is a proportional integral 

relationship between the two that can be used to convert 

between the fictitious and actual emission sources. 

When using the transient electromagnetic method 

for shallow water, a pulse source provides a higher 

resolution than that of a step source [10]. The first 

derivative of a Gaussian source is thus selected as 

follows: 

 
min

max
max

C

R
T  ,                          (23) 

where  is the maximum frequency of the 

electromagnetic field transmission in the fictitious wave 

field and 
2

maxf  max0 / ft  . 

We choose the first derivative of a Gaussian as a 

fictitious source. It is dimensionless and not real, as 

follows: 

   00000

0

2

0n 2
tt

i

eeeJ









 . (24) 

If 0,   formula (24) provides the current density 

as  n 0J 2 ;   thus, the principle that the zero-

frequency component is not zero is satisfied. The loading 

mode and emission signal waveform in the fictitious 

wave field are shown in Figs. 3 and 4. When loading the 

emission current signal, it is necessary to ensure that the 

fictitious emission current has an independent direction. 

The fictitious emission source current is consistent with 

the direction and density distribution of the real current. 

In this paper, the electric source excitation ensures that 

the z-direction electric field component of the fictitious 

source is zero. 
 

   
Tx

 
 

Fig. 3. Long wire source loading method. 

0
t

J(t)

 

 

Fig. 4. Source waveform. 

 

B. Analysis of the influence of the launch source wire 

length  

In marine numerical simulations, the source is often 

approximated to an electric dipole [11], ignoring the 

source length. Because of geographical terrain and    

other constraints, the observation point and the emission 

source in actual ocean exploration often do not meet     

the appropriate conditions to assume this. Therefore, the 

electromagnetic response of a finite-length source needs 

to be calculated. This study examines the influence of   

the field source length by calculating the electric field 

response under different wire length excitations. The 

three-dimensional model is shown in Fig. 5. The air layer 

has a conductivity of 10-10 S/m, and the seawater layer 

has a conductivity of 3.3. S/m and a thickness of 200 m. 

The conductivity of the sea bottom layer is 0.1 S/m.         

A high-resistance body with a conductivity of 0.01 S/m 

is placed at a distance of 100 m from the seabed. The 

electromagnetic response is then calculated for a 200-, 

400-, and 1000-m-long wire source. The resulting electric 

field response curves are shown in Fig. 6. 

 

Air 10
-10

S/m

seawater 3.3S/m

seabed 0.01S/m

 σ=1S/m

200m

1700m

 
 
Fig. 5. Three-dimensional high-resistance model. 

 

With an increase in the wire source length, the 

amplitude of the response also increases. There is a 

significant change in the response of the anomaly   

during the late stages. When the distance between the 

2

m axf
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transmission and reception is 2000 m, a wire source 200 

and 400 m in length can be approximated as a point 

source; however, during the actual detection process, the 

basic characteristics of a point source cannot be satisfied 

in many cases. Thus, the length of the source needs to   

be fully considered in the three-dimensional numerical 

simulation. 
 

 

 

Fig. 6. Electric field response curves for different wire 

lengths. 
 

C. Loading the CFS-PML boundary conditions in the 

fictitious wave field  

The perfectly matched layer (PML) has been able   

to absorb the electromagnetic wave in the FDTD [12]. 

Roden proposes a convolutional PML (CFS-PML) based 

on PML and recursive convolution [13]. 

CFS-PML is widely used because of its good 

absorption effect and savings in computational memory. 

Hu applied CFS-PML to the solution of a wave equation 

in a fictitious wave domain, which improved the 

absorbing effect of the boundary on evanescent and     

low frequency waves [14]. To improve the calculation 

efficiency, this paper uses CFS-PML as a boundary 

condition to absorb the electromagnetic wave. 

Taking the X direction as an example, in this 

coordinate space, we use Maxwell's curl equations as 

follows: 
 

s H ( ) i E ( ) 0            , (25)              

 
k

zs

1
j

ys

1
i

xs

1

zyx

s













  , (26) 

where xs


, ys


, zs


 is the nondimensional stretching 

variable,  i

i i

i

s k , , ;
i

i x y z


 
  


  z,y,xii   is 

the conductivity of the CFS-PML layers; and ik  and    

i  are the positive real numbers 
i 0,   

i 0,   and

ik 1.  When the 1ik  and 
i 0,   it will degenerate 

into the original PML boundary condition. 

Taking the xE  direction as an example, from  

equations (25) and (26), we can obtain the following: 

 yz

x

y z

H ( )H ( )1 1
i E ( ) ( )

ˆ ˆs y s z


  

  
      

 
. (27) 

Using Laplace transform, from formula (29), the 

iterative expression of xE  can be obtained as follows:
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' 1 ' ' 1 ' 1/2 1 ' 1/20
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2
[ ]

2
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i j k i j k i j k i j k

xy xzi j k i j k

n n n n
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n n

e e

E E t H H
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







     

 

    

 

    

  

 (28) 

 
1/2, 1/2, 1/2, 1/2,1/2, , 1/2, ,

1/2 1/2 ' 1/2 ' 1/2( ) /
xy xy i j k i j ki j k i j k

n n n n

e y e y z z yb a H H
    

         , (29) 
 

1/2, 1/2, 1/2, 1/2,1/2, , 1/2, ,

1/2 1/2 ' 1/2 ' 1/2( ) /
xz xz i j k i j ki j k i j k

n n n n

e z e z y y zb a H H
    

         . (30) 

 

VI. NUMERICAL CALCULATION OF THE 

ELECTROMAGNETIC RESPONSE OF A 

COMPLEX MODEL IN SHALLOW WATER 

A. Algorithm verification 

We verify the algorithm by considering a classic 

layered model with a seawater depth of 300 m and 

resistivity ρ=0.3 Ω·m, as shown in Fig. 7. Two values 

are used for the distance between the receiver and 

transmitter: 1000 and 1100 m. The calculated results    

are compared to those of [7] as shown in Fig. 8. The 

calculation results plotted in Fig. 8 indicate that the 

electromagnetic response curve is consistent at the 

different offsets.  

To further validate the algorithm, we evaluate its 

validity for complex three-dimensional geological 

conditions by using the three-dimensional complex 

geological models presented by [6] for comparative 

analysis. The model settings are shown in Fig. 9. The    

air conductivity is 10-10 S/m, and the background 

conductivity is 0.02 S/m. There is a mountain and valley 

to the left and right of the transmitting source, Tx is the 

transmitting source position, and Rx is the receiving 

source position. The electric field response is shown in 

Fig. 9, and the relative error is shown in Fig. 10. 

 

ρ=0.3Ω·m

ρ=0.5Ω·m

ρ=1.5Ω·m

ρ=100Ω·m

ρ=2Ω·m

 

 

Fig. 7. Shallow water high-resistivity layered model. 
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Fig. 8. Response curve of the layered model.  

 

TX

10
4Ω·m

RX 350m

Air=10
10Ω·m

Background=10
4Ω·m

50Ω·m

 

 

Fig. 9. 3D complex geological model. 

 

 

 

Fig. 10. Comparison of the electric field response at the 

RX1 receiving position. 

 

Figure 10 shows that the response curve and results 

of [6] are basically consistent for undulating terrain, 

which supports the validity of the present method for 

such terrain. 
 

B. Multi-object model in shallow water 

The 3D transient electromagnetic response of shallow 

anomalies was analysed by designing a layered earth 

model with 3D anomalous bodies as shown in Fig. 11. 

The grid dimensions are 100×100×70, the air layer 

thickness is 2000 m, the air conductivity is 10–10 S/m, the 

seawater layer thickness is 100 m, the low-resistance 

layer beneath the sea is 300 m thick, the conductivity of 

the low-resistance layer is 1 S/m, and the conductivity of 

the seabed layer is 0.1 S/m. There are three abnormal 

bodies that have an electrical conductivity of 30 S/m. 

The electric field response is shown in Fig. 12. Figures 

13 (a) and (b) show profile views of the induced current 

in the fictitious wave field. 

Figure 13 clearly shows the positions of the         

high-resistance layer and anomalous bodies. Under the 

influence of the high-resistance layer, the propagation 

direction of the electromagnetic wave no longer 

symmetrically propagates. The overall trend of the curve 

is similar to that of the layered model. For the responses 

of the air and sea layers, the response of the anomalous 

body occurs during a late stage. 
 

Air 10
-10

S/m

Seawater 3.3S/m

Low resistance 1S/m

Seabed 0.1S/m

Abnormal body 30S/m

2000m

100m

300m

4600m

 

 

Fig. 11. 3D low-resistance complex model. 
 

 

 

Fig. 12. Response curve of the three-dimensional model. 
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 (a) 

 

 (b) 
 

Fig. 13. Snapshots of the induced current system in the 

fictitious wave field (y direction 2000 m). 
 

C. High-resistance model of complex terrain in 

shallow water 

Complex terrain environments were simulated by 

designing a 3D model, as shown in Fig. 14. Tx represents 

the source location, which is 200 m in length. Rx 

represents the receiving point. The transmission and 

reception distance is 600 m, the seawater layer resistivity 

is 0.3 Ω·m, and the sea bottom resistivity is 0.5 Ω·m. 

There is convex and concave topography on the left and 

right sides of the emission source, the seawater layer is 

200 m in thickness, and the thickness of the rock layer 

beneath the sea is 800 m. 

The results for the calculated response are shown in 

Fig. 15. The response of a high-resistance anomaly under 

the undulating terrain is blue, whereas that of pure 

undulating terrain is red. To better analyse the influence 

of the undulating terrain, Figs. 16 (a) and (b) show 

snapshots of the induced current system in the fictitious 

wave field at different times. 

The seabed topography can be clearly seen in Fig. 

16. The peaks and valleys are, respectively, located        

on the left and right sides of the transmission source,   

and there is a high-resistance anomaly on the seabed. 

Because of the influence of the topography, the response 

curve has significantly changed, and the electric field 

response can be seen during the early and late stages, 

confirming the necessity of simulating the terrain. In    

the fictitious wave field, the change in the transmission 

source is clearer than that in the diffusion field. Therefore, 

the generated induced current will more violently 

fluctuate. The means by which the electromagnetic field 

is transmitted is changed by undulating the submarine 

terrain such that it no longer symmetrically spreads. The 

influence of undulating terrain on the response curve is 

mainly concentrated during the early stages, whereas the 

response of the three-dimensional anomaly on the seabed 

is mainly concentrated during the late stages. Therefore, 

undulating terrain cannot be ignored in a shallow-sea 

ocean transient electromagnetic simulation. 

 

Rx

Tx

Air 10
-10

s/m

2
0

0
m

8
0

0
m

0.3 m

1 m

100 m

(a)

 

0.001Ω·m
·
RxTx

·

100m

200m

0.001Ω·m

100m

200m

(b)

 

 

Fig. 14. Schematic diagram of undulating terrain: (a) 

front view and (b) top view. 

 

 
 

Fig. 15. Electromagnetic response for complex seabed 

geomorphology, including a high-resistance anomaly. 
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 (a) 

 
 (b) 
 

Fig. 16 Snapshots of the induced current system of 

undulating terrain in the fictitious wave field (y direction 

2000 m). 
 

V. CONCLUSION  
We propose a new, fast method for shallow water 

three-dimensional electromagnetic forward modelling. 

The method is based on the correspondence between the 

diffusive and fictitious wave fields and can be applied to 

the forward calculation of undulating terrain in shallow 

water. The efficiency of electromagnetic numerical 

calculation is improved by defining the iteration time 

step size formula in the fictitious wave field. When the 

depth of the seawater layer or the anomalous body is 

shallow, there is a non-negligible response from the       

air and seawater layers. Using a pulse source signal in 

the governing equation allows direct calculations 

incorporating the source to be realized, in turn enabling 

three-dimensional electromagnetic numerical simulation 

of complex terrain. The complexity of the seabed 

topography affects the normal propagation of the 

electromagnetic wave, which greatly influences the 

resolution of shallow abnormal bodies. Forward 

simulation is the basis of data interpretation and imaging. 

In this paper, a shallow water 3D numerical simulation 

is realized, including the air layer and undulating terrain, 

which makes the simulation results more closely match 

the real geological conditions. It can not only provide a 

basis for the exploration of underwater resources but also 

theoretical guidance for detection instrument design. 

Given the scarcity of terrestrial resources, countries 

around the world have increased their demand for 

offshore seabed and deep seabed energy. The marine 

transient electromagnetic method can play an important 

role in marine resource detection. Although this paper 

realizes three-dimensional forward modelling of shallow 

waters, the distribution of geological structures and 

resources in the seabed is extremely complicated;       

their detection is made more challenging because of     

the polarization of seawater in ocean electromagnetic 

detection. Therefore, further research is necessary to 

study the electromagnetic and polarization responses in 

complex geological models. 
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Abstract ─ Inductively-coupled wireless power transfer 

(WPT) system is broadly adopted for charging batteries 

of mobile devices and electric vehicles. The performance 

of the WPT system is sensitively dependent on the 

strength of electromagnetic coupling between the coils, 

compensating topologies, loads and airgap variation. 

This paper aims to present a comprehensive characteristic 

analysis for the design of the WPT system with a 

numerical simulation tool. The electromagnetic field 

solver FEKO is mainly used for studying high-frequency 

devices. However, the computational tool is also 

applicable for not only the analysis of the electromagnetic 

characteristic but also the identification of the electrical 

parameters in the WPT system operating in the near-

field. In this paper, the self and mutual inductance of the 

wireless transfer windings over the various airgaps were 

inferred from the simulated S-parameter. Then, the 

formation of the magnetic coupling and the distribution 

of the magnetic fields between the coils in the series-

parallel model were examined through the near-field 

analysis for recognizing the efficient performance of the 

WPT system. Lastly, it was clarified that the FEKO 

simulation results showed good agreement with the 

practical measurements. When the input voltage of 10 V 

was supplied into the transmitting unit of the prototype, 

the power of 5.31 W is delivered with the transferring 

efficiency of 97.79% in FEKO. The actual measurements 

indicated 95.68% transferring efficiency. The electrical 

parameters; 𝑉in , 𝑉out , 𝑍in , 𝜃 , 𝐼in , and 𝐼out , had a fair 

agreement with the FEKO results, and they are under 

8.4% of error. 

 

Index Terms ─ Compensation topology, FEKO, 

inductive power transfer, near-field analysis, magnetic 

coupling, wireless power transfer design. 
 

I. INTRODUCTION 
The principle of wireless power transfer (WPT) was 

introduced a century ago by N. Tesla [1]. He suggested 

that electric energy can be delivered through free space 

efficiently when the resonance frequency is well-tuned 

between the transmitting (Tx) and receiving (Rx) coil by 

the compensating capacitors, and modern inductively-

coupled WPT systems are based on his practical model 

[2]. As the demands of mobile devices and electric 

vehicles (EVs) increase, the WPT system is broadly 

adopted for charging their batteries simply and safely [3-

6]. WPT methods are classified into a non-radiative (also 

known as near-field) and radiative (also known as far-

field or microwave) application. In general, the non-

radiative WPT system employs the resonant coupling 

phenomenon between the transmitter and receiver, and it 

also categorized into an inductively and capacitively-

coupled method [3, 7]. The capacitively-coupled WPT  

is used for the biomedical device and EV charging 

apparatus [8, 9]. However, the inductively-coupled 

method is widely used for the high power and the power 

transfer applications in the range from millimeters to a 

few meters [10, 11]. In this paper, WPT is used to refer 

to inductively-coupled WPT. 

For the optimized design of the WPT device, it is 

essential to analyze both electromagnetic phenomena 

(i.e., magnetic field and coupling between the coils) and 

electrical components (i.e., inductance and transferred 

power) prior to the practical implementation. FEKO is 

the electromagnetic field solver [12], and it is mainly 

employed for analyzing radio frequency components, 

antennas and radiations [13-15]. The previous research 

presented that FEKO is employed to examine the  

power transfer efficiency of the near-field WPT system 

in different material between the antennas [16]. The 

application of FEKO was introduced for analyzing 

scattering parameter (S-parameter), input impedance and 

wire structure in the range of frequency of 10-11.5 MHz 

[17], however, the magnetic coupling study was not 

presented. In addition, the numerical value of the 

magnetic field between Tx and Rx of the WPT system 

were examined over the variation of transfer distance 

[18, 19]. However, it did not cover the application for  

the design or analysis of WPT performance, and the 

simulation tool was utilized for the partial inspection of 

WPT performance. This paper aims to introduce the 

comprehensive implementation process of the 20 kHz 

WPT system using FEKO. The various frequency ranges 

ACES JOURNAL, Vol. 35, No. 1, January 2020

1054-4887 © ACES

Submitted On: January 30, 2019
Accepted On: December 28, 2019

82



such as 140 kHz, 85kHz, and 20 kHz have been adopted 

in different regions based on the frequency allocation 

[20-23]. For reducing the high-frequency loss and the 

emission of the electromagnetic field, this study 

conducted in the frequency of 20 kHz. 

A WPT system is mainly composed of the high-

frequency (HF) source, Tx and Rx coils, and load unit, as 

shown in Fig. 1. In the practical WPT device, the HF 

source is generated by a switching device such as a half 

or full-bridge inverter, and the load unit has a rectifying 

device to obtain DC power from the transferred HF 

source. For accurate analysis of the switching process in 

the DC/AC or AC/DC circuit, specialized simulation 

tools are required. However, the HF source and load unit 

in FEKO can be described on the wire ports, and the 

inductive coupling behavior in the transferring part can 

be simulated in the numerical simulation software. 

Furthermore, the self and mutual inductance of the WPT 

coils can be extracted from the results of the S-parameter, 

and the transferred power in different load and air-gap 

are predictable. Accordingly, FEKO provides precise 

analysis for the formation and distribution of magnetic 

coupling between the coils. Also, it provides the electrical 

parameters of the simplified WPT circuit in the wire 

ports, as shown in Fig. 1. 

 

 
 

Fig. 1. Inductively-coupled WPT system. 

 

In Section II, it is presented how the self and mutual 

inductance of the Tx and Rx coil are identified. Sections 

III and IV explain the compensating topologies for 

tuning the resonance frequency, then, the strength of the 

magnetic coupling over the various airgaps is explored 

at the resonance frequency of 20 kHz. Consequently,  

the practical measurements to examine the transferred 

power, output voltage and other electrical parameters of 

the WPT prototype are conducted, and the results are 

compared with the FEKO results in Section V. 

 

II. SELF AND MUTUAL INDUCTANCE OF 

COILS 
The traditional transformer can be described as  

a two-port network, as indicated in Fig. 2, and the 

impedance parameter (Z-parameter) in the network is 

convertible to the S-parameter [24]. Therefore, the self-

inductance ( 𝐿1  and 𝐿2 ) and mutual-inductance, 𝑀12 , 

constructed in the simulation tool can be inferred from 

the S-parameters. When the voltage source 𝑉𝑖𝑛 with the 

resistance 𝑅𝑜 excites the two-port networks in the Tx, the 

impedance matrix is expressed in (1), and the self and 

mutual impedance of coils are determined through (2) 

and (3): 

[
𝑉𝑖𝑛

0
] = [

𝑅𝑜 + 𝑗 𝜔𝐿1 𝑗 𝜔𝑀12

𝑗 𝜔𝑀12 𝑅𝐿 + 𝑗 𝜔𝐿2
] [

𝐼1

𝐼2
] 

  = [
𝑅𝑜 + 𝑍11 𝑍12

𝑍21 𝑅𝐿 + 𝑍22
]  [

𝐼1

𝐼2
] , (1) 

 𝑍11 = 𝑍22 =
(𝑅𝑜+𝑆11𝑅𝑜)(1−𝑆22)+𝑆12𝑆21𝑅𝑜

(1−𝑆11)(1−𝑆22)−𝑆12𝑆21
 , (2) 

 𝑍12 = 𝑍21 =
2𝑆21(𝑅𝑜𝑅𝐿)1/2 

(1−𝑆11)(1−𝑆22)−𝑆12𝑆21
 . (3) 

 

 
 

Fig. 2. Traditional transformer model. 

 

 
 

Fig. 3. WPT system model for calculating the self and 

mutual inductance of coils. 

 

Table 1: Property of the practical coils 

Property Value 

Inner Diameter of Tx 

and Rx 
210 mm 

Outer Diameter of Tx 

and Rx 
400 mm 

Number of Turns 30 

Type of Wire 
Litz-wire 1,650 filaments 

(0.05 mm diameter) 

Radius of Wire 1.5 mm 

Parasitic Resistance 

of Wire 
5.962 Ω/km up to 850 kHz 

Medium of Space Air 
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The planar spiral coil was built to economize the 

space, as shown in Fig. 3, and the properties of the 

practical coil are presented in Table 1. The loss caused 

by the skin effect at 20 kHz was ignored in this study. 

However, the actual coil was built with 1,650 stranded 

filaments Litz-wire to secure the versatility for the higher 

frequency systems. Besides, the WPT system at low 

frequency can be free from the skin effect. However, the 

system needs more turns of coils to produce enough 

magnetic field, and the transferring distance can be 

decreased at the low frequency because of the low value 

of the quality factor. For example, the WPT system at the 

utility frequency of 60 Hz was introduced and The 

application implemented with the coil of 450 turns [25]. 

The simulations to obtain the S-parameters were 

conducted in the different transfer distance (10, 55, 100, 

150, and 200 mm) over the frequency range from 15 kHz 

to 25 kHz as shown in Fig. 4. The source 𝑅𝑜 and load 

resistance 𝑅𝐿  are set 50 Ω, respectively, during the 

simulations. The value of self-inductance 𝐿1  and 𝐿2  

is constant regardless of the air-gap, and the mutual-

inductance 𝑀12  and the coupling coefficient 𝑘12  are 

correctly calculated based on (4) and (5). The coils in the 

simulation were constructed by the copper wire. It was 

also found that the inductance values present repetitively 

in the various frequency range, 

 𝐿1 =
|𝑍11|

𝜔
 , 𝐿2 =

|𝑍22|

𝜔
 , (4) 

 𝑀12 =
|𝑍12|

𝜔
, 𝑘12 =

𝑀12

√𝐿1𝐿2
 . (5) 

 

 
  (a) 

 
  (b) 

 

Fig. 4. Example of S-parameter result at 100 mm air gap: 

(a) absolute and (b) phase angle. 

Table 2: S-parameter at 20 kHz 

Air-

Gap 

[mm] 

𝑺𝟏𝟏 at 20 kHz 𝑺𝟐𝟏 at 20 kHz 

Magnitude 
Phase 

Angle 
Magnitude 

Phase 

Angle 

10 0.6038 114.71° 0.7929 24.94° 

55 0.8719 103.08° 0.4831 13.25° 

100 0.9503 99.36° 0.3013 9.52° 

150 0.9793 97.94° 0.1870 8.09° 

200 0.9896 97.42° 0.1214 7.58° 

 

This work considered the implantation of the WPT 

system for the charging device at the frequency of 20 kHz. 

Hence, the magnitude and phase angle of S-parameter at 

the frequency of 20 kHz are shown in Table 2. To verify 

the accuracy of the FEKO results, the actual inductance 

value of the built coil was measured by frequency 

response analyzer (FRA, DOBLE M5300). For reference, 

the passive electrical parameters; resistance (R), 

inductance (L) and capacitance (C), in the network can 

be precisely measured at the various range of frequency 

up to 2 MHz [26]. 

The results from the computational calculation in 

Table 3 are comparable to the experimental value, and 

the percentage difference of the self-inductance (%Δ𝐿1 

and % Δ𝐿2 ) and the coupling coefficient (% Δ𝑀12  or 

%Δ𝑘12) is under 0.17% and 3.59%, respectively. Besides, 

the FEKO result indicated the resistance value of the 

copper coil by 0.143 Ω whereas the actual value of the 

parasitic resistance of 𝐿1 and 𝐿2 are 0.49 Ω and 0.48 Ω 

at 20 kHz, respectively.  

 

III. COMPENSATION FOR RESONANCE 
For tuning the resonance frequency in the Tx and Rx 

coil, the compensating capacitor can be implemented in 

mainly four topologies: series-series (SS), series-parallel 

(SP), parallel-series (PS), and parallel-parallel (PP) as 

shown in Fig. 5. As the SS topology as illustrated in  

Fig. 5 (a) is simple, and the value of the compensating 

capacitor 𝐶1 at the Tx coil is not a function of the air gap 

and the load impedance, many devices use this WPT 

system for wireless charging applications [27-29].  

However, the transfer efficiency of the SS topology 

decreases significantly when the transfer distance varies 

[18], and the voltage-source-type SS system can damage 

the power supply when the Tx does not have a coupling 

with the Rx unit [30]. Also, the transfer efficiency can  

be reduced significantly when the two coils are coupled 

at the nearer distance than the critical distance. It is  

defined as a frequency bifurcation [31]. To avoid this 

phenomenon, it might be necessary to adjust the 

switching frequency, value of compensating capacitance 

or load resistance [32]. SP, PS, and PP topologies are 

illustrated in Figs. (b), (c), and (d). They require the 

precise technique for tuning the resonance frequency 

[33]. 
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Table 3: Comparison of inductance value between FEKO results and practical measurements 

Air 

Gap  

[mm] 

Parameters Extracted by 

FEKO 
Practical Measurement and Accuracy 

𝑳𝟏, 𝑳𝟐 

[μH] 

𝑴𝟏𝟐 

[μH] 
𝒌𝟏𝟐 

𝑳𝟏 

[μH] 
%Δ𝑳𝟏 

𝑳𝟐 

 [μH] 
%Δ𝑳𝟐 

𝑴𝟏𝟐 

 [μH] 
𝒌𝟏𝟐 

% Δ𝑴𝟏𝟐 

or %Δ𝒌𝟏𝟐 

10 351.7 308.5 0.877 352.2 -0.14% 351.1 0.17% 311.4 0.885 -0.91% 

55 351.7 175.0 0.498 352.2 -0.14% 351.1 0.17% 175.7 0.500 -0.40% 

100 351.7 107.7 0.306 352.2 -0.14% 351.1 0.17% 111.6 0.317 -3.59% 

150 351.7 66.6 0.189 352.2 -0.14% 351.1 0.17% 64.9 0.184 2.65% 

200 351.7 43.2 0.123 352.2 -0.14% 351.1 0.17% 41.9 0.119 3.25% 

The performance degradation due to the frequency 

bifurcation in these topologies should also be considered. 

For supplying a sinusoidal HF voltage into the WPT 

resonant circuit, additional series inductor is required for 

the Tx side in PS and PP system to filter the harmonics 

from the square waveform generated by the switching 

device [34], and the SS and SP topologies are more 

suitable for the high power WPT applications [35].  

 

 
(a)  (b) 

 
(c)   (d) 

 

Fig. 5. Compensating topologies based on 𝐶1 location: 

(a) series-series (SS), (b) series-parallel (SP), (c) parallel-

series (PS), and (d) parallel-parallel (PP).  

 

The input voltage 𝑉𝑖𝑛 across the Tx terminals of the 

SS and SP topology, as shown in Figs. 5 (a) and (b) is 

described as in the following equations: 

  𝑉𝑖𝑛,𝑠𝑠 = 𝑍𝑖𝑛,𝑠𝑠𝐼1 = (𝑗𝑋1 +
𝜔2𝑀12

2

𝑅𝐿+𝑟1+𝑗𝑋2
) 𝐼1 , (6) 

 𝑉𝑖𝑛,𝑠𝑝 = 𝑍𝑖𝑛,𝑠𝑝𝐼1 = ( 𝑗𝑋1 +
𝜔2𝑀12

2

𝑗 𝜔𝐿2+𝑟2+
𝑅𝐿

1+𝑗 𝜔𝐶2𝑅𝐿

) 𝐼1 . (7) 

Where 𝑋1 = 𝜔𝐿1 − (1/𝜔𝐶1) , 𝑋2 = 𝜔𝐿2 − (1/𝜔𝐶2) , 

and 𝑅𝐿  is the load resistance. 𝑟1 and 𝑟2are the parasitic 

resistance at Tx and Rx, respectively. As this prototype 

aims to achieve maximum power efficiency, it is 

assumed that the source impedance is zero [36, 37]. 

In (6) and (7), the equivalent input impedances  

are 𝜔2𝑀12
2 /𝑅𝐿  and 𝑀12

2 𝑅𝐿/𝐿2
2 , respectively, when the 

reactive components are eliminated by 𝐶1  and 𝐶2 , and 

the parasitic resistance is ignored. If the resonance 

frequency is determined as follows: 

 𝑓𝑜 =
1

2𝜋√𝐿2𝐶2
 . (8) 

The compensating capacitor 𝐶1  in the SS and SP 

system, respectively, is as follows: 

 𝐶2,𝑠𝑝 =
1

(2𝜋𝑓𝑜)2𝐿2
 , (9) 

 𝐶1,𝑠𝑝 =
1

(2𝜋𝑓𝑜)2(𝐿1−𝑀12
2 /𝐿2) 

 . (10) 

It is clarified that the elimination of the imaginary 

part of the input impedance in the SS topology is not 

affected by the variation of mutual inductance 𝑀12  or 

load resistance 𝑅𝐿. On the other hand, the value of the 

compensating capacitor 𝐶1,𝑠𝑝  at the Tx side must be 

correctly selected due to the variation of 𝑀12  which 

represents the amount of the air gap between the coils. 

Also, the compensating topology should be selected 

with the consideration of the load resistance value. If the 

load resistance 𝑅𝐿  is smaller than the characteristic 

impedance at Rx, SS compensating system is beneficial 

because the input impedance (𝜔2𝑀12
2 /𝑅𝐿)  at the 

resonance frequency is inversely proportional to load 

resistance. It means that the WPT system can deliver 

much power to the input impedance, including the load 

resistance. The characteristic impedance 𝑍𝑜 is determined 

in (11), and 𝑍𝑜  of the prototype is about 44 Ω at the 

frequency of 20 kHz, 

  𝑍𝑜 = √𝐿2/𝐶2 . (11) 

Besides, if the load resistance 𝑅𝐿 is higher than the 

characteristic impedance 𝑍𝑜, SP topology is superior to 

the SS system. Hence, SS and SP system should not be 

compared with the identical value of the load resistance. 

In this study, the near-field analysis in SP compensating 

topology is conducted in this work.  

 

IV. MAGNETIC COUPLING AND FIELD 

DISTRIBUTION IN NEAR-FIELD 
In the previous Sections II and III, the required 

electrical parameters: 𝐿1 , 𝐿2  and 𝑀12 , were obtained 

precisely, then the value of the compensating capacitor 

𝐶1 and 𝐶2 at the Tx and Rx side can be calculated based 

on (9) and (10). 

When the Tx and Rx coil are loosely coupled in the 

magnetic field at the resonance frequency, the electric 

energy transfers efficiently through free space [7]. For 
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tuning the resonance frequency of 20 kHz in the 

simulation models, the compensating capacitor 𝐶2 at the 

Rx side was selected as 180 nF at the self-inductance 

value of 351 μH on 𝐿2 at the frequency of 20 kHz. 

The compensating capacitor 𝐶1 for the SP topology 

should be employed from (10) with respect to the air gap 

as the mutual inductance 𝑀12  varies over the transfer 

distance. The value of the compensating capacitor is 

independent of the load resistance in the SP system. 

However, the low load resistance and near airgap can 

cause a frequency bifurcation and efficiency reduction 

[31]. The compensating capacitors at both Tx and Rx side 

were implemented on the wire port and the AC voltage 

of 10 V𝑝𝑒𝑎𝑘  at 20 kHz was supplied into the Tx unit 

during the simulation. As mentioned earlier, the process 

of the high-frequency switching is not assessable in 

FEKO, however, the peak magnitude of the voltage input 

𝑉𝑖𝑛 to the Tx unit can be extracted by the Fourier series 

analysis in (12): 

  𝑉𝑖𝑛 = 𝑉𝑑𝑐  
4

𝜋
∑

sin{(2𝑛−1)𝜔𝑡)

(2𝑛−1)

∞
𝑘=1  [V] . (12) 

The input voltage 𝑉𝑖𝑛 is generated in the shape of a 

square waveform by the DC to AC inverter across the 

terminal of the Tx coil. Hence, the sinusoidal waveform 

of the input voltage; also, it represents the first harmonic 

of the square waveform, where 𝑉𝑑𝑐 is the magnitude of 

the square waveform, and 𝑛 is the number of harmonics. 

In the experiments, the square wave voltage of 7.9 V is 

to be injected into the Tx unit, the AC voltage of 10 V is 

applied for the FEKO simulation based on (12). 

Furthermore, the equivalent load resistance 𝑅𝑒𝑞 can 

be determined through (13) when the full-bridge rectifier 

is utilized between the Rx unit and the road resistance 𝑅𝐿 

[38], 

   𝑅𝑒𝑞 =
8

𝜋2 𝑅𝐿 [Ω]. (13) 

In the FEKO analysis, the equivalent resistance 𝑅𝑒𝑞 

was set as 97 Ω at the AC output terminals of Rx unit. It 

states that the actual load resistance across the DC output 

terminal is about 120 Ω. The induced magnetic field in 

the Rx coil by Tx coil, strength and distribution of the 

magnetic field are illustrated in Fig. 7. The simulation 

results confirm that the efficiency of the WPT system 

declines when the air gap is over the limit of magnetic 

coupling range discovered by the simulation result. For 

reference, this electromagnetic analysis of FEKO was 

conducted by the student edition.  

The level of the magnetic field at both Tx and Rx  

coil indicates about 40 A/m and 100 A/m at the 10 mm 

and 55 mm air gap, respectively as shown in Figs. 7 (a) 

and (b). At the distance of 100 mm, the amplitude of 

magnetic field in the Tx coil is higher than in the Rx coil, 

but Rx coil has the similar amount of the magnetic field 

in Tx coil as shown in Fig. 7 (c). The highest level of the 

500 A/m magnetic field is recorded at the 150 mm airgap 

though the Rx coil has the induced magnetic field of 250 

A/m as shown in Fig. 7 (d). 

 

 
     (a) 

 
(b) 

 

Fig. 6. Transferring power and magnetic field 

distribution in SP topology at 55 mm: (a) Supplied power 

and transferred power across the load, and (b) magnetic 

coupling at the frequency of 16 kHz. 

 

It is verified that the low magnetic field is formed 

between the Tx and Rx coil at the near gap at the 

frequency of 20 kHz; hence, low power is delivered from 

the Tx unit to the Rx unit. It is caused by the phenomena 

of frequency bifurcation, which occurs when two coils 

are coupled in the over-coupled region. The FEKO 

simulation can also clarify the frequency bifurcation. For 

instance, at the distance of 55 mm, the transferring power 

is only 2.05 W at 20 kHz, however, at the frequency of 

16 kHz and 25 kHz, the power of 3.82 W and 3.70 W is 

delivered to the Rx unit, respectively as illustrated in Fig 

6 (a). Also, the higher magnetic field of 140 A/m at the 

frequency of 16 kHz than at 20 kHz frequency is formed 

as shown in Fig. 6 (b) and Fig. 7 (b). To achieve the 

improved performance of the WPT system at the near 

distance, it is required to shift the switching frequency or 

utilize the different value of the compensating capacitor 

for avoiding the frequency bifurcation. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 

Fig. 7. Magnetic coupling and field distribution in SP topology over the different airgap (𝐶2 =180 nF) at 20 kHz: (a) 

10 mm, 𝐶1 =779 nF, (b) 55mm, 𝐶1 =240 nF, (c) 100 mm, 𝐶1 =200 nF, and (d) 150 mm, 𝐶1 =187 nF. 
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V. POWER TRANSFERRED AND 

PRACTICAL VERIFICATION 
For the verification of the simulation results, the 

transferred power and the related parameters were 

measured in the SP model at the air gap of 100 mm, as 

shown in Fig. 8 (a). The WPT model at the distance of 

100 mm was selected as the magnetic coupling between 

the coils is well maintained, and the frequency 

bifurcation is not found at the distance. The full-bridge 

with gate driver (PWD 13F60, STMicroelectronics) was 

implemented, and the gate signals with the duty cycle of 

50% at the 20 kHz frequency were given to the switching 

device from the micro-controller (Analog discovery 2, 

Digilent), as shown in Fig. 8 (b). 

 

 
(a) 

 

(b) 

 

Fig. 8. Experimental measurement set-up: (a) Tx and Rx 

coils with compensating capacitors, and (b) full-bridge 

switching device and pulse (gate) signals. 

 

In the practical experiment, the low voltage of  

10 𝑉peak  was supplied into the circuit due to the 

considerations of high voltage resonance oscillation and 

electromagnetic interference. As a DC power supply and 

HF switching devices could not be configured in the 

simulation tool, the overall efficiency 𝜂𝑜  between the 

DC power supply and the load resistance was not 

evaluated. However, the transferring efficiency 𝜂𝑇 from 

the Tx unit to the load resistance was correctly identified.  

The distribution of the electric and magnetic field 

between two coils with the wire ports in the SP system 

at 100 mm air gap is illustrated, and it represents that  

the electric and magnetic fields at the middle of the coil 

are about 400 V/m and 200 A/m, respectively. At the 

vicinity of the coils, the values are under 200 V/m and 

70 A/m, respectively, as shown in Figs. 9 (a) and (b). 

Therefore, the level of the electromagnetic field can be 

estimated for the safety clarification in the near-field  

area based on the guidelines; IEEE C95.1-2014 or 

International Commission on Non-Ionizing Radiation 

Protection [39]. 

 

 
(a) 

 
(b) 

 

Fig. 9. FEKO results of the near-field in the SP system 

at 100 mm air gap at the frequency of 20 kHz: (a) electric 

field and (b) magnetic field. 
 

The electrical parameters in the WPT model; 

𝑉in,  𝑉out, 𝑍in, 𝜃, 𝐼in, 𝐼out, 𝑃in, and 𝑃out , can also be 

determined in the different frequency range, as shown in 

Fig. 10. When the peak voltage of 10 V is supplied into 

the Tx unit, the output voltage of 32.1 V is produced 

across of the load terminal at the frequency of 20 kHz, 

and the input and output peak current is recorded as 

1.170 A and 0.331 A, respectively, in peak value as 

shown in Figs. 10 (a) and (b).  
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       (a) 

 
     (b) 

 
      (c) 

 
      (d)

 

Fig. 10. FEKO results of electrical parameters of SP WPT system at 100 mm: (a) in/output voltage, (b) in/output 

current, (c) input impedance, and (d) in/output power. 

 

Table 4: Comparison of the FEKO results and the experiment measurement in the SP WPT model at the 100 mm airgap 

Parameters FEKO 
Experimental 

Measurement 

Δ 

Difference 
%Δ 

𝑉𝑑𝑐 (DC voltage) n/a 8.7 V n/a n/a 

𝐼𝑑𝑐  (DC current) n/a 0.72 A n/a n/a 

𝑃𝑑𝑐_𝑖𝑛 (DC power) n/a 6.264 W n/a n/a 

𝑃𝑖𝑛  (Input AC Power) 5.43 W 5.897 W -0.467 W -8.600% 

𝑉𝑖𝑛 (Input AC voltage) 

n/a 

10.00 Vpeak 

7.071 VRMS 

7.900 Vpeak [square wave] 

10.06 Vpeak [1st harmonic] 

7.113 VRMS 

n/a 

n/a 

-0.042 VRMS 

n/a 

n/a 

-0.594% 

𝐼𝑖𝑛 (AC in Tx) 
1.170 Apeak 

0.827 ARMS 

n/a 

0.829 ARMS 

n/a 

-0.002 ARMS 

n/a 

-0.242% 

𝑍𝑖𝑛 (Input impedance) 9.119 Ω 8.580 Ω  0.539 Ω 5.911% 

Θ (Phase angle of 𝑍𝑖𝑛) 2.06° 3.54° -1.480° n/a  

𝑉𝑜𝑢𝑡 (Voltage across load) 
32.10 Vpeak 

22.698 VRMS 

n/a 

22.543 VRMS 

n/a 

0.155 VRMS 

n/a 

0.683% 

𝐼𝑜𝑢𝑡  (Current through load) 
0.331 Apeak 

0.234 ARMS 

n/a 

0.250 ARMS [Calculated] 

n/a 

-0.016 ARMS 

 

-6.834% 

𝑃𝑜𝑢𝑡  (Output power on Rx) 5.31 W 5.642 W -0.332 W -6.252% 

𝜂𝑇 (Transfer efficiency) 97.790% 95.676% 2.114% 2.162% 

𝑃𝑑𝑐_𝑜𝑢𝑡 (Output power on DC 

Load) 
n/a 4.752 W n/a n/a 

𝜂𝑜 (DC to DC, Overall 

efficiency) 
n/a 75.862% n/a n/a 
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(a) 

 
(b) 

 

Fig. 11. Practical measurement of SP system at 55 mm air 

gap: (a) Input power and (b) output power. 

 

The source resistance 𝑅𝑜 was set as 0 Ω, and the 

load resistance of 97 Ω was implemented in the wire 

ports in FEKO analysis. As the compensating capacitors 

𝐶1  and 𝐶2  were correctly utilized, the phase angle of  

the input impedance 𝑍𝑖𝑛,𝑠𝑝 in (7) was 2.06°; it presents 

almost zero degrees, as indicated in Fig. 10 (c). 

Furthermore, the transferred power between the 

coils was calculated and, the maximum value of the  

5.31 W power was delivered at the 20 kHz frequency,  

as presented in Fig. 10 (d). The actual values of the 

parameters: 𝑉𝑖𝑛, 𝐼𝑖𝑛, 𝑉𝑜𝑢𝑡, 𝐼𝑜𝑢𝑡 , and the phase angle in the 

prototype were measured by the oscilloscope (Agilent 

Technologies: MSO-X 2012A) and the current probe: 

Tektronix A622) as shown in Fig. 11. The results of the 

comparison between the simulation result and practical 

measurements of the WPT model are presented in Table 

4. Besides, the input impedance 𝑍𝑖𝑛 of the experimental 

measurement in Table 4 was calculated based on the 

voltage and current reading on the oscilloscope. 

It was observed that the percentage error of the input 

parameters (input voltage 𝑉𝑖𝑛, current 𝐼𝑖𝑛 and impedance 

𝑍𝑖𝑛) is under 6%. The deviation value in the phase angle 

θ of the input impedance 𝑍𝑖𝑛, is only 1.48°. The input 

and output power ( 𝑃𝑖𝑛  and 𝑃𝑜𝑢𝑡 ) in the practical 

measurement indicates the percentage error of -8.60% 

and -6.252%, respectively. The value of transfer efficiency 

𝜂𝑇 is recorded as 95.676%, and it is comparable to the 

FEKO result of 97.790%. 

This practical measurement was conducted with the 

implementation of DC to HF AC inverter on the Tx  

unit and HF AC to DC rectifier. Therefore, the square 

waveform was indicated at the Tx unit, and the distorted 

waveforms of output voltage and current were recorded 

at the across of the load resistance due to the full-bridge 

rectifier. It is clarified that the zero-phase switching in 

the HF inverter was achieved as the phase difference 

between the voltage and current at both ends is almost 

zero, as shown in Figs. 11 (a) and (b).  

For reference, the overall efficiency or DC to DC 

efficiency 𝜂𝑇 of 75.862% is presented in the prototype 

due to the heat loss on the switching devices, the full-

bridge rectifier, the ohmic loss in the cooper winding, 

etc. Consequently, the computational electromagnetic 

field analysis provides acceptable results for the design 

of the WPT systems. The formation and distribution of 

electromagnetic coupling between the coils, self and 

mutual inductance, output voltage, the rate of transferred 

power can be identified prior to the practical WPT 

implementations. 

 

VI. CONCLUSION 
The performance of the inductively-coupled WPT 

system is sensitive to the structure of the Tx and Rx  

coil, and the variation of the air gap. In this work, the 

characteristic of the electromagnetic field and the 

electrical parameters of the WPT system were correctly 

identified through the computational analysis and 

practical experiment. To demonstrate the WPT system, 

the Tx and Rx coil in the radius of 200 mm were 

implemented, and the S-parameter results accurately 

extracted the self and mutual inductance of the coils. 

Then, the characteristic of magnetic coupling between 

the two coils in the SP compensating WPT system at the 

resonance frequency of 20 kHz was observed by the 

near-field analysis. Also, it was found that the prototype 

of the SP system efficiently delivers electric energy 

when the air gap is under 100 mm. The electrical 

parameters (i.e., 𝑉in, 𝐼in, 𝑃in, 𝑍in, 𝑉out, 𝐼out, and 𝑃out) of 

the WPT system examined by the simulation tool are 

comparable to the experimental measurements of the 

prototype. Therefore, this study clarified that the use  

of FEKO facilitates the comprehensive and accurate 

analysis of the electromagnetic and electrical behavior of 

near-field WPT system. 
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Abstract – Solving problems governed by two and three-
dimensional wave equations in exterior domains are a
complex task. There are techniques to reduce the compu-
tational complexities, one such technique is On-Surface
Radiation Boundary Conditions (OSRBC). There have
been recent interests in revisiting this technique for two
and three-dimensional problems [1]. In this paper, we
explore the implementation of a new high order OSRBC
based on the high order local boundary conditions intro-
duced by [2] for two and three dimensions to solve the
wave equation in unbounded domains. In most cases,
it is difficult to construct exact solutions. For compar-
isons of numerical solutions, we use solutions obtained
from large domains as approximate exact solutions. The
implementation involves a two step novel approach to
handle time derivatives. First, the governing equations
and boundary conditions are converted to Laplace trans-
form domain. Then, based on bilinear transformation the
procedure was converted to z domain which simplified
the implementation process. In particular, this process
leads to higher accuracy compared to the different types
of finite difference schemes used to approximate the first
and second order partial derivative in the new high order
OSRBC and the auxiliary functions that define the high
order boundary conditions. A series of numerical tests
demonstrate the accuracy and efficiency of the new high
order OSRBC for two and three-dimensional problems.
Both the long domain solutions as well as the new OS-
RBC solutions are compared for accuracies and useful
results for radar cross-section calculations are presented.

Index Terms – On surface radiation boundary condi-
tions, scattering problems, time-domain analysis, numer-
ical analysis, bilinear transformation, radar-cross sec-
tion, two and three-dimensional.

I. INTRODUCTION
Computational electromagnetics is a vast area of re-

search and has gained a considerable amount of atten-

tion during the last four decades. This fact is due to
new technological requirements and scientific applica-
tions such as electromagnetic waves scattered around an
antenna and radar cross section calculations [3, 4]. This
field yields yet challenging questions that require the de-
velopment of efficient and accurate computational tech-
niques for the simulation of electromagnetic scattering
problems. Several computational difficulties limit the ap-
plication of classical numerical approaches. The first ob-
stacle is related to the open domain where many wave
propagation problems are described in the unbounded
domain. This makes it difficult to extend the computa-
tional domain to the far field due to the dissipative and
dispersive nature of the direct numerical method. The
other important obstacle is that the relevant calculations
depend on the accuracy of the radiation boundary con-
ditions (RBCS) and are linked to the fact that the wave-
length of the incident field is smaller than the character-
istic size of the scatterer [5].

The past two decades have seen many attempts
to create accurate radiation boundary condition for-
mulations to simulate scattering from two and three-
dimensional obstacles. Examples are the Perfectly
Matched Layer (PML) [6–8], integral equation formu-
lations [9, 10] and the infinite element method [6, 11].
However, the computational effort needed for these
methods limits their application range even if it provides
some valuable results. Besides, these procedures are lim-
ited to frequency domain problems. Furthermore, PML
and infinite element method cannot be used as the on sur-
face boundary conditions because they have to be placed
far away from the surface of the scatterer, and we need to
derive an expression for a normal derivative on the sur-
face of the scatterer.

An alternative approach is the On-Surface Radiation
Boundary Condition (OSRBC) which is considered as
the frontier between classical methods and asymptotic
techniques [5]. It was introduced in the middle of the
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eighties by [12, 13]. It is an approximate technique that
applies local artificial boundary conditions [14–16] di-
rectly on the surface of the scatterer to determine the
normal derivative. In these papers, the authors also in-
troduce the basic method to compute the electromagnetic
scattered filed from a two dimensional infinite cylinder.
This method leads to the numerical solution of a set of
partial differential equations set over the surface of the
scatterer Γ (or on contour for a 2-D object). Specifi-
cally, this principle involves the calculation of normal
derivatives on Γ. Unfortunately, the closer one brings
the radiation boundary to the scatterer, the more precise
the radiation condition should be. In [12, 13] the authors
used either the first or second order radiation conditions.
Again their work was limited to frequency domain prob-
lems namely, those of high frequencies. In this work, we
present an arbitrary order OSRBC in the time domain in
both two and three dimensions. The work presented here
can be reduced to frequency domain analysis for time-
harmonic incident fields.

In a sequence of works developed by [2] and [17],
the authors consider arbitrary order boundary conditions
for wave equations that use only a local operator on the
boundary. In these works, they removed the use of higher
order spatial normal derivatives found in the work of
Bayliss and Turkel’s boundary conditions [14]. In par-
ticular, the work found in [2] replaces the difficulties us-
ing only higher order time derivatives which are easier to
implement. The work presented in this paper uses these
results to formulate a new high order on-surface radia-
tion boundary conditions. This forms the basis for the
implementation of OSRBC in both two and three dimen-
sions. In essence, we start with the introduction of two
and three-dimensional Dirichlet problems governed by
wave equations in the exterior domain. Then, we de-
scribe the long domain problems in both two and three
dimensions. This yields the required normal derivative
expressions ( ∂u∂n ) in both dimensions. To avoid differ-
ences in time, we consider the high order OSRBC in
the s−domain using the Laplace transform. Then, we
apply a new approach to discretize the high order OS-
RBC using the bilinear transformation method to imple-
ment a mapping from the s−domain to the z−domain.
This eliminates choosing different types of finite differ-
ence implementations in time. We show the effective-
ness of this approach vs time differencing in the numer-
ical implementation section. Next, we apply the inverse
z−transform and solve the high order OSRBC numer-
ically in the form of a recursively defined sequence of
equations. Finally, we verify our proposed results using
numerical solutions.

II. PROBLEM DESCRIPTION
To describe the wave propagation problem, we as-

sume that there is a TM wave incident on the bounded

Incident wave

Incident wave

Ω+

Γ

Ω−

n

obstable

Fig. 1. Scattering Problem Configuration.

domain of RN (N = 2, 3) which represents a perfectly
conducting scatterer bounded by a boundary Γ as shown
in Fig. 1. We assume this domain is sufficiently smooth
and n is the unit normal vector to Ω−. We consider an in-
cident TM wave field (E) illuminating the obstacle. This
only has one scalar component that we denote u(x, t):

Einc = uinc(x, t), Es = us(x, t),
Where x = (x1, ..., xN ) a point of RN , uinc(x, t) de-
notes the incident field and us(x, t) denotes the scattered
field. This source generates a scattered field (us) to the
obstacle (Ω−) which satisfies the so called wave equa-
tion:

52us −
1

c2
∂2us
∂t2

= 0 in Ω+, (1)
For the well-posedness of the problem, the field

us(x, t) must also satisfy a boundary condition at the sur-
face (Γ) of the body as well as the Sommerfeld radiation
condition at infinity:

lim
|x|→∞

|x|
(N−1)

2

(
5us ·

x

|x|
+
∂us
∂t

)
= 0,

Because the equation (1) is of order two, we need two
boundary conditions - one on the boundary of the scat-
terer, and the Sommerfeld radiation condition. The first
boundary condition is the Dirichlet (perfect conductor)
boundary condition. Here, the scatterer is assumed to be
perfectly conducting on the surface Γ (or on contour for
a 2−D object), so the field satisfies:

us(x, t) = −uinc(x, t) on Γ,

A second condition is an implementable approxima-
tion of the Sommerfeld radiation condition. The authors
of [2] derived higher order local version of Sommerfeld
boundary conditions that are both asymptotically exact
and easy to implement. The derivation of this boundary
condition procedure originates from the [14] whose
applications are typically restricted to the first order and
second order formulations due to the fact that the higher
order normal derivatives are difficult to implement nu-
merically. In contrast, the work found in [2] overcomes
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this difficulty by a new formulation that involves only
a single order normal derivative and which is coupled
with a sequence of first differential equations in time
via the use of auxiliary variables. The higher order
local boundary conditions are expressed in the polar
coordinates form for the two-dimensional problems
and spherical coordinates for the three-dimensional
problems as follows:

The high order local boundary conditions for two-
dimensional case are:

1

c

∂us
∂t

+
∂us
∂r

+
1

2r
us = w1, (2)

1

c

∂ωj
∂t

+
j

r
ωj =

(j − 1
2 )2

4r2
ωj−1+

1

4r2

∂2ωj−1

∂θ2
+ωj+1,

j = 1, 2, ... (3)
The high order local boundary conditions for three-
dimensional case are:

1

c

∂us
∂t

+
∂us
∂r

+
1

r
us = w1, (4)

1

c

∂ωj
∂t

+
j

r
ωj =

1

4r2
(52

s + j(j − 1))ωj−1 + ωj+1,

j = 2, 3, ... (5)
Where the spherical Laplacian given by:

52
sωj−1 =

1

sin θ

∂

∂θ
(sin θ

∂ωj−1

∂θ
) +

1

sin2 θ

∂2ωj−1

∂φ2
,

and ωj’s are auxiliary functions defined recursively and
known as remainders, we have set:

ω0 = 2us.

An interesting observation here is that when we set ω1 =
0 the condition reduces to the well known Bayliss and
Turkel condition. By a direct computation, it has been
proven in [2] that:

ωj = O(r−2j+ 1
2 ) for 2−D,

ωj = O(r−2j−1) for 3−D,
The equations (3) and (5) can be solved to find ω1 in
terms of us. Using reminders of order (p) and set the
order (p+ 1) to be as follows:

∀j > p, ωj = 0.

Equations (2), (3) (two-dimensional case) and (4), (5)
(three-dimensional case) are designed to be implemented
at a far field boundary that encloses the scatterer. They
can be solved to find the radial derivative ∂u

∂r , which rep-
resents the normal derivative ∂u

∂n at the surface of the far
field boundary. The principle of the OSRBC is that one
brings the far field boundary to coincide with the bound-
ary of the scatterer itself. The remainder of the paper
analyses the impact of this process bringing the far field
conditions directly on the scatterer.

III. NUMERICAL IMPLEMENTATION
In this paper, we solve the higher order local bound-

ary conditions in two and three dimensions to find the
normal derivatives on the surface of the scatterers. A
new novel numerical approach to handle the time deriva-
tive is introduced. Typically, the time derivatives ap-
proximated with finite differences. Thus, for the stabil-
ity and accuracy, one must be careful how these differ-
ences are handled. They can yield implicit or explicit
schemes based on the differencing used to discretize the
equations (2), (3) (two-dimensional case) and (4), (5)
(three-dimensional case). Now, this leads to our new
approach. First, these sets of boundary conditions are
transformed into Laplace transform domain because of
the linearity. The Laplace transform domain problem is
converted to z− transform based on the bilinear transfor-
mation [18]. The bilinear transformation preserves the
stability and causality when mapping a continuous time
equation to discrete time. This avoids the uncertainty in-
volving choices of time derivative difference approxima-
tions. We start by implementing the Laplace transform
for the higher order local boundary conditions. Assum-
ing the boundary Γ is a perfect conductor, c = 1 and
cylindrical mode:

∂2ωj−1

∂θ2
= −m2 for 2−D,

Likewise, for spherical modes we obtain:

52
sωj−1 = −m(m+ 1) for 3−D,

So, the Laplace transform for (2) and (3) are given below:
∂û

∂r
+ (s+

1

2r
)û = ŵ1, (6)

(s+
j

r
)ω̂j =

(j − 1
2 )2 −m2

4r2
ω̂j−1+ω̂j+1, j = 1, 2, ....

(7)
and the Laplace transform for (4) and (5) are given be-
low:

∂û

∂r
+ (s+

1

r
)û = ŵ1, (8)

(s+
j

r
)ω̂j =

j(j − 1)− (m2 +m)

4r2
ω̂j−1 + ω̂j+1,

j = 1, 2, 3, .... (9)
Then, we implement the mapping from the

s−domain to the z−domain via bilinear transform s =
2
T

1−z−1

1+z−1 , in the equations (6) and (7) as given below, for
convenience T is taken as 1:

∂û

∂r
+ (2

1− z−1

1 + z−1
+

1

2r
)û = ŵ1, (10)

(2
1− z−1

1 + z−1
+
j

r
)ω̂j =

(j − 1
2 )2 −m2

4r2
ω̂j−1 + ω̂j+1,

j = 1, 2, ... (11)
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and for (8) and (9) are given below:

∂û

∂r
+ (2

1− z−1

1 + z−1
+

1

r
)û = ŵ1, (12)

(2
1− z−1

1 + z−1
+
j

r
)ω̂j =

j(j − 1)− (m2 +m)

4r2
ω̂j−1

+ ω̂j+1, j = 1, 2, 3, ... (13)

Finally, in order to solve for the normal derivative
in time domain we apply the inverse z−transform to the
equations (10) and (11) as given below:

∂ū(n, r)

∂r
+
∂ū(n− 1, r)

∂r
+ 2[ū(n, r)− ū(n− 1, r)]

+
[ū(n, r) + ū(n− 1, r)]

2r
= ω̄1(n, r)+ ω̄1(n−1, r)′,

(14)

2(ω̄j(n, r)− ω̄j(n− 1, r)) +
j

r
(ω̄j(n, r)+

ω̄j(n− 1, r)) =
(j − 1

2 )2 −m2

4r2
(ω̄j−1(n, r)+

ω̄j−1(n− 1, r)) + (ω̄j+1(n, r)

+ ω̄j+1(n− 1, r)), j = 1, 2, .... (15)

and for (12) and (13) are given below:

∂ū(n, r)

∂r
+
∂ū(n− 1, r)

∂r
+ 2[ū(n, r)− ū(n− 1, r)]

+
[ū(n, r) + ū(n− 1, r)]

r
) = ω̄1(n, r)+ω̄1(n−1, r),

(16)

2(ω̄j(n, r)− ω̄j(n− 1, r)) +
j

r
(ω̄j(n, r)+

ω̄j(n− 1, r)) =
j(j − 1)− (m2 +m)

4r2
(ω̄j−1(n, r)+

ω̄j−1(n− 1, r)) + (ω̄j+1(n, r) + ω̄j+1(n− 1, r)),

j = 1, 2, 3, .... (17)

Solving (15) numerically to find ωj’s remainders, one
needs to write these equations in the matrix form as be-
low [19], [20]:

Ajω̄
j−1 = Tjω̄

j −Bω̄j+1, (18)

Where Aj , Tj and B are N ×N matrices given by:

Aj =



aj 0 0 . . . 0

aj aj 0
. . .

...

0 aj
. . . . . . 0

...
. . . . . . . . . 0

0 . . . 0 aj aj



Tj =



cj 0 . . .. . . 0

bj cj
. . .

...
...

. . . . . . . . .
...

...
. . . . . . 0

0 . . .. . . bj cj



B =



1 0 . . .. . .0

1 1
. . .

...
...
. . . . . . . . .

...
...

. . . . . .0
0. . .. . . 1 1


With:

aj=
(j− 1

2 )2−m2

4r2 ,

bj = j
r − 2,

cj =2 + j
r ,

We use p auxiliary function such that ω̄j = 0 ∀j >
p, so ω̄p+1 = 0. From (18) we find that:{

ω̄j−1=A−1
j Tjω̄

j −A−1
j Bω̄j+1

ω̄p−1=A−1
p Tpω̄

p ,

we can write: {
ω̄p−1=Pp−1ω̄

p

ω̄p =Ppω̄
p , (19)

where:

Pp = INandPp−1 = A−1
p Tp,

To prove that ω̄m = Pmω̄
p for every m 6 p. Using

(18) we can write:
ω̄m−1=A−1

m Tmω̄
m −A−1

m Bω̄m+1

=A−1
m TmPmω̄

p −A−1
m BPm+1ω̄

p

=(A−1
m TmPm −A−1

m BPm+1)︸ ︷︷ ︸
Pm−1

ω̄p , (20)

where m ∈ {1, 2, . . . , p − 1}: From(19) and (20), we
can calculate the matrices Pm’s numerically using the
recursive definition as given below:
Pm−1=A−1

m (TmPm −BPm+1) ∀m ∈ {1; . . . ; p− 1}
Pp−1 =A−1

p Tp
Pp =IN

,

(21)
From (21) and using the fact that ω̄0 = 2Ū we can show
that:

ω̄0 = 2Ū = P0ω̄
p ⇒ ω̄p = 2P−1

0 Ū ,
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and
ω̄1 = P1ω̄

p = 2P1P
−1
0 Ū , (22)

Solving (14) numerically to find ∂ū(n,r)
∂r

∣∣∣
r∈Γ

, , we write

it in matrix form as below:
V̄ = ω̄1 +B−1CŪ, (23)

where,
Ū = [ū(1, R), ū(2, R), . . . , ū(N,R)]T

V̄ = [v̄(1, R), v̄(2, R), . . . , v̄(N,R)]T

and

v̄(n,R) =
∂ū(n, r)

∂r
(ndt, r ∈ Γ),

Also,

C =



a 0 . . .. . .0

b a 0
...

...
. . . . . . . . .

...
...

. . . . . .0
0. . .. . . b a


is an (N)× (N) matrix,

with:
a=−(2 + 1

2r ),

b=2− 1
2r ,

Then using (22) in (23) :
V̄ = (2P1P

−1
0 +B−1C)Ū , (24)

So, for the two-dimensional case calculation of P0 and
P1 can be done using the recursive definition given in
(21). Once calculated, they allow the calculation of V̄
which represents the normal derivative in time domain
∂ū(n,r)
∂r (ndt, r ∈ Γ).

For the three-dimensional case we follow the same
procedure as in the two dimensional. We do this by solv-
ing (16) and (17) numerically and finding the normal
derivative in the time domain ∂ū(n,r)

∂r (ndt, r ∈ Γ) for
the three dimensional case. The only difference between
the three and two dimensions solution procedure is the
elements of matrix Aj and C. For matrix Aj :

aj=
j(j−1)−(m2+m)

4r2
,

and for matrix C:
a=−(2 + 1

r ),

b=2− 1
r ,

To evaluate the long domain solutions for the boundary
conditions in the two and three-dimensional cases and
obtain the normal derivative at the boundary Γ, we
assume a perfect conductor, c = 1, cylindrical modes for
two dimensions and spherical modes for three dimen-
sions. We start by deriving the finite difference scheme
for the wave equations in two and three dimensions:

The cylindrical mode the two-dimensional equation
reduces to:

∂2u

∂t2
=
∂2u

∂r2
+

1

r

∂u

∂r
− n2

r2
u, (25)

For the three-dimensional case, spherical mode equation
reduces to:

∂2u

∂t2
=
∂2u

∂r2
+

2

r

∂u

∂r
− n(n+ 1)

r2
u, (26)

By letting upk = u(rk, tp), thus equations (25) and (26)
can be approximated by:
For two-dimensional:

∂2upk
∂t2

=
∂2upk
∂r2

+
1

rk

∂upk
∂r
− n2

r2
k

upk, (27)

For three-dimensional:
∂2upk
∂t2

=
∂2upk
∂r2

+
2

rk

∂upk
∂r
− n(n+ 1)

r2
k

upk, (28)

The second order partial derivative can be approximated
by second order central differences and the first order
partial derivative can be approximated by an average
central difference. Where the second order central dif-
ferences and the first order partial derivatives are defined
in section VI.
For two-dimensional:

up+1
k − 2upk + up−1

k

(dt)2
=
upk+1 − 2upk + upk−1

(dr)2
+

1

2rk

upk+1 − u
p
k−1

dr
− n2

r2
k

upk, (29)

For three-dimensional:

up+1
k − 2upk + up−1

k

(dt)2
=
upk+1 − 2upk + upk−1

(dr)2
+

1

rk

upk+1 − u
p
k−1

dr
− n(n+ 1)

r2
k

upk, (30)

To discretize the high order local boundary con-
ditions, an explicit finite difference approximation is
derived as follows:
By letting wpj = wj(tp), the two-dimensional equations
(2) and (3) can be approximated by:

∂upk
∂t

+
∂upk
∂r

+
1

2rk
upk = wp1 , (31)

∂wpj
∂t

+
j

rk
wpj =

(j − 1
2 )2 − n2

4r2
k

wpj−1 + wpj+1,

j = 1, 2, ... (32)
For the case of three-dimensional equations (4) and (5)
can be approximated by:

∂upk
∂t

+
∂upk
∂r

+
1

rk
upk = wp1 , (33)

∂wpj
∂t

+
j

rk
wpj =

j(j − 1)− (n2 + n)

4r2
k

wpj−1 + wpj+1,

j = 1, 2, 3, ... (34)
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The radial derivative is approximated using a back-
ward difference and average the terms with respect to
time in (31) and (33) see section VI. A forward average
for time and a backward average for the radius are used
to approximate the third term in (31) and (33). Lastly,
use a weighted average in time to approximate wp1 :

wp1 =
3

2
wp1 −

1

2
wp−1

1 ,

Similarly, the time derivative in the auxiliary func-
tions that define the higher order boundary condition (32)
and (34) can be approximated using a first order forward
difference, and a forward average in time to approximate
wpj and wpj−1. The last term wpj+1 approximate using a
weighted average in time.
For two-dimensional problem:

1

2dt
((up+1

k +up+1
k−1)−(upk+upk−1))+

1

2dr
((up+1

k +upk)

− (up+1
k−1 +upk−1)) +

1

8R
(up+1
k +up+1

k−1 +upk +upk−1) =

3

2
wp1 −

1

2
wp−1

1 , (35)

1

dt
(wp+1

j − wpj ) +
j

2R
(wp+1

j + wpj ) =

(j − 1
2 )2 − n2

8R2
(wp+1

j−1 + wpj−1) +
3

2
wpj+1 −

1

2
wp−1
j+1 ,

(36)
For the three-dimensional problem:

1

2dt
((up+1

k +up+1
k−1)−(upk+upk−1))+

1

2dr
((up+1

k +upk)

− (up+1
k−1 + upk−1)) +

1

4R
(up+1
k + up+1

k−1 + upk + upk−1)

=
3

2
wp1 −

1

2
wp−1

1 , (37)

1

dt
(wp+1

j − wpj ) +
j

R
(wp+1

j + wpj ) =

j(j − 1)− (n2 + n)

8R2
(wp+1

j−1+wpj−1)+
3

2
wpj+1−

1

2
wp−1
j+1 ,

(38)

and in both cases the normal derivative (∂u∂r ) can be ap-
proximated using a backward difference and average the
terms with respect to time as follows:

∂u

∂r
=

(up+1
k + upk)− (up+1

k−1 + upk−1)

2dr
, (39)

We solve these equations sequentially. In [2] the authors
prove that:

ωj = O(r−2j+ 1
2 ) for 2−D,

ωj = O(r−2j−1) for 3−D,
We can infer that the remainder becomes zero after

fixed arbitrarily j depending on the desired accuracy.
Let us call the last non-zero remainder ωN , that is all
remainder ωj with j > N is neglected and assumed

to be zero. Therefore, (wj+1) is smaller than (wj) and
(w1) is smaller than (w0). The boundary conditions are
applied halfway between the last two meshes.

This procedure allows the calculation of the long do-
main normal derivative of the scattered field (∂us∂r ) at the
surface of the scatterer. The radar cross section (RCS)
of a scatterer can be solved using the on surface radi-
ation boundary conditions. The scattered field (Us(x))
at some distance from the scatterer boundary Γ is given
by [12]:

Us(x) =

∫
Γ

[
G(x, y)

∂Us(y))

∂n
− Us(y)

∂G(x, y)

∂n

]
ds,

(40)

Where G(x, y) is the free space Green’s function given
by:

G(x, y) = −(i/4)H1
0 (kd) for 2−D,

G(x, y) =
eikd

4πd
for 3−D,

and, d =
∣∣x− y∣∣, ∂

∂n is the outward normal derivative
on Γ, y is on Γ, x is some distance from Γ, Us is the
Fourier transform of us, and k is the wave number. It
is known that the far field expansion of (40) for two and
three dimensional can be written as:

Us(x) = A0
eikr√
r

for 2−D, (41)

Us(x) = Ā0
eikr

r
for 3−D, (42)

Where the term A0 in (41) is given by (see section
VII):

A0 =
ejπ4

√
8kπ

∫
Γ

[
∂Us(y)

∂n
− jk cos δUinc(y)

]
e−jkψds,

(43)

and Ā0 in (42) is given by (see section VII):

Ā0 =
1

4π

∫
Γ

[
∂Us(y)

∂n
− jk cos δUinc(y)

]
e−jkψds,

(44)
Where cos δ = x̂.n̂ and ψ = x̂.y. The RCS can be
calculated using A0 by the following expression:

RCS = 10 log10(2πR |A0|2) for 2−D, (45)

RCS = 10 log10(4πR2
∣∣Ā0

∣∣2) for 3−D, (46)

IV. RESULTS
To demonstrate the results obtained for a circular

and spherical scatterer, we developed a series of numeri-
cal tests. The first example is for the incident field on the
perfectly conducting sphere of radius one for the three
dimensional case (a disk of radius one for the two di-
mensional case).
For two dimensional:

uinc(x, t) =
1− cos 2πt

1 + t2
cosnθ, (47)
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Fig. 2. Comparison of long domain (∂us∂nl), the finite
difference scheme for OSRBC (∂us∂n) and the bilin-
ear method for OSRBC (∂us∂nB) solutions for normal
derivative at t = 5 for the two-dimensional case.

For three dimensional:

uinc(x, t) =
1− cos 2πt

1 + t2
(cosmφ+sinmφ)Pmn (cosnθ),

(48)
The normal derivative for the long domain solution
(∂ulong∂n ) is calculated for the artificial boundary condi-
tion at the location R = 10. The long domain solution
(∂ulong∂n ) compared with the normal derivative ( ∂u∂n ) cal-
culated using the high order OSRBC at the surface of
the scatterer. Two numerical approaches are used to dis-
cretize the high order OSRBC at the surface of the scat-
terer in a time domain. The first approach is the finite
difference scheme. The second approach is the bilin-
ear method. Both approaches are described in section 3.
Figure 2 compares the normal derivatives (2-dimensional
case) at dr = 0.8dt, t = 5, c = 1, the order of auxiliary
functions N = 5, the high order boundary conditions at
the surface of the scatterer with R = 1 and n = 10. Fig-
ure 3 compares the results for the same conditions but for
t = 10 and the order of auxiliary functions N = 8. The
figures show that discretize the high order OSRBC in the
time domain using the bilinear method leads to higher
accuracy compared to a finite difference scheme under
the same variable values. Also, Fig. 3 clearly shows that
the error decreases when t and the number of auxiliary
functions N are increased. Figure 4 and Fig. 5 compare
the results for the three-dimensional case. The results
are almost identical to the two-dimensional case where
the bilinear method gives the smallest error compare to
the finite difference scheme. Clearly, the normal deriva-
tive ( ∂u∂n ) calculated using the high order OSRBC at the
surface of the scatterer in the time domain gives better
results for the three- dimensional case compared to the
two-dimensional case. To compare the long domain so-
lution for the normal derivative (∂usl∂n) with the high
order on surface radiation boundary conditions solution
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Fig. 3. Comparison of long domain (∂us∂nl), the finite
difference scheme for OSRBC (∂us∂n) and the bilin-
ear method for OSRBC (∂us∂nB) solutions for normal
derivative at t = 10 for the two-dimensional case.
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Fig. 4. Comparison of long domain (∂usl∂n), the finite
difference scheme for OSRBC (∂us∂n) and the bilin-
ear method for OSRBC (∂us∂nB) solutions for normal
derivative at t = 5 for the three-dimensional case.
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Fig. 5. Comparison of long domain (∂usl∂n), the finite
difference scheme for OSRBC (∂us∂n) and the bilin-
ear method for OSRBC (∂us∂nB) solutions for normal
derivative at t = 10 for the three-dimensional case.
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Fig. 6. Comparison of RCS calculation using the long so-
lution and the OSRBC solution based on bilinear method
for the two-dimensional case.
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Fig. 7. Comparison of RCS calculation using the long so-
lution and the OSRBC solution based on bilinear method
for the three-dimensional case.

(∂us∂nB), we did numerical computations to calculate
the Radar Cross Section (RCS) as defined by equations
(45) and (46) and shown in Fig. 6 and Fig. 7. We observe
that the results are almost identical for both solutions and
calculating the RCS using the bilinear method solution
for the normal derivative (∂us∂nB) needed less compu-
tational time compared to the long domain solution for
the normal derivative (∂usl∂n).

V. CONCLUSION
This paper presents a new high order time domain

OSRBCs based on high order boundary condition intro-
duced by [2] in two and three dimensions. The thrust
of the OSRBC is to calculate the normal derivative on
the scatterer. Once the normal derivative is calculated,
an application to calculate radar cross sections is pre-
sented. As shown in the analysis and the numerical im-
plementations, two different procedures have been used
to calculate the normal derivative (∂u∂n). The first pro-
cedure based on the new high order OSRBC which cal-
culates accurately and efficiently the normal derivatives
(∂u∂n) on the surface of the scatterer. The second proce-

dure is the exact solution based on long domain solutions
(∂usl∂n). These two procedures are used to calculate er-
rors. The new high order OSRBC results in a smaller er-
ror when the order of the auxiliary functions is increased.
Numerical examples are provided for calculating the nor-
mal derivatives and radar cross section. Bilinear trans-
form techniques used to discretize the new high order
OSRBC and the auxiliary functions. This technique is
contrasted with the traditional differencing to approxi-
mate time derivatives. The use of the bilinear transfor-
mation leads to higher accuracy and substantial simpli-
fications in implementations when compared to the dif-
ferent types of standard finite difference schemes used
to discretize the higher order OSRBCs and the auxil-
iary functions. This procedure can be extended to full
Maxwell’s equations and is currently under investigation.

VI. PARTIAL DERIVATIVES
APPROXIMATION

It can be shown in [21] that the partial derivatives
can be approximated by second order central differences
as:

∂2upk
∂t2

=
up+1
k − 2upk + up−1

k

(dt)2
, (49)

∂2upk
∂r2

=
upk+1 − 2upk + upk−1

(dr)2
, (50)

The average central differences approximation for first
order partial derivative define as:

∂upk
∂r

=
upk+1 − u

p
k−1

2dr
, (51)

The backward difference and average the term with re-
spect to time is used to approximate the first order partial
derivative is define as:

∂upk
∂r

=
1

2dr
((up+1

k + upk)− (up+1
k−1 + upk−1)), (52)

The forward average for time and a backward average for
the radius is define as:

upk
rk

=
up+1
k + up+1

k−1 + upk + upk−1

4r
, (53)

VII. RADAR CROSS SECTION
CALCULATION

A. Radar cross section calculation for two-
dimensional case

For the scatterer with boundary Γ, the Green’s
second identity is used to calculate the scattered field
(Us(x)) at some distance from the scatterer boundary Γ
is given by [12]:

Us(x) =

∫
Γ

[
G(x, y)

∂Us(y))

∂n
− Us(y)

∂G(x, y)

∂n

]
dsy,

(54)
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Where G(x, y) is the free space Green’s function given
by:

G(x, y) = −(i/4)H1
0 (kd) for 2−D, (55)

G(x, y) =
eikd

4πd
for 3−D, (56)

and, d =
∣∣x− y∣∣, ∂

∂n is the outward normal derivative
on Γ, y is on Γ, x at some distance from Γ, Us(x) is the
Fourier transform of us(x), and k is the wave number.
To evaluate the integral in (54), we need to find the
∂G(x,y)

∂n for two dimensions:

∂G(x, y)

∂n
=
ik

4
H1

1 (k
∣∣x− y∣∣) ∂

∂n

∣∣x− y∣∣ , (57)

∂
∂n

∣∣x− y∣∣= ∂
∂n

√
(x1 − y1)2 + (x2 − y2)2

=5(
√

(x1 − y1)2 + (x2 − y2)2) · n̂y
= (y1−x1)i+(y2−x2)j√

(x1−y1)2+(x2−y2)2
· n̂y

,

(58)
When x→∞ the (59) becomes:

∂
∂n

∣∣x− y∣∣=− (x1)i+(x2)j√
(x1)2+(x2)2

· n̂y
=−x̂ · n̂y
=− cos δ,

(59)

The asymptotic approximation for the Hankel function
[22] H1

0 and H1
1 when d→∞ is given as:

i

4
H1

0 (d) =

√
1

8πd
ei(d+π

4 ),

i

4
H1

1 (d) = i

√
1

8πd
ei(d+π

4 ),

Assume d = k
∣∣x− y∣∣ and using the law of cosine:

d = k

√
|x|2 +

∣∣y∣∣2 − 2 |x| |x| cos γ,

As x→∞,
d ' k(|x| −

∣∣y∣∣ cos γ),

Now, as d→∞,

d ' kr − kψ, (60)

Where r is the distance from the center of the scatterer
to the point x and ψ =

∣∣y∣∣ cos γ = R cos(θ − θ′). Thus,
we can use the (60) in (55). Now the (54):

Us(x) =

∫
Γ

√
1

8π(kr − kψ)
ei((kr−kψ)+π

4 )
∂Us(y))

∂n

− Us(y)ik

√
1

8π(kr − kψ)
ei((kr−kψ)+π

4 ) cos δdsy =

e
−iπ
4

√
8πkr

∫
Γ

[
∂Us(y))

∂n
+ ik cos δUs(y)eikre−ikψ

]
dsy,

(61)

Where Us(y) |Γ= −Uinc(y),

Us(x) =

e
−iπ
4

√
8πkr

∫
Γ

[
∂Us(y))

∂n
− ik cos δUinc(y)eikre−ikψ

]
dsy,

(62)

B. Radar cross section calculation for three-
dimensional case

For three-dimensional, the Green’s function given
by:

G(x, y) =
eikd

4πd
for 3−D, (63)

To evaluate the integral in (54), we need to find the
∂G(x,y)

∂n for three dimensions:
∂G(x, y)

∂n
= 5G · n̂, (64)

Where:

5G= eikd

4πd

[
ik − 1

d

]( (y1−x1)i+(y2−x2)j+(y3−x3)k√
(x1−y1)2+(x2−y2)2+(x3−y3)2

)
,

(65)
As x→∞,

d ' k(|x| −
∣∣y∣∣ cos γ),

and, as d→∞,
d ' kr − kψ, (66)

Thus, we can use the (66) in (64).

∂G(x,y)

∂n = eik(r−ψ)

4π(r−ψ)

[
ik − 1

r−ψ

]
(− cos γ)

'−ike
ik(r−ψ)

4π(r−ψ) cos γ,
(67)

Now, using the (67) in (54):

Us(x)= eikr

4πr

∫
Γ

[
∂Us(y)

∂n + jk cos δUs(y)
]
e−jkψdsy

= eikr

4πr

∫
Γ

[
∂Us(y)

∂n − jk cos δUinc(y)
]
e−jkψdsy,

(68)
Where Us(y) |Γ= −Uinc(y).
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Abstract ─ The goal of designing a shielded High-Speed 

Data (HSD) connectors is to find the ideal balance 

between economy and performance. The connectors are 

a part of many systems and they influence their 

performance. The connectors should be designed to 

avoid possible negative effects on system properties. 

Thus, it is necessary to analyze the shielding 

effectiveness of connectors to ensure the electromagnetic 

compatibility (EMC) of the whole system. The transfer 

impedance is an effective shield parameter used to 

evaluate the shielding effectiveness of cables and 

connectors. Based on the analysis of the limitation of 

available test methods, a 3D model is developed to 

numerically calculate the transfer impedance of the HSD 

connector. Even though numerical methods were used, 

the theoretical foundations necessary to interpret the 

obtained results are revisited. The theory associated with 

cable shielding is revisited through solving known 

equations for the transfer impedance of a coaxial cable 

with a braided shield and foil. 
 

Index Terms ─ electromagnetic compatibility, shielding 

effectiveness, transfer impedance. 
 

I. INTRODUCTION 
The concept of transfer impedance introduced by 

Schelkunoff [1] is used to measure the shielding 

effectiveness of cable shields [2, 3]. Transfer impedance 

is the property of the shield that relates the voltage 

induced in the shielded circuit to the current in the shield. 

To consider the employment of transfer impedance for 

practical purposes, it should be easily evaluated and 

measured. There are many developed measurement 

techniques, standardized tests, guides and descriptions in 

the literature that give good analytical and empirical 

approaches for determining transfer impedance of 

common geometries such as the tubular and braided 

shield. According to the evaluations in the literature, the 

transfer impedance at low and medium frequency range 

can be accurately determined. Transfer impedance TZ  is 

equal to the DC resistance of the shield up to the 

frequency where the ratio of the thickness of the shield 

and skin depth is much less than 1, i.e., 𝛥\𝛿 ≪ 1 [4]. 

The developed analytical expressions for calculation of 

transfer impedance for higher frequency range, where 

inductance plays an important role, are lacking accuracy 

[5].  

The known approaches for calculating the transfer 

impedance for a complex geometry such as the braided 

shield are primarily based on semi-empirical models 

where analytical formulations are modified based on the 

experimental results obtained by measuring many 

various braids [6]. The Semi-empirical models compare 

well against the measured values for a limited number of 

braids where all the construction parameters of the braid 

are aligned with those proposed by the analytical model. 

The objective of this work is to present a model for 

the computation of the transfer impedance of HSD 

connector based on the finite element method (FEM). 

The advantages of this approach, as opposed to the 

analytical and empirical methods, are the ability to deal 

with complex materials and geometries. The transfer 

impedance of the developed FEM model is benchmarked 

against measurements. 

 

II. COAXIAL CABLE TRANSFER 

IMPEDANCE CALCULATION AND 

MEASUREMENT 

This section revisits the theoretical foundations 

necessary for interpreting physical phenomena 

associated with cable shielding. There are different 

analytical models available for the evaluation of 

shielding effectiveness. A summary of a known semi-
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empirical model proposed by Kley [7] is presented for a 

better understanding of the theory on a known problem. 

The following parameters define a braided shield: 

m number of carriers, 

n number of wires in each carrier, 

d wire diameter, 

D0 diameter under the braid, 

s lay length, 

 

0 2.5mD D d    average braid diameter, 

arctan( / )mD s   weave angle , 

0 / (2 )mG mnd D  minimal filling factor, 

0 / cos( )G G    filling factor, 

(2 )B G G    optical coverage. 

The DC resistance of the braid per unit length can 

be calculated by using the equation: 

 
2 2

0

4 1 1 2
.

cos( ) cos( )
DC

m

R
Gmnd D d    

   (1) 

The shield transfer impedance is governed by: 

 
1

,T
S

dV
Z

I dl
  (2) 

where TZ is the transfer impedance in ohms per unit 

length, SI  is the shield current, V is the voltage induced 

between the internal conductors and the shield, and l is 

the length of the cable. The smaller the transfer 

impedance, the more effective the shielding. 

Tyni's model [8] gives an equation for the transfer 

impedance of braided shield as: 

 ( .)T R T SZ Z i L q i L      (3) 

RZ is the transfer impedance of a tube with a thickness 

of d [1]. 

 
2

0

(1 )1 2
.

cos [ (1 ) / ]

R
R

Rm

d i
Z

G sh d iD d



  





 (4) 

Coupling inductance TL  and eddy currents 

inductance SL are given as: 

30
1

2
0 2

0

0.11
[0.875 (2 cos (1 ) ) ] (2 )].

6

1 1 3.3
[10 (cos (1 ) cos(2 )].

2

H

E

T

S
m

L G e cos k
m n

L G G e k
D G





 
 

   
 





   

  

 

23

1
1 0 0

2 13
2 0

0.67 / cos 12 /

2
[ ] 2 / ( )  ( 1)

4 3 10

2 3
9.6 / [ ]

4 3 8

R E m

r

H m

d d G B d D

k G

G B d D k G

 

 
   








 

   

  

. 

Variable H  is the magnetic field attenuation factor 

of the chimney effect. The SL term is used to account 

for eddy currents in the aperture’s walls due to the 

magnetic field that penetrates the shield. Transfer 

impedance as the combination of two shields can be 

calculated by using equation [9]: 

 1 2

1 2 12

.T T
T

S S

Z Z
Z

Z Z j L


 
 (5) 

1TZ  transfer impedance of outer shield, 

2TZ  transfer impedance of inner shield, 

1SZ  internal impedance of outer shield, 

2SZ  internal impedance of inner shield, 

12L  inductance of the shield to shield line. 

The comparison of calculated values and 

measurement on equivalent cable are shown in Fig. 1. 

The result of measurement follows the analytical model 

up to a certain frequency, due to several reasons. First, 

the perfect quality of the shield with no manufacturing 

related faults is assumed. Also, measurement contains 

resonances in the line because of the mismatches and  

the finite length of the measurement sample. These 

resonances are not taken into account by the analytical 

model [10]. 
 

 
 

Fig. 1. Comparison of the calculated values of transfer 

impedance with measurement on a sample with m=16, 

n=8, 27  , 0.1d  mm, 3.3mD  mm, 𝜖𝑟 = 2.1. 

 

In theoretical evaluations, the curve of transfer 

impedance is given as a single (deterministic) curve. In 

reality, that curve is greatly impacted by manufacturing 

tolerances. 

Different shielding effectiveness values can be 

measured among different manufacturers and sometimes 

even among sample cables made by the same 

manufacturer [11]. Production tolerances, deviations in 

the manufacturing process, test sample preparation 

techniques or systematic errors can cause that behavior. 

Production tolerances on shield geometry parameters 

cause great changes in the values of shielding 

effectiveness [12]. For example, the optical coverage 

parameter of the shield is greatly affected by the carrier 

width. Equation (3) shows that the optical coverage 
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parameter has a major effect on transfer impedance at a 

higher frequency range. 

Even more accurate models and equations do not 

yield significantly better results and the divergence of 

measured and calculated values is significant. More 

accurate analytical models are useful for getting the 

dependence of optimal solutions on cable design 

constraints. Also, such models are used to determine the 

stability and sensitivity of the optimal solutions to the 

variations of the variables.  

A more complex model was introduced by Latham 

[13], who developed equations that take into account the 

presence of nearby conductors, shield surface curvature 

and interaction between neighboring holes. Madle [14] 

introduced a coupling mechanism named "porpoising", 

which incorporates a special spirality effect to describe 

diffusion and aperture penetration.  

The data obtained by these models is a great aid 

because it enables the manufacturing process optimization 

that leads to enormously improved shield effectiveness. 

However, even more complex analytical models can 

rarely evaluate the exact curve of the transfer impedance 

parameter that does not have a divergence from the 

measurement data [15]. 

 

III. HSD CONNECTOR TRANSFER 

IMPEDANCE SIMULATION AND 

MEASUREMENT 
To take into account the complex geometry of  

a connector advanced numerical techniques and 

computational electromagnetics codes are employed.  

Transfer impedance was calculated by using numerical 

methods for the 3D model of the HSD connector shown 

in Fig. 2 and Fig. 3. There is no analytical solution for 

such geometry, therefore the use of numerical modeling 

is required [16]. For this simulation, a High Frequency 

Structure Simulator (HFSS) is employed. HFSS is 3D 

electromagnetic simulation software for designing and 

simulating high-frequency electronic products [17]. 

 

 
 

Fig. 2. A 3D model of HSD connector. 

 

 
 

Fig. 3. Cross-section of shield and conductors in HSD 

connector. 

 

In this case, a solution has to satisfy the given 

boundary and excitation conditions. Boundary conditions 

are defined by setting geometry properties in the model. 

A geometry defined as a perfect electric conductor 

represents a boundary where the value of tangential 

electric field is forced to zero. Excitations have to be 

correctly positioned and oriented to excite the desired 

model. If a solution that satisfies all of the boundary and 

excitation conditions is found, then the problem is 

solved.  

The underlying idea of numerical calculation is to 

expand the unknown solution in terms of known 

expansion functions with unknown coefficients. The 

goal is to approximate unknown solution ( )f x by a sum 

of known expansion functions ( )if x  

                                𝑓(𝑥) ≈  ∑ 𝑎𝑖

𝑖

𝑓𝑖(𝑥),                          (6) 

where the coefficient ia  of each expansion function 

have to be such that the sum (6) approaches the function  

( )f x .  

 

A. Setting up the model 

By far, one of the most familiar and often used 

measurement setups for measuring transfer impedance is 

the triaxial tube in tube method [18]. While propagating 

through the shield, the EMI energy is attenuated by the 

shield. If the attenuation of the EMI energy passing 

through the shield is better, for the same magnitude of 

induced current SI  there is smaller dV  generated by the 

same field so the shield is better. The parameter tZ , as  

a result of voltage by current division, represents 

impedance per unit length. However, unlike the 

characteristic impedance, which determines the signal 

propagation properties along the cable, TZ  characterizes 

the energy propagation across the cable - through the 

shield [11].  
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A full developed assembly, equivalent to 

measurement setup for the triaxial tube in tube method 

setup is shown in Fig. 4. With defined excitations, the 

solver introduces electric field into the model area. 

Electric field couple to surrounding conductors and 

dielectrics through induced charges, currents and 

electromotive forces. From solver’s point of view, created 

3D model represents a problem of finding coupling 

mechanisms, parasitic interactions and distributed 

effects in the model. This problem is solved by finding 

approximate solutions to Maxwell’s equations that 

satisfy specified conditions. To find such solutions the 

problem space is subdivided into elements, and then  

the magnitude of the assumed field at the junction of 

elements is found. The final solution is the sum of 

contributions from each element in a domain.  

For the modeled problem, the HFSS software 

attempts to numerically solve the equation: 

   𝛻 × (
1

𝜇𝑟

𝛻 × 𝐸(𝑥, 𝑦) − 𝑘0
2𝜖𝑟𝐸(𝑥, 𝑦)) = 0,        (7) 

where: 

( , )E x y is a phasor representing an oscillating electric 

field, 

0k is the free space wave number, 

r is the complex relative permeability, 

 𝜖𝑟 is the complex relative permittivity. 
 

 
 

Fig. 4. FEM model of a cable-connector assembly of the 

triaxial method. 
 

Treating shielding as a transmission line problem 

with both loss and reflection components as proposed by 

Ott [12] requires the solver to solve equation (7). For 

each frequency, a solution is given in the form of phasor 

𝐸(𝑥, 𝑦), which after being multiplied by ze   becomes a 

traveling wave.  

The internal circuit in a coaxial cable is usually 

matched to its characteristic impedance to improve  

the upper frequency limit because it minimizes the 

reflections in the system. For this measurement, all 

transmission lines were terminated in their characteristic 

impedance to avoid standing waves [19]. The common-

mode characteristic impedance of the pair of contacts 

that was used to drive the connector shield was 

previously measured by using the time domain 

reflectometry and the results are shown in Fig. 5. 

 
 

Fig. 5. TDR measurement of a system. 

 

Results of measurement and simulation of the 

transfer impedance are shown in Fig. 6. At lower 

frequencies, the transfer impedance in the simulation is 

equal to the direct current (DC) resistance of the shield. 

At higher frequencies, the transfer impedance parameter 

increases with increasing frequency, and the effectiveness 

of the shield decreases because of the apertures in the 

shield. Transmission line effects are present up from 

frequency 50f  MHz in measurement results and up 

from 200f  MHz in simulated results. Transmission 

line effects are present because of the reflections that can 

never be fully eliminated. Reflections are created by 

changes in impedance, and the main cause of changes in 

impedance are transitions in the line's geometry. 

Primarily at the places where the connector is connected 

to the cable, and where male and female parts of the 

connector are connected. 

 

 
 

Fig. 6. Measured and simulated transfer impedance 

parameter of HSD connector. 
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Manufactured connector has production 

imperfections that cause discrepancies between 

simulation and measurement. Discontinuities caused by 

seams and small gaps, especially those between adjacent 

surfaces are hard to recreate in 3D model. At those areas, 

geometry is approximated. In spite of existing differences, 

the results are useful in design phase of connector.  

Simulation data is analyzed with Feature Selective 

Validation (FSV) method [20-23]. The FSV method 

allows for objective, quantified comparison of data. It is 

widely used for validation and assessment of different 

models in computational electromagnetics. The FSV tool 

gives GRADE = 3 and SPREAD = 3 for FDM evaluation 

of the comparison in Fig. 6.  

 

IV. CIRCUIT SIMULATION 
The shield exhibits linear electric and magnetic 

properties, meaning that its performance does not depend 

on the amplitude of the currents and fields. The 

transformation data between voltages and currents 

ensures that wave effects are included in the circuit 

simulations, but only significant coupling can be 

transferred. 

Extracted circuit model can be imported into a 

circuit simulator to explore various optimization 

strategies. For example, combining the connector with 

other lumped and distributed models for analysis of a 

larger system with satisfying level of accuracy. In this 

case, the shield is modelled as a multipole. The ratio of 

the voltage at one port of such circuit to the current at the 

other port is 21Z . In Fig. 7 the equivalent circuit of the 

modeled problem is presented, however, instead of S-

parameters, tZ  is calculated by using the equation: 

 core
t

shield

V
Z

I
 . (8) 

 

 
 

Fig. 7. Circuit model of a triaxial setup. 

 

The computation result of the transfer impedance 

with circuit theory and its comparison against 

measurements and calculation with transmission line 

approach are shown in Fig. 8. The results of both models 

are in good agreement with the measurements. 

A screened symmetrical multi-conductor cable is 

treated as a quasi-coaxial system as proposed in [24]. 

The conductors of all pairs are connected together at both 

ends. All screens, also those of individually screened 

pairs or quads, are connected together at both ends. The 

screens are connected over the whole circumference as 

proposed in [25]. 
 

 
 

Fig. 8. Measured and simulated transfer impedance 

parameter of HSD connector. 

 

Many mechanical and manufacturing related 

constraints affect the final design of the connector and 

the shield EMI performance. For example, some 

apertures in the shield of the connector are present 

because parts of the shield are designed as carriers for 

the plastic casing of the connector. Other problems are 

present because the shield is bent into the shape of a 

cylinder and it is not a seamless tube. Also, the thickness 

of the shield is primarily defined by mechanical 

properties, not by electrical properties. 

 

 
(a)       (b) 

 

Fig. 9. Cross-section of the connector shield with plotted 

magnetic field and identified leakage spots. 

 

Based on the field leakage shown in Fig. 9 (a) the 

worst parts of the shield were improved to see the 

possible improvement on the efficiency of the shield at 
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the cost of plastic carriers being designed in another way. 

The cross section of the connector shields before and 

after modification is shown in Fig. 9 (b). An improved 

model, according to Fig. 9 (b) is simulated by using 

ANSYS HFSS and compared to the original model. 

Figure 10 shows the result of simulation with the 

modified model. As expected, the effectiveness of the 

shield increases due to the improvement in shield 

geometry. 
 

 
 

Fig. 10. Effect of shield modifications on transfer 

impedance. 

 

V. CONCLUSION 
A required step before starting the FEM analysis is 

the generation of CAD geometry to represent the actual 

device under test. Generating geometry for a braided 

wire shield, one of the most commonly used type of 

shields in the cable industry is a time-consuming task. 

There are numerous researches on creating complex 

geometries automatically by using different algorithms 

[26,27]. Also, tools and analytical models for the 

electromagnetic analysis of braided cable shields with 

general geometries are in constant development [28].  

The complex geometry of the used HSD connector 

is considered in this paper. Due to complexity, there are 

no generalized solutions available. The presented work 

describes methods for the numerical calculation of the 

transfer impedance of such complex geometry by using 

FEM. One method is based on the simulation of 

scattering parameters while the other assumes that the 

connector is electrically small so that it can be modeled 

as a lumped element.  Numerical solutions are not always 

suitable for a general analysis of the studied phenomena 

[29]. That is why the expansion of one numerical 

solution over a wide class of problems is not always 

possible. However, numerical solutions can be adapted 

to a range of connector sizes and different geometry 

configurations that use complex geometries and 

materials. Predicting the value of the transfer impedance 

of the connector shield before its manufacturing saves 

time and money. It allows the manufacturing process 

optimization based on the sensitivity of the shield 

performance to the changes of tolerances in specific 

parts. It also enables EMI performance optimization 

because of the possibility of testing a variety of different 

design possibilities before manufacturing. 
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Abstract ─ Through the comparative study of the TORUS-

NN and TORUS-NS topologies for the axial flux 

permanent magnet synchronous generator (AFPMSG), it 

is shown that the AFG with single stator double rotors 

topology is suitable for vertical axis wind turbines 

(VAWT). The basic parameters are designed and their 

3D finite element models are established for the two 

topologies, which are compared and analyzed respectively 

on the same amount of magnets and windings, the 

magnetic density, THD value, torque ripple and 

efficiency. The research shows that the efficiency of 

TORUS-NN structure is only 0.22% higher than that of 

TORUS-NS structure with the same amount of magnetic 

steel, but the torque ripple of TORUS-NN structure is 

much greater than that of TORUS-NS structure, when 

the amount of magnet steel and the winding are the  

same, the efficiency of TORUS-NS structure is 8.5% 

higher than TORUS-NN structure. Considering their 

performance and economy, the TORUS-NS structure is 

superior to TORUS-NN topology structure for VAWT in 

starting torque and low wind speed. The experimental 

results and finite element analysis results are within the 

allowable error range, which verifies the feasibility and 

superiority of TORUS-NS topology for VAWT. 
 

Index Terms ─ Efficiency, finite element analysis, 

TORUS topology, vertical axis wind turbines. 
 

I. INTRODUCTION 
Wind power generation is one of the most mature, 

scalable and commercialized power generation methods 

in the field of renewable energy besides water energy [1]. 

Disc permanent magnet motors have been widely used 

in electric vehicles, wind power generation, ship driving, 

heart pumps and so on, because of their compact structure, 

high efficiency and high power density [2,3]. 

In view of the special working conditions of wind 

power generation, single stator and double rotors (also 

known as TORUS structure) have larger moment of 

inertia, and have better effect on suppressing the EMF 

fluctuation caused by wind fluctuation [4]. For structures 

with one or more pairs of axial rotors, their structures can 

be divided into three categories: TORUS-NS structure, 

TORUS-NN structure and hybrid structure, among 

which TORUS-NS structure and TORUS-NN structure 

are more common. Axial flux generator can be divided 

into fan-shaped, ring-shaped and fan-ring hybrid windings 

according to different winding forms [5-7]. The topology 

structure studied in this paper is applied to small vertical 

axis wind turbine. It is widely favored because of its 

simple structure, low starting wind speed, low noise and 

large moment of inertia [8]. In [9], by comparing the 

topological structure of single stator and double rotor 

generator with iron core or coreless, it is showed that  

the performance of coreless structure is better than the 

iron core structure though the comprehensive analysis  

of torque ripple, efficiency and THD value and other 

parameters. In [10], a permanent magnet synchronous 

motor (PMSM) with wedge-shaped air gap and no iron 

core based on Halbach array is proposed. The FEM 

method is used to model the 16-pole disk permanent 

magnet synchronous motor. The optimal solution region 

is obtained by comparing the sizes of different air caps. 

Then the static magnetic field of uniform air gap and 

wedge air gap is compared. In [11], three kinds of special 

axial flux permanent magnet motors are designed  

and their important dimensions are optimized. At the 

same time, the electromagnetic performance and stator 

vibration modes are compared and studied. Reference 

[12] compares the traditional stator toothed and stator 

toothless structures of axial permanent magnet motors. 

Quasi three dimensional finite element method is used  

to analyze the effect of stator structure change on the 

copper and iron losses of armature windings. In [13],  

the efficiency and temperature of coreless permanent 

magnet generator are taken as optimization objectives, 

and single variable parametric analysis and multi-

dimensional optimization method are adopted. The 

corresponding parameterized model is established and 

programmed. The loss of each part of the motor is 

analyzed by using Matlab. After comprehensive analysis, 

the optimal values of efficiency and temperature are 

found in the spatial distribution of multidimensional 

design. In [14], a kind of Halbach array coreless axial 
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permanent magnet motor with combined magnetic poles 

is proposed. The pole arc coefficients of permanent 

magnets and soft magnetic materials are determined by 

using three-dimensional finite element analysis method 

under the condition that the air gap magnetic density is 

guaranteed. In [15], a disk permanent magnet generator 

is designed to be used in the power generation system of 

weapon platform. According to the basic electromagnetic 

relationship and the special requirements of the generator, 

the basic parameters of the generator are obtained and 

the magnetic field is simulated in Maxwell. Reference 

[16] presents a multi-objective optimization design 

method for axial permanent magnet generator based  

on Taguchi response surface method. The main 

characteristics such as generator efficiency, power 

quality and induction induced voltage are optimized. The 

validity of the optimization method is verified by finite 

element analysis and prototype test. In [17], the different 

cogging torque values of the magnet pole-arc are studied 

for triangle type, oval and fan type magnets. Thereby, a 

rotor structure with a small cogging torque is obtained. 
In [18], two torque optimization methods are proposed, 

and a three-dimensional finite element model is 

established to verify the analytical results of multi-

objective genetic algorithm. Compared with the skew 

technique to verify the superiority for the two methods. 

In summary, the single stator and double rotor 

structure of disk-type axial permanent magnet generator 

has a wide range of applications. The TORUS-NS and 

the TORUS-NN are named according to the distribution 

of its magnetic circuit and magnetic pole. The 

magnetization direction of the two relative magnetic 

poles is opposite for the TORUS-NN structure, and  

the magnetic circuit formed is shown in Fig. 1 (a). The 

magnetization direction of the two relative magnetic 

poles is same for the TORUS-NS structure and the 

magnetic circuit formed is shown in Fig. 1 (b). 

In this paper, the structures of TORUS-NN and 

TORUS-NS are compared and analyzed, and a suitable 

topology for low-power wind turbines is selected by 

comparing the air gap magnetic density, efficiency, 

torque ripple and power quality. In this paper, TORUS-

NN can only use fan-shaped windings with stator core 

due to the limitation of its topological structure. The 

magnetic path starts from N pole and passes through air 

gap, coil and stator core to S pole to form a magnetic 

path. The magnetic path at left and right ends is 

symmetrical, so the direction of induced current 

generated by the coils on both sides is opposite. The 

TORUS-NS structure adopts a coreless fan-shaped 

winding. The 3D FEA analysis was performed by 

Magnet software. In the 3D model, the magnetic field is 

unsaturated. The magnetic path passes through the 

winding and the uniform air gap on both sides formed a 

closed loop, as shown in Fig. 1.  

 

       
 (a) (b) 
 

Fig. 1. Three-dimensional finite element model of 

generator: (a) structure of TORUS-NN, and (b) structure 

of TORUS-NS. 
 

II. DESIGN OF AXIAL FLUX GENERATOR 

A. Basic electromagnetic relations 

For disc generator, if a single conductor is 

considered, the position of the plane is expressed by 

radius and polar angle. The air gap flux density is 

represented by the magnetic flux density at the average 

radius, which can be written as Bδ. The maximum induced 

voltage produced by a single conductor can be obtained: 

 . (1) 

The average induced voltage produced by a single 

conductor is: 

 
. (2) 

Where  Ω   is the mechanical angular velocity,  𝐷𝑜  

is generator's magnetic pole outer diameter,  𝐷𝑖  is 

generator's magnetic pole inner diameter,  𝐵𝛿𝑎𝑣 is average 

air gap magnetic density. 

Armature induced voltage of generator: 
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𝑎 is the pairs of parallel branches of winding, N is the 

number of total conductors, p is number of pole pairs, n 

is rated speed, 𝐶𝑒 is electromotive force constant, Φ is 

magnetic flux. 
The effective conductor of the winding of disc 

generator radiates radially in space, and the electric load 

at the inner end of the winding is the largest. If the 

electric load at the minimum diameter of the generator is 

taken into account, its electromagnetic power can be 

obtained from equation (5):               
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B. Design of structural parameters 

Firstly, the inner and outer diameters of disc 

generator are determined. According to the output power 

and operating speed of the axial flux permanent magnet 

generator selected in this paper, the electric load is 

1000A/m. This paper designs a small generator with rated 

power of 300W and rated speed of 300rpm. Derivative 

of power ratio between inner and outer diameter is 

obtained, when 𝛾 = √3, the output power of the generator 

is the largest, then the outer diameter of the permanent 

magnet can be obtained from equation (6) [19]: 

 
. (6)

 
Where m is armature winding phase number, 𝛼𝑖 is the 

calculation of pole arc coefficient, 𝑘𝑤 is the coefficient 

of armature winding, 𝐴𝑎𝑣 is average electric load, P is 

generator power. 
The length of permanent magnet can be expressed 

as [20]: 

 

. (7) 

Where 𝐾𝑓 is the disc generator air gap flux density in the 

radial direction of the maximum correction coefficient, 

𝐾𝑑 is the magnetic leakage coefficient, 𝑊𝑐𝑢 is armature 

winding end extension length, Bg is air gap flux density, 

g is air gap length, 𝜇𝑟 is relative permeability. 

When the speed is constant, the number of pole pairs 

is 10 can be obtained according to p=60f/n. In this paper, 

the number of coils can be determined to be 15 when the 

span electric angle of armature winding is 240 degrees. 

Polar arc coefficient has an effect on the amplitude of air 

gap magnetic density. When the pole arc coefficient is 

too small, the magnitude of magnetic density is low, if 

the pole arc coefficient is too large, the economy cannot 

be guaranteed, so pole arc coefficient is 0.78. 

 

Table 1: Structural parameters of two prototype 

Parameters Value 

Rated power 300 W 

Rated speed 300 rpm 

Rated line voltage  30 V 

Inner diameter of permanent magnet 140 mm 

Outer diameter of permanent magnet  240 mm 

Back iron inner diameter 110 mm 

Back iron outer diameter 270 mm 

Pole arc coefficient 0.78 

Permanent magnet thickness 4.5 mm 

One side air gap length 1 mm 

 
The above design parameters are suitable for two 

different topologies, but the stator core structure is 

adopted in the TORUS-NN structure, so the influence  

of the saturation and thickness of the core on the output 

power quality should also be considered. Magnet 

software can get all kinds of data needed in this paper. 

These analyses are completed with a computer with 

2.3GHz Intel Core i5-8300H and 7.86 GB of RAM. The 

CPU processing time is 37 minutes. 

The optimum core thickness is selected by 

comparing different core thickness, as shown in Fig. 2.  
 

 
 

Fig. 2. THD with different core thickness. 
 

As shown in Fig. 2, the THD (total harmonic 

distortion) value decreases with the increase of core 

thickness. The output power of the two kinds of 

topological junctions should be compared quantitatively, 

and the THD of the TORUS-NS structure is also low. 

Therefore, the thickness of stator core is 20 mm. 
 

III. COMPARATIVE STUDY OF TWO 

TOPOLOGICAL STRUCTURES 

A.Contrastive study for isomagnetic steel consumption 

Because the core of TORUS-NN structure is used as 

the conducting medium of the magnetic path for the 

generator, which is stronger than the air conductivity  

of TORUS-NS structure, it is necessary to adjust the 

number of coil turns for the TORUS-NN structure so that 

the output power of the two topological structures is the 

same. After optimization, the turn number of TORUS-

NN coil is 60, and the thickness of one side coil is  

4.2 mm. When the amount of permanent magnets used in 

the two topologies is the same, the efficiency, magnetic 

density amplitude and total harmonic distortion (THD) of 

the two topologies are compared under different air gaps. 

According to the detailed analysis of Fig. 3 (a), the 

average magnetic density of TORUS-NN structure is 

6.03% higher than that of TORUS-NS structure. From 

Fig. 3 (b), the efficiency of TORUS-NN structure is 

0.22% higher than that of TORUS-NS structure except 

that the efficiency of TORUS-NN structure is lower 

when the air gap is 0.7. The maximum THD value  

of TORUS-NN structure is much lower than that of 

TORUS-NS structure, as shown in Fig. 3 (c), but both of 

them meet the requirement of national standard THD not 

exceeding 5%. 
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    (a) 

 
    (b) 

 
 (c)  
 

Fig. 3. (a) Comparison of magnetic density, (b) 

comparison of efficiency, and (c) comparison of THD 

values. 
 

In the case of 0.4mm air gap and 1mm air gap, the 

difference between them in the magnitude, efficiency 

and THD of magnetic density is the smallest and the 

largest, respectively, and then the fundamental wave and 

each harmonic wave of the two are compared. According 

to Fig. 4, the fundamental wave, fifth and seventh 

harmonics of TORUS-NN structure are higher than those 

of TORUS-NS structure under two kinds of air gap, but 

the third harmonic is lower than that of TORUS-NS 

structure. Because of the factors of topological structure, 

the cogging torque will be produced in the TORUS-NN 

structure, then the electromagnetic torque of the generator 

will fluctuate, so the torque ripple of the TORUS -NS 

structure will be smaller than that of the TORUS-NN 

structure. In this paper, two structures with 1 mm air gap 

are selected to compare the torque ripple, as shown in 

Fig. 5. The TORUS-NS torque is basically stable at  

- 11N·m, while the TORUS-NN structure's torque ripple 

amplification diagram is jagged, and the torque ripple is 

large. 

 

 
  (a) 

 
   (b) 

 

Fig. 4. Comparison of harmonic contents of two 

topological structures in different air gaps: (a) in 0.4mm 

air gap and (b) in 1 mm air gap. 

 

 
 

Fig. 5. Comparison of torque ripple of two structures in 

1 mm air gap. 
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B． Contrastive study for equal turns of equal 

winding thickness with equal magnet steel dosage 

The thickness of permanent magnet is set to 4.5mm 

for the two topological structures. Because the coil  

of TORUS-NS structure is single layer and the coil 

thickness is 4.2mm, in order to compare the winding 

thickness as a fixed value, the thickness of windings on 

both sides is set to 2.1mm for the TORUS-NN structure. 

The coil turns of the two structures are set to 155. Change 

the air gap of the two topologies, and compare the 

efficiency and THD value of the two topologies under 

the same air gap, as shown in Fig. 6. 

 

 
  (a) 

 
   (b) 

 

Fig. 6. (a) Comparison of efficiency, and (b) comparison 

of THD values. 

 

According to the analysis of Fig. 6 (a), when  

the thickness of permanent magnet, winding turns and 

thickness are the same, the efficiency of TORUS-NS 

structure is 8.5% higher than that of TORUS-NN 

structure on average. As shown in Fig. 6 (b), the THD 

value of TORUS-NN structure is lower and its harmonic 

content is less than that of TORUS-NS structure. 

Although the total harmonic content of the TORUS-NN 

structure is low and the sinusoidal waveform is good, the 

cogging torque of the TORUS-NN structure affects the 

magnitude and the torque stability. And eddy current loss 

will occur in the stator core, which reduces the efficiency 

of the motor. In this case, the performance of TORUS-

NS structure is better than that of TORUS-NN structure. 

Based on the two kinds of comparative analysis 

above, the TORUS-NS structure does not need to consider 

the effect of the iron core on the voltage distortion rate. 

In terms of efficiency, there is little difference between 

them, and in the second comparison, the TORUS-NS 

efficiency is all higher than the TORUS-NN efficiency 

in different air gaps. The efficiency of TORUS-NS is 

higher than that of TORUS-NN under different air gaps. 

In terms of electromagnetic torque, the TORUS-NS 

structure is superior to the TORUS-NN structure in terms 

of both the stability and size of the torque. At the same 

time, in the case of similar performance indicators, there 

is coreless in TORUS-NS structure, which guarantees 

the economy of manufacturing generators, and provides 

the possibility for batch production of motors and the 

manufacture of this prototype. 

 

IV. EXPERIMENT 
In order to verify the correctness of theoretical 

analysis and finite element simulation results, a generator 

with TORUS-NS structure is designed and manufactured. 

The rated speed is 300 rpm. The armature winding 

adopts concentrated winding to reduce end connection 

length and copper consumption, and the winding is fixed 

on the stator disc with epoxy resin. The permanent 

magnet is glued to the back iron with structural adhesive 

to prevent the permanent magnet from falling off. After 

the prototype is completed, the experimental platform is 

built, as shown in Fig. 7 and Fig. 8. The speed of the 

induction motor is adjusted by the frequency converter. 

And the three-phase induction motor drives the permanent 

magnet generator to rotate through the reducer and 

coupling. The rated power of the three-phase induction 

motor is 1500W, and the rated phase voltage is 220V. 

The input line voltage of the frequency converter is 350-

450v, and the output line voltage is 0-380V.The required 

voltage and current are output by the rectifier inverter 

device. 

 

 
 

Fig. 7. Prototype structure of generator. 
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Fig. 8. Experimental platform. 
 

No-load experiments are carried out on the 

prototype at different rotational speeds. As shown in Fig. 

9, the output voltage waveform of the generator at the 

speed of 150 rpm and 250 rpm contains more harmonics, 

but the waveform is still sinusoidal. The generator can 

output relatively smooth sinusoidal waveform when its 

speed is 300 rpm. The amplitude of the output phase 

voltage of the prototype is 26.55V, which is similar to 

27.2V of the FEM simulation result, as shown in Fig. 10. 

According to no-load voltage, the experimental THD 

value is 2.05% and the finite element analysis is 2.5%. 

In the error range, the experiment and simulation results 

are similar, which verifies the correctness of the above 

theoretical analysis. 
 

 
    (a) 

 
    (b) 

 
    (c) 
 

Fig. 9. Measured output voltage waveform of prototype 

at different rotational speeds: (a) at 150 rpm speed, (b) at 

250 rpm speed, and (c) at 300 rpm speed. 

 

 
 

Fig. 10. Comparison of output voltage waveforms. 

 

Ⅴ. CONCLUSION 
This paper divides the structure of TORUS-NN and 

TORUS-NS into two cases. The efficiency of TORUS-

NN structure is only 0.22% higher than that of TORUS-

NS structure when the amount of magnet steel is the 

same, but the efficiency of TORUS-NS structure is  

8.5% higher than that of TORUS-NN structure when  

the amount of magnet steel and winding is the same. 

Because of the cogging torque, the torque ripple of the 

TORUS-NN structure is greatly. TORUS-NS structure 

does not need stator core as magnetic path, which 

reduces the cost of generators. Comprehensive analysis 

of TORUS-NS structure as generator structure has great 

advantages. The prototype data produced are similar to 

the finite element simulation results, and it is suitable for 

the generator with vertical axial flux. 
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